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ABSTRACT

Measurements have been made of the electrical resistivity
of four light-heavy rare earth alloy systems, ie. La~Dy, '
Nd-Dy,Nd-Y,Pr-Tb in the temperature region 2.7-300(400°K).

The reéistivity variation with temperature in the
different crystallographic phases‘has been éxplained as
follows: |
1) in the hcp phase - the main contribution comes from spin
disorder scattering which may be described theoretically
by the RKKY theory. The parameters which are most likely
to vary in the series are discussed. | '

2) in the d-hex phase there are two contributions to the
resistivity which are of the same order, S"phoﬁ. aimd 90.53..
These are due to phonon scattering and crystal field

scattering. The phonon resisti&ity ? has been approxi-

phon.
mated to ?I@.’ ?c.f}'has been calculated theoretically.

for Pr, and Pr-Tb in the d-hex structure and qualitatively
discussed for Nd, Nd-Y and Na-Dy. o |

3) in the Sm-phase, the resistivity can be discussed in asimilar
way to the resistivity in thehcp phasé or in the d-hex phase,
depending on the effective Fermi surface area and the magnetic
moment.La and La-=-Dy alloys in the d-hex phase héve been explai-
ned in terms of rapid changes of the density 'of statés

at the Fermi energy.

The residual reéistiv;ty in the hep phase has been
found to, agree, at low. concentrations 6f the_light rare
eafths, with the_previously published-reéults, being depen-
dant of Asgff,'shggesting'that the mag#etic scattering va-

ries as 3(5+1) at these concentrations rather then /.

’
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(g - 1)? J(J + ”'SJresidual has been found to change
only slightly in the Sm phase while ip the d=hex structure
it shows a normal behaviour for nonmagnetic alloys but
becomes anomalous for those alloys which ordexr or become
superconducting.

The variation of the total resistivity with temperatu-

re iz presented for all the alloys ﬁeasured oa the following

four figures.i1-4.
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'PREFACE
This study is concerned with the structurai and trans-
. port properties of the rare earth intermetailic alloys
La-Dy,Pr-Tb,Nd-Dy,Nd-Y.

Apparatus, experimental techniques and results, relevant
theory and discussion are the subject -of individual chapters
arranged as follows:

Chapter one contains a brief intrpduction to the problem
dealt with in more detail in chapter 3%,4,5,and 6 both from
a histbrical and a physical point of view.

In chapter two are described in detail the experimental
methods employed including the specimen preparation, structure
determination, contact preparation for the resistivity
measurents, apparatus, measurementt procedure and construction
of the cryostat.

Chapter three is devoted to the description of the
experimental resultghof'jhe structures and 1éttice parameters,
and the temperature variation of thefnesistivity-between
2.7-400°K.

-In chapter four is summarised the theory relevant to the’
resistivity results presentéd in chapter three.

A discussion of the experimental results, in V.erms of the
theory given in chapter four is presented in chapter five.

General conclusions about the findings are given in chapter
six, together with suggestions for further study.

The references to the literature are for brevity given in
the text only by numbers and a list of them appears at the

end of the thesis diﬁided according to the different chapters.
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CHAPTER ONE
STATEMENT O} THE PROBLEM
1.1. Introduction‘

. The study reported in this thesis is part of the
research programme of the Rare Earths Solid State Group
of the Durham University into the structural, electrical -
and magnetic properties of the rare earths.

Historically only for the last ten years have the
rare earths been available in a reasonably pure form.,

.The first detailed investigations of their physical
properties were carried out by F.H.Spedding and his
coworkers at Ames Laboratory,lowa.

Becaﬁse of the similarity and dissimilarities in
their physical properties the pure rare earth-elements
may be divided into three groups:

a) heavy rare earths, Gd-Tm, |
'b) light rare earths, La, Pr, Nd, sometimes Ce and Pm
:are included.as well and .
c) the anomaloﬁs rare earths, Ce, Sm, Eu, ¥Yb and to &
certain degree La. |
1.2.Electfonic structure
Lanthanum is- the first element in the 54 transition
metal;series with an-gléctron structure. having the Xenon
| 2 200 352 3p6 3810 452 475
4fo 5d1 6s2.-The energy -of the 4f shell in the La is higher

core (1s2 28 4d10 552 5p6) plus
than the 5d' state and is therefore unoccupied. The addition
‘0of a further electron (and proton) to form the element
Cerium finds the 4f state preferable, so beginning the

progressive population of the 4f level which occurs across

SONMAN UNIVERS:
v SCIENCE e,

31 JuLI973
LIGRARY:

the series (1a).




One of the unusuwal features of these elect:bnic
structures is the variation of the radii of the.4f wave
functions with increasing atomic number. As elec¢trons are
added fb'the 4f shell the simultaneous increase in nuclear
charge results in the appearence of a large electron enecrgy
decrease in the vicinity of the nucleus. This causes the
electrons of the 4f shell to be drawn towards the inéerior
of the atom. At Lanthanum the empty 4f shell is situated

outside the Xenon core 552 5p6

shell, but for the remainder
of thé series the 4f electrons lie within these xenon shells,
This phenomenon is known as the lanthanide contraction and
arises Dbecause the electron distribution in the 4f shell
is such that an electron added to this shell cannot
completely screen the remaining 4f elecrons from the added
positive'nﬁclear charge. As a consequense the radius of the
outer shell is deareased because of the increased electro-
-static attraction.,
This cdntractiqn has important consequences in many of"
- the properties of the rare earths, eg. structural, electric,
magnetic. As for instance, it is the -4f eiectrons which
give rise to the magnetic properties of the ions and the
appearence of the ferromagnetism in elements such as
gadoliniﬁm or ‘terbium or antiferromagnetiém in the majority
of the other rare earths. However, because of the small
orbital radius the 4f electrons are deeply buried within
the atom and the coupling mechanism between different ions
necessary for the magnetic order to exist ¢annot occur by
theé direct everlép of -‘the electrons in the incomplete shell,

as it does in the 3d metals, Fe, Ni and Co and some other




exchange Mechanism is essential.
1.5 Magnetic properties
With the succesive addition of the 4f electrons to
tﬂe lanthanum core in going from cerium to lutetium, an
ionic moment is developed whose magnitude may be given in
an elementary way usiné Hund's rules. The total moment
is calculated as J=L-S for a less than half-filled shell
and J=L+5 for a more than half-filled shell, Provided
that the lowest 4f energy levels Bf the ions are well
separated, the'magnetic susceptibility of a solid conéain—
ing these ions will be given by the relation
=N g®ul (3 (In1 ))/3KT
derived by Hund. If , however, the level splitiing is not
sufficiehtly great, then electron excitation into these
higher ieVels will occur so making second or higher terms
necessary. The additional susceptibility terms have been
evaluated by Van Vleck, |
If the observed effective ionic moment-s(ufe:f.f

@roportional to g(u% P ( J+1 )%Dfor the rgre earths are
compared with the Hund and Van Vleck theories one finds
that in general a s;mple treatment of the ionic moment
is adequate to describe the observed susceptibility,
although in the cases of samarium and europium appreciable
additions of the first excited states have.to be - -included
for satisfactory agreement.

| Thfee of the eleﬁents, namely lanthanum, ytterbium
and lutetium are found to be paramagnetie, with temperature
independant suscéptibility. In the metallic form lanthanum

and lutetium are in a trivalent state with zero and 14




eléctrons, respectively. Yttebium, however, is divalent,
having gained an electron into the 4f shell froﬁ the
valence electrons, and consequently it has a complete
4f shell, The remaining rare earths are trivalent with
the occasional exeption of Ce and show in general some
form of calective magnetic behaviour.

The most thoroughly studied of the rare earth
elements have beentxs. heavymetals, Their strong magnetic
behaviour display a variety of spin structures from
element to element as well as with temperature changes, Thishes
made them interesting ﬁmna.theoretical as well as an
experimental point of vieQ as will be discussed in
more detail.below. Below room temperature the development
of a cooperative phase is évident.in ten of the pure
metals, The four light metals, cerium, neodymium,
sagmerium and europium order antiferromagnetically,
while six heavy metals, gadolinium to thulium, show the
existance of either ferromagnetism or anti-ferromagnetism,
depending upon the temperature. |

Gadolinium is purely ferromagnetic with a Curie
temperature of 293°K and a saturation moment of 7355‘ug.
The remaining five elements show various changes in the
type of 6rder, with'correspondingly complex magnetization-—
temperature behaviour.

In dysprosiuh the magnetization increases on cooling
to a cusp like maximum, at 179°K (the Neel point), indicating |
the onsét of antiferromagnetié order which persists to a |
Curie point (Tc)'of 85°K, when-a transition to a ferromagne-—
tic state occurs in a small measuring field. The temperature oL

the second transition is found to be highly dependant on the




applied field, With increasing field strength it approéches
the Neel point TN.

To solve the magnetic moment configuration in the
‘remaining elements neutron difraction studies had been
done. These revealed a much more complex situation than
could have béen anticipated. In the antiferromagnetic
phase the most coﬁmonly found structure is the helical spin
syétem. In this ordered state the magnetic moments of the
ions in any one plane of hcp structure are aiigned ferro-~
magnetically (i.e. parallel to one another). However; the
direction of these moments with respect to the crystal
lattice changes from one plane to the next with a constant
angle W between the spins in successive planes. This !'turn—
angle' is femperatﬁre.dependant and decreases-with increase:
in temperature. The existence of the'turn-angle' leads to
an oscillatory variation of the moment direction in the
crystal, the periodicity of whiqh is not in general a simple
_muitiple of the crystalliographic lattice parameter.

Holmium is similarlto both terbium and dysprosium in
the antiferromagnetic range, but below thé Curie temperature
it develops a ferromagnetic component‘of the moment parallel
to the ¢ axis of the c¢rystal while maintaining the helical
structure in the.basal plane. This structure is essentidly
ferrimagnetic. |

Erbium changés from having a sinusoidal variation of
the magnitude of the nagnetlc moment parallel to the ¢ axis
Jjust below the Neel p01nt to a second antlferromavnetlc
structure in which a hel}cal plane component exists in

addition to a square wave variation of the c axis component .,
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'Below the Curie point the structure is very similar to that.

of holmium, )
Thulium also shows a series of changes from the siﬁp—
» soidal ¢ axis moment variation to a rectangulai wave vajia-
fion in which there are ﬁore spins parallel to the ¢ axis
than antiparallei to it, in the ratio éf 4:3, |

Tﬁe existance of helical dpin structures can be inter-
preted very simply in terms of an exchange interaction
whose magnitude is an oscillating function of distancé. An
exchénge mechanism which satisfies these requirements is
the indirect exchange interaction derived originally.by
Ruderiann and Kittel in connection with nuclear resonance
investigations and exteﬁded by Kasuya and Yosida to the
case of coupled 1onic'spins in a metallic lattice,

The séin coﬁfiguratidns and their change from element
to element (and within an.element over a wide temperature
regioq!_49K4TN, T, ) are displayed on fig. 1.1, Applyingl
a magnetic field.to the heliecal spin | bonfigu— _

‘ration leads to a continuous distoftion of the helix until -
.'the field étrength ié sufficient to cause a rotation of
those. spins in the feverse direction into the field direc=

tion., Further increase in the field strength +then brings

about a.slow collapse of the 'fan' structure which is formed

once the eritic¢al field is exceeded, and consequently the
magnefization appoaches saturation, This.change in_ the |
order of the magnetic moment is shown in fig 1.2 along with
the corresponding idealized magnetization curve which compa=—
res favourably with the observed results. Saturafion magne—

tization measurements have proved to be extremaly difficult
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\
in polycrystalline specimens of the heavy rare earth metals

because of the very large values of the magnetocrystalline.
anisotropy which inhibits the saturation of the magnetic

moments away from the eey direction of magnetization. This in

‘general coincides with a principal crystallographic axis.

1.4 Effects of temperature, pressure and alldying
Interesting results have been found in investigations

of the effect of_teﬁperature, pressure and alloying on the

structure of the metals (10), mainly heavy rare earths.

Raising the temperature in general leads to a phase tran-

'sition from the hexagonal room temperature structure to the

bee structure. The eceptions 19 this are mainly allgms formed Prom tle
anomalous-rare earths: europium (bcce at all temperatures),
ytterbium (fce-bee transition), erbium, thulium and
lutetium (no observed transitions) and finaly cerium in
which structural behaviour is very complicated. Pig 1.3
displays: graphically the different transitions in the rare
earths .

| Structural {transitions have also been observed by
subjecting the metals  to high pressure.‘ihefﬂi£s¢fof these.
were observed in gadolinihm and samarium }or which it was
found that after heating the: metals to 400% and. 300°C,
respectively, at a pressure of 4x109 Nm—2 an appréciable
percentage of a second phase was present in the specimen on
subsequent return to:-normal conditions of temperature and
pressure. The. second phases had been retained in a metastable
state  after removal of the pressure and were the samarium |

and doublehexagohal structﬁres, respectively. Subsequent

_observations showed that similar transitions could be
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produced in most of the other metals and that with increasing
pressure the structure changes occured in a definite -
sequence identical with the structure sequence observed for

the rare earth métals themselves with decreasing Z. That is,’

N s

with increasing pressuré;éthe structurééﬂbccﬁf in the order,
hep - Sm type - d~hex - fecec, Some evidence also exists,

that these transitions ﬁay be related to the variation of
the c'/a ratio in the same way as the alloy beﬂaviour.

The high temperature bcc ﬁhése-is also affected by
applied pressure, the range over which it exists deéreasing _
for the heavy metals and increasing for the light metals,
as the preasure is increased. This is clearly seen from
the @ - T phase diagrams shown in fig 1.4, as well as the
structure sequence mentioned ébove.

By-alloying any two rare earth elements the observed
room temperature structures of the alloys are found to
pass through the intermediate structures found between the
component metals. in the rare earth series. For example in
the praseodymium-terbium s&stem the observed strucfural
changes from hcp to the samarium type at é composition
£ 67% Tb and Trom samarium type to-the doubie hexagonal
structure at £46% Tb, Few such changes have beeh observed
(29 and ref. there in) experimentally.

Correlation of the occurence of the samarium structure
has. been made with the %/a value of the pure elements
fig1.5,-éverage atomic numbe; and the radial extent of .
the 4f wave funcfioh. The internal consistency in the regi-
on to the left of gadolinium for all alloy systems investi~

cated is ‘remarkably good, although in the vicinity of
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the heavy rare earths there does appear to be some dependance.

of the behaviour on the atomic number of the heévy rare.
earths involved., It is possible that the magnetic inter-

actions are here contributing to the observed lattice para-—
meters.
1.5 Thermal expansion

Thermal expansion measurements have shown that
for temperatures well in exce;s of the magnetic ordering
temperature the metals are reasonably well behaved and
exhibit anomalies only in the vieinity of the solid-solid
phase changes, However there have been numerous reports of
very large changes of lattice parameter and consequently of
the expansion coefficient both at the Neel and Curie point.
In dysprosium these changes are sufficiently great to lead
to a structure change from normal hcp to-an orthorhombic
modification, fig 1.6.

Associated with these dramatic changes in lattice para—
meters are correspondingly large values of magrnetostriction
arising from the detailed variation of the magnetié
(exchange and anisotropy) energy as the observed state .ef
the metal changes.

1.6 Resistivity
, The variation of the total resistivity of the heavy
rare earth elements can best be summarized by reference to

single crystal dysprosium results, see fig 1.7. The total

resistivity @, . may be divided into various components(for inst.in

basal plane) Q;,4= 9phonon + 9residua1 + Pspin-disorder-

assuming validity of Matthiessen's rule., The ¢ axis

specimen shows one important feature not  present in the basal

plane resistivity, namely, with increasing temperature <he

resistivity rises suddenly at.
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basgl '@l c axii
plane

Spin d3sorder
resistiyity,
@,_{fm 10‘5) ?mag

pesal .
plane ¢ axis

La*
Ce¥
Pr*

Na*

0.185 0.122 -

complex

0.06-0.09

0.13

0.13

0.21

0.134
0.085  0.03
0.130  0.056
0.145  0.08
0.19 - 0.110

0.22 0.123%
complex

0.026 0.012

no ordering
27 -
20
46
50
105 105
85 83
63 50
:41 24
18 8
22« T.4
no or@ering

no ordering

Table 1.1 The magnitude of the résistivity contributions.

. in the rare earth metals.’
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the NeeI’poinx ad then again at the Curie point. With
ceftain exceptions the behaviour of the other heavy
eIements, which are magnetically ordered, is adequately
described by that' of dysprosium, the magnitudes of the
various components are of course different and are listed
in table 1.1 « Gadolinium and thulium represent the two
exceptions, the former ha%ing no antiferromagnetic phase
and éonsequently the observed resistivity shows no dise
continuities at T,. Thulium, on the other hana, is mnever
ferromagnetic, péssing from the complex antiferromagnetic
phase to a.ferrimagnetic struéture, and while the resistivity
shows a sharp rise at TN no correSponding.decrease is
observed at the antiferromagnetic transition temperature.

The spin disorder contribution to the résistivify has
been appbached in several ways, which deal_with different
aspects of the observed magnetic compoenent.

The exchange interaction between the localized magnetic
moments and the conduction electrons leadé to a: scattering
process which is dependent upon the ionic spin, Vieﬁing
this process.in terms of a-séattering croés section Am per
scattering cgntre, the contribution to the resistivity in
a metal ¢ontaining N centre and E_eonductioﬁ e;ectrons is
given by _ -

§ nag = (kg N/ ng® ) A, ,

where kp 1s the waye 'vector representing the conduction
electrons. In the high temperature, paramagnetic state,
for which all possible moment orientations are equally

probable, the cross section Am is given b&

A = (m / 21r.h2.)T‘-2 (g=1)2.3 (J+ ),

leading to a spin disorder resistivity for these'conditions




: 9mag

Prag. = (3aim/2na® B )T (g=1)2 7 (d41)
This contribution to the total resistivity is iﬁdependant
of temperature in this high temperatﬁie limit and may be
derived experimentally from the difference between the low
temperature residuallresistivity and the intercept on the
resistivity axis of the extrapolated high temperature
phonon sdattering contribution. Comparison of_the observed

9mag values with the7spi% dependant fﬁﬁé%ioﬂﬁ( g=1 )2 Jx

. J+1 ) shows that for these metals it isa good approximation.

In the temperature range T < Tc the magnetic contribu-
tion may be calculated far a ferromagnetic material both on
the basis of a molecular field model and a spin wave model,
the latter applying at low temperatures and the former when
T approaches TC. The scattering of the condugtion'electrons
by spin waves 'in a ferromagnet has been shown to‘lead to a
magnetic contribution to the fesiétivity which varies as T2
for low magnetbcrystalline anisotropy. However, for the ra-—
re'earths, whose magnetic behaviour_is highly anisotropic,
a finite amount of energy A is necessary to c;eate é spin
wave. Under these conditions the spin diofder resistivity

takes on the form
2

>\

exp ( =&/ k T ).
Of course, the form of the equation is dependant on the

2:'l;erm being replaced by T4 when

spin=wave spéctrum, fhe T
the dispersion relation changes from a square léw to a
linear one. Dysprosiuﬁ has been shown to obey this equation '
for 10 < T <30%K with A & 1.5 x 10~%eV, as also have thin
films & tre heavy rere earths. 'A' for various heavy rare earth

metals is difficult to extract, reliably, as the range of




ohservation is severely limited by the fast rise in £he
phonon resistivity at low temperatures and thé bccurrence
of the magnetic transitim temperatures in the range 20~-100°K.
1.7 Resistivity near Ty = superzones

The sharp discontinuity in the resistivity at TN,C’
fig.1.7,have been explained by examining the effect of the
change in the types of order in the ferror and antiferromag—
netic regions ( 50 and ref. there in). In normal metals,
the electron states in which the conduction electrons
exist are surrounded by Brillouin zone boundaries whose
separation is a function of the reciprocal of lattice
parameters, In the simplest case the Fermi sphere is
completely within 'a Brillouin zone, as is shown in fig 1.8.
The electrons évailable for conduction are those at the
surface.of this sphere, and comsequentlyare dependant on
the area of the .surface. If other'periodicibatures occur
within the metallic lattice, whose wavelength is not equal
to that of the lattice, than other zone boundaries will
occur which may intérsact.the Fermi sphere. Since fhese
boundaries will bring with them an associated energy gap,
the intersections’will result in a transfer of electrons
from the cut-off, energetically less favourable,part of the
Fermi sphere to more favourable regions. In fig. 1.8 is
shown the effect of such interséqtions on the electron
redistribution, associated with a periodicity approximately
twice that of the lattice. Since the electrons on the plane.
of energy discontinuity cannof contribute to the.conductivity

it is clear that-the effective surface area of the TFermi

sphere in (b) is appreciably less than that in (a) and
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consequently there will be a. resistivity increase from
(a) to (b). |

This is very important when explaining the electronic
behaviour: of the'heavy rare earths with helical and conical
spin structures. Thesé'ha%e a periodic&%ffin:fhe ¢ axis
direction which is appreciably greater than that of the.
lattice, and once formed on decreasing the temperature
from the paramagnetic to the antiferromagnetic phase, will
lead to the introduction of seferal new 'superzone! bounda~-
ries within the fundamental Brillouin zone; some of which
will intersect the Fermi surface causing the observed
increase in resistivity at,TN. For temperatures T < TN
slight modifications will occur due to the temperature
dependance of the turn angle and the resultant shiff in the
positioné of these bouﬁdariesa For T = Tay) © €. in ferro-
magnetic phase; the resistivity will fall rapidly due to
the disappearence of the periodic moment structures. The
.magnitude of these changes may bé estimated using the free
electron model, -
1.8 Light rare earths

The study of.the magnetic properties of light rare
earth metals has lagged behind that of heavy raré earths
partly because of mgtallurgical difficulties of preparing
good single crystals, which are needed to elucidate the

widely differing roles played by exchange and crystal fields

in these metals and partly because they lack strong
magnetic behaviour. Consequently they have been studied
much less (9,10,12~18,36-39,49).

1.9 Magnetic pfoperties of light rare earths

The light rare earth metals which order magnetically,
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Nd, and Ce also show marked anomalies at the transition tem-
peratures but the measurements have been, urtil récently;
limited +to polycrystaline materials. Praseodymium single
crystals do not aﬁpear to order (46,51), although poly-
crystalline results in the early-wgyk suggested an anfi-
ferromagnetic state below ~20°%. (37) have recently
studied the magnetic'ordering of Pr and Nd single crystals
by neutron diffraction in magnefic fieldsup to- 46 KOe, so
establishing the separate contributions to the magnetic
anisotropy from the cubic and hexagonal sites. (46) have
carried out magnetization experiments on single crystals

of Bu, Pr, Nd. In divalent.bcc Eu the crystal field s very
small compared with the exchange contrary to the caée in Pr
and Nd. The magnetization and susceptibility curves of Pr
and Nd may be understood by assuming that Pr is an induced
moment system in which the large magnetic anisotropy is
dominated by the anisotropy of the effective exch&nge,[OOt]
beiﬁg the hard direction anql[11q] easy one, fig 1.9, 1.10,
Nd on the other hand is an ordered moinent system in'zero
fieid at low temperatures and the abrupt changes in the
magnetization by an applied magnetic field may be due to
tre croésing of crystal field levels similar to the observa-
tions.of:(47) on(Gd,Nd)Coz{This seems to be .supported by .
thgoretical calculations made by (45)on .the basis of the
resistivity measurements made by (16).

1.10 CryFtal_field energy

| The light rare earths also show evidence for crystal

field lével splﬂtihg as was accounted for by (14,51) in

inelastic neutron scattering experiments, or by (45)'
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theoretically through the electrical resistivity behaviour
and by (44) on the basis of specific heat measurements or
from EF¥R and MBssbauer  spectroscopy by (48 and ref there
in). The crystal f;eld interactionein the light rare earth
metéls are comparable in magnitude to the exchange forces.
Very interesting mapping of low lying magnetic energy levels
split by the crystal field have been made by (14) on Pr
single crystals by means of inela;tic.neutron scattering at
4.2°K, fig 1.,11. In the light rare earths as the effective
exchange is weaker gnd comparable in magnitude to the crystal
field forces,.the ordered moment is reduced from jhe free
ion value g up J so much that is possible to have complete
suppression of magnetic order as is believed to be the case
in Pr (51). In this céée the magnetic excitations have the
nature of magnetic excitons * in which a transition
between single ion crystal field states is propagated -
through the crystal by the exchange_interactions between
neighboring ions. For each symmetry direction investigated
the dispersion curves for these excitons have three.branches.
A éingle branch-lying between 8 and 9meV has been provisio-
nally assigned to a mode plopagéting on the cubic lattice
sites, since these lie on a simple hexagonal lattice with
one atom for unit cell.- The.lower branches, gp%ic and
acoustic, héve a largér}éispersion and cofrespond to a

mode propagating on the hexagonal sites. There are two
brahcheslbecause the hexagonal sites lie on a hep lattice,
the upper mode being an 'acoustic! one , the lower an

'optié ! one.'This indicates that the exchange interactions

between B and C layers which gave rise to- the Davydqf
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| splitting the modqé are anti:erromagnetié . This has been .

recentiy verified - (51) experimentally. Because the energy gap
between different levels is of the order 10-100°K there is
good reason to believetint the electronic properties of the
metals would be ﬁo some extent governéq by this mechanism

too, as has already (45) been considered for the resistivity

-measurements;made by (16).

1.11 Rare earth alloys

Rare earth elements readily form intermetalic alloys
of aﬁy stochiometry (1). The properties of these alloys:
resemble the pure rare earth elements. As there are still
many oufstahding problems concerning .the rare earth
elements it was hoped that some insight into their electro-~
nic and structural behavioﬁr might be obtained through a
study of these alloy systéms. -

To state the problem it is necessary to make a brief
summation of the -characteristic features of rare earths more
fully described above. |

Heavy-heavy and heavy =Y alloys have already been
studied by many workers together with the heavy rare earths
owing emphasis to their strong magnetic.behavioup (2=10,19) .
Heav& rare earths are stable in their hep structufe up té
transformation temperature, which.is high (;~d400°K), their
valency is stable at 3, not influenced by alloying, their
f=shell is buriéd deeply into the electron core of atom,

( or ion in the - solid state and is isolated by the outer,
fully occupied, shells. Thesé:elements are well described by
a localized electron model. In the temperature range

studied (4r300°K ) they are generally magnetically ordered

[ U ——
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'so that the mo~t important energy comes from the exchange

" interacétion.The complex magnetic structures-inrfhe orderéd

states which occur because of the interaction of the exchan-
ge and crystal field effects can be seen through the
appearence of magnetic superzones effects (33),

Alloys formed from the 1ight rare earths have been

also occasionally studied (21-27) but alloys formed between °

heavy and light have been essentially neglected (28-30,36) .
The light rare earths have twice as large an elementary cell
in the d-hex modification as the heavy rare earths but at
normal and low temperatures they exist also in a cubic
modification (38). Their structure is comparatively un-

stable with decreasing atomic number,the-a and ¢ lattice

parameters increase and the crystals are softer. The binding

of neighborough atoms seems to get less tight. Spedding

(32) suggested that the atoms are 'anisotropic' as a and ¢

are both smaller than theoretically expected from a given

structure., With the increasing lattice parameters a and ¢
towards the light rare earths the exchange inferaction '
becomes smaller, virtually vanishing because of the lack

of f-electrons inte ceseof La.. In Pr a.nd Nd this ic a se,c-ond_
order energy term, The decreésing importance of the |
exchange energy enables other effects to develop , e.g.

crystal field effects, but in a different way than it

" happens in héavy rare earths.

The exchange interaction is far from being .egligable

for a2ll rare earths and at the same time in the 'light .rare

earths is comparable to other.encrgies. This enables us to make an

estimate of its size.There seems to be some evidence for the

b
¢
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f-shell emerging to the vicinity of the Fermi level,(Ce, La (43))
towards: the. lighter rare earths (11). This means that at the-
vicinity of Ef there will be three types of electrons s, p,

f instead of two, s and p as is the case in other rare
eafths.

To describe electronic properties of these elements,
with three different types of electrons at'Ef,the resonant
scattering machanism,isa more covenient model thax the model
of localized electrons. Comparingsthe behaviour of normal
and 'anomalous' rare earths (Ce, La, Eu, Sm, Yb ) and-from :
known éhanges in density of states # Ep ) near B, . (34=5)
it might be possible to deduce to which group this particu—
lar alloy belongs to. | |

Samarium (and Europium) is,currently of

' - interest to the rare earths physicist because. of its.

similarity with . the transuranic elements. Their magnetic.
behaviour is similar to the heavy rare earths but the

change in the number of conduction electrons Qith pressure,
temperature and nature of the host metal resembles to some

extent Ce, Yb, and La ( also called anomaious rare earths
(11)). The smallest group , in number, of the rare earths exist
in the Sm-structure whose primitive cell is 4.5 times

bigger than that of the heavy rare earths having c ~4.5 Shep®
Their f-shell seems to be in the vicinity of the Fermi
level but mechanismg: of changes in its position relative
to‘Eé seems to be more pompicated than for instance at Ce
wherenrééonance scattering moﬁel or metal-insulator-model
(40) are sultabh In Sm  a combination of them or a semi=--

conductor-metal model (41) would be necessary to account




I

for the experimental behaviour. In a very crude
approximation one can talk in the case of normal rare
earths in terms of density of states 4 Ef.) near E. as a
constant as the other effects are stronger, while in the
case of {anomalous' rare earths the most important
mechanism or one of the most important one's is connected
with changes in qﬁ.Ef ) as was simply described by (42).
it is . the. purpose of this fhesis to collect some
experimental evidence és well as to provide a possible
explanation of soﬁe of the features reported and to
deduce from them a gualitative or quantitative éqnelusion

concerning +the rare earths,




CHAPTER T'.-J_o'
EXPERIMENTAL METHODS, APPARATUS

2.1 Introduction

. This chapter will be devoted solely to the description

" "and discussion concerning the experimental method,

techniques used for the sample preparation, choice and
construction of the apparatus together with the actual
experiméntal procedure. . |
The main purpose of this work was fo stﬁdy.some
iight—heavy rare earth alloys namely their electrical
bropertiesand their dependence on structure.
The chapter is ordered so aé to start with the descrip-

~tion of the alloy making process as far as the shaping

of the sample for the resistivity measurements on one side

" and powder X-ray analysis on the other side are concerned,

: The-description of the apparatus; for the temperature

dependent resistivity follows next, giving details of the
D.C. method used and the electronic and cryogenic part of
the apparatus. The chapter ends with the description and

discussion of the resistivity measuring procedure.

2,2 Specimen preparation

Ingots of Dy, Tb, Y, La, Pr and Nd with a purity of’
99.9% obtained from Koch-Light Laboratories, were used
as the raw material for the preparation of all the
materials studied. These included the alloys Dy-Nd, Tb-Pr,
NQTY, ana Dy=La at all concentrations.as well as speeimehs_

eféthe pure rare earth-elements themselves. -
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The ing&%s were cut to appropriate quantities, abproximately
gms wveight, for preparing samples. The components of any-
oné alloy were weighed %0 an accuracy of + 0.05mg on a
‘balance kept in aégon atmosphere in the glove box where.all
the metal cutting was performed,

The 3gms specimen buttas were melted by standard arc
_furnace techniques. This consists of melting together the
desired quantities of the required metals on a water cooled
copper hearth under an atmosphere of pure argon at a reduced
pressure ( ~250 torr ) using a controllable electric arc
with a non-consumable tungsten electrode. The lower face
of the melted button is, of course, in contact with the
cold copper so that it is.necessary to turn the speciﬁen
over and remelt it several times to obtain a: homogeneous
mixture.

The argon was obtained as 'Pﬁra gon' with an oxygen
content. of no more fhan 3 p.p.m. The arc furnace was pumped
dovn to 10-3torr then flushed with purargon to 700torr,
pumped down to 107 torr again and then filled to 250torr
with 'Pura gon'. Any remaining oxygen was removed as far a
aé possible by gettering for about one to three minutes: with
molten tantalum beforermélting the sample. components
together.

The sample melting was done at aslow a temperature as
possible tﬁ minimise the loss of material by evaporation.
Weight loss was always checked after melting which was of
the order of 0.1% of %he total weight, Surface oxidation
was checked visualy. If present it was filed carefully off

before annealing.
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. 2.3 Annealing
Most of the specimens were annealed previoﬁs to any
measurement, at a slightly lower temperature (50-1000) than
the expected phase transifialtemperature (3.4, 1.4) fo.
ensure phase purity. The length and temperature of annea-
ling are given in table 2.2.
Table 2.1,
specimen Dy-Nd Y-Nd Tb~Pr  Dy-ILa
temperature & 800°C % 700% &.700°% & 200°C
time (days) 42: 71 60. 14
Annealing of the samples was done on half buttons wrapped
iﬁ molybdenum or-tantalum foil and placed in a quartz tube.
Several samples of the same alloy where placed in one -
annealing tube, each beig spaced from its neighbour by a short
length of quartz tube at one end which fittel freely inside
the annealing tube', see fig 2.1. The annealiﬁg tube was
filled with 'Pura gon' and gettered by the same procedure
as described above for prepafing a sample.button: Tﬁe argon
was then pumped out to 10_3torr and the samples is&lated
from each other by collapsing the quartz tube on the spacers.
2 A Determination of crystal structure and lattlce
parameters
The phaselpurity as well as the lattice parameters of
the samples were examined by X~ray diffraction. from-a. rota—
f ting powder sample using a Phillips 360mm circumference
Debye—Seherrer X-ray camera and usually cobalt K radlatlon '
The films obtained by this method were analysed in the usual
way using a Bunn chart in conjunction with previously

published data about the constituent metals of each.alloy
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series. Two computer programmes were used (Appendix 1,2) in
the structure determinations one simply giving'smaﬂest
interplane distances d derived from Bragg's law sino=A/24,
where © 'is angel of incidence.of X~rays, N\ is their wave-
length in ! and d for hexagonal structure is given by the
following equafion
1/a% = 4/3 (n%+ hk + ¥2)/a% + (1/c)2
The other programme carried out calculations of the lattice
parameters 'c', 'a', the axial ratio 'e¢/a' and the elementa-
ry cell volume from a given set of © and h,k,l (reciprocai
planes parameters known asthe Miller indices).
2.5 Samples for resistivity measurement

The samples for resistivity measurement were cut from
fhe arc melted buttons in the form of recténgular prisms
with appfoximate 1mm x 2mm x 10mm.dimensions. The cutting
was performed with a high speed diamond saw in the Depart-
ment of Applied Physics at Durham Uni%ersity. The surfaées
obtained by the saw were sufficiently good and flat that
only filing on a fine emery paper was necessary to.remove
any sgrface 6xide layers before applying fhe electrical
contacts to thé sample, Specimens were taken from the centre
of the bution as this was considered the region of the
higher homogenity; the powder needed for X-ray analysis
was also obtained from this area. |
2.§ Specimen dimension and contacts

The specimens in the form of rectangular prisms
enabled easy applcatlon of the electrodes. The dimension,
1a X 2a X na'(where n>>1), where so chosen to enable us.to’

minimise the effed @ size and shape : . (1) on the
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measured resistance (i.e. resistivity). The same reason,
discussed in (2) limits. the suitable points for attaching
probes on a specimeh of a given shape. The probes were
attached 2mm from the edges 1-2mm apart on each end ;f the
specimen. Spot welded contacts were used as these proved
to be the best ones Ifrom several different types used in
preliminary examinations. These included arc-welded, soldered
and ultrasonicaly bonded contacts but in general only the
former were consistently reliable. Arc welded contacts
were made using a 'Hirst' resistance welding machine.
Standard thermdcouple quality copper wires insulated with
PTFE sleving were used as the electrodes. Contacts formed
this way make an intimate contacts with material and so
avoid a complex of intermediate layers at the contact which
lead to unwanted transitions. The lower faces of the prepa-—
red specimens, mounted three at a time, were glued by
Varnish (G.E.7031 supplied by Oxford Cryogenics) to an
al uminium block (1.5cm x 1.5cm x 1cm) to minimise the
temperatﬁre gradiant along the samples. This varniéh
maintains. a good thermélcnntéct in the required temperature
region and at the same time works as an electricaly insula~
ting medium between the sample gnd the_sdpporting aluminium’
block.
2.7 Resistivity measurement

I A cogventional four profe D.C. method was chosen to
carry out the measurements, the basic block scheme for whicy
is shown in in fig 2.2. The circuit diagram of the D.C.
power suﬁply is_éifen in fig 2.2. A stabilised direct

current of the order of 0.1 Amp was passed through the end
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electrodes ané the agroriate . voltage was measured across the
inner potential electrodes. In the early observations a
precision (14V) potentiometer was used with an external
galvanometer. This proved to be a slow and tedious method
of recording. In the majority of the results presented a
digital voltmeter, - 'Schlumbergen Solatrm 200'was used,

4mV on the T 10mVv

The accuracy of the reading was 5 x 10
scale, To minimise the error of the resistance determined
this way current was observed for each 'voltage' reading.
For each value of the resistance R( T ) the current was
reversed and the reading repeéted thus eliminating thermo-
electric effects. The resistance'Ri(Tj'rdr each temperature
was then calculated simply using Ohm's laﬁ:

R, (T)= (v; ¥ v;)/(I; + 17)

where VE was the potential drop across the specimen measu-
red between 'voltage' contacts for current in + and - direc-—
tion, I% current in + and = direction. To obtain the resis—
tivity values the dimensions of the sampleswere measured
by repeated observations with a micrometer and the-readings
averaged., The distance between the 'voltage! electrodes

were measured with a portable microscope with a built in
micrometer sérew to a standard accuracy of 0.005mm, The
resistivity pi(T) at a given temperature is then given by
the well known formula:

Pi(m) = Ry(2) (a % )/T

(a X b) being the cross section of the sample, L the
separation of the voltage eléctrodes. No correction has been
made for the length contraction with temparature; As many

as 600 Ri(T) points on average .have been taken for each
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sample over the.observed temperatuie region., A computer
program was used (Appendix 3) to get the numerical values
foriyi(T)aS well as the drawing of the graphS‘yi(T) vs T,
The computations were carried out on the.IBM 360/67
computer instaled at Durham University.
2:,8 Cryostat
To obtain any temperature between a2 .7 and 400°K for
the time.necessary to allow thermal stability of the speci-
men during the measurements at a given temperature a
conventional cryostat was constructed as is shown in fig2;5.
It consists of a specimen chamber, helium dewarr and nitrogen
dewar, The dewars were made from Pyrek glass.'The nitrogen
dewar was evacuated and permenently sealed. The inner
helium dewar is flushed and pumped each time it was used to
remove any ﬁelium'gas, which -had diffused through the inner
wall into the vacuum space. The tube forming the specimen
chamber was made of qgar@z. The d;mensidﬁs of?%he system
are shown on the schematic diagram of .dewar system, fig 2.3,
A vacuum system was attached to the cryostat as indicated
on:%he schematic representation in fig 2.4.and 2.5..
The purpose of the system are as follows:

1) To enable evacuating and filling the inner specimen

chamber with He-gas .
2) Todlow evacuating and flushing of the helium dewar

ﬁith He-éas gnd the collection of any He-gas boiled off.
3) To flpsh and-evacuate the helium dewar wall space and
4) to allow pumping over liquid gas. es (nitrogen and helium)l

to assist attéiping the desired temperatures.
2.9 Heater

A heater coil made of constantan wire, isolated by
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'Refrosil' sleeving, was wound around the aluminium foil
covering the samples. The voltage for the heatef coil was
obtained from a 12-Volt filament transformer controlled by
the circuit shown in fig 2.6. This could be manually
controlled by the potentiometer (25001) as well as by the
carbon resistor sensing element placed next to the specimen.
The manual adjustment was used to set the temperature at
which the measurements wvere to be made. The circuit then

automaticaly adjusted the current to reach the chosen

“temperature.

2 10 The dewar head '

The dewar head rested upon the top of a steel bridge

as shown in fig 2.7. To the top of the head was attached

a brass mechanism (the height adauster) whose function

was to adaust the vertical position of the quartz tube
serving as a sample chambér. The top of this tube was

fitted into a brass tube, fig 2.8 and secured to this by
araldite to give a vacuum tlght seal. The upper end of the
sample tube was attached from'weaxmﬂeto the brass tube and
sealed by an O-ring, The external brass tube could be
évacuated via the side tube thus evacuatihg the helium dewar
prior to filling with helium as an exchange gas. The samﬁle

chamber had its own gas inlet valve on the side of the

"quartz tube as the same process has to be followed for this

chamber as forthe inside He~dewar previous to any tempera-
ture Tun, '
2.11 Support of the sample

. The samples;.were glued,fig--'l-b(as mentioned above) to an

aluminium block which was attached to a stainless stel




tube. The tube covered all the wires from the specimens as well

gs the thermocouple wires and supported also the szmple hdlder and

heater and temperature sensing element providing the .-
electronic temperéture controller with information about
the temperature at the sample. The upper end of the sfainless
steel tube was fixed,fig 2.8, by a brass mechanism to a top
brass plate . The plate was wvacuum sealed to a brass ending
of quartz tube (sample chamber) using the O-ring, supported
by 6 screws. The top brass plate also contained the
vacuum lead through for éll the necessary wiring.
2.12 The temperature measurements.

In.the.region between T0°K and 400°K, temperatures we
were measured usiﬁg a copper - constantan thgrmocouple in
. contact with the aluminium block to which specimens were
attached as men%ipned before, Standard thermocouple quality
copper and constantan wires were ﬁsed, insulated withfPTFE
sleeving and the junction made by melting the wires together

in a normal bunsen -flame. The thermoelectric emf's were

measured using the same digital voltmeter as was used for

the resistivity measurements..

. The thermoeoﬁple calibration was checked periodically
at several fixed points and compared with the standard
referenc;s tables. |

For temperaturés below that of liquid nitrogen (~77°K)
a gold-iron vs cogper thermocouple was used., The gold wire,
availab;e from Oxford Instruments Cryospares Division, has |
a smalli (0.2%3) iron additioﬁ, giving a thermoelectric |
power of about 1Q§V'per degree at liquid helium temperature,

compared with. the 14V per degree of a copper—eonstanfan
_ Pl _
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thermocouple., Since there are no standard tables available

the thermocouple was calibrated using meswenents made - at
liquid nitrogen (~77°K), pumped nitrogen (3mm piessure; _
54.5°K), liquid neon (27°K) and liquid helium (4.2°K).temperatures.
A computer programme was ﬁsed to fit the observed calibra-
tion points to a third degree polynomial and from the .
results the emf vs temperature were calculated. The cali-
bration. obtained in this way is shown in fig 2.9. The
thermoelectric power falls rapidly above 4.2°K (and below)
to nﬂOOK. Both thermocouples were permanently attached to
the aluminium block holding the specimens, fig 2.10. The
‘ reference aunctlons of both thermocouples were at liquid
‘ nltroven.
2.13 Temperature runs

The usual cooling time of the apparature from the
room temberature to the temperature of liquid nitrogen
(~77°K) was 3-4 hours. The controled heating process
(from 4.2°K or below that itemperature to 360—400°K) {took
on sverage 12=15 hours. As i% was difficult toeﬂmsin_ﬂs whdle
cycle of cooling and .heating (300°K-~4..2°%-300°K) in one day
the temperature region studied (300°) was usually
] measured in three stages. This introduced a systematlc
i error appearing .as aste n-t'ne SD vs T curve in some of the
samples measured, the origin of which is not .fully explaina-
ble..Changss in the residual resistivity, as well as the
random error were usually much smaller. An explanation
1nvolv1ng magnetic hysteresis or any other form of hystere51s,
is not supported by the experlmental evidence and so the
origin of this systematic error remains open..

Temperatures below 4.2° were. obtained by pumpiﬁg on
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the liquid heliwa, In this way ~2.7°K was obtainable.
Temperatures between 4.2°K and 77-100°K were.reélized with
the help of the electronically controlled heater described
; earlier. Thus it was pocssible to take feadings every 0.05-
i 0.1° in the regiop of very low temperatures(ézooK) and
| every degree above 20°K with an accuracy better than 0.1k .
_Readings were taken, below 4.2°K, both on the cooling and
heating cycles. Between 4.2°K and-BOoK_measuremenfs vere
made only while the sample was warning, as the temperature
was uncontrolable otherwise . In the temperature reéion
(BOOK—3OO°K) measurements were readily made while the sample
was warming as well as cooling. Occasionally a mixture of
acetone and 'dried ice' (solid 002) was employed to obtain
selected temperatures Hetween 200° and 300°K. The temperatu-
res above room temperature up to 400°K were obtained by the
. use of the heater described previously.
2,14 Temperature equilibrium
| Bach change of the quasi equilibrium temperature statq
of.the sample resuited in an increase in the random error
of the measuremens., A very long time.was found necessary ‘to
reach thermal equilibripm when liquid helium is transfered
to the system. This could be followed @ &enlarged plot of
- Q vs T (of the region 0°-40°K). By reaching the thermal
quasiequilibrium the random error, otherwise quite big,coulQ be

decreased by two.orders afmgnitude. Thi.s enabled as to study

changes in the behaviour of @ vs T in low and very low

temperature regionswhich is very important for distinguishing

; different séattefing mechanisms i te alloys studied since the

; o ! _ ' |
- magnetic spin disorder contribution as - - "the normal phonon

contribution are negligible: in this temperature region.




CHAPTER THRTEE

EXPERIMENTAL RESULTS
%1 Introduction
Experimentai results from the powder X-ray analysis
of all the elements and alloys studied are presented and -
discussed in the first part of the chapter. Second part.

isidevdfed to the measured resistivity variation with

temperature of all alloys whose structufe is presented

in:the first part.

In the both parts the results are qjvided into féur-

groups as four alloy systems have been studied, namely

Pr-Tb, Dy-N&, Y-Nd, Dy-La.

. The resistivity results are subdivided according to

the crystallographic groups to which the actual samples

belong . because this factor seems to be largely Trespon.—- ...
sible for the major differences in the resistivity behaviour.
- For egch alloy system the behaviour at very low temperature

- is. discussed separately as this is .believed to be of

specigl importance in- distinguishing the scattering
mechanism ffomatheoretical point of view,
3.2 Structure _

A1l the 2lloys studied, La-Dy, Pr-Tb, Nd-Dy, Nd-Y,

have been shown to possess a structural sequence with

'increasing light rare earths concentration (1=4). This has

the form hcp 9 Sm=type 9 d-hex and is similar to the stru-
cture sequence observed in croéssing the rare earth group
from Lu to La as well as to the sequence of pressure
iﬂduced phese tfahsitions_which have been reported (5,6)
fdr the pure elements and for limited number of allo&s.:

Beaudry (7) repérted the existence of two additional mixed

L, L



" Fig. 3.4 Schematic repi‘esentation of the
crystallographic structures -of the rare-
earth rietals in term= of tThree basic layers.




phase regions nthekdY system. These existed over narrow
(5=10%) concentration ranges surrounding the saﬁarium '
phase. These are known to be a mixtures of the two adjacent
phases,” either Sm and d-hex or Sm and hcp depending on the
alloy concentration, The lines of the X-ray powder diffracto-
gram are broad in this phase and the intensities very

sensitive to concentration and to both thermal and mechanical

~treatment., Indexing of the diffraction lines was always

. very difficult and sometimes impossible.

: . Very few structural characteristics of light-heavy -

rare earth alloys have been reported in the press. Speight

et ‘all (8) gave details for Pr— Tb, Chatterje and Paylor (9)

“included. structural data for Dy-Nd in their discussion of

the magnétie pioperties of these alloys. Varied systems
have been studied by Lundin (10) particularly in the samarium

ph@se. Strﬁctura1|properties of Y;Nd have also been published

by ‘Beaudry et all (7). Properties of the La-Dy alloys to °

cur knowledge  have been réportéa only for 10 and 20% of
La; i.e. in hcp phase.by (18). |

- One of the studied structures (hep s%rucfure).has the
smallest volume of the primitive cell, fig.3.1. It is also
the only one with simple a and ¢, lattice spacings corres-

ponding to these structures. Ité primitive cell may be

_ considered to be formed from two basic stacking layers A

anq.B. The stacking éequence.being ABABA...
TheiSm-phase has- the biggest 'elementary' cell and ,

can be viewed in terms of three different hexagonal stacking

1ajers A,B and Q-ordered'in nine layers sequence ABABCBCAC...

The lattice parameters a and ¢ change discontinuously
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between hcp andthe Sm structure as w.€¢ll as between Sm and d-hex
structure, . |

The .d-=hex sﬁructure is formed-from two hcp.primitive
cells. They differ by means of a translation symmetry being
applied on the central layer of the hep primitive cell.
Thus the d-hex structure could be viewed.in terms of three

different hexagonal stacking layers A,B and- C ordered in a

four layer sequence ABAC A ...

3.21 Praseodymium-Terbium system

The -values for the lattice parameters a, c, axial
ratios c/a (c¢/a for hep, ¢/4.5a for Sm~-structure, d/2a for
d-ﬁgx'strucfure) and atomic volume V determined by means
of ‘X-ray powder diffractometry (described in Chapter2) are
coﬁsistent with the results obtained by Speight et all (8).
The changes, especialy in a and ¢ are soméwhat bigger in

the d-hex phase than those obtained by these workers, thus

- giving biger values ofFV,tﬁe:wﬂune of the primitive cell.

The corresponding c/a values'agree well with those previously

- reéorfed Suggestiqg_ﬁhat there has been a slight iﬂcrease

inoverall cell size in our materials. This may result from

a difference in the puruty of the starting materials..
Examining the behaviour of a with composition.in the. hecp

phase,figd2mdst of the experimental values have a negative.

deviation from the ideal behaviour as represented by the

straight line joining the a spacing of the .pure elements
whereas.Speight's alloys showed a slight positive deviation
i . ) -

even in the region of the hep phase. The ¢ values, fig. 3.2,

seemsto be consistent with those of Speight in the hcp and

Sm :phase and show a negative deviation from the ideal

. . [
: . " .
| : . ]

- . - . - s . .
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behaviour as indicated in the table 3.1. In the d-hex phase
they are, on average, 1-2% bigger than those reborted by
Speight. The behaviour of the axial ratio c¢/a, fig 3.3, ‘is

- similar to that reported by Speight. In the hcp phase the

experimental values deviate negatively from the ideal beha-
; ] viour and.positively in the Sm and d-hex phase. In the d-hex
| the ratio is nearly constant. The deviations from the'values
reported by Speight are best seen by looking at the experi-
mental values for the atomic volume V, fig 3.3 The V values
agree very well in hcp and Sm phase but the atomic volume
reported here is gmater than Speight's by some 13%.

¥Yor the explanations of these diacreﬁencies one shoulq

look at the history of each particulér specimen. It is known

(11) that rare earth elements made by a different manufactu-

: rer genefally show slightly different lattice spacings. The

e o

alloys :gported in this work have been made from rare earth
elements supplied by Koch~Light Laboratories whereas Speight's
alloys were prepared from elehents purchased from Messrs.
Johnson, Matthey and Co. |

i j. Even thbugh ﬁost of the:examined alléys have been

| annealed for several days (of weeks) see Chapter 2, table

2.1, the metal filings from these were not ;nnealed.
Mechanical pressures induced wheh filing can induce another

phase in the powder specially in the d-hex region and' to-a smaller

extent in the¢ Sm phase too as these are less stable than
the hep phase (12,13). Also the additional lines on the X-

ray diffractograms could be eXplained‘this-way.; e T

' This’ .all stresses. the : -

-




importance of the use of highly pure elements and .phase-
stabilized specimens for precise crystallographic study (12),
3.22 Neodymium-Dysprosium system

The structurél (along with the magnetic and electrical)
properties of this alloy have been examined in this labora- - -
tofy (9,1%). The samples reported in this study are mostly
identical with those used for previous. measurements and
so their lattice spacinés a, ¢, axial ratio ¢/a and atomic
volume V are presented only in the summarising graph, fig:
3.§. They generally display the same behaviour as discussed
for other alloys which have oé will be mentioned here.
5.23 Neodymium-thrium sy«tem

The values of the lattice parameters-a, ¢, axial ratios
c/a and atomic volume V measured for the purpose of this
study aré in reasonable agreement with the values reported
préviously by Beaudry at all (7).'Beaudry also presented
the phase diagram for this alloy, fig 3.4. From this and
frém table 3.2 the phase boundaris are defined in the ’
following way: I-&SNdS is in the hcp'phase.lThe parémeter a and

consequently-the atomic volume V are.smaller by approximately 1%

than thealloys of- a2 similar composition reported by Beaudry.
According to the work of (7) Y,Ndg should be a mixture of
hcp and Sm-phase. When ihdexed (on Bunn chart) as the hep
phése the 1attice_parameters a and ¢ seem more consistent-
with a and ¢ for oither compositions, than the corrésponding

a and ¢ values when indexed as the Sm-phase, Y3Nd7 lies in

the next region of mixed phases showing a tendency towards
the d-hex phase.'The data reported here and in (i) for dihéx

phése agree very well, The discrepancy in the lattice
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pirameter values could again be explained if we make An
allowance for the different manufactures of the'pure
elements and also slightly different thermal treatment of
the .cast samples. The alloys used by (7) were annealed under
the following conditions: Y-YSNd5 at 950°C for 200 hours,
YSNd5- Nd at 900°C for 20 hours. The éamples used in this
work were annealed at &ﬂOO?C for 74 days . The X-ray appara-
tus allowed them (7)pwork in an atmosphere of inert gesegwhich is
important especially for light rare earths,whichaxe.alb;ject‘beasy
oxidation, whereas this work was done in the open'air. No
evidence was found for oxide lines however in the present
stqdy.

The éxperimental values of a, fig 3.5, seem to have -
an overall positive deviation froﬁ the ideal curve. The
c values; fig 3.5, show a negative deviation framthe ideal
curve in the hep phase and positive in.both the Sm and: d-hex-
phases. The axial ratio c/a, fig.3.6, behaves in the same
waj as.in Pr-Tb case, the hqp phase displaying a deviation in
a'inegative direction while in the Sm and d-hex pnaées it
;s:positime..In the latter case c/a seems'to be almost
constant. The atomic volume V shows, fig. 3.6, mostly a
positive deviation from 'the ideal curve :part'from a'part of
th® hcp phase. Again this is similar to the results for Pr-TbD .
desc;ibed previously.
3.24 Lanthanum- Dysprosium system

This alloy has not been reported previously. From the

" behaviour of similar alloys mentioned above and elsewhere,

itﬁcould be éxpeéted that this alloy would undergo phase

ch&nges as the composition is changed from La2Dy in the

e
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sequence’d-hex < Sm » hcp phase. The existence of each

different phase is obvious (7,15) from the discontinuity of

the ¢/a parameters: {1.58 ) for hcp, {1.63) for Sm phase
and <1.63 >furthe d-hex phase,(measured in 8. Rough phase
beundaries have been estimated from the X-ray powder
diffractogramms at room temperature, -see table 3.3. Dy1La9—
La forms the d-hex phase at room temperature only when given
' a proper thermal treatmeht to stabilrje d-=hex phase aﬁd thus
abolish the foc stmuchre o Te bulk samples of the alloys used in -
this study have been annealed for 14 days at a temperatures of
290 C. This thermal treatment seems to be sufficient for
; the hep and Sm phases but.not for the d-hex phase as could
beiseen fromacomparison with the structurel parameters of
the pure elements measured previously (16,17,1,12,9,14) as
well as with other inter rare earth alloys. Most likely the
J mechanical stress applied when . filing could be suffieient
i

to induce another phase even if the bulk sample has been

previously annealed. The metal (alloy);fiiings require

additional annealing especially when ‘in the d-hex phase.

-The?gwahd c values, fig. 3.7, vary in a similar way to the

[F

’end ¢ values for Pr-Tb presented by Speight, apart from
therd-hex phase as discussed above. The'ax;al ratios c¢/a,
fig 3.8, deviate negatively in hcp phese and follow the
ideal curve in the Sr phase. Theyare probably constant in the .
d-hex phese as in the, case for other al-l'Oys--ment_ion‘ed above,
3.25 Conclusion
It eeems to be rather a'general rule, as pointed out
for the particuler cases mentioned above and .other results

published in literature for inter rare earth alloys,'that:
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1) They, like the pure elementS\dxhﬁuaexeption of Ce, Eu,and
Yb), exist in the three different crystallograpﬁic phases
forming a sequence, from light to hea%y rare earths, d-hex
-» Sm-type = hcp.

; 2) The stability of the crystal structure, when subjected

% - to a mechanical or thermal treatment, seeﬁs 1o decrease

; with increasing atomlc volume. -

| 3)'It is consequently nec%ssary to take grea%%cére to
thermaly stabilize the d-hex phase as a basis for

reliable results.when tﬁe X-ray powder method is used. This
can be seen from the difference in results for Y-Nd alloy
'whlch was well thermally utablllzed (annealed for a long
period) and results in d-hex phase of La-Dy alloy, which was
annealed for a considerably shoruer period and so did not’
ensure phase purity (18). .

4)'The value of the a parameter changes discontinuasly at

phase.boundaries.

5) - The ¢ values lie close to the ideal curve, connectlng the
c values of puré elements.

i 6) The values of the axial ratios c¢/a lie,below the ideal
cﬁrve in hcp phase, close to it in the Sm-phase and remain
constant, at the value of the pure light elements: in tﬁe_

i d-hex- phase, . . T | |
| 7):The atomic volume V should closely follow the ideal line,
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a (A)

c(f)

ma D D W g o @
1.0 | 3.5938 | 5.6837 1.5815 32503
0.9 | 3.5972| 5.6098 1.5595 31,550
0.8 | 3.6047| 5.7206" 1.5869 32,301
0.7 | 3.6029 | 5.7012 1.5878 32,000
0.67 | 3.6391 | 11.7394 | 5.8697 | 3.2259 | 1.6129 .| 33.659
0.55 | 3.6235 | 26.1237 | 5.8052 7.2088 | 1.6021 33 418
0.45 | 3.6436 | 11.7562 | 5.8780 | 3.22565 | 1.6132 37,652
0.3 | 3.70507| 12.9603 | 6.4801 | 3.4980 | 1.7490 38.466
02 | 3.6937 | 11.9415 | 5.9707 | 3.2329 | 1.6164 37.600 .
0.1 | 3.7016 | 13.3244 | 6.6622 | 3.4866 | 1.7432, | 42.133
0.0 | 3.7140 | 11:9448 .| 5.9724 | 3.2216 | 1.6108 | 35.7%2

Table 3.1 Latticé-parameters of Tb-Pr alloys.




Y.x.l‘_ld.l._-x t08.‘0‘(‘5) _ ;oiq(s_n) | c1(4) *oc.:;/|a.. '. ? c'/a Vj.(ﬁ)’
1.0 | 3.6259 | 5.7589 1.5883 - 32.450
' 0.9 5.6239 | 5.7206 1.5785 32.500
0.7 | 3.6377 | 5 7311 1.5755 32,600
0.6 | 3.6489 | 5.7648 | 1.5798 33.230
0.5 | 3.6607 | 5.8046 1.5856 33.680
0.4 | 3.6840 | 5.8295 ' | 1.58236 34.250
| 3.6332 |26,3565 | 5.8700 | 7.2541 | 1.6120 31.400
0.3 | 3.6710 |26.3844. | 5.8632 | 7.1889 |1,5975 33.890
.0 3.6553 [11.8197 | 5.9098 | 3.2336 |1.6168 | 34.055
0.2.| 3.6484 [11.7609 | 5.8804 | 3.2235 |1.6177 33.860
E 0.0 3.6580 [11.8000 | 5.9000 | 3.2260 | 1.6130 | 33.585 |
: Table 3.2 Lattice parameters of Y-Nd alloys.
Dy Leg _y a(f) c (A) ¢! c/a c'/a v (A)?
% 0.008 0.008 £0.0l :
1.0 | 3.5920 | 5.6550 1.5740
0.85| 3.6108 | 5.6860 1.5703 32,060
0.75| 3.6110 | 5.7150 1.5826 132,270
0.6 | 3.6315 | 5.7529 1.5841 32.850
0.5 | 3.6534 | 5.8071 1.5895 33.580
0.4 | 3.6872 | 5.8694 1.5918 34,550
3.6119 26,1257 |5.8050 | 7.2379|1.6084 | 32.820
0.31| 3.6225 |26.2863 | 5.8414 | 7.2562 |1.6124 | 33.190
0.3 | 3.6275° 26.3%01 |5.8510 | 7.2641 | 1.6143 33,370
" 0.11| 3.7896 [12.2369 | 6.1185 | 3.2291 | 1.6145. | - 38.141
0.1 | 3.8199 |[12.5210 | 6.2605 | 3.2682 | 1.6341 59.790
0.0 | 3.6445 |11.8977 |5.9488 | 5.2645 | 1.6323 34,215

Table 3.3 lattice parameters of. La-Dy alloys,
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3.3 Resistivity

9he resistivity of the four light-heavy inter-metalic
series of alloys, La-Dy, Nd-Dy, Nd;Y, Pr-1tb, have been
meﬁsured in the temperature region.~2.7°-400°K using tﬁe
experimental methods described in Chapter 2. The results
of the measurements in the form of the resistivity variation
with temperature for the four series are described in the
following. The observed variations for the series studied
have many features in common apart from some obvious
variations which will he pointed out later when discuésing
each particular sefies. |
3.31 The genéral behaviour

~ The hcp phase: The resistivity behaviour for all the

alloys containing heavy rare earth in the hecp structure is
! similar..The observatiorng can be devided into three clearly
distingq;shable regions:

1) 0-20°K-Where the residuél resistivity domiﬁates and in
which ihe measured resistivity could be regarded as tempe-
rature independany. | -
-2)_~20°K— the Néel point T- This temperafure region ié.
characterized by a sharp increase of the resistivity with

temperature mainly due to the growth of a épin diorder

resisfivity contrihutionf’s, but also due to.the increasing
phonon resistivitySDPhonbnThese two resistivity contributions
in this temperature¢ region are very difficult to separate.
Within ?ﬁe patlern described, - some variety still remainsl
in the observed resistivity behaviour for particular cases
as:shown for exaﬁple in fig3.10. The increase in the anti-

rerromagnetic region is not so.rapid as that found in the
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ferromagnetic region. Near TN the resistivity reaches a

maximum which is followed by a shallow minimum co&ering some
10-30° in the temperature region in which the metal is knowﬁ

to be in the paramagnetic phase from magnetic measurements
(21,1-284), It seems most likely that short range ordering is
responsible for this resistivity decrease.

3) The paramagnetic phase (I>Py) is characteristic by a

linear increase for which one can assume that all the '
temperature dependance is azssociated with phonon scattering.

gphonon is generally accepted to be linear with temperatu-—~

re above the Debye température TD which is of the order of
180°K for the metals studied(1-19,2).. The difference £300%
*'94.2°K generally decreases with an increase of light

rare earths content in all thé alloys in the hep phase.

Ali the anomalies ciinected with ﬁhaée transltons are
well defined on the resistivity cﬁrve'and are in general in
reasonable agreement with those reported on the basis of
magnetic wmeasurements . The transition.temperatures are givq&’in
tables 3.5, 3.7, 3.9, 3.11.

Sm-phase: This narros concentration rgnge can be
éharacterized in some of the cases in a similar way to the
hep phase. Usually the msistivity curve is divided into
temperature reg;onst Sometimes the division is less obvious
andin a few cases it vanishes altogether, see fig 3.11. The
Néel point TN; defined from the resistivity as that tempera-
ture at'which an anomaly or gbrupt gradient change is seen,
‘does not agree well with the TN observed in the magnetic

measurements.In_mqst of _ the cases(TN) et <(T

resie N)mg

suggesting some di gcrepancy in- the definition Of-(TN)resist
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which will be discussed later,
i d-hex phase: The resistivity variation with tempera-
ture in this phase could be described as .a convex upwards
curve from ~30%°K onwards és shown in fig.3.12 This ié
supported by measurements done by (1-12) up to the transition
temperature for the mejorityof the iight rare earths. The low
temperature behaviour can be shown to fit a T2 dependance
and in cosequencegres is difficult to estimate and has
been taken here”to be identical withj?(4.2°K). The difference
in the resistivity behaviour for different alloy systems in
this temperature region are caused by the presence or absence
Af magnetic -ordering (N4, Pr), for discussion see(1-37), or
superconducting transitions (La) in the &specimens. Above
30°K therg is no obvious anomal& on the resistivity .curve
for any haterial even though the qy/dT ve T is not a mono-'
tonic curve,fig.3f13-46The difference in the overall form
of 'the resistivity vaiiation with temperature, we believe,
is mainly dependent on the distribution of erystal field
I levels(14,14,7%) in each particular alloy as will ‘be
| discussed iﬁ the later chapters. |
3.4 Specific alloy systems

3.41 Praseodymium-terbium

hcp phase: The resistivity variation of the pure Tb and Tb
with 10% of Pr are very similar, fig. 3.13. The temperature
independant residual'resistivity:fres of Tb covers a rela-

tively wide temperature :angé ;~20°K, whereas.pzeu of Tb9Pr1

| ]
as well as‘ﬂua?xﬁs of other alloys in the acp phase extends -
only over about ﬁOOK. The temperature region imBediate 1y

following the temperature independant_fres region is
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characterized by 5 sharp increase of resistivity as a power
law in temperature, _@a'l‘n, the coefficients n béing given in '
table 3.4. This behaviour continues to the temperatures
close to the ordering temperature TN1 and is followed by
a small region showing rélatively little change in resisti-
vity until +the upper temperature TNZ is reached. Above T2
there is a shallow resistivity minimum suggesting that short rage
order or superares effects are  important in the paramagnetic
region close to the ordering temperatures. The reSisfivity
inqrease in the higher temperature region is essentiaily
linear and values of dy/dT are given in table 3.4.

Only one trahsition temperature could be distinguished
clearly on the curve of Tb9Pr1 which is in agreement with
the results of the magnetic meésuremens performed on the
game samﬁles(1—29).The sharp gradient chaﬁge near TN becomes

less obvious with increasing Pr content and covers a much

bigger temperature region especially in PrZTbS’ fig. 3.113,

between 85-168°K. The spin disorder resistivity decreasés
very sharply with compositioen, table 3.5, fig. 5. ;Generally
the var;atién becomes more curved below TN with increasing
Pr content.
Sm-phase: On the resistivity curve for Pr45Tb55 can be Seeﬂ
all, the three regions mentioned above, fig. 3.14. On adding
10% more of Pr the transition between the para and anti-
ferromagnetic phase becomes very broad and'TN is aifficult
to defing from thé resistivity measurements. This is perhaps
soﬁe evidence for an early collapse of the long fange orde=- '
riﬁg, replaced b& a2 short range ordering over a broad
tehperature range, which could .be a reason for the difference

PR TSRS .Y, Y ]
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between (TN) + In the latter composition

resist.

A
and ‘1N)mag,

the temperature dependent part of the resistivify makes the
smallest contribution to the total resistivity of all the |
alloys in this series. The resistivity curves for Pr55Tb45’
in the Sm phase, and Pr,Tby, in the d-hex phase are rather
similar, however the scattering mechanismg -involved ghould
be different as Pr55Tb45 is known to be magnetically
ordered (TN~80°K as follows from magnetic meésurements)

while there iz no evidence imx?vs T observations for magne-

tic ordering in Pr7Tb3. The curved‘a- T variation occurs in

.this latter case because of the presence of strong crystal

field effects which are comparable to or greater than the
exchangeﬁenérgy in this alloy.

d-hex_phase:'At very low temperatures the resistivity is
strongly temperature dependent (Preéan;'where-n>1), fig.3.15.
The n is biggest for pure Pr and decréases with increasing

Tb conteﬁt but does not become constant for any comﬁosition
in the d-hex phase..The temperature variation 4¢/dT increases,
especiallfzin the region of iow temperatures, with inceasing
Pr concentration so that Pr forms a covering curve to all
others in +this phase, seé fig.3.15..This is consistent with
the changes in the crystal field levels with composition
(14%),discussed later. No obvious anomalies suggesting
magnetiec ordering have been detected for temperatures above
2.7°K. A summary of some of the parameterélderived from the
resistivity curves just described is presented in the ,
tables 3.4, 3 5.

3. 42 Low temperature resistivity

From the enlarged graph of the resistivity between 2.,7° K
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. 0 . bor . ;
and 407K the following features are obvious which have bveen

mentioned briefly above:

1) existence of 9Tes(T)=constant only in the hcp phase, -fig 3.18

2) .gradual increase ofSD (T) from 2.7°K'1;o v40°K for all

alloys in .the d~hex phase and some in the Sm-phase,fig.3.16-17...

o\ > cas PR fnd” D o 4 , o d
%) in the case oI 1r55Tb45and Pr33Tb67 there is some evidence

for the existence of an anoma;y between 5-10°X caused.most.
likely by some type of magnetic ordering,fig.317 which is -
not found in magnetic or neutron difraction studies.

3 4% Neodymium~dysprosium

hep phase: There is a much bigger resemblance in the resis—
tivity behaviour for all the alloys of this series in hep
phase than in Pr-Tb system7 They all follow closely the
pattern outlined for the hcp phase in the introduétion, fig.
5.19 .-After an initial temperature region (smaller for
bigger concentrations of Nd) of témperature independent

residuél resistivity 9r a temperature region follows where

es. '
the resistivity'inc;eases sharply with the temperature until

the magnetic ordering temperature TNis-reached. Above TN

the resistivity increases slowly and almost linearly. The
sharp resistivity rise, caused by magnetic and phonon
scattering is subdivided by TC into two regions (in Dy and
Dy with 10, 20 and 30% Nd).bj an anomaly caused by the
ferro-antiferromagnetic transition. In DyGNd4 only one tran-
sition is obvious pré;umably TN (the antiferro-paramagnetic
transition) as follows from magnetic measurements repeated
by (19).This alloy is a mixture of the Sm and hcp phases In
.all other alloys both transition temperatures Tc and_TN are

vwell .defined even fhough they are consequéntly lower:
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than the transition temperatures deduced from magnetic

measurements(+-28,29 ). The T is generally-lower than

N- resishvrly
T as is shown in table 3.7. The temperature related to the

Neamcz,
an:zaly'bn the resistivity curve is likely to .occur atthe temperature
at which long range magnetic ordering collapses, while if

the short range ordering is strong the magnetization might

show a maximum at temperature higher than tieT,velue dedced from
resistivity measurementis. The definition of TN and TC must
be different in f.he two cases mention ed= .(i.e,of electrical and
magnetic measurements) from both a microscopic as well as-

thermodynamic point of view.

Sm-phase: The resistivity curve for both alloys in Sm phase,-

_ Dy5md5 and Dy4Nd6 show only a c¢ontinuous curvature. The ma-

gnetic transitions for both are extremely difficuit to iden-
tify independently, fig.3.20. The residual resistivity
region no longer gxists, but instead the resistivity is .
temperature dependent for all temperatures measured. At
first the resistivity increases almost linearly, table 3.6,
wi?h temperature up to approximately TN. This is mofe readi-
ly wvisible on a l@=log graph, fig. 3.21 .IIn the paramagne-
tic region the increase is slower. The curved-form of the'
iesistivity curve might again suggest the presence of
crystal field effects,

d-hex phase; The behaviour of the resistivity at very low

temperatures indicates:thé presence of an anomaly attvécK,

fig.3,22 .. This is ?articularly clear from the temperature
. , :

dependance of S(T)/T2 as the resistivity has approximately
a T2 dependence in this region if no anomaly ‘is present,

fig.3.23. Consequently the temperature region of constant
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Treesidual resistivity" isc absent. After the initial T2

increase, the resistivity behaviour is governed by %he.existen-
~ce of discrete crystal field levels as well as phonon scat-
tering, although for these alloys it could not be described
satisfactorily by any i dependence. Contrary to the Pr-Tb
case‘g(T) increases with the addition of dysprosium, and in
this case elemental Nd does not form a covering curve but
rather is the lowest curve with Dy3Nd7 giving the covering
curve.,

3.44 Very low temperature region _

The graphical display in an enlarged scale reveals clearly
what has already been said about this temperature region,
£ig.3.24=26: |

1) g(T).is temperature independent in the initial region

for Dy (~8°K), DygNa, (13°K), DygNd, (12°K), Dy,Nd, (8-10°K)
2)_;n DyﬁNd4, DySNdS:and Dy4Nd6 there'is no such region an§
the resistivity increases linearly from the lowest tempera-—
‘ture measured;

3) 9(T)_gxhibits the anomalousbehaviour in the dfhéx phase
as mentioned above. . |

3.45 Neodymium—yttrium

This system vas chosen as a complementary one to

neodymjumn~dysprosium system. Ytirium is kﬁown to have many"
similar éharacteristics_with the heavy rare earths., Especially .
it crystallises in én hep structure aid forms the same
sequence of phases when alloyed with light rare earths (7)
as thosé.observed in the systems already discussed,
Yttrium is not mégnetic " so that can hopefully separate the
influendesbf the structure and. strong magnetic moments

(of_Dy and Tb).
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iiep phase: The pattern of the resistivity variation with
temperature in this phase for all compositions étudied; pure
Y, ¥ with 10, 30, 40, 50 and 60% of Nd, is similar,. YgNd1
reéembles the behaviour of pure Y. After the initial region
of temperature independent residual resistivity increases
monotonicaly in the temperature range studied (3°-320°K).
As the Kd content increases the §-T increase becomes slowver,

table. 5.8, and the residual resistivity becomes less obvious .

The resistivity of.the first three samples studied, Y,Y9Nd1

and Y7Nd3 varies with a similar power law, see table 3.8.
This suggests that in these alloys the temperature variation
of the resistivity could be explained by normal scattering
mechanisms in nonmagnetic tri-valent metals, The influence
of the mggnetic atoms of Nd is very small'éven théugh there
are obvious differences between pure ¥ and the alloys. In

the resistivity variation of Y6Nd Y-NG. and Y Nd6 the

4* 5775 4
initial ~T2ndependence is missing, table 3,8, fig.3.27

5m-and d-hex phases: Y;Nd, is a mixture of Sm and d-hex

- phases. In the lavter as well as in YZNdS there seems to be

some evidence for the existenceof scattering from crystzl field levels,
The dg/dT variation with temperature is very sensitive to

ali the above features, fig. 3.44. There is also evidence

of magnetic ordering in the region of very low temperatures
similar to the behaviour of Dy-Nd, fig.3 28. The curves of

Nd

and YN, resemble the Nd curve, fig.3.22 .

278

Crystal field effects are obviously present in the d-hex

phase and are tracable in Y3Nd7 Which is a mixture of the

'dfhex and Sm phases. From- the d§/dT curves the changes in

resistivity behaviour over the series are obvious .
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espucially in the low temperature region. Whether this is
because of the crystal field effects or not is étill an
opén question. F'rom resistivity measurements it is obvious
that no long ranée ordering could be traced outside the
d-hex phase.
3.46 Resistivity at-very low temperatﬁres

The residual resistivity occupies a " wider  tempera-
ture range (22-24°K) for Y, Y with 10 and 30%, fig.3.29+30,
10-12°K for Y with 40, 50 and 60% of Nd. The very low tempe-
rature resistivity of Y with 70% of Nd seems to be slightly
temperature dependent to the iowest temperature measured
and at 80% of Nd there is an obvious ﬁnomaly at 2.85%
which is attributed to some sort of magnetic ordering, fig.
3.28 (most probably antiferromagnetic as in the case of Nd).
The anomély is similar to the one observed in case od Dy-Nd
in the d-hex phase but smaller. -
3.47 Lanthanum-dysprosium

This. alloy is a second complementary.one to the Nd-Dy
system where the megnetic atom Nd was replaced by ﬁonmagne-
tic atom La.-The purpose in using this;sefies was to trace
any differenpe in behaviour of the d-hex 1ighf rare earths
when alloyed with heavy rare earths as the light =~ rare earths .
ére known tb differ ome from the other more than the heavy
rare earths do. Lanthanum was also chosen as_there is still
considerable disputation going on relating to the extent to
which it could be considsered asarare earth by its pﬁysical
properties. |

hcp phase: The first $hree members of this phase.Dy, Dy85La15

and Dyqglags (P78 T) have all the features described in
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e tintroduetion. A rather sharp increase in the tempera—.
LULC reglon,fv10 X - TC’T" where the alloy is magnetlcally
oriered. From (19) we know that Dy with 15 and 25% of La
order only fe:romagnetically. Near the Curie temperature-
Tcl%here is an anomaly on the resistivity curve of the same type

s That wear Ty yhjcn was described for the hep phase of the

Dy-Nd alloys. If the resistivity variation with temperature

above TC in the paramagnetic phase is viewed as a. power .

law (A1)

than from the big difference between n=0.09 for
pure Dyamd n=0.7 for the alloys it is obvious that-a different
scattering mechanism should be present in addition to the
phonon scattering in the case of the alloys. The resistivity
variation with temperature of the remaining alléys in the
hep phase-(La4Dy6, La5Dy5, LasDy4) is rather untypical, fig.
3.31 for this phase as there is no anomaly apo&é very low
temperauure and presumably no oraerlng.

The La, Dy, behaviour could be descrlbed as s(m)ﬁm

whqre n~1 in the temperature region studied (e.g. 4-300 K),
i whéreas in the casé of I_;asDy5 and LaGDy4 for the temperatu-
res above 120°K n is smaller than 1 as the resistivity’
curve is already slightly curved suggesting that the beha-
viouf resembles that of pure La.

Sm-phase: The resistivity curve of La7Dy3 and La69Dy31;

fig.3 32, is very similar to the one of LaSDyS, LaGDy4 but
the n's at higher temperatures (above170°K) decrease with
increasing La concentration.

™ is not a very good’

d-hex phase: The approximation of Q(T)=x
oné in this phase as scattering mechanisms of a different
origin and character (e.g. crygtal field influence and

mcchanism. where the density of states qu) near EF change)

5
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are involved., In the cgse'of_La and'LagDy1, fig. .33, a:

supercbnducting transition has been found in the temperature
region 4-5°K followed -by a small ‘temperature region of-tém-
;‘ perature independent resistivity, between Aﬂ6-20°K, equiva~-
lent to the residual resistivity ir other alloys. Above,ZOoK
the resistivity is steadily increasing dbut the'slope! of
| increase is decreasing, table %.10, with temperature. -
'3.48 Resistivity at.very low temperature

La and LagDy1 shpw-superconducting transitiong,figé3,34;35

La at 5.3-5.50K, La Dy, at 4 5-4.7°¢ which verifieﬁ

9
the assumption of the presence of both d-hex and cubic
-phase, made in the first part of this'chaptef and experihen— .
taiy observed on thnese specimens by ﬁ15). Le with 11 I

and 30% of Dy show similar pettern in the resistivity varia-

tion below:v5°K, fig.3.36; to the alloys described above,

but in the temperature region measured, there is not

sufficient evidence for superbonducting transitions fig.3.3%.mhe
behaviour of LaGDy4 - La4Dy6 alloys is similar fo the '

Nd=Dy alloys in Sm-structurelheremaining alloys I:a.-25Dy7,5 - Dy, as in
theother 2lloys studied in the hcp. phase, f£ig.3.38,show clear
sign of the residual resistivity region. |
3.49'ConclusiOn

.The conclusion concerning the form of th? resistivity

variation with temperature has been described to a great.

extent in the introduction to the second part of this cﬁap-

ter . Table 3.4 - 3.11 summarize.some physical parameters
obvious from the Q(T) ve T curves. Figure 5.29¥épresents

the S"res variation with composition for 211 the alloys

studied. In'previously reported cases of Gd-Y (1-3), Gd—Lﬁ,
Th~Lu(1-2) the curve waé eymaetric (maximum disorder was

retinlial for ~B808 coneentrablon of babh conipoventn), Un
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the case of Er-Gd (1-2) as well as in cases presented here,
where one element is heavy rare earth or ¥ and the other is
light rare earth the curve is asymmetric. The asymmetry

seems to be smaller in the case of Y-Nd,than for the other systems

' neasured.However. the curve for Gd—Y(‘]-B) is knowvmn to be -

gymumetric consequenfly when accounting for the asymmetry in the

{:Y—Nd 2lloys the differences-in the crystal siructure should

. be considefed in addition to the different magnetic pfopérties

of the light rare earths.
Pigure 3 39 presents the variaticon:of the Heel
o L <oe ESr e Te .

and Curie temperatures, - " with composition as

* deduced from electric and magnetic measurements. It does .
- not follow any ovvious law but clearly distinguishes the -

" different crystallographic phases.

Figure 3,40-41 digplé?s the variation ngyspiﬁwith the arit-

; metic combinationsof the de Gennes .factor Gi .where’

G+ = G, (1-02) + c,6,
c, are % of impurity (alloyed element), and

sl _ - 2
6, = (g;-1% 3, (3;+1),

'on a logaritmic scale. gspin has been sub tracted in the

generally accepted way, described in (20) , for instance,
Contrary to the conclusion drawn on the basis of experimén-
tal results for heavy-heavy 2lloys or heavy-Y measured by
(1-2,3) the variation °f 9spin vs G+ follows a power law
in each phase ' . butits variation is more complicated .

than previously thought. Alternatively the assumption

. of an effective G (here G+) is too zimple to account for the
%observatioﬂs. The simple power law could be conserved,if -
?Gef di would be considered for alloys. The second explanation
| seems to be supported by'the similarity im the behaviour

of the rare earth alloys and pure elements,
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O free g ook Fop Tw T Twms SHIEL
1.0 0.45 | 10.70| 7.9| 225 | 228 | 220,230 nep
0.9 3.93 | 14.70| 7.5] 196 | = | 200 | hep
0.8 3.31 | 9.77| 3.2| 168 | - 180 | hep
0.7 6.46 | 10.87| 1.1| 93 | - 120 | .nep
0.67 | 5.16 | 9.84|1.5| 70 | = Sm
0,55 | ©5.30 | 10.70| 1 4] 74| = | 95 | sm
0.45 | 4.13 | 8.04| 0.8 41| - Sm

0.3 5.06 | 7.37] - - - ‘- d~hex
0.2 . 1.66 7.00} = - - - d-hex
0.1 1.36 | 7.26|= | .= | - | - d-hex -
o.q 0.23 | 5.00| - - - | "= | dhex

Table 3.5 Reéistivity and magnefiC-data fof Tbo-Pr alloys.
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TgxPrx;1 Toﬁ n %% .n
1.0 |18-50|2.58 | 55=200{1.39 230-300|0,36
' 0.9 8-130 [1.47 | -
0.8 |20-50(2.32 | 120-300|0.41
0.7 | 16-55 |1.72 | 110-300|0.70
0.67 10-35 [1.25 | 60~-300|0.52"
0.55 8-40 |1.38, 55=300{0.61
0.45 8~40 H 37 55-300{0,72
0.3 10-50 [1 09 | 100-300|0.73

0.2 15-60 |1.22

0.1 16-60 |1.24

0.0. 10-35 |1.52

Table 3.4 Coefficient n for Pr-Tb alloys.

Dy, Nd,_ T°K | n °k |n oK n

1.0 -| 16-80 |1.54|| 130-180{0.97| 180~300| 0.09

0.9 | 18=55[1.97| 65- 90[1.63] 200-300| 0.45
- 0.8 | 20-50|1.87||  50- 82[1.46] 150-300|0.53

0.7 | 13-6011.53 | 75-300| 0.48

06 | 20-60{1.16 200-300| 0.60

0.5 | 20-60[1.16 140~300| 0.58

0.4 | 17-55[1.27( 80~300 0.64

0.3 | 32-1%0(0,97

0.2 5-5C [0.60.

0.1 | 12-35/0.81

0.0 | 8-45[1.16

Table 3.6 Coefficient n for Nd-Dy alloys.

-

-




Yy §res. P300xfs To o1 Tc mg TNt Tz TN mg ST¥SPAl
(oD em') % .

1.0 | 0.89|9.52|5.0[80 |85 | 169 [180 | 179 | hep

039 2.74111,10{ 3.7 |73 [co | 148 {160 | 164 | nep

0.8 5.99 {14.35 | 2.4 |70 |80 | 128 |140 | 150 | hep

0.7 4.88 [10.92 | 2.5 |65 | 71 100" {110 _529' nep-

0.6 5.76 10.58! 1.é - - 75.| 80 | 114 | hep+Sm

0.5 | 3.09|6.92(0.2|- |~ | (76) - | 70 | sm

0.4 | 3.49|7.05|0.4 |- |- (60)| - 63 | sm

0.3 0.82 [ 7.66 | - - - | 6 19 - d-hex

0.2 0.93 [7.30 |- |- |- 6| 23| - | d-hex |

0.1 | 135|810 |- |- |- | 6] 21| - d-hex !

0o 1.21 | 6.05 | - - |- 7 19.]' 7,19| d=hex %

Table 3.7 Resistivity and magnetic data for Dy-Nd alloys.




WITTIEE . T e

i 2 TR

Do Jnd R N

b O

Dy La,_. 7°K. .n °K, = K n |
1.0 | 16-80 [1.54 | 130-180 Jo.97 | 180-300 .09 3
' 0.85 | 8-25[1.18 | 45- 90 |0.74 180-300 o.§i

075 | 3-45[1.25 | 90-300 [0.74

0.6 | 15-20[0.96

0.5 | 20-10[1.41 | 100-250 [0.97

0.6 | 15-110[1.08 | 120~300 |0.79

0.3 | 16=1P[1.40 | 170-300 |0.67

0.11 | 8-150[1.06

0.1 | 35=10{1.05

0.0 | 15-=55[1.78

Table 3.10 Coefficient n for La~Dy alloys.

Y Nd, . %Kk = 7°g n % =

1.0 | 20-80[2.00 { 100-200}1.01

0.9 | 25-50|2.15 [ s55-140[1.22 | 140-300{0.85

0.7 |-23-55[2.50 || 55-160[1.10 160-300.]0.75 "

0.6 16~150(1.24 | 150=300{0.85

0.5 16~"80(1.40 | 120-300 [0.88

0.4 | 15-35[1.54 | 35-150{1.31 | 150-300{0.82

0.3 15-110]1.47 | 110-300|0.81

0.2 | 8-30{1.13 | 40-125/0.98 | 125-300{0.72

0.0 8-45(1,16

Table 3.8 Coefficient n for Y-Nd alloys.
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Ty % Svres (lo‘u_ngm‘s_)o 3000K S; :.D: fm) gﬂiﬁ%ﬁm
10 - 2.88 ' 8.77 0.0 .:hcp

0.9 - 4.03 8.65 0.0 hep

0.7 6.09 9.61 3.0 "hep

0.6 6 25 9.7 5.5 "hep

0.5 6.39 9.96 5.5 _hep

0.4 4,89 8.77 5.7; hep+Sm
0.3 4.03 8.35 . 9.0 Sm+d~hex
0.2 3.20 7.04 8.6 "d-hex
0.0 1,21 6.05 - 13,2 d-hex

Table 3.9 Resistiviity data. for: Y-Nd alloys.
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DVxLa1-x ?res 930(_)“’1{?5.—; TG ei To mg TN1 Tyo Ty mg gzgm'
0 wR om . %) *
1.0 0.89) 9.52| 5,0 |80 85 | 169 | 180 179 | hep
0.85 7.01{10.67| 1.5 - 104 | 120 135 | hep
0.75 7.59 [10.90| 1.0 - 80 | 91 105 | nep
0.6 7.20|10 25| 0.2 (r0) | - 68 | hcp
0.5 6.15| 8.89|(0.1) - - hep
0.4 5.20| 8.08 [{(0.1) - - hep+Sm
0.3 3.83. 7.7 = |~ | = - - - | 5m
0.11 2.71]| 6.45| = | = - - - ~ | d-hex
0.1 0.13|5.31] - |- | - - | - - | d-hex
0.0 | 0.05|4.40] - |- |- - | - ~ | d-hex
Taﬁle'3.11 ‘Resistivity and x.nagnetic data for Dy-I.a' alloys .'
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- may be written, assuaing Matthiessen's rule:
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CHiAPTER FOUR

' THEORETICAL PART

4.1 Introduction
The electronic properties of light-heavy rare earth alloys
have been examined by means of measuring electric conducti-
Vity over 2 Wide temperature range.

: Any'transport properties which arise either partly or
en£ire1y from electron motion in a so0lid are critically
dependent upon.the various types of electron scattering me-
ch#nism wnich exist withiﬁ the solids. ;n'normal'non-ferro-
magngtic metals these can be considered to have two princi-
paf forms, ﬁamely phonon scattering due to the interaction
of the electrons with thermal vibrations of the lattice,
anq impurity scattering. The first of tnese contributions
is;responsible for the linear dependence of the observed
resistivity of a metal on temperaturé at normal temperatures
and the second appears as a small temperature independent
contribution to the total resistivity 'which is only'apprem
ciable at low témperatures'and is respons;ble for the non-
zero resistivity of all. normal conductors at absolute zero.
At low temperatures (T<TDebye) the phonon scattering contri- '
bution ehangés from a simple proportionélity to the tempera?’
ture to a term of the form g phononN'TS (Bloch-Grlineisen
equation).Each of these scatitering mechanisms coptribute

to the total resisti&ity, and its value at:any temperature

?totai = 9re:sidual+9phonoh ’

w@ﬁre ?residual is the resistivity arising from impurity

!
]
i
i
!
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scattering and gphonon is the temperature dependent scatte~
ring tera due to lattice vibrations, the precisé dependence
being governed by the temperature of the lattice through the
Bloch-Gruneisen.equation..' |

In magretically ordered metals there is a further
contributioh to the resistivity arising from disorder of
the atomic imoments. For,a 3mc o -F . parallel alignment
of all the moments its magnitude is zero, but with increa-
sing deviation from this idealized picture, as happens for
example, onraising the specimen température from absolute
zefo, thedisorder scattering increases to a maximum constant -
vé;ue in the. disordered .. - - paramagnetic state,
" In addition to these scattering processes, ahy effect
which changes the number of electrons available for conduction
wi;l alsb.change the magnitude of the observed resistivit&'

* In this chapter will be presented thretheoryof conductivity

. .in metals especially with three specific solutions oftle gene-

ral Bloch equation in zero external magnetic field;
Generally heavy rare earths and.allo&s in the hcp phase

are . Dbetter characterized by a solution of the Bloch

transport equation where elastic scattering plays the most

important role. This solution will be described sepérately:
in this chapter. ‘ .

Light.rare eartns and alloys in the d-hex phase do not
scem to be well described by the approximation widely urzed
for the heavy rare earths. Coﬁséquent}y the éecond part of
this chepter willbé devotel to the theory of electron scatte-

ring wﬁich we velieve is taking part to a great extent in

-
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normal lizht rare earths, and especially in Pr.

In the third part this solution of the scaftering"which
is taking place in Pr for example, would be extended to
magnetically orcered metals, e.g.Nd.

finally since measurements on La-Dy and some alloys in
the Sm-phase T . " have been
made, a simplified théory‘where the conductivity'is-affected’
by the abrupt changes in denszity of states in the vicinity
oi Fermi level will be presented as it is generally believed
(1-11,1-42) that scattering mechanisms of this iyne are
the most important in thesecaseg.

4.2 Theory of resistivity in normal heavy rare earths

In the normal rare earths, the f-shell is deeply
buried inside.the electron cores, tae unpaired f-electrons
are localized on the particulgr atoms, Thus it has been
suggested by (1) -and (2) that the'resistivity of the rare
eafth is=determinedli§?ggly by an ethqug.iﬁféraction
between the conductidn}electrons and ‘the iocalized spins.
This interaction is modified bytte crystal field (1-33)

caused by the structural anisotropy..If the exchahge inter- -

‘action is sufficiently strong, disorder of the system will

produce an appreciable contribution to the resistivity in.

the form of the spin diforder term (3). This is particularly

true for magnetice métals and consequently:ﬁrhea&y"rare earths .

end rare earth alloys havihg the hcp crystal  structure.

The mein differences between the heavy rare earths aand
say the'transition metals are-twofold;.
1)-as already ment}oned one is the relatively big sepa-
ration of 'magnétic'_— 41 electrons belonging to the

different atoms. o - : } iy
' /

& lar "N
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2) the second i dﬁe to the existence of a big anisotropy in
e rare earths vwhichsignifiomtly affeets. the tranépoft ﬁroper-
ties.
T In tﬁe basal plane (001) the resistivity decreases,
| with temperature as the magnetic order increases, in a way
similar to that ovserved in ferromégnetic metals, like-Fe
and Ni (1i), ~and riost of the anomalies in the transport
proferties are due to the behaviour along the c-axis.
All the observed antiferromagnetic orderings 'are such that the

mornients .are the same for all the atoms in a plane and a wave

variation occurs from plane to plane along the hexazonal
i : axi#. This suggests that the striking resistivity changes
are agsociated with the effect of this ofder on the cohdu=
ction electrons. Since the spin ordering has a periodicity
different from that of the lattice, new . Brillouin zone
boundaries are introduced perpendicular-to the c-axis.

Further the model is described which was first published

by (11) to account for the resistivity, behaviour of the

heavy rare earths., As in most models where the tranéport
propertiés are described we'first should iay down simplifiing
asgﬁmptions. In our case these are:

1) The £ electrons|are taken to be cémplétélyulocalized on
each site, in the ground multiplet of the trivalent ion with
total anguiar nomentum J, and spin angular momentum S, gi-
ven by.Russgll-Saunders coupiiﬂg.

2) éhe anduction eledtrgns are assumed to occupy a simple
.conuuctibnbband with energies.E(E).

'3)-The conductioﬁ electrons interact with the magnetic ioﬁs,

with energy

P .. LS T A i " [ TR P

.
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i o= 1/8Z VS TR ) 5 & ... /1/
where V is an efifective exchange' energy between'a conduction
electron of épin O- and an ion centred at te lattice point R_.
The g—function is an approximation which gives a constant

i seattering cross section for all alectron-.collisions.

4) The transport properties are explained in terms of a re-
laxation time T(znd Fatthiessen's rule) where

1/r = 1/'z"i + 1/1"p + 1/¢-S oo 12/

T& isddue to residual impurity scattering and is taken to

be independent of temperature, ‘i"p is due to pnonon scatterirg
and is given by a Grﬁnelsen functlon (f£¥vT at TzPT=

liebye)}

at low temperatures),'f is due to spin ulsorder

scattering via interactibn./1/ (14) and (2 ) have shown

that T_ in the case dlscussed may be approx1mated as.
1, ~e V2 (1= QE>2/ S(5+1))) - wun /3/

i.e. it is proportiénal to the disorder in the magnetic

moments. Si could be defined as-

(SZ} = NS cos ( gR, + (# ) B /4'/- ~-s type I

<S:ri> = M'S cos (.E‘it’{n ) L :
. eee /5[ ... type II

<s~3r’l = 'S sin ( QR ) o

. where q is parallel to the ¢ axis and gives a wave like
moment variation along this axis. For example the structure
described by /4/ occurs in the high temperature phase of Er
and.Tm, eq, /5/&;301-5;]3%' the high temperature phase of Tb, Dy
and:Ho etc . |

hlth a combination of /4/ and /5/ electron states of
wave vcctor k are. coupled to those of k', by the matrix
ele.ments- of /1/. A 5 .
5"&- = M5 g~ cos .( q, +<#) + 1/2. 'S (O'exﬁ(-iqz)-i-O’exp(iqz))

only the followxng matrix elements are non—zero.

| . . 7




; R ll i [K'i> =+ 1/2 VSH. ... k-k' =T+ q ees. /Ta/
(R +[H|E'-) = VSH' eoo =RV =&+ T ... /T0/
. v 7 .

' . <-{- l H ,il'l') = vl\:‘l'l * e E-]-C' = 'F- a e e /70/

where T is an reciprocal lattice vector. The spin states of
the conduction electrons li).are defined relative to the ’
z axis.
-From /7a/ it i1s clear that ordering of type I mixes
~ band states of the sauie spin polarization. This mixing is
greatest when E(K) = B(E'), i.e. %=E'=+1/2 (£+3) ... /8/.
This gives new zone bounderies in each spin sub=band, in a
reduced zone picture, which are perpendlcular to the ¢ axis
at +1/2 :q and the energy gap at the boundarles is V38M.
Ordering of the second type gives, from /7b/ and /7Tc/,
a @ifferent.result for two spins orientations. There is
a gtrong.mixing between |1/2 (F+q),+) and |-1/2 (T+q )r'>

with a new zone boundary but there is no boundary for the

other sub-band at this point, which has a boundary at

+ 1/2 (T+Q). So that in the reduced zone boundarythere is

plane z=+1/2.q for + spins and z=-=1/2 q for - spins; The

_enérgy gap is 2VSM"in each case.-Generaliy, if both types

of ‘ordering are present, a 4x4 secular determinant is

involved ( for the states | k,+», [ k+2I, :2,'where'23=i(f+§)
isithe reciprocal vector azsociated with the . new boundaries. The
energy E'(X) has than form: .
E(E) = 1/2 (E(E)+E(E+25)i((E(E)-E(E+2L))?+v232M§)1/2) Y

oo [10/

and the gap .A= VSH #+ ... /11/ so that for the first

where m% 12 4 21412 + 219" (2 + M'2)1/2

type of ordering} M'=0, KX = M and for the second type
of ordering: M=0, H=2M' 0, Since
= (e2¢/4m)[vi sy ... /12/ -

isﬁthe'expréuion for the conductivity tensor with V ‘being

\ ;
. R . . ;
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the sToup Velocitylvector definedssVv ~ 1/kr (IE/ k) ,than it:
follows that the mazhetic ordering cause: a changé in the
energy'bands by introducing new zone boundaries, and hence,
a change in the Fermi surfacg. .

If the scattering formula /3/ is extended to fhe case

of éeneral ordering following the ﬁrobedure deseribed in (11)
for the.: idealized case ofaspherical Fermi surface, we can
get the following expression for the resistivity

s s pT v p(1-1/2 M2 -Mr2) L. /13
Po=ax pr s p(1-1/2 K2 -2 . 14/

If the new zone boundaris are not very close to the Fermi

:_-urét‘ace and & ~ A, then

§="(a+pr + Y1-1/2 12 ')/ (1 -T2 « w2)1/2)

and’ similaz_'ly for .P):x' where &« and 3 are parameters .depené

ding on the geometry of the Fermi surface, -

4.3 Resistivity of nonmagnetic“crjétél with magnetic impurities
Van Peski-Tinbergen and bekker (5) have derived a general

expfession for metal electrons suffering various kind of

elastic apd inelastic scattering under-the ibllowiné assump-

tions. " | |

1) ?he matrix of the various scattering mechanisms are

known. ‘ .

2) The inelastic séa#tering is based on the interaction

between the conduction electrons and the magnetic impu-

rities . This is believed to giveagood qualitative picture

even in cese ofaparamagnet. Gollisions of this type mzy or

may not ge elastic, depending in general m whe ther the'colli=-

sion proceeds without or with spin flip. So any gnergy

transfer between the scattered .electrons and scattering
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centres should be taken into account. As spin-dependent
scattering in geﬁeral leads to different relaxaéion times
for conduction electrons with magnetic quantum number mg=
+1/2 and ms=-1/2 'plus' and 'minus' electrons are nofmaliy
considered separately. But in the case of zéro external -
field these may be equated fram the start,

3) A fﬁrther assumption is that of a single conduction -
band for which the_energy as a function of k (the wave
vector of an electron) is assumed to be of the form
E(K) = E, +4%k%/on" |

* .
waere m 1s an effective mass. In thermal equilibrium and in

. the absence of electric, or non-uniform magnetic. fields, the
" fraction of the.states.occupied by electrbns iS'given by

. the Fermi-Dirac distribution function:

f (E) = fo(E) =.(exp((ﬂzk2/2m* + AE - EF)/KT)H)_1

for m= +1/2. ' -

4) The electron dens1t1es n+ differ from /2 n (n iu'ﬂntotal
electron density) only by a term of the order A&/mF which

is negligible for most of our purposez as long as the whole

system is in thermal equilibrium.'Though ﬁhe electron den=

sities are further considered to be constant .

In a state of steady electron current, under the
ipfluence of an elecﬁric field'Fx'along the x-axis, the
density of electrons corresponding to dk is given by
(1/84¢) £+(K)dK. If e represents the charge of an electron,

the rhte of change f+(k) produced by the flelu ﬂx equals:

(‘af"'/at)field" (eF /m )(af +/ar'+) e /1/

If the rate of change f+ due to scattering procenses can

be! described by a relaxation time ©x(k), we may. write

;;ftl-'_-:i-: e LB Lea

L PO S

[
3
K
=
1
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(bf:/at)collision

In a steady state the sum of /1/ and /2/ must vanish

== (fx - ks ... 2/

fx = £t = (~eF Mk T+)/m* (£ _+/OFE) = gx(k) ... /3/
Once -the relaxation times T+ are known the electrical
conductivity, G’e, follows directly Zrom 0'e=aé+-+0é_ and
3 +/P, = (e, )j1/(8";13) dk (fx - £,+) hk /m=
(=e2/6%im) f o+ (£ +/0E+) dEx ... [4af

This transport equation could be generalized in terms of

from T4

relevant matrix elements. If Pi(E+ > El) and Pj(E+ 2 k!)
denote .transition probabilities for various elastic and
inelastic processes, then
(a£/36) 511 =(1/8%%) [ 6k} (R, (E»> E)) £,(1-£1)+
+ l,Pi,(E_:_->E+) f_:_(1—f+)+
+(1/8w3)j‘dﬁl(.-§1>j(lz+->ﬁl) £,(1-£0)4
| -h%,.'t’j,(i_-? K, £1(1-£)) ... /4v/

In absence of field we.can write

ot -
212 (K, > ) =8R (R BY) £, (1-13 )/23 +(1=20 ) wov /5,
and similarly for PJ,._If we further consider only terms
linear in g and the following éimplifying relations-
a) fo_i(1-i‘0i) = kT (_3fo._+/aEi_) v /6/ and
b) £, (1=£2.) = k7 (2 /¥E,)(1/(1-£_, (1-exp(~E,/1;T)))) /7/
where Ej=EL - E+=-25E++Qh2Z2m (klz- ki) and .

=Bl - T = m2 2 _ 12
- E=E} - E=x"/2m (k] - kI) than . _

using equation /3/,/6/ and /7/ we can get the following eypression
(£,/5t) 0 = -g,((1/847) _fdk;_ilpi(k+-> k1) 1-k1/k )x

| (1/(1-fo(1—exp(-£i/kBT)))+ .
\ . ' ra A . i -ﬁ-- .
., L #(1/8%) (axl € p k) (1-TiY/T )%
; . (1/(1"f°(-exp(-83/k]3T))) = -g+(¢+ sse /8/

| . : -
defining the relaxation time of the scattering involved.

&
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Ierore another step is .iade it is necessary to make further
limiting assunptions. They are the following:
1) The transition probabilities depend onTy on the magnitude
of k' and K and on the angle of scattering ©-.
P (k,» x!,0) = (20/x0)]d, (x> k!,0]° W, §(E!~E,~€;) .o /9/
Mi is the matrix element, corresponding to -a siﬂgle scatte-
ring center of type i and Ni as the number of séattering
centers. If the volume element dk in Xk space ir expressed as

- 3g:1n0dok 2

dk' = (Zum*/h )-k'sin@deidE! equation /8/ has the farm
[ 1/42'+ = (m,/thB)GEJHu h..(k - k! 9)] (1=-cos8)r~in6de x
; | (1/(1-£, , (1-exp(-€/kg1))) )+

+£ K. [h (k - k! 9)] (1- (T’/Q‘)cose)sinede x

(1/(1-f (1 =-exp(=- E./k gT)))) ... /10/
and similarly for 1/7,. oubstituting /10/ into /4a/ ve ge%t
the general . expression for the conductivity -
@y = §o+/F =(e/F )j'(1/8ﬂ?)dc (f+ -f +) (dk /m) =

= —(ez/oﬁzm) [T (3 2/2Es) a3+ ... /11/

i 2) In the case of quasielastic scatteringwhen the change in
energy of édectrons during a collision is small compared to
k3T the numerators (1-f°(1—exp(-€/kBT))) in 1/¢may ve omitted,
3) The intégral in equation /11/-may-be approximéted by the

i first member of the éeries evaluated in EF if the higher
terms of the series are smailer than the first one by powers
of k, T/Eﬁ. That is when €,

&L« T, € being the energy '
YSEEBT B i) :

i(3 1( 3
levels of_locallzed magnetic impurities,
This is so, éndlfhe approximation is écceptable-only
for: heavy rare earthsat high temperatures,and not in our case.
~ (5) discussed the validity of this simplification at very

lo? temperatures. and found them plausible in most cases.

L
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npn1y1ng the ass unptlons niie above to equation /11/ we get
the well known forawla @+ = (niezlm*)’i'? /1.2/ , Where 7,
is therelaxation time fer electrons with the Fermi energy:
1y = (wkp/me®) (2 5 it (k+....,;-ki)|2 (2/(1+exp(-€; /K T)))+

+& g by Ges = k+)| 2 (2/f1+exp(€;/k;7))) ... [13/
and kFty(Zn*Eﬂ/ﬁ2)1/2
4) The equation /13/ is applicable only in the case of

isotropic scattering when the $erm conteining G?_/Q;) in

_equation /10/ would disappear on integration and could be

used in our case only for pelycrystals of light rare earths.
4,4. Resistivity in light rare erths | .'

Maranzana (6) and Watabe (4) further explored equation
/10/ specifying the form of the matrix M [k e'L +[.

(6) have assumed a model consisting of a gasof charge

.¢arriers and a periodic array of spins with no interaction

petween them, that iginthe paramagnetic region. In this counbext
spin means the total angular momentum. In the rare earths

the total angular momentum results from the L-=S coupling as

.the spin orbit interaction is much bigger than the si)in spin

interaction.-J is a good quantum number . Both Pr and Nd

‘have degeherate J states,the degeneracy being partially lifted

' by the presence of the crystal field interactiont

Hmag =-N’H0 £. oo /14/

where N is the number of spins.present in the crystal, Hc £
is the crystal field'Hamiltonian corresponding to the symme-

try of the site of the spin. The g=axis is taken as the
axis of quantizatlon of the array- of spins. Dlagonallzing
Hmeg we obtain the energy levels E .The charge cariers are
aebcrlbed by creationiﬂﬂ annihilation operators akq, aEf,

EAH W lw sa e

el
-

e

e
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q-‘L, ag » X is the conduction electron wave. vector the arrow ’
indicating the direction of the spins w1th-respect tq the
z-axis. 48 the magnetic system is parammgnetic the charge
carriers of opposite spin reside in the same band which
extends from -E, to L1,def1n1ng Ep = 0. The perturbation
Hamiltonian is the s—=d Hamiltonian
1= M2 .exp" (1R x

(SI (a—.faE’} aﬁ,;aiz;) + Sfal'z,.],agf + SraE',.;..aE $)
The matrix elements of the perturbation H' calculated between
the unperturbed states defined as a product of a Slater
-determiﬁant of kets |%,?), lE,&)._tiﬁes the product of eigen-
function lE;f ) relative to the m-th energy level of the T=th

ion are:

mY

~
AL B WL,

el M

B M B, o JEDL L. IH [E 14, Em, U réf\)=

= -(J/"I)(+1)exp(1(1c-l§ )R,)@ lc, I nm\,> y ees /157

- N .
@ I 5 LI bEps eee 2By ltr'l"l.E e ,Eﬁr, .. m)

= =(J/N)exp(1(k-K' )Rr)<Ex:' [s¥iE] ¥

es e /16/
i 1 -y Y -
<E',&,ELQ1, oo aEppr e m\,ln ik,1, Em1, ee 3Epry oo SEpp) =

=-<J/N')exp<.i(zz-1z'>ﬁr)<'Em.,lmEm,-> . 11

Considering the transition probabilities to the second
approicimatio_n W(a 2 b) = ‘-'1(1)(3. > Db) + w(z)(a *>b) ... /18/

W (e s by (2 (BB Y el 19/
W2 (a 3 0)=(20/0008 (B,-B)E_((H! 1! (i (Bg=Eg) Necucl) /20/

where

“nty
<E"¥'S Inmx><"‘arl "*lEm,\,> . /21/

r;m_(;i' similarly for ‘.‘!(1)'(E'f,m -"-TE'Jy,m') and W(D(ET,mé'Tc"T,m')

_ 'I(1)(E’Nm _;-Enf,;’,..) /25/4()(,]/_\)225(]3, ~Ey '.,.J,rf = . Y x|




T e ST T

CE—— e eSS

H4

iverhging them over the occupation of the initial state E
summing over the final state and taking into account tﬁat

tie state.,]h ‘J are the same for every Yy we can wr:.te

Wl (s BN =(20/i) (3/0)28( 2 exp(-B,_ /151)) ]

(éil' exP(-bm/kBT) s(“"lrc-Ek"H"m m')'<rm' Em>F) /22/
etc, Similarly in the second approximation. Using now equation
/4/ and assuming isotropic scattefing and the validity of

Metthiessen's rule 1/€k = 1/t% + 1/¢§ veo /23] we get:
/¢ = (24."/2:)(J/w._21\3q(E-,1)(2' exp(-E_/k '1')-)‘.1 x
' ndar (=t exp(E, /i) +tfexp(Ey /kp?)) ™!
(KEln',Dz'”‘in)I, + '<E111'|S'+'Em>l )) e /24/

and similarly Zor 1ﬁ7% The conductivity ié then given by

0°~de T. (3£, /3E) ... /25/

Watabe (4) used a mowe preclse Hamiltonian

Hz% (6-1) T(@S T, exp(L(F-R)) +Eq (47e%/(a®+a3) exp(-17(F-F,

-._2.( (g-1)1(q)f3 exp(lq(r-ﬁn)) +

+51 B (450)%/(a740) TIw (@) exp(-18(ET,)) x
af Ry~

Jl( nl ) Y?(gRi-Rn)) «ao /26/

where they accounted for screening by the outer thells.This
represents the potential underlined in equation./ZG/. This
enables them,at'ieast theoretically, to define two different
relaxation times in é_first approximation;.onc which is
solely due to crystal field arising from an exchange type )
of interaction the other, underlined, is due tothe quadrupole=-

quadrupole screening interaction; .

I
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T e = A

110 = Ga/iav) Z, [ (6 Q1 (5@ 2g-1)2

QP (07,13 9% + K§1aT | FF +wieme)*@2m?/(a+a?)?

N B

S Il X lav3 ] 17 Hp(1=1, €+ 4FF))/ (12, (€x) /27/

(4) estimated that both of these effects.are of approximately
the same order of wmagnitude for Pr and Kd. Ian Pr the scree~
ning efiect is bigger while in Nd the crystal field effect
dominates. Because of the difficulty and so uncertainty in
suodividing the total resistivity into differant scattering
mechanisms in the light rare earths:we have adopted the |
simpler mechanism- described above and first used by (6).

The crystal field effect was chosen on the basie of experi-

- mental evidence (1-14,1-36) in Pr and Xd.

4.5 HNMagnetically ordered light rare earths.

As'this,study deals also with light rare earths in

which the ions are magnetic-  and show some sort of long range

ordering (Nd) we should also include the theory for this
case. Maranzana (10) imitated the calculation made by Kondo
(15) for a periodie’ lattice (simple cubic) occupied by N

magnetic ions in a crystal of velume.V.The spins of the

' .
. _ions interaect with one another through a Heisenberg intera-

ction represented by a molecular field . Sach sPin'is suppo-
sed to amove in the presence of the temperature dependant
molecular field.indebendantly of other spins. The conduction
of the system is accounted for by a Fermi sea of electrons
residing in_a singzle band extending from —E1_to E1 with a

copstanf density of states, ie similar -assumption to those

in’ the previous section where the conduction model for a
|
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metal with magnetic impurities was described. The Ferni

level iz taken as the zero energy, E.=0.

The interaction of the 'conduction system' and'magnetic

~ system' is presented by the well known s-f Ham;ltonian:

. 4
H' = -(J/m}kzﬁ.n exp(i(k-k')Rn) ((a;;_..‘r.ak(r - a.;:,lakJ)Snz-l-
L+ Q o '
+ ak_,'l‘akion - a;,,}ak?s:: )' AV
In order to calculate appropriate conductivities the

transition probabilities up to third order in J are calcu~ '

lated. Throughout the model only elastic scetitering iz con-

. sidered, and processes of the type k¥t » ‘f&'& are neglected,
on-.the basis of.the fact that taby are likely to contribute

. terms of the same order of magnitude and temperaiure depen-

dence as the terms retained. This assumption does not exclu-

de, in second order , processes of the type Et >kni o k't

and the Xondo like processes, '
If we agsuune the transitioan. probability-to be of the

form given by standard perturbation theory (tébonst) where

in the matrix element of ‘the hamiltonian /1/ CULEUED I

the ket | reprecents a state given by E_vectors andthgmsfin

G'of =ll conduction electrons, and by the magnetic quantum

numbers of all the mzgnetic ions. Then the transition pro=

bability has the form: |

a) in the -firstapproximation

Wy 1) = Wy () = (o) 8 (B =By )

(-J/N)ZE%, mnmn,exp(i(k—k')(Rn-Bn.)} ors /2/
b)in second approximation

w2<k'f¢'ka) B} i(_J/“)zggki mlmmmnexP(i((k‘k'>R1+(k"—kyRm+

H( kR ((1=£i00)/ (B =Bihl) +e.04)%

’
i
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(=J/N) 1?:1;:" my (8(s+1)=m_(m_+1)) exp(i((k-k')R +(k'-k)Rm))
((1=£,0)/ (B =By +1q) +c.c.)F(=3/N) ,%, o WM m X :
exP_(i((k-k')R_l+(k"-k)Rm+(k'-k")Rn'))(i‘k.-,/(-Ek+Ek,,+i'2),+c.c.)+ |

;(-J/N)31%k,, iﬂl(S(.":'-..-l:‘l_)—rfllm(mm:‘l)) exp(i((k-k')Rl-r-(k'-k)Rm))

A Ta e il o e

(fk"/<-Ek+Ek"+iQ)4c.c;) | - . 3 3

ﬂ@'upper gign applies to the scattering of an electron with

N e

spin up and vice versa, the other notation is as usual (m;-
azimuthal quantum number of 1l-th spin, ((S(S-i-1))1/2 is the
length of the spin).

In averéaging these terms, there would be.an obvibus

difference to the K_o'ndo like treatment as he waild reasonably assume

that tne magnetic impurities do not see one another while

here we are dealing with the periodical latfice of magnetic
atoms .- In our case ,. for example, it should look like
' <12n mymexp(1( (k=k')R) +(k'-X)R ) )2 =%1< mlmr'l)exp-(i(k-}c')nf_
+(.k."'k)Rn)) . .,
- 84y + (n¥ e m (1((k=k')R,+(k"=k)R _))= - |
= &%) <m>n=1n exp ~k')Ry +(k"=k)R ))= "
N<m2> <n>2 (-N+ terms containing S(k-lc'__)) = | ‘
1\.<(m—<.,>) ) + terms containing g(k-k' Y

From /4/ ie ouwious tha t the periodicity playes an essentlal

role in this calculation as it allows the splitting of
equation /2/ into a k-independent term and a contribution

of the electron sélf energy (6f no interest ‘for the scatte-
rlné) T;is is not possible if the model. introduced by (16)
1s ewployed as he assumes that the magnetic atoms are dlstrl-
b;?ed randomly hrouéhout the 1attlce of the crystal, If we
acd a-small amount of nonmagnetic atoms to thg-crystal the

calculation would not be appreciably altered..Having

7



hveruged the transition probability we get

[ad a) W, (x",x® = v, (k" ,k$) = (24‘:4-:)5(-,, =B .)(J/m)z’\! (m—(m))z)

' ad b)_wz(k'¢4|,k¢$) = (2{/}[)5‘(Ek—31{')(-2(-J/N) H<(m-4n>)2):".

L
al

C(12240)) Tu(1/(BEy) ) +4 (53/0) Pum-459)? )
- | g/ (B=E))  eae 16/
lThe sp;n independent relaxation time is -obtained by summiné.

‘over k' and summing the relaxation times proper far electrons

iwith spin up and spin down. Finally, the exﬁression for

E
-21n,kﬂ))

the resistivity has a form:

4‘9 (o 2262) (V02 /20 (-n)?) <1+(2Jq<hﬂ>/r)<1nlE

4.6 Models with IZ(E)alconstant
So far we have been disclssing different physical
models to account for changes of the resistivity with tempe-

rature along the rare earth series with one overall

éssumption that the density of statesﬁL(E) near the Fermi

surface 1is constant. This simplification is perhaps Justif=
fled in the case of the heavy rare earths (Elliot's model) and
'tnose light rare earths dealt with by the Maranzana model)where
phanges in the density of states is not a first order effect.
% " In the case of the anomalous rare earths this assump=-
%ion ie not poszsible to meke (1~1) 2s is obvious from pressu-
e experiments.'Thérefore ve have to consider what is likely
0 be the efféct of @ changing density of states @'Z/DT) on
he transport properties, in this case the resistivity.

The simplified model has been outlined by (17-21) as

“ollows;
, .
i .
Let uz assume that the conduction electrons are in the foim of

L suzenerate gas, The conductivity is than given by
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/1/

o = -f T(E) (3, /98) 4B =O(q) + ("72/6)(KT)z('DZG'(E})/bEz)E;q/ 1

where-(7(E)=(e2/126?h3)(z(E)<vc(E))?Nc(E)) Y

NC(E) in the density of final states for scattering processes .
which limit <the conductivity, Q is a factor containing a
variety of factors such as fhe number of defects, transition
probabilities ete. For simplicity we will consider elastic
scattering only.

In normal metals it is the vafiation of Q with tempera-
ture that is résponsible for the usual Bloch-Grﬂneisen
temperature dependance of the resistivity. Departupes from
this law could arise from éauses-which ve nay classify'as
follows: |

1) An explicitly temperature'dependent scattering mechanism

-(eg. change in phonon spectrum) leading to én anomalbus

variation of Q with T.

2) A variation of Nf(E) with E so rapid - as to make the:seeond
term on the right -hand side of equation /1/ significant (19). -
3) A dependence ofithe band structure on temperature leading to
an ?homalous,variafion of Nf(E), N?(E) and/or vcgE) with
.temperature. | |

So far we have been discussing case adi)for a few dif-
ferent models-suitable.for rare earths.

One of the simpler nodels of type 2) sugéested by (19)
assumes that ﬁear thq_Fermi energy there are two overlaping
bands { fig. 4.1). One of them, the conduction band, is
erad, ﬁaving an effective mass of the electron roughly -
eq;al to that of .the free electron. The second is assumed
to;be narcow. The density of states‘lﬁE) in the narrow kand

greétly exceeds that in the conduction dand at the Fermi

7
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- /3/ will simplify to

tes, with a constant denzity of states,

. 70

energy. Consequently N(E) is a sensitive function oi energy. ki
S50 we may- furt her assume that the density of states near

the Fermi zurface Nf(E) is the only function erhibiting a

_ rapid variation with energy near EF' Further simplifying

assumptions are: the effective mass in this narrow band

. is so large that the current is carried almost exclusively

by electrons (or holes) in the broad conduction Eand. Then
the resistivity has a form :

0(2) = (¥ (gogOgy o) (1=(TRD)2/6(3(N1 1/N)=(Ng /M) oo /4]
Each prime(') denotes a differentiation with reépect to E
and-all quantities in the bracket= are to be evaluated at
NF(T=00K);:Along with (19) we have retained in the equétion
only terms of order‘(N‘i'./Nf)2 and have neglected terms wih
(Ng/Np(o)Ng) end (1/Npgy)°. If we further assume that the

f-band is of'standard' form, see fig. 4.1, equation

P
af S L

§(T) = Qliz(oy» D) (1=F/6 (K2/aB)?)  ...7 /5/
AE is the energy differencebetween the Fermi energy.at 7=0°K o
and the adge of tte f-band. Due to the above mentioned simpli-
fication, defined by N' /N > 1 /NF(G)' the AT ¢¢ iy (o) « This
model could be extended and improved in different ways.
Firsy it seems unlikely that if N(EF) changes very rapidly
the bpand structure would remain unaffected. But as these .
effects are technicaliy difficult to account for at the same
‘time then modéls with ,different_ 'band structured have been
prgposed; _' : ' : : | .,f é
E The metal-insulator model described in (22) specially
suitable fof Ce ‘assumes

1) an extended band of hybridized s-and d-like Bloch sta-




T

2 a set of lécalized f-like statés-with an.energy EsEO,
where EFermi is again taken equal to zero. - i -
These states are highly localized and correlated admitting
only one electron per atom. Tﬂe energy necessary to place
a second electron in the same localized f-state is one order
of magnitude larger than E, see fig. 4.2. Fig. 4.2 shows schema-
i | .tically the., density of states of this model. The aim of
| the model is to acéount, under simplifying assumptions, for
“the témperature dependence of the density of states of
various contributions. |

If the crystal contains N atoms, and ne(E), nh<E0, and
nc(E) are the occupation. probabilities' for conduction electrons,
holes and localized electrons respectively than we have the

following relations

N, s["""é D(E)n (E) dE ... /6/

; N, s éﬁh D(E)nh(E)dE eee 17/

n

c nb-na LIC /8/

where Nnc.is the number of occupied f-levels, D(E) is the
denéity of state: function which could be simply expressgd
(for instance for Ce) by:

D(E) = 128/ vee /9/

12 being the anumber of states per atom, The excitétion

energy 2§Qf a given ﬁany-electron state consists of twq
terms, Eex=E1+E2 where E1 is ‘the single-quasiparticle contri-
bution and Eé is the quasi-quasiparticle interaction.

i- E1,_=_£":e ﬁD(E)ne(E_)d:-:-: +fo""ih ED(E)‘nh(E) + NEn, eeo /[10/

. . In;order to exp;éss.Ez we make the following assﬁmptionsi

1) All interactions are short range

’

Sl
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.2) The interactibn_between two eléctrons-in f levela in the
féame atom is considered to be infinitely.iarge; :
l3) The interaction -G of the f-electron with either electrors
‘or holes in the conauction band is assumed to be constant;
mndependent of E. Ihen |

!Ez = -l‘iG'nc(n-b-n ) eees /11/ or Ez = -NG’ng .. e /12/

The interaction G could also be accounted for thermodynami-
cally. If E is the energy of one isolated electron moving
in a lattice whose potential is sét up by a collection. of
n+ ions and neuwtralizing charge, E+G would be the énergy

of the same electron in the same lattice but with ions of
gn-1)+ cﬁarge and neutralizing charge. The equilibrium

&alues of the occupation functions Ne(E),Nh(E) and N, are

:btained by minimiiing the expressiqn-for the systems

free energy with respect to them, _ |

The freF energy F=E-TS where the entropy is given

-kmjmg D(E)(n (E)In n (E) + (1-n_(E))1n(1-n_(E)))dE~
dh

D(E)(nh(b)ln n, (E) + (1- h(E))ln(1-nh(E)))dE—
-NkB(n ln n, + (1-n )1n(1-n,)) + Nkgn 1n(2J+1) ... /13/

he first term in equation /13/ represents 1t1nerant
lectraaentropy, the second itinerant hole entropy, the
third localized electron entropy and the fourth represents .
;he ionic spin entropy. With respect to the constrain (8)

e can write further

(a'1exp((E—E +26n_) /Xy T)+1)-1 ves /14/

P Y
=
S

u

(a_1eﬁp((E+ L—26m, )/k T)+1) coe )15/

=
—~
E
[}

a=nc/(2J+1)(1-nc), n =(12kg T/w)ln <A +exp(-Q4)) (A, +1)}
(A +eEU\-Q ) (& 1}

[ —

. : -4
R aVaZiin a0 e

P a——

T

- e



i St

15

te = 1/A1 = aexp((E-ZGne)/KBT). QO = wh/kBT’ Q1 = we/kBT

kB veing the Boltzman factor. The equilibrium value of #e
is given by a temperature dependent implicit equation (17)
which depehds also on the parameters of_the sysien we'wh’
G and J. For a given temperature T (15) may yield one or
three sélutions. Of . those three solutions ome is a maximum
and the other two are local minima so that numerical
evaluation is necessary.

Tnis model could be improved by a more realistic D(E),
density of states function, see fig 4.3 and 4.4; or by

aiding a hybridization term, mixing f and conduction states.

_This way an infinitely narrow f band becomes (24) a resonant

level and the occupation of these states is never zero,
even at T=0., Also interaction between itinerant quasiparti-_
cles shouid be taken into account, as well as the effects
of the long range part of the quasiparticle interaction,
The metal-semiconductor model (23)-was first used (and'

developed) for pressufe induced transitions and the 4f

. electron delocalization evidence comes from studies of SmTe.

Figure 4,5 represents schematically the band picture v
ét.atmospheric pressure and room temperature, As the pressuie
increases the conduction band continuocusly approaches the 4f states
as we assume that Ef and 4f states do not move, until they

merge which then-delocalizes the 4f electrons.
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CHAPTER FIVE

DISCUSSION
5.1' The reSistiviﬁy Jariation of some light' rare earths
and light-heavy rare earth alloys in the d-hex phase
In chapter four the H=B-W-K (4-4,6) method was descri-
bed, This method accounts for the resistivity variation .
. with temperature, in metals which ére not magnetically
" ordered, but contaiﬁ magnetic moments. It is assumed that
strong crystal fieid intaractions cause a sblitting of the
degenerate low lying electron'energy states, the electrons
concerned being localized in the unfilled 4f shell,

' The temperature variation of the resistivity of the
alloys formed between light and heavy rare earfhs in the
d-he; phase has a common feature: a logarifhmic increase
in g with temperature, fig.5.1 which may be attributed to
the crystal field effect. |

Light rare earths have non zero magnetic moment due to
"the unfilled f-electron shell. They are magneticaily' |
ordered only in the regien of very low temperature (Ce,Nd)
or not at all (Pr). This indicates a ‘rather weak exchange
interaction which allows the crystal field to split the 4f
electrqn energy levels, This plays an important role in the
pnysical properties of ligﬁt rare earths, as is well known.

The f-electron energy levels lie in the vicinity of
(¥KT) the Fermi energy and overlap with the conduction band, .
f-electrons consequently interact strongly with the conduction
ei?ctrons and any changes in the position and probability of
occupation of the f-levels show up on the resistivity curﬁe.
This was first discussed in detail by (4-4,6) as rgféred to

in the theoretical: chapter of this thesis. In the present
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discussion Pr will be considered in detail first since only
for Pr of all the light rare earths is enough information
availavle for the l-B=W=XK type of calculations, |

Pr-Tb alloys will be discussed in a similar way to pure
Pr, The effect of Tb 'impurities' in the -Pr lattice was
approached basically in two different ways.,

I- —_—

1) Since the atoms of Tb are smaller théﬁ“fhe atoms of Pr

we can assume that the Tb atoms cause a distortion of the Pr

—

lattice so that the crystal 1614 energy levels—will. be shifted.
2) Ve also know that presence of Tb atom in the Pr lattice
abd%e a certain concentration is responsible for magnetic .
'bfdering of the alloy through the exchange interaction between
Pr and Tb atoms. A similar efrfect may be caused by the action

of an applied magnetic field on Pr atoms in the d-hex lattice.

Consequehtly ve have calculated the resistivity of Pr in a
magnetic field of 400KOe whiech is slightly smaller than the
internal field necessary for ordering. -

Nd,Nd=Dy and Hd-Y alloys we believe could be explained
similarly if the crystal field energy levels for Nd were
known,., The résistivity contains in additién to the crystal
field term a magnetic ordering term whose character will be
discussed as well, An attemp to make an independent estimate

~ in N4 using the results .from the Nd-Y

of gphonon and ?c

élloys is discussed also,
La and La=Dy alloys represented a2 different problem
since La and_LagDy1 are superconducting. Also the f—electron

energy levels in La lie above Ey which weakeﬁs the s=f
interaction in comparisorn to Pr and Nd. An attempthas been
made to expiain.La resistivity .behaviour using Jonesf(2) model
where the most rapid variation with temperature is gxpected_
from the density of states function 7(E). * |
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5.2 Praseodymium

Plotting log g(’i‘) of Pr vs 1/T gives well éefined -
straight lines, fig.5.1. This suggests excitations between
well defined energy levels with an energy separationA._Ei of
the order of KT. This agrees remarkably well qualitatively
with both the theoretical assemient of AEi_EZ;ﬁifaney (1;44)

- and the experimentally based values of Réﬁﬁford(ﬂlﬁXfig.S.z{

The calculations presented here are based on both the

——

— . The—— -
assesment of the c.f. energy levels done by (1~44)znd- (1-51) as
well as by(5;1).Later)autorsfk@tsﬂ) have made an allowance for

the nonideal lattice by using the c/a ratios typical for Pr.

According to (5-1): in zero magnetic field in the hexagonal .

environment only ‘three out of the nine states are pure eigen
states while in a cubic environment there are none. This is
contrary-to the Ce cése in which all levels are eigepstates

and is consequently rather exeptiohal. A magnetic field of

the order of 400k0e, applied along the z=-axis of Pr

is reguired tO.o:der Pr,due to the crossing of the nonmagnetic
(singlet) greund state (H=0) by an excited magnetic.state,{q.£3-9

In order to simulate theoretically the curves for the

Pr and some Pr-Tb'alloys we have closely followed the M-B type of

calculations made originally for Ce-Al alloys. To calculate

the expression for (1) the equation/4-24/froh the theoreti-

--cél chaptep was uséd along with the values: of the magnetic mo=-

ment mji and E obtained from the calculation of crystal

field energy levels made by(4_4%515_1)fig.5.2. The conductiog

.band.was considered to be of a parabolic forﬁ,mhe integral |
o

_ovér the Fermi function being. taken over SKT(=4200°K) in-order

to:keep the computation time within reasonabie 1imit§ and

also to conserve-the character of the O

i,

M T
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Fermi=-Dirac statistics functioen. The Fermi energy was

" assumed to lie inthemiddle of the conduction band. As the-den-
ity of states Q(E) we used the function calculated by Miron
and Liu (1-%#),fig.5.5. The results obtained under this assump-
tion andlnﬁbrteassﬁmptibn of qﬁEy=qﬂEF) (i.e., constant den-
sity oif states) are very similar.This result is not surprising
.amiispresumably due to the rather narrow conduction band
considered., Calculations for the cubic and hexagonal envi-
ronments were made separately because values of Ey and mij
are known only for the hexagonal and cubic lattices
respectively .

_Obvibusly ghould we accept the assumption that the re-
sistivity in the light rare earths has its main contribution
froula;sfseattering mechanism of the type described aﬁsye
the result of the proposed calculation of 9(T) depends
greatlylon the-chpice.of'crystal field energy levels. The

parameters used in this thesis were obtained theofetically

from calculations based ma point charge model which were
fitted to the experimental curves for specific ﬁeaf and
magnefizatioh. Complem:ntary to this.indifect evidence, there
is aiso some direct information about their position.

The position of crystal field energj levels, their

anisotropy and dispersion relations could be followed from

the neutron diffraction results(1-14) graphicaly presented

in fig.1.11. Raiﬂford(ﬁéﬁ)tentatively assigﬁed the upper.
mode tolihe F1 to F4 transitions on the cubic sites, assuming
thus that the axial crystal térms bz(p) is small and.not |
zero as iséommoniy thought. There is no apriori evidence

for'this assumption and it is only based on the similarity

with'the fec Pr neutron diffractiqn data .
; )
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; ' The lower branches were assigned by (1-1451) to the tran-
! sition (10) +li1)), between the singlet ground state of the
hexagonzl sites and first excited doublet gtate. This assum=-
ption is supported by independant magnetization measurements.
The splitting of the lower mode has been partly explained by -
dispersion relations calculated on the bas;s of pseudo-boson
theory and is partly attributed to an anisotropic exchénge
or electric quadrupole interaction. The magnitude of the
splitting in the 7 M direction would indicate that the
anisotropic interactions in Pr are of the same order of
‘magnitude as the isotropic exchénge. This ieads.to a si-
milar estimate of these two interactions in Pr as was made
by (4-4)on the basis of the resistivity variation with

temperature measured by (1-16) using parameters (such as

specific.heat, radius Pf Fermi sphere etc.)typiéal of the heavy
rare earthé. It is'obvious, from(#44) experiﬁents on Pr single
‘ crystals, that the AZ., the crystal field spiitting of the
?-. energy levels represents only the mean,valueé of gEi or Emi
| characteristic for polycrystaline Pr. With regard to the
above discussion of crystal field splittiﬁg of the cubic
and hexagonal ehergy levels the following rulés were observed
in fitting the theoretical curve to the experimental orne.
a) The problem with fitting a theoretical curve (M-B-W-K)
to the experimental one (Pr) are as follows:
'The experimental curve contains essentially more information
than just the contribution due o the crystal field 9c.f.'
It%also includes the phonon'cont;ibution 9ph5non and the

residual contribution ? a part from other possible terms,

res
e.5. dueto quadrupole and exchange interaetion(474% The
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residual resistivity which is not tenperature dependent is
easy to ootain Ifrom measurements made at 4.2% dr below.

The phonon contribution to the resistivity may he esti-
mated (at least its lower limit) from the high température
behaviour if the resistivity curve is résonably linear at
high temperaturé (e.g. T7;TDebye)"F°r example see the resis—
tivity curve of the h:zavy rare earths and alloys in the hep
structure, presented in this study,(Chapter thred We can,.
having in mind the Bloch-Gruneisen theoretical equation for
gphonon(m)' assume that limtby/DT) is the smallest gradiént
ythen

Debye
Q) scattering 2 ?(T)tot ~ ($res. ?pnonon(T)) cos /1/ where

9(T)§honon 2 T(l%mgzg/bT) oo /2/

9( )scattering then represents-IBE~EquStlYltX\EES to other

.scattering mechanisma,for instance that due to ¢ Jutal field effects

of the phonon coqtributlon in the temperature region T¢T

In the resistivity variation of Pr with temperature,
measured in this study, 'in the temperature region up to BOOOK !
it is ﬁot passible to define this high temperature limit.

From measurements made by(1=13)up to ~ 580%K it might be pos=
sible to estimate $pnon, This way since $iot, (1) is almost
linear from 450°K to the transition temperature, giving
AgﬁaT = 5.23x10-2({aSldeg-1). Even this value should be vie-
ved with some scepticism however because of the nature of
“the curve, . |

Another problem represents the classification and choice
of'the fitting critefion. What is the criterion for a good
fii of the thebretical curve to the experimental one. laran-
zana -et. al(4=-8,9) as well as Watabe and Kasu?a(@-ﬂ'w§fe
more concerhed. with the generdl form-of.fhe Eesistivity curve, -

. .- - ;
[ I o
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Assuning localized energy levels with a separation of the

orger of .10°K anda with the QP cenerally gove.rned. by the

non.
Bloch—pruneisen relation it seems more sensible to be more

concerned with a fit in the temperature region up to Ty ~'170°k

(+~2)than with the region approaching room temperature,}OOOK,
_as here there is likely to be a - . significant phonon _
contribution.
faranzana et,al.4-8,9 ) were dealing with alloys and
compounds of Ce-Al_where the form of the resistivity curve is

such ﬂuatthe-gphoh contribution cannot be obtained in the

way described above and casequently they neglected com sletely

phon’,
in arder ‘to understand and explain the general form 0;9 (m).

Watabe and K,a'suya(4-4) made an allowance for the Sap'qon

contribution assuming it has the same form as the resistivity

- of La, which should be mainly due to the phonon contribution,
Lanthénﬁm'is in many aépects similar to tﬁe rare earths -
(specially light rére earths), e.g. with respect to the
crystal structure,.mechanical and chémical properties ‘etc.
but . at the same time is believed not to have ény.f-elec-
trons and consequently has zero magnetic ﬁoment. The main
contribution to the resistivity should then be in the form of a
residual resistivity and the phonon scattering. There are,
or might be other mechanisms because a) the metal is super-
conducting at low temperatures and b) at high temperatures
there might be non.zero occupation of the 4f states which

: lie aoove LF, but vie ussune, these make a gqualitatively
| smaller contrlbutulaxto the reszstiv1ty and may be nevlected

! The sxmllarlty between La and Pr results in our

aesumptlon (2) thatppnovx; of Pr might be-given bydg_a
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where « is almost constant with temperature zince TD for La

and Pr are close to one another (+20). Then ve can write
§c.0 (D) = 9Pr(T) -'“Sha ver /3/

as a better estimate oz tﬁe scattoring due to e crystal field
ratner than taking Satot .(T) = ?'c.f.(T)' Which one of

these approaches will give the best fit between the theoretical
and the experimental cgurves. depends in general, as we

see it, on the experimental conditions; The above relation

is most likely to be a good approximaéion providing the
material used is of reasonzble purity. It is generaly knoﬁn
that the resistivity drastically decreases with purity and
even the form of the resistivity curve could be altered

_by a change in purity of the material. For instance in the case
in question: the experimental curve of Pr presented here is
similar in shape with results of ({<b)but not with (i-%6a)The
resistivity of Pr and La measured in this work lie below
those measured previousxy by ( 1-16,a,b ) presumably -
due to having specimehs available of better purity Qompared
to the samples used ten or fifteen years ago when those
measuremehts were made. Also, see discussion in Chapter two,
differences associated with the different laborztories sup-
lying the  metals in guestion are respoisible for slightly
different properties . The need of good.purity samp-
les is even more oobvious in the case of the Pr-and La resistivity
curves used by W-K(¢-4)as a vases for their theoretical
discuséion since the Lacurve lies above the Pr one.This brought. ,
about unreasonably smalla« values (/3/) and the whole

discussion presented by them could be viewed only as a

qualitative and not a quantitative one. The experiﬁental

;
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results presented here enable a better start in this aspect

since our'resistivity of La is smaller then the'resistivity

of Pr. 3ut as is obvious from fig. 5.7 ,5. 10 and the following

discussion, unambigzuous approval for this method of approach
is not gained in our case either.

The experimental data for the resistivity pf Pr and the
Pr—TB system were approached in all the three ways mentioned
above.

1) The total .resistivity (corrected for ?res) was considered
to be mainly -due to crystal field scattering
2) The total resistivity (corrgeted for 9res) was dealt

with as if it consists mainly of two component and

9c i...wyere
a)?phon.is of the same form as .P_i)a'.

é ?phon.

b)?phon,is linearly ingreasing with the temperature. '
The resistivity due to crystal field scattering was calcula=-
ted , as mentioned above, on the bases of M-B(4-6) theory for
the hexagonal and cubic environmenis separately. An extention

of the liatthiessen's rule was assumed

? (1) g-hex = "?(71)hex * ﬂ?(r1)cub'

In fig. 5.6 =5.10 are presented the results of the calcula~
tion. The theoretical contribution from the hexagonal and
cubic environment are given separately in fig. 5.6 for a
three level system(1-44) the theoretical curve being scaled
Yo the Pr resistivitj curve., These levels are shown in

fig. 5.6, and were aséumed to be eigenstates. The fit of
thé_hekagonal contribution in the IOW-tempepature region
(£!160°K) is rather good as also is the fit for the cubic
qoﬁtribuﬁion in the high' temperature region (200—320bK)

7
)
/
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suégesting that the sum of the hexagonal and cubic contri=
Lutions to the gc £, shouvld provide a reasonablé explapation
of the resistivity behaviour of Pr. This is presented iﬁ

the next fig. 5.7 . The best fit obtained to the total 9fr

is provided by the sum of ?hex and ? Also shown in the

cub*
figure is the total resistivity corrected for a phonon con-
'tributions, either assuming ?phonon”KT or 9i‘;a'

In all three of the experimental curves presented
there is an obvious deviation in the low temperafure region.
It may originate from a quadrupole term which has so far
been neglectedor alternatively if Matthiessens rule ceases
‘to bYe valid at ‘. too low temperqtures. The--curvegaPr-Sa La
is obviously not fitted by this theoretical curve at all.
Since it cannot giveagod fit. for @y . correctéd for gphon.
we will look more thorouzhly at the system,

The results of theSa 6. f . caleulation for all the crys-
tal field energy levels calculated by (1-51,5-1) are presented.
on fig.5.8 and 5.9g-.The calculations have assumed that
recoﬁbination may be neglected,as has been done in fhe above
to ensure that the form of the curve does not become subs-.
tantially altered,i.e, that it: still repreéenfs.the crystal
field scattering for a given set of energy levels., Figure
5.8 ?epresents ?hex and Pbub where recombinaﬁion was
neglgcted along with phex(q(ﬁ)=const.) and.?hex(qﬂE)=f(E))-
ﬁoth of which give almost identical results. Also there
is only a'émqll variation in the low temperature region bet-
veen the éurves'where recombinafion was neglected, fiz.5.8 |

andl; was considered fig. 5.9a-.The sum 6f§'7h'ex+9cub' fig.-s.gc',_

reveals the fact that all transitions between all posﬁible
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energy Ievels(1-51,5—1)a_re considered ?hex is much bigger then

?cub so0 that phex essentially determines the-chgracter'of
T . e g : .

?c.f. in Fr. The sealed sum oi‘@hex and §%ub from fig. 5.9c

to the 9Fr' @Pr-KT' and ?}rm"?ba id‘presented in | fig.
5.10. The best fit is obviously obtained for the case of

?Pr"?l@f Since the theoretical curve is scaled to the
higher_temperatuier(160°K),the theoretical curve predicts

a faster rise at low temperature than is actually obser}
ved. This may be understood perhaps if thglresistivity

due to quadrupole scattering was considered(4-4) since this

; iz believed to be strong in the &tase of Pr. Furthexy apcording
.to some experimental evidencs polycrystéline fr ié'ﬁelieved
~ to be ordered up to ~25%K and if this is o then in £ig.5.10
thegbc £ should be considered only from 20%K onwvards, where
. ds may be seen the fit is good. The small deviation at hizh
temperatures can be attributed to the differénce between

QPr—phon. and ?La‘ :

The weignted sum “'?cub + p?hex scaled as above to 9Pr'
?Pr-KT and'?Pr‘?La is presented on fig 5.11. The fit to any
of the experimental curves is poor in comparison to the fit
obtained in fig5.10 foerPr—@La and consequently we can
than take Soc s = Sb,ﬂ_ex('l‘) + S‘)cu‘o(T)' ¥ig.5.12 .shows the same

calculation for the . energy levels used in the above with

assumption that the Fermi~-Dirac distribution function is
f(T)=1 and the integral resistivity could be expressed as
Pc'f'(T) =T(1) x constant ... /4/

Again'the cubic contrivution is smaller fhan the hexagomnal.
Thegbiggest deviation fromthe inteéral resﬁlts,fig.S.Q, are

obviously at low teﬁperétures. In the hexagonal case Q(T)
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ir decreasing with -temperature, after reaching a maximum at
a ¢40°K. This shows the.necessitx for carrying out-é complete
' calculation for the case where'AEilVKT. The fit of this
curve to the experimental (9Pr-@ra) values is obviouzly
worse than in £fig.5.10, mainly at low temperatures. and ’
can be only regarded as'a zero approximation to the problem.
This conclusion is also supported by the resulﬁs shovm in
fig.5 43 which may be discussed(in zero afproximation) in
a similar way to the d;scussion concerning fig.5.10.
5.3 Praseodymium~terbium in the d~hex phase

The temperature variation of the resistivity of Pr-Tb -

alloys in the d-hex phase has been approached in a similar
way to the casevof pure praseodymium. In general these alloys
; do not show an& evidence for long range ordering, bﬁt neutron
“ udiffraction results (5-1,1-36) show that some short range
order occurs. This is a minimum for the 10% Tb spe¢cimen and
increases with increasing terbium, until at 30% Tb magnetic
measuremnents show a very bfoad peak atIZOOK in the;ZiT.purve
"+ (fig.5.14) and deviations from a.Curie Weiss:behavidur for

temperatures'below about 70%°K. This latter temperature coin-

cides with the disappearynce of the broad; short range order

sattelite peaks in the elastic neutron scattering data .

The magﬁétic behaviour of the 30% Tb specimen is belie-
ved to result from an assembly of ions in whiéh.the rafion of the
? crystal field to magnetic excﬁaﬁge interactions is very clo-
| se fo th? critical value for spontaneous ordering (12;535.
It is known from crystallfield-cglculations (1 ) and
magnetic measurements(1-51) that an internal .field of 500KOe is
ne:cessa'x'y to induce ‘the. magnetic ordering of Pr . ConséQuently

. it would appear that in the 30% Tb alloy :ithe effect of the

/ . .
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exchange intéractidns nay be expected to lie slightly
_below this figure . For lower terbium concentrations the
effect of the exchange will correspond to lower field values
and in the limit fhe addition of Terbi;m may simply distort
the praseodymium crystal field resulting in slight shifts

of the levels involved. Some evidence for thi effect has
already been observed (1 ) for .the range 5-15% Tb using
inelastic neutron scattering.

If vie take the effect of the exchange interactions in

the 30% Tb sample to correspond to 400XOe,crystal field cal-

ﬁ' culations give the level structure shown in fig 5.15 for

the two sites. Eveluation of the temperature dependence of

the resistivity are then straightforward, and may be carried
out as for bure praseodymium, The results of this calculation

are shown in fig. 5.162p under the assumption that £(T)=1,

————
N S

ie neglecting the effects of the change in the Fermi-Dirac

P function with increasing temperature,

. Fig. 5.1Teshows the total crystal field contribition

to the resistivity compared with the eiperimentallj obtained
| variation of the "magnetic" resistivity for the 30% Tb alloy.

The experimental values are given by
?c-¥ = ?‘tot.(Bo?:’tb) = fres. -"‘%a

and ‘the theoretical curve is normalized to_?c.# at T=160°K.
Above about 100°K the fit is reasonably good as might be

expected, however below this temperature the experimental

values show a broad peak with a maximum at about 30%K. This:

ié;similar to the susceptibility observations and we assume
Y that this additional resisfivity is associated with the pre-
sence of short range ordering in the sbecimen. If this orde-~

ring is antiferromagnetic then the additional resistivity

im0

BT

T
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can be expectéd to be in excess of the crystal field only
yalues because of the local superzone effects afising from
the difference in the periodicity of the spin structure and .
the atomic structure of the alloys.

An examination of the resistivity with température
for the 10 and 20% térbium sambles showed that the former
is remarkably similar to pure praseodymium exept for an in
increase in the residuwal resistivity. The latter has a decrea—
sed contribution to the magnetic¢ resistivity at all tempera-
tures compared with pure .praseodymium and in addition at

low temperatures (<40°K) shows some evidence of the effect

of short range order.

+ If weé assume that there is little or no short range
order in the 10% Tb sample, as seems likely from the neutron
scatteriﬁg data, then theée resistivity variation should be capa=
ble of interpretafion in the same way as pure Pr. Assuming
that the Tb imﬁurities contribute only'the increase in the
residual resistivity the praseodymium c01tr1butlon will then

be given by a dilution correction to the_pure_Pr results.

" This is shown in fig.5.17¢compared with the experimental

data and as may be seen thére is a considemble error =zt
low temperatures. As suggested previously, inelastic neutron
scattering data shows that the magnetic excitation levels

in Pr-Tb alloys are sensitive to the addidtion of Tb, the

.8=9meV and 2~4mev levels decreasing with increasing Tb, fig.

5.38@K13;17)';The upper level is known to deciease by appro-
ximately‘10% while the lower ievel,'which is much nore dif--;
ficult to resolve,moves to lower energies by an amount bet=-
weéﬁ 10—50%._Using'a set oi crystal field-lévéls_to waich

corrections of this type have been made, the predicted

-

et



a8
recistivity variation moves towards the e?perimental form, -
These results are shown in fig. 5 JAToc,c for shifts of(10%,10%)
and (16%,50%) in the 8-9mev and 2-4mev levels.,

It is evident that by allowing for changes of the
detailed crystal structure it is possible to obtain a reaso-
nable understanding of the resistivity variation in this
&lloy. In order to obtain acmplete fit however, it will

be necessary to know the changes in all the levels rather

-than only the lowest two. As this data is not likely to be

available in the near future from experimental observations,

and eince it is probably not. possible to obtain a unique :

set of crystal field levels to give a best fit we have ta-

ken the above results as an indication that the obrerved
effects in dilute Pr-Tb alloys may be attributed, at least
to a first approximation, to the effects of changes in the
crystal field caused by the addition of Tb. In a complete
fit, of course, it will-also be necessary to allow for the
temperature -dependence of the scattering from the Tb ions.'
The 20% Tb alloy:is obviously intermediate'betﬁeen the
10 and 30% Tb alloys ana in order to .obtain a complete
understanding of:the observed resistivity both the crjstal
field and the exchange interactions must be knoﬁn. This is
not the situation at present and only erude theoretical
estima‘tes are possible by combining the results of the 10

and 30% Tb specimens. Fig 5.17¢ shows the experimental

‘ data for this alloy, and a variety of predicted crystal

field combinations: It is evident that there is little to
qhéose between these curves., In conclusion, for these d-hex

structure Pr-Tb alloys, the variation in the 9-T curves with'

. concentration may be understood in terms of a contipyous

i
.
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chénge in the crystal field levels with increasing terbium
and an increasing amount of short range order iﬁ the specimen.
ithether the short range order coﬁtributes to the resistivity
through a normal term (14, 6 ) of the form
(2-1)2 J(J+1)  (or $(5+1)).
or by means of critical fluctuations (3 ) is not yet clear.
5.4. Neodymium-Dysprosium and Neodymium~Yttrium alloys in

the d-hex phase

It appears likely that tﬂe resistivity variaticl of the-
se two alloy. systems may be considered in terms of four

contribitions, theitotal resistivity being written

- PyotlT) = Pres * fg.f(T) * ?E—f(T) +g)phon.! see [5/

Aga}n, the residual_resist;vity is taken a5'9(4.2°K)“and the
phonon scattering may be appréximated to by’?La’ To define

the form of tﬁ%lscattering due to:the crystal field

it is necéssary to inow the eigehvalues and'eigen functions
describing the sublevels of the J=4_gfound-stafe of the Kd
ion in the alloys. Unfortunately these are not known with

any degree of accuracy at the'preéent time and a 1éss detailed
undersianding must result in consequence. Thé problem is
further complicated by the presence bf magnetic ordering in
pure Nd which gives rise to the spin disorder resistivity

term gos_l._.(T). It is well known that this contribution varies.

: "rapidly with. temperature up to the ordering temperaiure

(T§;7.°K) (15) aboveiwhich it gives an esséntially constant
contribution to the resistivity, which in térms pf the RXKY
theory has a magnitude Pa—i(T>TN) = 5(5-1)2J(J+1). If we
assume that the .constant term can be normalized to the vé-
lué obtained for elemental Gd, this contribution would be

expected to be of magnitude approximately lg(ajlcm.-As we

cf
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cin see from fig,5.19 the total resistivity is less than
this value at 20°K, so that it is evident that the free
electron picture is inadequate to deséribe the observations
even qualitatively. Since it is known (4-4) that the exchange
interaction 'is comparable to that of Gd,.in the d-hex stru-
cture, the differences are undoubtely associated with the
differences between the real #ermi surfaces of the two ele-
ments (these are of ceﬁrse primarly concerned . with the two
.different structures of Gd and Nd).Smilar the variation of ?s-f.
with temperature gives mechanism(1-13,%}esribed in chapter
4.5 where the presence of the crystal field levels is taken in-
to account and consequently we believe this model is more
suitable for the light rare earths.

Following earlier workers(44, ) we can discuss the '
behaviour of Nd (and also the Nd-Dy, and Wd-Y alloys) as
indicated in fig. 5.19. Here, the spin disorder resistivity
?s_} is shown dashed, reaching a saturation value above about
._20°K. The absolute value of the saturation vélué pf’@s_f is
difficult to establish, as discussed above,.however'as'the
only other témperature dependent cohtribuéion to the resis=-
tivity below 20°K_ will arise fromex\)p};e 1.(T), vhich is expec-
ted to be small at these temperatures we have: assumed that.it
corresponds to a value slightiy less than (Qtot-f%es.)(zooK)‘

The remaining resistivity corresponds to the crystal
fiela contribution (T)ZO?K) and the phonon resistivity. The
latter mgy be taken proportional to.?Lé as was done in the k
. Pr.alloys or alternatively it.ma& be qualitatively estimated
byaassuming that the substitution of ¥ serves_mqr;iy-to
dilute ?c £, in‘fhe d-hex phase, and extrapolating to pure Y;'

so giving an effective d-hex yttrium behaviour,

!

- ldmeelaighime, L
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Obviouely this is a long extrapolation and the result can
only be taken as a guide to th emagnitude °f.?pﬂon.' These
two contribution obtained in this way are shown in fig.5.19.
As may be seen , the phonon coatribution differs appreciably
from the resistivity of the pure La,particularly in the mi-
niddle temperature region, although this is probavly to be

| expected in view of the alloys under consideration. The

" crystal field resistivity however; is typical of the ‘behaviour
obzexrved in the Pr series,and for electron scatterieg from
crystal fields in general. If we take the knee as being a
crude guide-to the splitting of the first two doublet states
in the Krammer's jion this will correspond to a value of apoﬁt
.100°K which is theicorrect order of magnitude for neodymiunm
in a hexagonal environment. It must be femembered however,

- that 50%.of the atomic sites in the d-hex iattiee have cubic .
symmetry, for which the crystal field splitting in metals is
known(1-47) to be nearer to 20°K., Thla w111 be discussed la=
ter in this sectlon.' _

If we return to the Hd-Y alloys, the discussion may
be baséd on edquation / 5 /. The results of fig.%.22 show
that at low temperatures (<10°K) there is a rapid fall in
total resistivity which may be associated with a magnetic
transition, or alternatively with an increase in crystal

5 L]
" . field scattering. This cnange is also evident in pure ld

and is normally associated with the magnetic ordering of

the cubic sites which occurs at 6%K.
{ . ]
In either case, above this temperature one can assume
that with Y dllutlon, “the magnitude of this contrlbutlon

to ?tot will fall off as the Nd concentration, flg 5.20.
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Similarly-, as has been discussed earlier in this section
the crystal field contribution to the resistivity above

20%k will be concentration dependent. Consequently, we

may write 9tot.(T) = SJI‘GS- + x?s-—f (T) + prhonon

where Qres can be expected to depend on concentration as
e N

x(41=-x) through the scattering from the potential mismatch

in the alloy system,andsis_r includes both the crystal
field and spin disorder terms where the latter is relevant.
This term will of course be constant at high temperatures.

As may be seen from fig.3.22 above 120°K, P 1ot% T

consequently the saturation walue of Qs'f mzy be obtained -

in the normal way by extrapolating the high temperature
resiétivity variation to T=0. The values obtained in' this
way are shown in fig.5.20 for the entire alloy system, and

as may be seen there is an approximately linear decrease

with increasing yttrium content. This decrease in the magne-

. tic tern is very evident from the resistivity results of

fim.3.222l,where it is also clear that ‘the form of Qs_g(T)
is the same for all the series, Since those figures refer
to materials in the d-hex, the samarium and the hcp phases
this is rather interésting as the relétive percentage of -
cubic and hexagonal sites change appreciably from one to

another, This result leads to two possibilities, either

.a) the contribution to the total resistivity from the two

types of site are id;ntical in form and magnitude, which
seems unlikeély in view of the radically different crystal
fields at the two environments or

b)jthe cubic sites make 1) a relatively small contribution

to the resistivity‘and 2) this contribution reaches its

’
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" maximum value at low temperatures, The previous work on the

Pr-Th system suggesis ttat 1)may be true at least in the d=-hex
structure and the small cubic splitting associated with
the neodymium ions would result in the conclusion under 2),
The remaining ?phondn term in ?total shows a remarkable
similarity over most of the alloy system. Fig.5.21,3.44
indicates the gradient d@/dT'for 7>150°K in the region in
which ?phonon is bglievéd to be the only temperature depen-
dent term and as may be seen this is constant over the

d-hex and Sm phase region, increasing in the hcp phase to

" a maximum at pure yttrium,

To a'first approximation, the gradient of a normal
phonon contribution to the resistivity in the i direction

in a metal is given by d?ﬁﬁdm ngiim, dSifa . and in our
. Fermi surface

éasé, with polycrystaliine samples we have approximately
dfph/d-T l'poly. = 1/3 (22 454 pasal +Z dsh.) c~axis)

The results then suggest that in fhe complex hexagonal pha-
ses there is either relatively little change in the form .
of the Fermi.surface from one structure to another, or
alternati%ely that the'changes which.do occur are comple- -
nmentary, leaving the average unchanged.

In the simple hep structure however, (2&dS,, ..+
+EE dsc-axis) evidently increases with increasing yftriﬁm.
This is much harder to understand than the behaviour in
the more comléx phases, but must result frdm either
detailed changes in the shape of the Fermi surface (seff)
dué to the differences in atomic species in the alloy, and/oxr .
to;the changes in the Debye temperature across the alloy

series.
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If we assume with (2 ) that we can express the =~

resistivity in the zero approximation as

' _ ? = m*/(n*ezf)

and can expect - Matthiessen's rule to be valid at high

temperatures 1/¢ = 1ﬁfphonor + 1/Tb f. ces [/6/

then the phonon contribution may be expressed (14) by

1/c-(NS)/4m?k)Y]Uk,k] ((31A(T'-E)[H)/(E'-E)) x
(1-2(%')/¥(K)) (aE'as'/vE(k')) ... /1/

which afiter integration ané substitution for Uk e with

101 2 = (ow/2)2/3 /e )(T/MkeD>(v (r)-E)% ... /8/

and negleeting: " conduction il any other but the conduction

band has the form T :

1/, soncuction bana=(48%) /3 (e nr /n) (2/mx02) (v (x,)-E)? /9/

From fig.5.20 we know, in the zero approximation that Pc.f.
is zero for Ygﬂd1 and Y. From fig,521.we know that dP/dT _ f
is biggest for Y, YgNd, and smallest for the alloys in the d-hex *é
phase at high temperatures, From Y,Y9Nd1 and Y7Nd3, fig.5.21’ _ '_}
3.44, it can be seen that(d?/dT)high eemp. decreases with .
composition but is almost constant with temperature while
in the d-hex phase in YNd, dsa/di decreases with
temperature as well as with composition. If we assume that
the ?c.f. contribution is linearly dependent on concentration,
it means that it decreases with N4 concentration. Then the
negative cpntributio? {to dP/dT of N4, Nd8Y2 and Jd7 3 must come
from the ’9c.f. term and dfc .f./dT must have a-non Zerb.
contribution.even at the high temperatures. !
In Y4?Y5 and Y -Nd the?c £, contribution is approxima-
tely one half of P g, in Nd, flg 5, 21, and the q?’dT is
constant above ~80°K which means that ay/dm does not
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contribute apﬁreciably above tnis temperature. It is inte-
resting to notice. the difference befween Savs.'.l‘ of Y,
Y9Nd1 and Y7Nd3 where the 90 e .is'zero. Consgquently the
total resistivity is due togphonon -and may be given
by equation/7,9/ (for polyvalent metals).

.The transition ﬁatrix depénds on T/Mke%as- well as

other parameters which we assume to be constant in our

case, In addition to the transition matrix the total relaxation:’

time (and hence the resistivity) depends on the effective den-
‘8ity of the states. of the conduction slectrons, the effec-

tive Fermi surface and the band structure.near the Fermi energy. b

M, the atomic weight, changes substantiaily' 1 , from
88.9 at Y to 144.24 at Nd whichgives a 6,25% drop in the
total value of the reéistivity for every 10% increase of
the Nd concentration. 60) the Debye temperature changes from
~220%K for Y to 160°K in Nd& and. brings about an increase
of 5.97% in the resistivity for 10% Nd increase, Conseéuen—
tly these contributions partially cancgl.ana can not give the
changes in the resistivity. The changes must then'bé due to

the changing:Fermi surface and its efrfective surface area.

The form of the Y Fermi suiface is believed to be similar

to the other heavy rare earths.(1-1). The form of the Nd

Fermi surface is partially known but it is clear that its details -

are different from the Permi surface of the heavy rare earths,
The changes in the effective Fermi surface and/or the

changes in the electron band structure might explain the pohonon:
reéistiv;ty behaviour of the f—Nd series. This hyﬁothesis X

meY . be supported,K by the experimental evidénce(1-3) of the

_Ziman parameter R calculated from the experimental'da¥a

for the alloy -series Y-Gd where it is found that R drops :

SubstantiaII& on going
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from ¥ to Gd. This has been eipIained (1-3) by using the

following approximate equation

‘R = 8.125x107 [(1-192?1)/(1)1‘)? ... J10/

where ?1 is the rezistivity due to the lattice vibrations
apd D the Debye radius., This equation is equivalent to
R T na?/3 (s, /s)% ... /11/

where na is the number of the conduction elecirons per atom

free

-and S and Sfree the actual and free=electron Fermi surface

areas respectively. From /9/ and /10/ we get
?1~na2/3 (Sppee/Sepp) 2(D1/102) const, ... /[12/

In this expression we can safely estimate that there should

free

~ be a decrease of approximately 5% due to the D/ term.

To -explain the experimental results by ?phonon either na,
the efrective number of the conduction e}ectrons per atom,
is going'to increase or/afd the effective Fermi surface.:
In view of the stability of the trivalent state of the
rare earth elements it seems more likely that it is the .
latter term which is imporfanf in these measuremehts;-'
5.5 Dysprosium—neodymium alloys

As discussed previously, tne alloys Qith up to 30-at%Dy
crystallize in the d-hex phase, This is in agreenént with
the results of (3-9)_%ho also reported that there was no
evidence for:magnetic ordering in this phase above 4,2%.
The resistivity observations at low temperatures however,
show a iapid fall in'the resistivity with decreasing
temperature below about 6°X.as mey be séen from fig.3.26.
The form'of the resistivity variation below about 20°K is
soﬁewhat similar'to that of elemental neodymium (fig.3.26)
in:which the rafid'change-in resis%ivity at 6-7°K.

correspond® to the ordering temperature for the atoms on the
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- the alioy system, While the variation is approximately

31
cubic sites. On raising the temperatiure this is followed
by a region of low dg/dT to about 20°K above which the.
resistivity rises: continuously and smoothly in s manner
which suggests that we are observing the temperature
dependence of the sum of a crystal field and phonon resis—
tivity as was the case in the praseodymium alloys. If we
take the change in slope at 20°K as being due to the dis-
ordering of the hexagonal cites then it would appear that
the alloys do in fact show some evidence for magnetic
ordering and that this proceeds in two steps as in the
cgse for neodymium. The transition temperatures for the

alloys obtained in this way are given in the table 3.7.

.As may be seen the upper transition temperature shows a

slight increase vith .increasing Dy coritent and at the same
time the effective spin disorder resistivity, which we

can only define as §tot - ?res. in this situation (?tot=?

.at the upper transition temperaﬁure) increases appreciably.

In general, as we have seen, we can expect the satu-
ration value of the temperature dependent part oi the
spin disorder resistivity for the alloy system to be given

vy P oay - A(x(ga-m)zg.r;nag + (1=3) (gp=1) 20, (3 +1) )

-where & and b refer to Nd and Dy respectively, the reméning

.symbols having their :'usual + meaning. Since }a end g% are

known to be of comparable magnitude the value of ?ﬁat

should vary simply as the average de Gennes factor G for

linear in G (table %.7), the rate of increase of@Sat with

Dyfconcentratiop is faster than might have been anticipated by

scaling to pure ﬁd data, Conseguently it would =eenm that

ve may be involved wifh a concentration dEpendence'oi
. .,_ - . ". :
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- i(=3ﬂﬂm*/2hq2EE) and therefore of m* and/or Ep since

N 1likely to remain constant.

% . The rize in  resistivity above the uppexr ordering

: temperature is similar to that observed in the ¥-N4 alloys

and presumably represents the crystal field and phonon

DL

contriﬁutionsas mentioned earlier., As with .the Y-Nd alloys
i d?/dT becomes constant above about 120°K, and if we take

this high temperature gradient as an indication of the
temperature dependence of the phonon resistivity it will also
provide an indication of the behaviour of:thé—amérage

cross section of the Fermi surface taken over all orien-
tations. As fig.5.22 shows; d?/d1~increa§§s\rgglglz‘gt

30.at% Dy, beyond which the structure changes to the more
complex Sm phzse., ths increase in a?/dT corresponds to a
decrease.ln_the Fermi surface area, and 1t is 1nterest1ng

%o speculate whether or not this change is associated with

' the structural change in these materials.
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5.6 Lanthanum-dysprosium in d-=hex -
5.61 Lanthanum
As already stated La is nonmagnetic having no f-ecle-

cirons,., Consequently its resistivity should be given by
?(T) = ?resid. +',9phonon(T)

Where we assume that only ?plonon is temperature dependent and
the variation of 9(“) with temperature, fig.3%.33, arises only
from this phonon c;ntributlon. :

In order to understand tais behaviour iet us to a first
approximation assume that there are no f-electrons. It
is likely that the Debye temperature QD will change with
temperatufe' by analogy with the other rare earth metais
for which the variation of OD with tcmperature has been
measuré@(1-Z».Consequently the only temperature dependent
part of fhe resistivity in La will be associated with the
thermal variation of the lattice and the following relation
between ? »T and QD should hold..?/Tdveg or by using thermo-
dynam:.cs. ?/T = const. (1+2dx'T) where of = 1/v('DV/'DT) "nd _
\r— (dlogOD/dlogV) = @zV/ﬂic ) y peing the specific heat,
%= (-1/V)(dV/0p) is the isothermal compresibility.

3ince 9(T) is convex upwards at high tempetkatures -
the value of 2dx*shoul§ be negative for La and from fig.5.23
would have a value -4 to -5x10~%4 (u_Q_ cn™deg 1. The magni-
tude of tThis term is similar to that of norma; netals, e.g.
copper (2¢¥»= 1.9x1o'4) althoﬁgh the sign is difrferent,

Sinqé thereis still some dispute about the existence

ofapccupied 4f states in La it is interesting to consider

- the:situation where the lowest 4f state lies just above E

] - * . F’
the Fermi energy (4 ). Then, because the density of states

function will have a much bigger value neég'EF’ in the

’
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be disregarded. This assumption is thought’
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f-vband than it has in the conduction band, the density of
states qﬁﬁ) would be the most rapidly varying fﬁnctionf
with-température T (and concentration of the diluting atom).
Then the resistivity will have the form (2 ):

P (1) = @By, ) (1=(TXD)/6(5(1/q (a /a8))%-1/q(a%y/aE"))y

Fo

¥ig.5.,5 reprezents tne density of states function as was
calculated by(1-3)for La (and Pr) using APYW techniques The
function has a maximum near the Férmi energy, which would
lead to.a decrease in dg/dT with increasing temperature

as is observed in Le.

Since no theoretical calculations heve been done to
support either of the proposed explanations, we -cannot rule
out the possibility that in pure lanthanum there alseo exists
a crysta; field term since the 4f states may lie close
enough to the Fermi lével to ﬁe occupied at some températurés.
It seems most likely that all of fhese cont;ibutions may'
be present and only detaild calculations will allow us to

define the extent of each.

5.62 Lanthanum-Dysprosium alloy in the d-hex phase

This phase in our study is repreésented only by two
samples La and iagDy1, since LaagDy11 should be disregarded

as will be discussed below., La and La9Dy1 are both super-

. conducting with a transition temperature, table 3.11,

which suggests that they are both almost exclusively in the
d-hex structure. In the sample of La89Dy11'the supercon=-
ducting transition was not observed but this sample lies
ve?y closely to the Sm <» d-=hex - phase boundafy and we

suépect_that the heat treatment vias inadequate to stabilize

‘the phase structure. Consequently it is pfobably a mixture

of d-=hex and_S phases, see chapter 3.24 andjhéy
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PRI * WO T (TR

e

LE
Sasth:



T ' 101

to be supported by the aifficulties in defining

lattice parameters 2 and ¢ for this sample and their lerqe
deviatioms from the values of the remaining alloys oi this
series. From the behaviour of Ia and La9Dy1, fig.3.33 it
seems that'Dy behaves as it did in the Nd-Dy series and
increases +the resistivity due to its big scattering
pover., %We can assume then that the resistivity of the

alloy in this phase can be expressed as:

E. .?(T) =‘?res * §¥honon(T) * x(yDy-$ﬁ.)

| where ? phonon we again assume to have the form of the La resis-
E tivity for all the .alloys in this phase..x i# the conéent-
. ration of the Dy and by QDy_@{>is meant'994 of this
element which in this rough estimate is true, More experi-
mnental eyidence would be necessary to prove it but from
fhe paraliel with ¥Y=Nd alloy it seems reasbnable to acéept
.this assumption,
5.7 Comparison of the various alloy séries in the d=hex

phase

At first sight it is somewhat surprising to find that
alloys

1 773
are lower than those of praseodymium when the similar

i the resistivity ‘?total "?res) of the PrgTb, to Pr,Tb
i _
series of Nd~-Dy alloys exhibit a continuous increase in the
E resistivity with increasing dysprosium concentration. Both
terbium and dysprosium might be expected to have a simiilar
behaviour when alloyéd with either of the iight rare er.th
metals praseodymium or neodymium.

| As we have seen however, the fall in resistivity with

increasihg terbium may be understood in terms of elgqtron

scattering between'the set of érystai field levels of the

HAM UNJTE;
BOIENOE

praseodymiuq'ions,_thé detailed splitting parame
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- cnanging from specimen to specimen. Since the ground

state level is a singlet at both the cubic and hexagonal
sites, the energy gap to the first excited state is

probably the most important variable. By allowing this

_ level to decrease relative to the ground state we have

been able to produce a theoretical fit to the most of
the observed resistivity variation. This shift.in the
position of thé exéited states has also been confirmed
using inelastic neutron scattering tebhniques. It is not
yet clear whether the change in the crystal field paremeégrs
arises as the result of local distortions  due to the
substitution of the terbium ions, or to the effects of..
interionic exchange and dipole-=dipole interactions.

In the case of Pr-Tb, it was assumed that, because
of the iarge splitting of the lowest ionic energy levels
of the non Kramers terbium ions (éinglet ground state),

to first order terbium would act simply as a diluent for:

" the term. In the Nd-Dy alloys however, the ground
: c.f.

state of the Dy ions is a doublet at both sites aﬁd
conéequentlf gpin flip scattering at-thesé ions will be
significant at all temperatures.

It is also possible that.in both alloy series, there

may be significant changes in the Fermi surface which will

'affect the overall behaviour of the resistivity. This is

‘clearly evident in the transition from the i-hex to the Sm

phase where the magnitude of f(T) falls appreciably for

!

e%timafes of these changes it is necessary to make

observations of q9/dT-at temperatures far above those

-l
2
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at which the crystal field effects are changing with
temperature. Unfortunately the present work waé limited %Yo

| Té306°K and it is felt that this type of zanalysis is
presently unjustified.

I The behaviour of the Y-Nd seriesis readily understandable

in terms of dilution by the yttriﬁm ions, and no change

S i i

in the crystal field is necessary, to first order, because

‘of the degenerate ground state of the Xd ions, Similarly, the
| La~Dy alloys show an ‘increase in SD(T) which arises solely

from the aiditional scattering due to the presence of the
-magnetic Dy ions in the larthanum matrix.

-5.8. Sm~phase _

In Y-Nd alloys the registivity behaviour in this

'phase; can be desyribed in terms of a dilution of the
- crystal'field scattering from the magnetic Nd atom. The
. character of the yttrium scattering appears only through
the phonon contribution and any Fermi surface changes.
The form of Pc.f. in the Sm phase is,. of course , generally

different from ?c £ in the d-hex phase., This way we explain -

phase, fig.3.22. This is of course true only if the assump=-
tion that ?phenon in both the Sm and d-hex phases, can be
expressed in terms of @La‘ The general expression for the
resistivity

%ot ia this'phase, as in the d-hex phase,

can be split into four contributions:

[y - ’ \ -
Ptot(T);' ?res * 9ph0non(T’ * ?c.f.(r) * ?sf XT)
Where 9&1 accounts for the small contribution caused by

the magnetic. ordering at very low temperaturé, which is

obvious in Nd7Y3, £ig.3.28,

L

the (?c.f.)Sm-phase being bigger than the Pc g, in the d-hex

T R-TEY T
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. Sm phase it is obvious that 9
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La-Dy is similar to Y-Nd iﬁ many ways. It shows
soine evidence of magnetic ordering at very low temperatures,
fig. 3.36~7, which unfortunately has not yet been con-
firmed from  magnetic measurements. The total resis=~

tivity can be viewed as a sum of four centributions:

?tot(T) ?re= gophonon (1) +SD5 f(T) * x(SOs-f Dy
From a comparison of ?t % in the d—hex phase and in ‘the
nhonon‘ in the Sm-phase is
less than g‘)phovmn in the d-hex phase, presumably again
due to Iermi surface changes.y% has been roughly
estimated and 1" presented in table 3,11 and fig.3. 40.
It is intersting to note its dependence on J which agrees
well with the other alloys studied in the Sm-phhse,
within the experimental error,

In - Pr=Tb in the om-phase, the effect of long range
order (Sm-magnetic structure) preveils up to the region

of 40—80°K. Also detecteble is the influence .of short

fahge order at the cubic sites, which was estimated from

L‘ neutron diffractin experiments to be present up t04V3SO°K.

Ihis is, most.prebably,the reason for the nonlinear behaviour
of the resistivity above TH in this'system. In addition

to the results from magnetic -experiments, there is also-

some evidence of long range order with transition tempe#
rature ~4°%K, The resistivity behaviour in this low tempe-

rature region is similar to the behaviour of the Hd=-Dy

: alloys in the .d=-hex phase over the same temperature

?bot could be expreaaed in this case by the sutt

of qix-terms.
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; Proe(T) = Pree +Pphonon + ... +Qs-4. Vs, pmf;

where Qres should be the resistivity value wherxe, acgofding'

to the third law of_thermodynamics,?,tot becomes constant
with temperature. This value may not heve beén reached in
this study; fig.3.17.

?phonon
law for polyvalent metals since the assumption of linear

? with T at high temperatures seems quite reasonesble,from fig,

3.14. vc.f.’ vie believe, could show up in the absence of

long range order, e.g in Tb,5Prgg. The nature °*_9c .

ol o

would be the same as in the d-~hex phase,the only differences

occuring because of the different concentrations'of the

can most likely be expressed by the Gruneisen

hexagonal and cubic enviroaments: in the Sm structure than d-hex.

-93‘f » the long range spin disorder term, is most likely

governed by the RKKY interaction, where the effectiva
moment and the dependence on the.light rare.earth concentra-
tion has not yet been established. From fig.3.40-1 it is
obvious that ﬁg_f deviates strongly from 93-{ vs g .
which holds  for the heavy rare earths and heavy -heavy
rare earth alloys. ? glsﬂenmﬂnetlc contribution at very
low temperatures, whose origin 1e not yet obvious. po.r.
is the spin-diserder contributuion from the short range
order appearing at the cubic sites. This_should be a2 sta-~
tisticdl average of the resistivities of small ordered
clusters of Pr-Tb in'the cubic crystal_fieid{.presumably
agaln of. the RKKY type.

Dy--¥d: DysNd5 and Dy4ﬂd6 can be compared with PrBSTb45

since no long range magnetlc ordering takes place 1n.

this alloy in the bm-phase. Coneequently
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9tot(T) = Sares + Pphonon(.:L1> *@c.r, t &2,

where the symbols have the same mcaning as above. Contrary'

to Tb=-Pr no magnetic transitioms have been observed to the

lowest temperature measured, but ?tot (T) was never

constant with T, suggesting .that @reé is smaller-
than the values quoted in tha table 3 J7.

?phonon' we assume, can be discussed in a similar
way to the Pr-Tb case, as well asi) f. and Ps T for:
which we lack the supporting evidence from neutron
difraction experiments since Dy, due to its hizh cross
section is not easily studied by this technigue ..

From the high temeperature value of df/dT it is
obvious that. there is a reduction in the effective

Fermi surface area, as we have already proposed for the

Pr-Tb and Nd-Dy. alloys.

59 hep -phase

Because of their similarity in behaviour the Dy-Nd,

' .Tb-Pr and Dy-La alloys may be discussed together.- We cah

again divide ?t y 8s follows:
P‘bot(T) Pres S')phonon(T) +§"s "(T) +€s r. ¢ veo [13/

where ?res is well defined in moést of the alloys. 9phonon
can be well approxlmated by a 11near relationship above
TN'which Suggests that the Gruneisen law is obeyed for
this contribuvion and consequently we can antiecipate some

power law For ?phonon at low temperatures, table 3.6.

?‘_f'l, given by the RKKY lnteraetlon, where,due to the

"presence of the light rare earths we should expect substan—

tial chenges in the band structure, Fermi surface, macneto-

gtriction effects and consequently in J £F. ThlS effect can
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be followed from the dependence of ?&* vs G, Ty VS G

~and Ty ¥s composition, fig.3.39-41, which all behave_simi=

larly. The behaviour is consistent with the observations
made earlier for some light~heavy rare earthe ir the hcp
phase as summarized in (3-19).

From the increasing high tempera%ure values of d§/dT
when goéing from pure heavy rare earths towards light rare
earths in the hcp phase it appears that the effective

Fermi surface decreases . This fits into the observed

‘behaviour in the Sm~phase.

?_+ )gaturation decreases with addition of light rare

earths far more rapidly than it does for the heavy rare earths

and heavy-heavy rare earth alloys. In La-Dy(3-19) reported on

interesting behaviour of TN which increases on adding La

"0 Dy for the first 15 % of Lanthanum ~ substitution

before the abrupt decrease takes place in TN and 93-,@-’

" which we saw making the study for all the La-Dy series, .fig.

5.24=8, In Pr-Tb which has not been previously reported

vie can trace this behaviour, namely for. ?s f y out only:over

a limited range, since only "‘bgPr.l seems to haveSD s -(j)$ 4 )Tb'

In Dy-Nd, for 10,20 and. 30% of Nd no such a behaviour
could be resolved ‘however. |
The abrupt decrease 9f ?“f in the hep phase 1is slowed

down in the Sm=-phase, presumably due to the abrupt changes
in the band structure and hence the effective Fermi surface,
dge-to Ehe crystallographic change.

} N’ the Neel temperature; behaves almost identical}y
to ?g X fig. 3 39. 5.24. Only ”d, the Curie temperature

seems to be very little effected by alloying. It appears as

" if the ferromagnetlc etate prevails in an almost unehanged

;?i'...
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form until the ferromagnetic state vanishes or is taken
over by the antiferroamgnetic state which is usﬁally
connected with the crystallographic transitions from the
hcp to the Sm phase.

The spin disorder resistivity,fyand tre Néel temperature iy -
are obviouély dependent on spin and the total magnetic
moment of the rare éarth atoms.ys_f and TN of heavy rare
earths and heavy=-heavy rare¢ éarth alloys are well described
by the.dependence on de Gennes factor (1-1). Pz of.the
Tight-heavy rare earth alloys deviate from this dependence,
fign3.40-3.41, Consequently we have tried to find some 'para~
meter' as a function-of S,J or G; in fig&5.24—28, which_
would be ﬁost.suitable for desribing these alloy systems,

The alloys which do not show any sign of ordering, i.e..

Y-Nd, could be described by the following equation:

?tot(T) = Prec * Eﬁhonon(T) * Pc.f;(x)

P res is well defined in the Y-Nd series.gphonon is most

phonon of Y and Nd of the form:
?Phonon(T) =a (Pph)y + P’(?ph)ﬁd-hbp |

and @c £ in this series appears to have the form: -

?c.f.;'Y(Pc.f.)Ndrd-hex where Y(<{) is proportional to the
concentration of Nd. - B
From the resistivity measurements La4Dy6 appears to be.
ordered up to 6°K, however magnetic susceptibility measure-
ments show evidence for ordering (antiferromagnetic) up-to

68°K, Careful examination of.the ?(T) behaviour shows that
| |

. any. change in the resistivity in this area is comparable to

the;exparimental scatter and consequently the spin disorder
resistivity at this composition.must be very small(2;531;0&ﬂcm-1)
and can be discussed in the same way as for“the'othef magne-

ticaily ordered alloys in the hcp'phase,‘psing equation/13/.
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5.10 The residual resistivity

Besides the diffieulty of estimating yres in many" of
the allo3§ss'1;uclied,l ve think that we can make, within the.
ex?erimental error qudte interesting conclusions.

From fig.5.29 it is obvious that the residual

- resistivity variation with composition is strongly assyme-

tric with a maximum on the heavy rare earths side, which
is not surprising since-?}es
spin-disorder contribution ?s-f (6-40) arising from the
statistical‘distribution of the two types bé atoms in.the

alloy. The residual resistivity rises sharply in the hcp

phase, especially so when the ferromagnetic phase is present.

In fhe region whére light rare earths could be regarded as

a perturbatlon ?re" follows the, theoretical curve, fig 5.3%0

T (8,9).

The Sm phase is so narrow that no definite statements
can be made as to the behaviour of ?res’ buf it seems likely
that no abrupt change takes place andgo s is'almost
constant, or perhaps shows a slight decrease to the llbht
rare earths end

In the d-hex phase, which in our study is represented
well by the Pr-Tb alloys a moderate increase takes place
with increase in the Tb concentration. The same is most
likely true about Nd-Y, even with the rathexr insuificient
experimental evidence availarle. Nd-Dy and La-Dy behave
anemalously. Rd=-Dy, owing to the form of the resistivity
behaviour with temperature at very low temperatures did
not allow us, to define & proper' S{) gnd SD res (af 4.2 °x)

vs c0m9051tlon in the thé d=-hex phase is found to be constant

. Woeg 1 N P

of the magnetic material contains a .

Cdr® de v et AL o meem s
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fince Nd-Uy orders magnetically in the temperature range

Pspin—disorder'
" 0 N 1]
term wnich is present for instance in Pr-Tb, which might

~5°K. The fres quoted would not cmtzin the.

explain this anomaly. La-=-Dy presents a 'similar' problem
due to the superconducting state, |
5.11 General behaviour of the spin disorder resistivity

As ve have seen from fig.3.39-41 and 5.24-28 the
ordéring temperature (TH) and the magnetic contributions
.to the total resistivity did not show a unique deﬁendence on
the angular momentum parameters S(=S(5+1)) or G(=(g-1)2J(J+1))
or averages of these fﬁr the two ions as might have been
anticipated from the observed behaviour of alloys of the
heavy rare earths. There is some evidence however,that
alloys involving a single heavy _ " rare earth do form
a singlq'curve, independent of the light rare earth
partner, ahd_that form of this dependence on averages
of S or G are similar for different series. |

If we examine the relations in the RKKY theory which
give ?Sf and Qp then we have; -

Pag (eme21P)/ (4rrP%2)  3(341) (g=1)2
e

3 —" 3 p d - 2 |',\. - T

o = mf/(eg th ) T J‘J+1)(g 1) é?L(szRn)

where J(J+1)(g-1)2 may be replaced by linear combinations
of the component G's on alloying, or even combinations of

G and 5. Assuning that the combination uned will be the same

for voth ? s and Gp then this vill dlsappear from the ratio
?S_f/gp ‘= (ku*)/(E F(2k R ) (3g° AB)/(Zﬂq 2)

Coﬁsequently, any changes in the PSf/gp ratio must occur as

the result of changes in either kF,m*,mréi'F(ZkFRn).
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alloy systems.
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As figure 5.31 shows, the magnltudes of the ratios for all

the alloys studied can be crudely described by a single cur-

" ve which shows a sixfold decrease in qu/ep as the light

elements are alloyed with any heavy rare earth'element.
It is unl:l.kely that either kg or 2. F(2k,R ) will
change by this amount within a single’ crystallographic
phase (hcp as in fig.5.31), and the lattice parameter.
variation would suggest that k_AEr(ZmFR ) will remain
essentially constant because of the behaviour of Z=& (ZVF ﬁ)

as a function of kj.‘1 (16). Consequently it is more likely

that the changes in{)a(/ep.observed on alloying, arise from

changes in the details of the Fermi surface which are repla- .

"ced in the_the effective mass contribution to the ratio.

On this basis,the effective mass variation has been

caléulated using the theoretical values of .ZI-‘(2kFRn) and

kF corresponding to the heavy rare earth partner of any alloy

series (17) together with the experimental values of ?Sy end
TN(taken B Gp for this calculation). Typical values of -m¥
obtained thie way are shown on fig.5.31 for the average
curve drawn through the data. ¥While there'are considereble
deviations from this general curve, particularly for the

Dy-Nd- series; it is evident that the overall behaviour may

" be approximately represented by thls approach. It is likely

that a better fit would be obtalned by using more reallstlc
values for kp and hence Tox-Zil(Zk,R ), but unxortunately
the errors involved in trying to estimate these values are
very great in a view of the caleuleted shapes of the Fermi
surface in the pufe elements and because as yet ho success-

fui Fermi surface calculations have been performed for random
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CHAF®ER SIX

CONCLUSION

The relative values of the different SCatteyfng contri-
butions to the resistivity for the rare earth elements has
been estimated by means of.a'study of various 'light-=heavy
rare earth alloys. ' |

The resistivity of the heavy rare earths have been
investigated previously in great detail and the RKKY theory
has been used to account for the anomalies observed. The
theory is probably also applicable to the light-heavy rare
earth alloys in the hep phase but our knowledge of parame-
ters such as the band structure variation with substitution
of the light rare earths, the combined changee in the
fermi su;face (Seff) and the eichange interactions is limi-
ted eusentially to.guesswork . Consequently we can make,
on the basis of the resistivity results, only qualitative
conclusions in most cases, -
1) The rate of change-of the effective Fermi surface within
one crystallographic phase is small compa?ed'to the changes
from phase to phase, namely hcp -» &m and Sm -» d-hex phase
transitions.
2) The.changes of'Jeff'(Seff) W1th.¢§,,amd Ty follows the same
power law within one phase for all the alloys, regardless
of the constituent atoms.
3) The ehanges of the Curie femperatures, are small with the
exeeptnan of La-Dy, where TC first rises before falling
abruptly below 65ﬁ of Dy.

The Sm=-phase results serves to form a bridge between the

re51st1VLty behaviour in the hep and d-hex phases. Some of
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the alloys, prgsqmgbly_with Jogg > I 1» show ordering

critica .
eifects not unlike those in the hep phase., The alloys for,

which Jepe& 7 show only crystal field and short '

critical '
range order effects, which because of its statistical
character is difficult to formulate theoretically.

The crystal field, contribution to the resisfivity is
&ery important to both the d-hex and Sm-phases., Its tempe-

rature dependence has been succesfully calculated theoreti-

cally for the case of Pr and Pr-~Tb alloys in the d-hex phase,

:where the crystal field energy levels are known, or can'--

be estimated. Its total value was found comparable in mage

‘nitude to the phonon.contribﬁtion, decreasing with increa-

sing Tb concentration. _
In Nd, Nd-Dy and Nd-=Y the crystal field contribution

has béen estimated and found ts be of the same order as in

Pr contrary to the earlier findings of Wataﬁe and Kasuya,The

faﬂvalues increased with incre2sing Dy concentration which

we believe is due to the nigh scattering power af Dy. Yttrium -

Eas might:befexpecied has only a dilution effect on Nd}

| Abrupt changes in the density of states in La near the
Fermi level seems to account for the La résistivity behavi-
our, which we believe is to a certain extent present even

in the light rare earths such as Pr and Nd.

It would be interesting to make experimental observations

of the resistivity and both magnetoresistance on single
crystalé and correlate them with magnetic experiments and
theoretical calculations on the basis of the pointcharge
érysjél field calculations ; which have been so far-used to
estimate the qrystal field énergy level splitting for all

the lisht rarc earths.
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S (LA3L4L-00406)
sig phr4 pw=hana

*LAST SIGNON WAS:

Appendix 1 ' . .

Programm for calculating d-values from X-ray powder diffractogramm.

15:51.41 09=-20-72

USER "PHR4" SIGNED ON AT 16:03,58 ON 09-20-72

1 x-ray

-
o

NN
1 1]

30
.51
32

:ND OF FILE

100
101
200

- 102

201

2

DIMENSION E(50),H(50),A(50),B(50),c(90),S5(50),(50),G(50)
READ(5,100)W

READ(5,101)N
WRITE(G,200)

Po 1 I=1,N

READ(5,102)(AC1),B(1))
EC1)=ABS(R(1)-A(1))/2
C(1)=3.1428+(E(1)/180)

SCH)=5IN(CcCI))

DCr)=W/(s(1)) '
G(1)=ALOG(D(])) ) : )
HCI)=G(1)/2.303

WRITE(G,201)(C1,ECT), S(l) ,001),601),H())
CONTINUE

FORMAT(F10.5)

FORMAT(12)

f

FORMAT('1','LINE',GX, 'ANGLE',GX,oIN(A)',GX, D- VALU SX LOG=D'

FORMAT(2Fu,2)
FORMAT(LN ,12,7X;F.2,6X,F6.4,6X,7Gk,6X,F6.4,6X,06.4)
READ(5,101)M .
DO z I=1,i
READ(5,102)(ACI), B(1))
EC(1)=180.0-ABS(BCI1)=AC1))/2
C(1)=3.1428-(3,1428+ABS((B(1)-A(1))/360))
SC1)=SINCC(1))
DCL)=W/(SC1)) .
G(1)=ALOG(D(1))
H(1)=G(1)/2,303 ”
WRITE(6,201)(1,EC1),5(1),0(1), 0(|) H())
CONTINUE . .,
| STOP . : S ,
END - - : S




Appendix 3

ad mmy oo

Programm for calculating re51atlv1ty from the measure values
of voltage and current.

{6 _COMPILER MAIN 07-13-72 13:41.02 PAGE 0CGO1
S HANA K. _
) DIVMENSION V(3olcn0)QA(391000"T(391000,1R‘3ol°b°’oRC(3110uP)9[(3)1 )
T 3TT(3,10C17)48(3,1000)
- FI{AWB,CoDyE)=E*(A+B)/(C+D)
. ' READ 1713,N
103 FORMAT(14)
READ 1u2,.E
162 FORMAT(3F10.0)
PRINT 203,E
203 FORMAT{1H +3F10,5)
PRINT 201
201 FORMAT('1°,15X s *TEMPERATURE" 42X,y "SAMPLE NO1%,15X,*TEMPERATURE? y2X,
59SAMPLE NUZ'915XO'TEMPERATURE'UZXU'SAMPLE NO3 ')
DO 1 I=1,N,2
READ 16GGeVI1oI)gA(LaT)aVE24T)oA(241)4VI33T)4A(3,1)T(1yI)sVIly(Tel
BI)eAlLlo(T+#1))eT(2sT)aVI24(T#1))gA(2(T¢1))oT(3,1)oV(3,(T41)),A(3,(
9t+1))
104 FORMAT(SXeFTaOeFBal oS5X o FTuCoFBalisS5XoFTaOsFBely12X/FS5e0yFT7.0yFBellyF
154N e FTeN e FRalio F5 o0 s FTalioFBaOy12X)
RUYeID)=FLALLoI)oA(Lo{TI+1))oVI(LleI)oVILy(I+1}),E(L1))
RI2¢T1)=F(A(2+41)sA(2{I+1))oV(2,1),V(2,(I+1)),E(2))
RIBsIN=FIA(3sT)eA{34(I+1))oVI(341)VI3,(I+1)),E(3))
; 1 CONTINUE
: WRITE(6+42C001({T(Js1)sR{Jel)ed=1,3)
Co Do 2 l=3oN'2
| RC(1.,1)=R{1,1)=R{1,1)
b RC{2.,11=R{2,11=R(2,1)
RC(3.1)=R(3,+1)-R(3,1)
WRITE(6+200)1(T(JeI)sRC(JsI),J=1,3)
- 2 CONTINUE . .
200 FORMAT(1BXsF6els5XeF9e3418XyF60l95X9yFOe¢3918XyF6el¢5%XyF9,3)
L=N+1 :
M=L/2-1
CALL PLTOFS‘C‘-O'003"1.00003'1.0'0.5,
CALL PLGAXS(1e09De5¢'T (5)"4=5,9.0y0els0e09033333)
; CALL PLGAXS{1.0e0a5+'RESIST"3649.059C.0y~1a 0.-0 33333)
; CALL PLGGRDI(1e0+Ce5+3.099.099.0,0.0) -
! CALL PLGGRD{1040+045¢3e099¢099.0490.0) .
CALL PLTLOG(3) -
CALL PLINE(T(113"RC(1'3)|M'6'—1'4999.9’
CALL PLINE(T(?.3)9RC‘2.3) M'60-1’2'99 9)
CALL PLINE(T(3,3),RC(3,3), Hv6o'1011999.9)
CALL PLTEND
sTOoP
END

-

MORY REQUIREMENTS 315DAA BYTES
RMINATED |

i
; i




Appendix 4. Pngfamm_for numerical edlculation of the derivatives -
. COMPILER T OMAIN 04-28-73 ~ 11:21.52 PAGE-OOOL

| € HANA K. ’ ' ’
i : . DIMENSION 7(3,100).R(3 100),nc11 100),F(1>,0Rct3 100).DPC1(:.!D )y
| .1DT13,100) .
. READ 103,N"
103 FORMAT(T4)
“ . PEAD 102,E ' :
102 EDRMAT(ZFI0.0) _ : --
. PRINT 203,F : '
| - 203 FORMATI(1H 12F10.5)
- PRINT 201 .
= -.201 FDRMAT('I',l)x.'TFMPERATURE'.ZX"SAMPLc NO1*,15X, '"TEMPERATWRE", 2X)
: SY*SAMPLE an',lsx,'TEhP&RATURE',zx.'SAMP|F N3 ) '
DN 2 T=1,N,1
READ 101,T(1,1J,R(Y,T),R(2,1)
©'101 FORMAT(3F10.2)
i S T(2,1)=T(1,1) o N Co L . ‘
1~ -2 COMTINUE : ' o
. wnITsts,zooa(T(J,l),RtJ 1), 4=1,2) : |
v DO 1 I=2,N,} -
. Do, 3 J= 1,?.
! RC(J, 1) R(J
l

[1=R(Jy F1=3TY" a . o i
(Jv(t 1)”5)615 . v
((RCIJyTI=RCIJy (1=2)))/(T(I,T)=T(Jy (1=21)7)

IF (T,
5 DRC(J,I)
- GO T0.7
I .6 DRC(J,1)=0.000
7. DT Ta= (T 1) 4T, (1=-2)1 /2
- BRCYIJ, L 4=DRC(J, TI%100
3 CONT INUE,
b HRITE(é.ZOO)(T(J’I)-PC(J'I),J 1,2) :
;' . THWRTITE(6,200)(DT(I,1),DRCI(JI1),J=1,2)
- 200 FORMAT(1BX,)Fé.115XyF9.3,)8XsF6.145%X,F9.3)
1 CONTINUE _
© M=N . ' A
CALL PLTOFS(1.0,40.040.151.0,1.0,0.5) _
CALL PAXTSt1.070.5,' TEMPERATURE',-11,10.0,0s0,0.0940.0,1.0)
: CALL PAXIS(1.0,0.5,'RESISTEVITY',11,10.0,90, 0,0.0,1. 0+1.0)
3 CALL PLINE(T{1,3),RCIE;3VyM,3,-1, 1,1) :
.. CALL PLINE(TE2,3),RC(2,3)4M,3,-1,2,1) , o e
CALL PL!NEtDT(l;B)ancl(lfBﬁ'N.3,-1,l.lr - k
CALL PLINE(DT(2,23),DRC1{237;My3,=1,2,1) .
CALL PLTEND .
. . .
" IEYOL51 NO END CARD

1
’
ABS

Y REQUIREMENTS 0022BE BYTES
|

[RY FOR PROGRAM MAIN 0001 C0CO0 0000




Appendix 5a, Hexagonal envirinmegt, Hma*-=0 )
IMP ILER MA IN 03-29-73 18154053 PAGE GOD1

DIMENSION Y1(2080),Y2(2080),R(6,302),C0(2),EN(6),T(302),U(302),5(6
11,Y312080) , Y4( 2080) ,V(302) ,ET1 (2080),X20(2081) ,X21 (20811, X30 (2081 )
2,X31(2081),X40(2081),X41{2081),X50(2081),X51(2081)

FUJyT)=1a0/(EXP(FLOAT(J)/FLOAT (1) }4100)
READ(5,100)C0
READ{5,101 JEN

i READ(5,182)N

. " READ(5,103)M

| WRITE(6+294) (EN(1),EN(2),EN(3),EN(4),ENI5),EN(6),COT1),CO(2)yNyM)

| 204 FORMATI(® ',8E15.5,2110)

- DO 1 1*1ZyNy10

| A=EXP(~EN(2) /1)

| B=EXP(~EN(3)/1)

1 C=EXP(EN(2)/1)

| D=EXP(EN(3)/1)

| BL=EXP(~EN{4) /1)

| CL=EXP(ENAGT/T)

; B2=EXP(-EN(5)/1)

| C2=EXP(EN(S5)/1)

B3=EXP(=EN(6)/1)
C3=EXP(EN(6)/1)
E=1o0/(1,0+A+B+B1+B2+B3)

; WRITE(64207) (A,BsC,DyE+BL+1B24B3,C1,C2,C3)

207 FORMAT(1H ,11E10.5) -
F2=8000/C+2600/D+3240/C2420.0+20.6/C1+20,07C3
VIT)=EX*F2%CO(1)/CO(2)

WRITE(64206)(F2,V{I))

DO 2 J=1l,M
0 K=J+2080
- L==J+2080

| XL‘=0=106+F(’J5H‘4-'_(C-10'D)
L X0l=leB+F(=J,T)#(C=100)
t X10=C+F(J, 1)%(D=-C)
: X11=C#F(=J,11%(D-C)
X6N=C+F(J, 1) *(C1=C)
X61=C+F(=J,1)%(C1~C)
X7Q=C+F(J,1)%(L3=C)
XT1=C+F{=J, 11%(C3=C)
- X20(J)=C+F(J,I1)*¥(1aD=C)
X30(J)=D+F(J,1)%(C~D)
X4D(J)=Cl+F{Jy T)*(C=-C1)
X5G{J)=C3+F(J,1)%(C=C3)
7 X21(J1=C+F (=TI %(1.0-C) ‘
" X31(J)=D+F(=J,1)%{C~D) |
- XG1{JV=Cl+F(-J,1)%{C~C1) :
X51(J)=C3+F(-J,11%(C~C3)
TF(X20(J))10,7,10
7 _X20(J)=%X20(J-1) .
10 IF(X30(J))112,6,12
6 X30(J)=X30(J-1)
12 TF(X40(J))14,8,14
-8 Xe0(J)1=Xed (J-1)
[ 14 IF(X50(J))4D,18,40
L 18 X50(J)=X50(J~1) _
40 Y3(J)=E=(2.0/C+8o0/D+32,0/C2+420.0/XDG+18,0/X1D+20.0/X20(J)+18,0/X3




Appendix %Sa.(cont.)
OMP TLER MATN ) 03=-29~73 18:54,53 . PAGE Q092

100J)1420.0/X40( J)+20.D/X50( J)+420.0/X60+20.G/X70 )
- IF(X21(J4)913,42,13
42 X2T (J)=X21(J-1)
13 TF(X31(J))15,80,15
80 X31(JS)=xX31(J=1)
I5 IF({X411J))17441,17
41 X41(J)=X41(4~1)
Y7 IF(X510J)) 43444443
44 X51(J)=X51¢J=1)
"43  Y&(J)=E¥(2.0/C+8o0/D+32,0/C2+2000/X01+18.0/X11+20,1 /X21 €11 +18,0/X3
11000142000/ X41 (U)420.0/X51(J)+20.,0/X61+20.0/X71)
IF(ABS(Y3))29,20,29
20 Y3(J)=1.0"
29 IF(J~-780130,30,31
30 ETL(J)=17.76 : -
- TG0 TO 19
31 ETI{J)=14.4%
19 Yl(J)-CO(Z)*(FLOAT(K)#*@;S)*F(J;Il*(loo—F(J Y )L/Z (Y3 (J)*ELOAT (1 V%CO
1(1))*ETL(J)
IF(ABS(Y4))23,22,23
22 Y4&{J)i=1.0
23 TF(-J+950)34,33,33
33 ETA[U)=17. 76
GO To 21
34 ET1{J)=22,00 . .
P21 Y2(Y)= CG(ZD#(+(FLDAT(L)**QoS))*F(—J,I) (loO-F(—JpI))Z(Yé(J)*FLOAT(
F_ LT)RCOCL)IRETI(D) .
: TF(MOD(Js200):EQeG) NRIT=(6-269)(Y3(J)'Y4(J) Yl(Jl vth).J)
209 FORMAT(1H ,4E15.5,[5)
"2 CONTINYE _
|3 CALL_ QS-F'(].OO'Y].'Y].’Z,’.OBQ)
: CALL QSF(1.0,Y2,Y2,2080)
' WRITE (6,206 )»{Y1(20801,Y2(2080))
. 206 FORMAT(IH 42E15.5)
~ T 112=Y1(2080)+¥21{2080)
IF(Z12)Y445,4 .
5 712=1.0
GO TO 4
4 136=YI(2080)-Y2(208D)
; UlT)=1e0/212
i WRITE(64200)(1,U(1)52124234,VIT),F2)
1 CONTINUE
S{1)=5,7/U(302)
S(2)=3,9/U(152)
S(3)=2,3/U(62)
S{4)=5,7/V(302)
S{5)=3,9/V(152)
S(61=2,3/VI62)
DO 3 I=12,N,10
T T(I)=FLOAT(T)
TR(1y[)=UCLYRS(])
| RI2,T)=Ul1)%5(2)
; R{3,1)=U(I)%*S(3)
R4y I)=VIT F%5({4)
PU5,1)=VII)&S(5)




Appendix 5a. (cont.)

OMPILER

265
100
101
102

103
200

AT ED

MATN 03-29-73 1825453 PAGE 0ON3

RUByT)=VII)%*S{6)
WRITE(6,205)1(1,RIL,IV4R(2,1I)4R(3,1), R(ﬁ,l),R(S I)4R(6,T))
FORMAT(IH 415X,13.10X,6E1505)
CONTINUE

FORMAT {2E8.1)

FORMAT(6FL0,G)

FORMAT(14)

FORMAT (I6)
FORMAT(?

CALL
CALL
CALL
CALL
CALL

CALL-

CALL
STOP
END

PLTOFS(0a0y40.0:000,100,1,0,0.5) .

§ 415X,13,5X, E150915X1E1509 5XqE15o9 5XyE15 9,5XpF15 9)

PAXIS(IaQ'ﬂo5,’TEMPERATURE' -11,10 010:0,0.0,40.0,1.0)

PAXIS(1leD Do 59'RESISTIVITY'vllvlnoOLgﬂoﬂv
PLINE(T(1) yR{1,12)4Ny104-1+4+39,G)
DLINE(T(1),R(2, 12)1N910’“11499909,
PLINEAT (1) yR{3412YyN,10,-1, 4,99o9)

PLTEND

REQUIREMENTS D1EGE4 BYTES

oB91aDslofd)



Appendix 5b. Cubic em_r;i_..;r_'fonment,“ Hmag =0, | : - _
MPILER © T HAIN Tti05-01-73 T T 11222037 PAGE 0001

"DIMENSION Y1(2080),Y2(20801,R (6,8 0’)1C0(7)gEN(4).T(8@74,U(BOZ),516
:1),Y3(20821,Y4(2082),Vi(302),ET1(2082),ET2(2082)
FQUIVALENCE{EN2 yENT2) ¥, (EN3LEN(3) ), (FN4,EN(4))
F(d,T)=1.074EXP(FLOAT(I)/FLAATIINI#1.0) .+
PEAD(5,1001C0
00" FORMAT(2F8.1) -
READ(5;101)EN |

01 FORMAT(4F10,0) . . ..." . e e E
- PEAD(5,102)N° | L . —
02 FORMAT (14) 0 T L

. READ(5;10314 - ' L _
03 FORMAT(I6) . - - .
" WRITE(6,2 04!(EN(1) EN{2),ENU3)EN(4),CO0(1),;,C002) 4NyM). e E
1204 FORMAT (% "¢ ,6E16,5,2110) - . il - .-
- DA-1 P=124N310 : ' S o
A=EXP(+~EN(2)/1) o S !
B=EXPI{~EN(3)/1) - T
C=EXP(EN(2)/1) : : )
_D=EXP(EN(3)/1) -
TB1=EXP(~EN(4)/T) AR : o .-
CI=EXPIEN(4)/1) Lo S T PR
F=1,0/(1.0+A<R+B1) . ' , - - Lo
i WRITE(6,2071(AyB,CyDsE,B1, cv S ’ o L
207 FORMAT(1H ,7F10.5) = . oo T _ T
F2:20.25/C+12,5/CY. .- . . - i ; - S - C o :
VITI=F=F2400 (17 /£0(2) " - CoL -
WRITE{672D6) (F2, V(1)) Lo e T L
D2 J=1,M L S a , S B
K=J+2080 _ e L : : IR : -
. L==J+2080 : - - .. -
Y3(J)=EXF2 S : o S
Y4 (J)=Y3 L)) B R
9 IFtJ=780930,30,31 T . '
0 ETR(JI=1T,T6 & | S A e e ;
.. 760 TD 19 . S : r. S Y
-31 ET11d)1=14.44 o ' '
19 Y1(J)-cnt2)»(FLnAT(K)**o 5)*=(J I)*(l.G-F(J I))/(YZ(Ji*FLOAT(I)*EOu
LOLFVRETLLY) " - ‘
- IF(ABS(Y4))23,22,23 . -
| 22 vai ) =1.0 - : . ST ' R L
23 1F(-J+oso)3A.33,3, . : S
.33 FT2(J)=17.76 - N ' -
. G0 TO 21 _ _
.34 ET2(09=22,.00 ' S
21 Y2 ()= CD(Z)*(+(FLOAT(L)**O S1IF (=0, 1% (1, O~F(-J,I))/lY¢4JJ*F|DAT(_* L
b LINECOTL)IHETI( ) . _ -
I TF(MOD(J+200),EQ.0) WRITR(&, EOQ)(Y3(J).Y4(J);Y1(ll,Yc(J);J) |
09 FORMAT(1H ,4E15.5,15)
s
|

¥

i
#

'a.

CONTINUE

TCALL QSF{1.0,Y1,Y1,2080) . . . ST
: CALL QSF{1.0,Y2,Y2,2080) ' , : _ o T
| CWRITE(6,206)(Y3(2080),Y2(20801) "
P06 FORMAT(1H 42F15.5) '
: 112= Y1(¢080)+Y2(2080)
IFLZ712V4,544 o



Appendlx 5b. (cont ..)

baal
-d
.
iJ
™
.
(§1]
-t

DMPILFP MAIN 05-01-73 PAGE 0007
5 712=1,0 - . : . ‘ T
. G0 TO 4 - I ' L !

4 134= Y1(2080)-Y7(¢0863 _ : - B
‘u(ry=1,0/712 “
WRITE(6,200)(T, U(I).z12.734 V(I),F?)

1 CONTINUE _

S{1)1=5,7/U(302) .
" S(21=3.9/U(152) L S

- S(31=2.3/01(62) E

i+ .S(4)1s5.77v(302) "

- 5051=3.9/V(152) : :
5(6)1=2,3/V(62) o C Ct
DO 3 I=12,N,10 '
Tt[)—nLnA1(11 o _
- R, II=UET F&S(1) . T - _ L

R{2,1)=U(1)%5(2) : ' ' R

PI3,1)=U(II.S(3) . )

R4y I )=V.ET)*S(4)

RIS, 1)=V(I)%S5(5)

RI6,1)=V(T)%SL6)" ' . ST T

WRITE(6,2053( 1 9(]17)1R( 1])vR(3vI,yR(‘!~vI’19(51[')1P-('6|I,)._

205 EWRMAT(XH ',Lsx,r%,lox 6F15, 5)

" 3 COMTINUE ' :

00 FNRMAT(? ,15x.13,5x.F15 9.5x,E15 9, 5x EJE 9.ﬁx Elﬂ.,.sx,Exs 9)

- STOP : : R W
ENn . T . :

-

ReouTREMENTS 0i38CE aYTES o T
TED L CoL ' B

=t




Appendlx 2. Program for calculatlng lattice parameters for
PH4R hexagonal lattice from (hkl) and © values,

.T SIGNON WAS: 12:46.16 0&6-18=-73
MPH4R™ SIGNED ON AT '04:10.05 ON 06-20-73

-P

E Y=P" HAS BEEN CREATED.

MBER

WMBER

ST =P

1. HEXSOLV: PROCEDURE OPTIONS(MAIN);

2 i DCL(Gl G2 G3,y 04,05 A(3.3).B(31,X(3) THETA(50) A8, ca w)FLOAT.
A BCLUSHTIsdyMsNy H(GQ)'K(SOl.L(BOD!FIXFD BINARY;

5 DCL NAME CHARACTER (50). VARYING;

) .CJM : PROCEDURE(A,ByXNAJRETURNS(FLOAT)

I 7 /* SOLVES A SET OF NA SIMULTANEOUS EQ. FOR X AX=B s&e

| 8 HAWGHOOD NUMER ICAL ANALYSIS FOR ALGOL VERSION,GAUSS J&PBAN METHOD % /-
i -9 BECCARE (A (%, %) ,B(#), X (*I7PIVAT,PIVPROD,MULT; CUMP»anAT. -
10 (PIVRDW(NA),plvcoL(NA).l.Jc.lA,JA,kc ID-JD'NlFIXED BINARY :

11 DCL (JIFIXED BINARY.

12 PIVPROD=1; .

13 - DB I=1 TO NAs :

14 - PIVROW (I, PIVCOL(I) = I ;

15 END! . :

16 * DO N=L TO NAj _

117 . PIVOT=A(PIVROWI(N), PIVCOL(N)).

18 « [0,J0=N3

19", TA=PIVROW(N) § JA= PIVCUL(N),

120 DO.7T =.N TO NA. 3 - - , L
21.. . ‘DO J=N TO NAV L - T ST e e
22 IC=PIVROW(I); JC=PIVCOL(J): : ' '
23 COMP=A(ICsJC): _ . . .
(24 IF ABS{(COMP)>ABSIPIVOT) THEN pos -~ - T T

25 PIVGT=COMP; , o - e T

26. IA=ICs 10=I3" T T -
27 ;-_JA—JC. Jo=J3; . o T : '
29 . ENDYT - - : L o . S
30 END'Y ' EEEEERA Sl . L
31 . PLVROW-( I0) =PIVROW(N); L e ) CoL
32 PIVCOL (JQ)=PIVCOLINI; - S ' '
33 "PIVROWAN)=TA; PIVCOL(N)=JA}S

3t BIIAY=B(IA)I/Z(PIVOT)} . - S j
L5 - PIVPROD=PIVPROD*PIVAT: - - ) _ . ;
6 DO J=N+1 TO NAs K .

B7 JC=PIVCOL(J);

38 ALTAWJC)=A(TIA,JC)/PIVOT; o : _

39 END; - )

40 . DO I=1 TO NA ;

61 1F I-~= [A-THEN DO 3

42 MULT=A(I,JA);

43 . B(I)=B(I)=B{IA)=MULT:

bh DO J=(N+1) TO NA;

45 | JC=PIVCOL(J);

6 KLy JCI=ACT 9 JCI=A(TA,JCI*MULTS

6.7 END3

4.8 END'

50 END:

51 DO I=1 TO NA;

52 . X(PIVCOL(I))=B(PIVROW(I));



59

C T2

.78

8%
. 82
.83
-84

Appendix 2. (cont.)

53
© 54

55

56

57 .
58
60
61
62

b4

g5

66.

6T -

68
69
70
71

73
74

75

76
77

79
30

;-85
i 8-6.

"7

§is
90
: 91

92
93 -

.94
. 95

96

CAC2,17,A01,3)

'-e‘3l7; BL3) "+ G3#G4;

OF FILE

END3

RETURN(PIVPROD) :

END GJM;

GET LIST(S)%

po I1=1 70 S ;

GET LIST (NAME);

PUT SKIP(3) 3

PUT LIST (NAME): . .
PUT SKIP; - ' : . o
 GET- LIST WIS - R
GET.LIST(M)Y: , , W s
A=03 B=03 teE B
00: J=1 TO. M ; )

GET LIST! THETA(J) P HOJ) K gL () )5
THETA(J )= THETA(J)/(’T 296) -
Gl = H(J)%#2 + K(J)L#%2 +KlJi*H(J),. T
62 = L{J) s : _ A c
G3—(SIN(2*THETA(J)))¢*2.

G3=G3%5%(1/SIN(THETA(J) ) +1/(THFTA(J!!).

A(lnl = A(l!l’ +GLAERD S

AL2,109A010¢2) = AlLs2)4 GI*GZ.
A(Ls3)+ Gl*G3y

A(242) =Al2p2) + G2¥%2;

TA(3,2).9A(2,3) -A(2.3)+GJ*63 ¥ - R
A(3,3) .= A(333) +G3%%2. - ST .
G4= (SIN(THETA(JWJ)**Z. ' e L '
BCI) = BI1Y * GI%G43

B(2)-F BL2) % 62%G4;

N=33 R S
;65 = GIM (AByX N)3 - R
A0 = (N**E)/(3*X(1)) “ “ h
AO.= SQRT(AD): : .
co= WI(Z*SQRT(X(ZD)). . I
“PUT SsKkiPp © . -~ Ca
PUT DATA(AD’v . . - L ..-'. "
. PUT DATA(CD); PUT SKIP DATA{(X); -
_ Y=CO/A0; S - D
vz (An**zl#CD*(SQRT(’l)IZ. - ' " C aw
PUT SKIP DATA. (V)3 A S v

PUT . BATA (V)
- END:
END HEXSOLV ;



