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ABSTRACT

'Measuraments have beem made of the complex refractive
index of thin films of several of the rare earth elements in the
photﬁn energy range from 0.33 - 3.0eV, using a conventional
ellipsometric method. The observations were carried out at
various temperatures between 4.2 and BOdk, corresponding to the
different magnetically grdere& phases of the elements neodymium,
gadolinium, terbium, dysprosium, holmium, erbium and ytterbium.

In thé élements ﬁhich show helical ordering, no evidence
was found for absorption at the gaps Eorresponding to the superzone
boundaries. Instead the results suggest thdt magnetic ordering
of any type is seen in a general way through direct transitionms

between the exchange split levels of the band structure. The

ekchange enerzies estimated this way are in reascnable agreement
with theoretical valiues. Suggested locations are given for the
regions in k space corresponding to these '"magnetic transitions".

The Drude contribution to the optical conductivity has been

0 for the differant elements

obtained and £he variation of d(w)w=
is in good agreemént with static conductivity measurements althoﬁgh
the magnitude of the-optical constant is in general larger by about
15%.This is presumzbly due to thé efifects o¢f the joint anisotropy

of the electron relaxation times and velociries at the Fermi

surfacsz,
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CHAPTER . I

INTRODUCTION

Even though the knowledge of the electronic structure is found to be
particularly important for the understanding of most of the phyéical
properties of the metals, relatively little experimental evidence which
leads ta the determinatien of the electronic structure of Rare Earth ﬁe;é}s C
has been reported so far, The extreme reactiveness of these metals presents
a great obstacle in producing single crystals of sufficient quality:to be
able to use de Haas van Alfvén effect; ultrasonic attenuation or similar
powerful methods of Fermi surface determination. One of the meéhods of
indirect determination of the band structure involves the investigation
of the optical constants. Even though the complexity of the energy band
structure of conduction electrons requires studies of single crystals some’
valuable information dbout the band structure can be achieved from the

systematic investigation of the optical properties of the thin polycrystalline

Ellms; In spité of the success which optical studies have had in providing.
details of the electronic structure Qf'metalg, relatively few investigations
have been made of the eleménts of the rare earth series and there has been
little success in correlating optical constants with the details of the
electronic band structure. Recent relativigtic RAPW calculations have_
provided sufficient band detail to make closer examination of the optical
constants justifiable.

Thi.s encduraged“tbe present extensive study of -.the effects of the
magnetic:Orderipg on the optical comstants of the rafe-earths with. the dim

of achieving a correlation with the calculated band structures.
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2.

CHATLIR IT,

FHYSICAL FROTLATILS OF RaRU TARTHS

& brief summary of the ph&sical properties of rare earths is relevant
in a report on the investigation of itheir band siructure and'apticai
properties, For a more detailed review the reader is referred to a mono-
gréph by Taylor and Darby (1372). Special attentien is given to %he-
effects of various magnetization processes on the band struciure of rare

earth metals (R.E.).

2.1 Electronic configuration’

The éembers 6f the group IIIa of the periodic table {atomic Hoé. 57
to 71) are collectively known as the ‘rare earths'. The lanthanides, ai
they are alternatively called, have very similar chemical pronerties (see
for instance Taylor and Darby). This is due to the essentially unchanged

outer electiron configurations through the series. A general renresentation

of the ele¢iron configuration of the R.E. neutral atom is

((xe) 4a%%s"5e%55%50( 6s)

where n increases from 0 to 14 from La (Z = 57) to Lu (2 = Ti) and (Xe)
denotés the Xehon core. Electrons 5d(1) and 68 are regarded as outer
¢lectrons. These aré removed to become coﬁduqtion electrene in the metaliié
state leaving a trivalent ion core (with exception of ¥u and Yb which are
divalent a8 discussed below). The properties of the trivalent rare sarihs
are re}ated to those of transition metale because their outer electrens
contain 5d-eleotrons.. In Eu thé configuration with half filled shell

.and two 552 eleclrons slightly below the 54 shell results in this element
being divalent, The.-similar situation occurs in Yb, which has the 4f shell
filied. Eu and Yb aré exceptional among the rare earths also for their

crystal strueturez, _These properties place them among the alkaline earth
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3.

metals. The 4f shell lies deep in the atom shielded by the 5s and 5p
shells and is generally assumed to be tight}y bound gnd localized as -
discussed below. Radial densities of the outer electrons may be seen in
the Fig. II.1-i11ustrating that the 4f shell is well localised in the core.

2.2 Crystal structure of Rare Larths presently under investigation

In the temperature range presentiy under investigation (i.e. 10? -
300°¢) ¢d, Tb, Dy, Ho, Er crystallize in the hexagonal close packed
structure while Nd is double hexagonal and Yb is face centred cubig;*
There are therefore no struetufal-transitions in thezabéye-fangé and this
fact is usqd'in the discussioﬁ.of'opticﬁl results (Section 6.1j;.

2.3 MKagnetic ordering in Rare Larth metals

Uncompensated-spin of the 4f ;iectrons.gives rise to a complex magnetic
behaviour of rare earth metals. 4p is discussed below, this behaviour
ie related to the band struciune_of_the.conduc&ion electrons and so
influences many of the physical properties including optical propefties.
The magnetic properties are therefore discussed in some detail in this
Chapter. It is generally believed that the 4f electrons in the rfare
‘darth metals except Yb, Eu and Ce are tightly vbound in the ionic core.
This is supported by 1-'.he results of the meaéurements of < 1!b3> s where
<?>is the anrage electron radius, from hyperfine fields and nigh tewperature
magnetic susceptibilities, both of which are similar to those of the ions, ¥
The magnetic st?uctures of-the 4f electrons ‘below ordering tempegaturés
Have been investigated by the neutron diffraction-technique (Foehler et al
1962, 1961, 1963). - . The complex nature cf the magnetic
structures is shown in the Fig. II.2, As may be seen from Fiz, I1.2 Gd
ig truly ferromagnetic over the whole téimperature range but nevertheless

¥ Taylor s Darby (1972)
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nrovides a variety of spin orientations, Th, Dy and ilo show a helical

gnin arrangement in their antiferromaznetic region. The helical spin

arrangement is given by an expression for tiiez averages of the spin comnonert:

Heligal <85>

<s5,> cos (ﬁ-ﬁ'i+tp)

(7,Dy,Ho) <s¥s = <5;>  sin ('?ﬁ’l + )

$2 = 0 I1.1
1

<’$ﬂ>is an average ionic spin component in the basal plane,’ﬁl is the

radius vector of the i»th atom. The quantity’i?defines the turn angle

of the helix, As may be seen from Fig. II.3 the turn angle varies slighily
with temperature;(? is called the phase of the helix. Lkr and Tm show
another type of spin structure in the antiferromagnétic phase. It is given

Ly the following expression for the spin components,

X
BretyPe <s¥>a ¢sT> = 0 .
{Tm,Er) <S§> = {EYcos (Gﬁ'l + P ) 11.2

{S,»>is an average ionic spin componen£ in the hexagonal axis

In some cases the spin structures of the rare earths are combinations
of the above two fypes.' Magnetic field applied to a helicaIISpin structure
transforms it to a "fan structure" in which the magnetization vectors alorg
the z-axis are oscillating functions of the distance and "éscillate“ about
the field directions Further increase in the field strength above a

critical value (Hc) producesg a full collepse of a "fan structure" io the
parallel spin alignhent. The critical field is a function ol temperature,
generally rising from a low value just above the éurie temperature to z
maximum of some 30 kOe.just below the Néel temperature. As an example
the critical field for Dy at temperature 90°K, i.e. 10°K above the Curie
point (Tc), is approximately 10CO0 Oe. The antiferromagnetic ordering &t

temperatures slightly above the Curie point may therefore be readily trane-
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formed into ferromoymetic ordefing. This fact is later en used for studies
of optical nroperties in ferro-and antiferrcmagnetic phases and the study
of the XKerr effect.
2.3.3. Magnetic opdering and conduction electron states

Hagnetization curves combined with the neutron diffraction data m;y.
give useful irformation about the influence of magrnetic ordering on the.
conduction electron sfa&es. The conduction electron polarizaxioh results
in an additional contribution to the observed maghetisa%ion whicﬁ ig not
measured dﬁring the neutron diffraction (Koehler et al 1962). From
these {ypes of experimental resulis shown in Fig. I1.4 we can estimate the
conduction electron polarization which is a nieasure of the reoccupation of
con*uc ion electron suateh due to magnetic orderirg. As is éhown below
the mechanisms ziving rise to this experimental fact are rrobadbly the most -
import aﬁu for the discussion of the optical effect of magnetic ordering.

a) R-K-K-Y theory

In the Section 2.3.1 the localized nature of the 4f électrons was

pointed cut. It follows that there is a negligible oveﬁlap hetween 4f

o

:

electrons on neighﬁéuring ions and therefore no direct exchangs interaction.
Howaver, rare éarth metale show a great variety of magnetic ordering and
magnetic order is possible up to 300°K. Rare Larth salis, on the other
hand, are paramagnetic in the same temperature range although the lattice
spacings between R.E. ions in ealts are comparable with those in the metals
(for a review gee Taylor and Darby 1972).

Tn the theory, daveloped by Rudermanr and Kittel {1954), Kasuwa (1956
and Youida (1957) and therefore frequently referred o 2s the R-X-K-Y
theory, the magneiic ordering in R,E. metals occcurs by means of an indﬁrect
eAchanre betwee1 the 4f-electrons of different atoms via conduction electrons,

i.e. the indirect interaction bYetween the locclized spins is given by the



6.

g-f exchange interaction given by the Hamiltonian (sece the above references)

DA
H = — r-R.)S:5,; II.3
s__f N - A( J) J
d
where Sj is the spin due to the localized 4f electrons on the site . j

given by the lattice vc;.ctor.ﬁ'j; "é',—'z". are the conduction electron spiﬁ'

and radius vector resf)ectively, A(?-—ﬁ;) ig the exch:-mge integral -of the
s-f exchange. The sum is over all lattice sites in the principal volume
of the crystal, The Ilamiltonianleads to an indirect interaction between

locazlized spins: L. _
H | (? R)S. T 1
- - TG -ET, 1.4
C i, .

I(.E?1 --:“’.'j} is the exchange integral of the indirect exchange between the
localized ions. The Fourier transforms of the above exchange integrals

A and I have the following relation:

; | 2 )
1@ = o/ @] 2N I1.5
where I ie a number of atoms (in the sum II.3) in the principal volume
of the crystal and X(q) is the generalized susceptibility. Taylor and

Darby (1972 Section 4.1) defined X(§) by the expression

£( £ ,()- 2(E (XK + D)
- E® - & ®+D)

¥,n,n 11.6

@ =

where F(En(ﬁ)) is a Fermi-Dirac distribution function corresponding to
the energy eigenvalue En(_—l'c’) of the conduction electrons, n is the band
index, k is the electron wavevector, ¥ is the number of atoms per unit
volume, The swn is over all conduction electron states ln,k.) ’ \n, k+a /s
In the antiferromagnetic phase the wavevector_a of the periodic magnetiéally

ordered structure, i.e. the "turn angle" wavevector lefined by either of

thie equations II,1 or II.2, corresponds tc the maximum of the Fourijer



't ransform 1(§) of the exchange integral I;(Rj - Ri) (Cogblin 1'971).
.According to the equation .5 this maximum corresponds to those if' tor
which E,n('fc') = Eh(‘ﬁ;&), i.e. if d connects two points of the Fermi surface
(as discussed by Evenson and Liu 1969). | It was found by Loucks (1968)
that relativistic Fermi surfaces (see Section 2.4 below) of Rare Earth

| metals have large flat portions of the Fermi surface with "we‘obizig features"

i for which the above condition may be satisfied. Also the corresponding

I value of ? is comparatle with 'Q) measured experimentally. It iz thercfore
apparent that conduction electro.ns play an impor'b;nt role in the stabi- |
liza.t-ion of tl:_1e- antiferromagretic ordering é.nd give\s an indirect-support
to ‘!;_h_e relativistic band structure ca.l'culaﬁ.ons‘ (di.scu-ssed in Section 2..4)

which are used for the interpretation of the present results.in Chapter VI.

ordering in Rare Earths ‘

—_—  In the case of the motion of a Bloch_electron_ in a. ferromagnetic

metal the Bloch equation (A(4) in Appendix A) would contain an additional

perturbation term

’ ¥-F%) &%
N A(r-Rj Sy

for magnetic exchange which is given by equation II.3}., Buppose that
ferromagnetic ordering oc¢curs along the z-~axis then the Bloch equation

is given by

(Fv 7 -@ve « ';3)3)— 1D AR -5;5;}"1’::

~ E K Y p IL.7

2¢2 2
-f‘—L_ V@ -2 5
2m lmilc

where s is the epin index (s = + 3 ) ,0O= (Gx Gy 64)'/) are Pauli
. . . = . ' ' o
matrices. .The sum over j in the last term is over 1i lattice sites cof the

i . principal volume of the crystal. The exchange term in II.7 i3 assumed to
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be isotropic (Taylor and Darby, 1972) and has a translation symmetry of
the lattice. Therefore the translational symmetry of the wave function
q{ic as a solution of equation II.7 is identical to that of those given
by equation A4 for a non—magnetic.métal. However, the rotational symmetry
of the s-f exchange is different from the symmetry of the lattice,

Conse.;quently, levels én (¥) will be spin .
split by H . interaction into two levels En(ﬁ? §= + %) and En('ic’, & u %)

as may be seen from the first order perturbation theory. The enepg& gap

will be |Watson .t al. (1966)

A = sZ(RX) ' 11.8

ferro

where S” is the ionic spin moment and A(K,X) are diagonal matrix elements
of the Hs-f exchange interaction corresponding to wavevector K. Fatrix
elements A(E;E) are usually supposed to be functions of the différence
¥-K' from which we get (A(R,%) = constant = A(0) ) rigid exchange splitting
of conductior bands over the whole Brillouin zone. In addition <3ferro
was derived frcm the pertﬁrbation theory at zero itemperature, T = QOK.
For finite temperature the above quation will contain a temperature de-
pendent factor E(T)_which is proportional to the saturation magnetization
of the ferromagnetic metal (Watson et al 1968)

forro 5% m(T) A(0) - - - 1.9
Ferromagnetic exchange sp}itting of conduction bands in gare earth metals
is therefore directly proportion;l to the magnetization. Exchange intégrai
4(0) appears to be approxiﬁately constant through the sequence of Eeayy
.rare earths and their band struciures appear tc be very similar, (as
follows from the energy band calculations made by wWatson et, al. (1968),

Keaton and Loucks (1968))
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¢) Antiferromagnetic phase = Buperzone boundaries
" Band gaps arise instead of ihe rigid splitting if the local spin
moments order in either of the spirals of the antiferromagnetic order.in_ .
| heavy r.are earths shown in Fig.I1.2. Inserting either of the spiral" .
structures into the equation II.3 yields off-diagonal s~f exchange per-
turbation elements between the Bloch states for the ele.ctron wavevectors
K-k = -4_~_Q.+‘—C~ being the reciprocal lattice vector and.'z being given
by equation II.1 or II.2. These matrix elements arise betw;:en the states
of like spin for the Tm sx'a:i.z.-al'_and, between states‘nﬁ)bf spin do._wn and
‘Tc +?z +-'f> of spin up for the helical Ho type of structure. Band gaps
occur when 3 +-'%: connects a degenerate pa.ifr of the band states. These

gaps are, (Miwa 1963) :

) Ngy, = ¥S A(’E—Ff—)_l \r@)| I1.10
Dgo =25 2@+T)  |r(@L 111

. n
where P (T) is the structure factor 7 (@) = 1/n _E ' exp-(i-ﬁj'% )

summed over - ,.. the atomic sites in a unit cell. ILlliot et'al (1963, 1364)
h:ave shown that these gaps are important in determinirig many physical
properties, particular}y_ the turn anéle and electrical resistivity. ‘atson
et. al, have estimated _the sizes of these band gaps using results of non-
rele.tivi'st:itc APY band calculations. (Hatson et al 196£). Results have
oeen obtained by pér'tﬁrbation 6f' the nonmagnetic bands with aspiral of

the Tm structure and assuming the A(Q) = A(0) for the ferromsgnetic Gd.

Results are shown in the following Table II.1,
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TADLE IT.1.

Estimates of the values of A for the heavy rare earth metals

(A is exchange splitting due to magnetic ordering)

Element l&ferro Axantiferro Spin number
(eV) (eM)
cd .. 0.61 - . -1/2
T 0.52 - 3
Dy 0.44 . 0.4 5/2
Ho 0.35 0435 2
Er - 0,26 - 32
Tm 0.17 - 1

From the above it is clear that b&éh tyres of magnetic ordering
are likely to contribute to the optical effects of magnetic ordering pro-
ducing anomalies at aprroximately the same phcton energy; but not necess-
arily in the same shape. Tha%_ﬁ3555_¥ﬁai if there occurs an effect of
superzone boundaries in Fhe antiferromagnetic phase it should be generally
recognisable from that of the exchange band splitting at the transition
temperature between the helical and the ferromagnetic ordering.

2.3:4 Effect of masnetostriction

Magnetoelastic coupling is another factor which may influence the
band structure of conduction elect?ons.

Magnetostriction has ‘been found to ﬁe substantial in the rare ea;th
metals:particularly in the heavy ones (Clark et al 1965). As an illu-
stration we quote Fig. II 5 where the magnetostriétion of Dy is presentqd.
It may be seen that the magnetostrictive strains in the ferromagnetic phase
of Dy correspond to changee in the lattice constants by as much as 0.4%

. and- are ‘increaiing as the temperaxﬁre decreases. 'The corresponding

values for other Rare Barth metals are similarly high., The large values



11,
ol magnetostriction kelow the Curie point suggest that the magnetoelastic
energy is very large.and plays an important role in tﬂe stabilization of
the ferromagﬁetic order in the rare earth metals. The above was suggested
by Cooper (1969) and supported by the spin wave'Spectra obiained by_mﬁllér.
et al (;|968).

From Fig.lI, 5 it may also be secen that during the transition from
the antiferromagnetic to the ferromagneti¢ phase of Dy the lattice constant
c.increasei by approximately 0.1% and the coﬁstants b, a decrease by 0.,2%;
the corresponding increase in ¢/a ratio is therefore 0.3p. These changes
in the lattice spaéiﬁg may iﬁducé changes in the one eiectron effective
potential of conduc%ioﬁ electrons which ?n turn croduces shifts in the
energy levele in the corduction tand., This may lead to the reoccupation

P

splitting of the levels due to megnetostriction will occur since there is

of some levels near to the Fermi energy (Ej) It is not likely that a new

a very liittle difference between © and a-axis magnetostriction gnd the -
hexagonal structure of the lattice is therefore conserved durinz the proceses
of magnetization. The reoccupetion of the energzy levels neéar to EF may

be investizated by optical studies.

Accordihg-to the above analysis the most remarkable changes in optical
constants are expected to occur on'cooling velow the transition temperature
between the gntiferro and ferromagnetic ﬁhase whers the lattice constant
ratio c/a suddenly changes by 0.3%. However, as may be meen in Scction
3.3.5 a) and resulis in'Chaptér V Section 3.4 the opticalleffect'of ragnetic
ordering does not aﬁpear to depend on the specific type of the magnetic .
order, This may therefore Suégest that the reoccupation of the levels due
to the'Magnetostrictidn is not largé enough to cause directly an dptical
‘effect. However, it is not possible to make any conclusions in thié matter

until the band structure of rare earths for various lattice constants is



calculated and further experimental evidence, especially”from single
crystals, is available.
2.3.5 Concluding remarks on magnetic_ordering
From analysie in Sections 2.3.3 b) and c) it is evident that the
band stiucture of'a rare earth metal in an ordered phase can be dedﬁcgd_

from the band structure. of the paramagnetic R.E, metal using the ordinary

perturbation theory in which the perturbation Hamiltonian is given by

. the equation II.3. The following section will therefore be devoted to

the resulis of the recent investigations of the band structures of R.E.
metals in the paramagnetic ph@se._.

2,4, Band structure of conduction electrons of irivalent R.L. metals

Ac discussed above in Section 2.1 the conduction electrons of trivalent
R.E. metals are formgd from 5d1-and 652 atomic shells. Because of strong
mixing of s; and d- states that form a conduction band the calculated band
structure-of—R:E. metals differs markedly from that of the free electrop
model. Instead it closely resemblés thosg of the tranei#tion metals
(Dimﬁock, Freeman 1964) ;he bands of which correspond to alimost "tightly
bound" electrons: In the calculation of the Blech functions which re-
present conduction electron states care must be itsken to cﬁoose an a@equate
method, i.e. the expansion over a set of functions which give the most
rapid convergeﬁce. F?om the above it is clear that plane wave ekpangion
is not the most adquate alternative.

It is_gengraliy beliejeq tha; band structures of R.,E. metals are best
calenlated by means of the augﬁented plane waves (APW) (see Loucks 1965).
In this model electrons are assumed to be tightly bound to the atomic core

within the sphere with its centre in the atomic nucleus and the radius

_comparable to the atomic radius or the interatomic distance. .Outside the

gphere electrons are assumed to be free, Inside the so called Slater
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sphere the electron wave functions are expressed in term; of an expansion

of the atomic orbitals; outside the sphere the functions are plane_waves.
This model expresses the mixed s- and d- character of the conduction electron
states. In general there are itwo approaches in.which augmented plane

waves ;re presented. - One is based on the non-relativistic approach;_i,e.-'
both atomic orbitals and plane waves in the above expansion are solutions

of the Schrodinger equation. In order to include relativistic effects,
namely thg spin orbit interaction, the functions in the expansion are
solutions of the Dirac equation. The method is then called Relamivistio
Augmented Plane Wavese (RAPQ) method. The model potential inside the Slater
sphere, the muffin-tin potential, is a sum of the potential of the nucleus,
the Coulomb repulsive potential from both the electrons within the sphere
and neighbouring atoms and the exchange potential energy from electrons
within the sphere and neighﬁouring spheres., This complicated structure

is discussed in detail by Loucks (1965) (also computing-programmes-—are— -
included). In most cases the calculated bands sirongly depend on the

chosen model potential. Thé band structure calculation is not therefore

-gelf consistent and needs comparison with experimental data. IKost of the

experimental data comes from optical inVestigations,-measuréments of density
of states and Permi surface# studies,

The non-relativistic APw.ﬂand structure calculations have been made
for Cd (Dimmogk and Freeman 1964), Y(Loucks 1966), Tm {Watson et al 1968)
and Ho:(‘r\l_illia:ms_ et al 1966).  The results show very similar features
for all the hgawy eléments; for most of the Rare Barths the spin—orbit:
ihteraction is important and therefore reliable band structures can be |

obtainéd cnly be means of relativistic (EAFH) band structure calculations.

‘These were reported by Keeton-and Loucks (196€, 1966) for Gd, Dy, Er and

Lu. A calculation for Tb has been reported by Jackson (1969).
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The-mpffin-tin_potential inside the Slater sphere was cons;rueted
froh the charge densities which_were'theﬁselves obtained by the relativistic

self-consistent~field calculations. Exchénge was included using the

. Slater's 3 approximation (Loucks 1965). This is hélieved-to be quite

a reasonable appioach to the ‘calculation of electronic structuresg of

metals. The two cases of the atomic coﬂfigurations,‘fo: instance the

configurations 4f9 5d1 6s°| were examined in order to investigate how
41_.1() -652 .

sensitive the résu}ts were io the potential, The results show quite a

strong dependence Qf the énergy band detail on the chosen potential,
However, the overall fedtures of the'energy.band structure remain independent
of the chosen potential. Fig, II.8 shows resulis of non-relativistic APW
caleulations for Cd. Fig. II.9 shows relativistic (RAPY) energy bands

of Tb calculated by Jackson (1969). Ihe.corresponding Brillouin zone is
shown in the Fig. II.6. The reader who is not .familiar with the symmetry
noiaéigg;_;E_gﬂe irreducible representations at the symmetry points is
referred tc the Appendix A and a number of textbooks such as Callaway (1964},

Kittel {1963}, Cornwell (1969) and others.

As may be seen from the comparison the main difference of RAPH bands

- from these of APW is at the symmetry poiﬁﬁ L where a large nesting occurs

above the Fermi level EF for RAPH calculations and the -band is therefore

empty while -the corresponding APW band occurs far below EF and is therefore

' occupied. Also some of the levels at the symmeiry points K and H are

split due to ihe relativistic effects. However, the overall featurss of
the two btand siructurées are quite .similar. Also calculated band siructures

for the different hcavy rare earth metals have been found very similar

and thercfore ihe above band siructures may be regarded as common to alil

heavy rare earth metals presently under investigation (i.e. Cd, Tb,'Dy,

o, Br) (Keeton & Loucks (1968}, Watson et.al. (1968)).



5)}. Ordinat

GADOLINIYM

..

i
0.
r
0.3
4 R
0.1 ! . L '
r T K P H [ A
\&/ &
) .

GADOLINIUM

.MI .
Hi- Y. U, /
4 h“;"“ ul

L L ,
e =g | -
K'\ .: M; M‘—E u._‘!-l H“
xr§§$$\§____ o /
o_; % \ : u, L, K,
K . Tl Mi u.
] H: e -
o1 ' '
K. T wm u L " M
. Fig. 1b.
Mg .b/\\ i §>..
GADOLINIUM |

L82%ivisgtj & Land £ F i
G tic €Nergy Lands of Gd {from dlzitock et .al,

€5 are energies in Aydberzs,



& -N...

. 1

Fig.11.9 Inergy bands of tertium wetal (relativistic effects
included).(after Jackson(1969);.

ool e U T e FL P e b O HARIAS B i [ mtnd BUF e NP Iumaed iter

= -



Fig.II.10

Permi surface of tervium({Jackson{196%)).




15.

The bapd nesting near to the point L correspends to the flat po;tions
c¢f the Permi surface, the so called "webbing features”, which are thought
to have & significant value in the stabilization of the antiferromagnetic
crder iniheavy rare earths, The Fermi surface of 2 heavy rare earth metal
is éhown in ihe g, IT.10.

2.5, Transport Froperties

The theory of magnetic splitting of conduction electron states (Section
| ' 2«3.3) predicts anomalies in the resistivity variation with femperéture
| (Elliot' and Wedgwood i964) which provides a link between optic#l properties
and electronic-prbper{ies of rare earth metals,

- Such anomalies have been observed for a number of elementé (Lodge
1969). A typical éxample of tie resistivifj of a polycrystalline rare

earth metal is given in ?ig. IT.7.

The close relation between optical, electrical and magnetic properties -
_ ____;;_;;;;-;arth metals can be used for both-the-interpretations of the results
and, in our case, served as a useful check of the gquality of measured
samples (see Results).
2.6 COncluéigp,

In the Sectién 2.3.3 it'ﬁas peinted out that magn;tic ordering pro-
duces a splitting of cOn&uction béqu. Such splitting causes reoccupation
of the levels near to the Fermi energy and new optical transitions associated
with it. .Three mechanismé-which aré moet likely to cause such splitting
have beéen considered.: These are ferremagnéiic exchange splitting, energy
gaps at the superzone boundaries and megneiosiriction. It was alsmo
pointed out thét the exchange factor A(?'—'ﬁi) defined by the equation II.3
'is approximately constant throughout the series of heavy rare earths. Also

calculated energy bands are very similar throughout the series,

I3 may Ye seen from the following Chapier'that exchange Splitting may
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be studied py means of optical investigaticns. From similari%y of enérgy
bands in rare earths and the fact that exchange constant A(O) is approx-
imately constant throughout the series we can make a study of the common
eneréy band model by systematic investigations'of "magnetic”" optical
absorption.bahds of the rare earth metals, o
as a £irsT approx/malion .
The other important fact is that for such studies we can usgkresults
of band structure calculations for non-magnetic rare earth metals. With
this in mipd, we have studied ﬁhe effects of magnetic ordering on the
gptical constants of the rare earth; to investigate the degree of correla--
tion wi¥h the cél?ulatéd band structure. Th; results of'thiS'invéstigation

are dqscribed in the following Chapters.
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CHAPTLS 11T,

OI'TICAL FROPERTILE COF RARL HARTH KLTALS,

3.1 Iﬁtroduction-

It was pbinted out in the previous chapter that magnetization
processes produce changes in the band struciure of Rare Earth metals.
These changes may be investigated by optical studies as described below.
This chapter deals with the microscopic theory of optical properties of
R.E. metals and gives a comparison with recently published experiGental
results, A brief macroscopic definition of cptical ponéfants is
presented in Appendix D.

The optiéal béoper%ies of R.D. mefals are discussed in.this cha#ter
in terms of the behaviour of the real part of the opitical condustivity
(5@:) as a function of the angula; ffequencya;of the radiation. The- real
part of the optical conductivity is briefly referred to as the "opficql
conductivity”, - __ _

Sgnce most of the R.E. metals under invesiigation have the haxggpnal-
close packed crystal structure (Section 2,2) their optical constanis are
expected to be anisotropic and, strictly speaking, the above definedlsﬂd)
should be alwzys presented in the tensor form.

However, thid"poiyérystalline films under investigation have,. from
the macroscopic point of view, no preferred lattice orientﬁtion_' (ﬁodgson
and Cleyet (1969), Lodge (1965)).  Hence, their apparent optical con-
ductivity is an average over all lattice directions. |

Ffom the ﬁicroécbpic point of view the grains of the polycrystal
are single crystals with aniéatropic electronic siructvre. Therefore,
in order to intgrprqt;.microscopically,.the ﬁeasured optical conductivity,
the anisotropy of the band structure énd optical-conductivity has to be
considered bearing in mind that tlhe ¥esu1ting optical conductivity is an

average over all lattice directions,
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The formal ¢connection of Opticai properties with band struciure
presented in section 3,2 is made through the tensoxr form of fhe cptical
conductivity; the 3 x 3 components of the tensor ars denoted as
r Gij_(;_‘f 1,2,3).

On the other hand, the theory of free electron absorption (séction'j.j)
uses isotropic valhes'of(S. "The theory is mainly used to derive Bomé
empirical parameters from isotropic values of optical constants needed

in the discussion of experimental results,




3.2 Direct Interband Gpticﬁl Transitions

This section deals with electron transitions between the conduction
bands ix; a solid caused by interaction with electromagnetic waves. The
interaction Mamiltonian is given by Callaway (19€4 ) .

-

A - . ) -8
H ] eh A1V

vod me “'P = Tmo - III 1

where e,m are electron charge and mass, ¢ is the v-elocit-.y of ligiz't,‘ﬁ
is Plax;:{c's constant;z is the vector potential of _the eleci;‘romiagneﬁe field
and"ﬁ' ié the momentum operator of an ei-e,c-tron. The scalar ﬁote.-ntia-l
can be _a.ssumje'd t0.be zero for t-!}e' field of an electromagnetic wave, so

-tp
the electric field E is given by the time derivative ¢f the vector

poiential, i.e.

_ __The real vector Ppotential of. a travelling wave of the frequency W .

and wavevector E'r

ad will be represented 'by‘ .

T (F,t) A A exp (i(ﬂraa';-.&&h.)) + complex III 2
. . cenjugate

- .

9( is the unit vector of the polarisation in the direction of the
electric field. -The iransition probability between an occupied state

| :i.) and an empty state |J> due to ‘the absorption of ome radiation ciua.ntum

Fu 1o given by Callaway (1964) as,

. — - ) 1"‘” -3 s 1 ~
Wig = 21l im0 (kg P 121 6lE 80 60) gy

83., £ ; ars corresponding energy levels; the S -_funct'ion indicates the
conservation of energy during the transition _\i)""lj). ~ The rest of
the symbols are defined above,

The rate of absérption of unit intensity eleciromagnetic radiation
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per unit time and velume is given by real vart of the tensor of opt:.cal
c.onductw:.ty _ (see alec .Appendix D).

Summing over all transitions \ f) --}lj? eom!eSponding te a single
frequency H, taking the occupation number of electrcnlc states \1) as
Qi into consideration, the real part the tensor of optical conductlvxty (

Zﬁ
along a principal axis, say[., is given by (Kohn 1965)

G}t (w)=1 AL («31 -§3) §(¢; -; )

whére ‘ﬁ is the d}o'nponent of H rad for the polar:tsa,..lon along the

11T 4

eoord:fnate axis indexed by f, i.e.

- r{'\e - (e/?m")de P, exp(lkrad °

Since 'ﬁr ad does not depend on spin, the optical transitiocn matrixz element

in equation III_3 is gzero-if the states \17 and \37 correspond to dif‘feréﬁt '
spin. The spim flip opt:';cal transitions are th‘ei'.efo-re not ge-ne_r_al_ly .
allowed, |

.

1f |12!\57 in equatmn III 3 are Bloch states | pokD= e ikeT 4y (

i—. i ‘l .
') =e (lc 7) resnectwelv( n,n' are tand indices, X, k ere -
conduction electron wavevectors)then the matrix element in III. } can take

the form

t A . -y
<K' H.M|Mk>-=5£r% (i )Hmd Uy () o O(;,‘,.E_kmd) IIL: 5

The S—f‘unctmn indicates the conserva,tmn law of the uavevectors 1, ¢,
. . - . . . . 3 . b
- . :
AR %0 1II 6
A ) -
In the optical region the radiation wavevector ﬁr ad has a0 absolute value l&mll |

less than ‘1-0b g:m"'1 while maximum absolute value of the electron waveveotor: -
E ig about 108 A:;mi_‘l - (Calilaway 1964, The selection rule III 6

corresponds to approximately vertical iransitions between bands n and n' K ;l.e,
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direct transitions,

Fer Bloch electrons the expression III k takes the form (Kohn 1965)

Gl - 2 L JeRUFD D] (20 - ]

2t m*uw lvﬁlt dz. E Q)]‘ ) III +
in which the occupatlon numberse Q ware replaced by the Fermx-lhra.c
distribution functions f (E) | f "I:) corresponding to the energy levels
\,ﬁ(k), En (k);Ej, E, correspond to En,\k), gn (k). The sum ip I1TT 7

is over all bande n, n’ involved in the transitions, the surface integra.t_.io'n

is in the wavevector space over the surface of the constant energy
differences g:iven_ by
~p adn
E.M'(b) = em(g) =hW
: ).y
The matrix element is given by the equation III 5% Vg = <= ! the rest of

the symbols are as above.

Equation II1 7 predicts striking features in éu(!d) near van Hove

critical points (Callaway 196%) defined by equation

-Vz(.gm.(z) - EM(E)) = O | ..'. $

i.e. denominator in III % is equal to zero and the integrand has a

P

singularity. The critical points correspond to the direct optical

interband transitions at those points in the Brillouin zone given by the
~3

wavevector h for which the bands n, nl are parallel,

In cases where critical points occur in relatively small parts

of the Brlllom.n aone the ma.tr:.x elements in III7 can be safely amsumed

to be "slowly" varying functions of the wavevector l( such that the optical

conductivity is proportional to the quantity

T )= | J_é_[ﬂ(?%ix(?)j

. P,




22.

usually called the joint deneity of states function; it“measures the
product density of full and empty states of equal energy difference. In
this case the encrgy difference En (i) - En,(f) may be expanded in a
Taylor series. The signs of the coefticients of the series are important.
in determining the behaviour ofi]nin.(w) near a critical point. Tﬁg four
types of the van Hove critical points determined by the coefficients
correspond to the characteristic striking features in the behavi&ur of
the optical conductivity as a function of frequengy. The critical points
usually occur at the symmeiry points iﬂ the Brillouin zone. Also, due

to the high symmetry of the states at the symmetry points the levels are
usually highly degenerate. -

The siudy of optical transitions is usually cencentrated on the
points of high symmetry in the Brillouin zone where *he.critical points
may occur and optica.l transitiors are relatiﬁly intence, An example of

____optieal transitions which may occur-at- the critical points in the Bril;ouin
zone for paramagnetic Gd is given iﬁ Fig IIX 1. -

On the other hand when a number of critical points cccuis at the same

frEquency'as may be seen to happen in the abhove eXample;it ig very

difficult to wresolve any features in the optical spectra connected with
the particular critical point.

Relativoly more information may be cdbtained by studying the critical
points where large portions-of the Brillouin zone are involved, because
the optical transiti;hs are comparatively more intense than in the above
case aﬁd are therefore bdetier fesolved in the optical speqtraa.

If a la?ge portion of the zone is involved in the "critical pointé"
the . matrix element in III} has to be ccnsidered as & function of
the_wavevector as ha3d been discussed in detail by Aschrofi and.Sturm(197ﬂ.

An example of such critical points connected with magnetic ordering

is disoussed in the following section (3.4).
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Selection rules

Selection rules of optical transitions betwzen the states in the
conduction band determine which of the possible transitions between the
two states say \ i") and \j> are allowed. They are given by non-zero matrix

elements of the optical transitions given by equation III 3, i.e.

A - . . .
4,’,” Head | 1':> * O - ITI 10
where ﬁrad = (e/2me) 7?--; is defined by III 1.
Two examples of the selection rules such as the conservation of
spin and wavevectors duéiﬁg'che.tfansitions have been discussed above.
In general, selection rules follow from the symmetry properties,
of the states involved in transitions. These states generally satisfy’
a ona-electron Schrsﬂinger equation of thé type
Ry e > 11
Symnetry trgnsformations of the Hamiltonian are those transformations Qf
coordinates and spins which leave the Hamiltonian unchanged. Such trans-
formations form a finite group cailed the symmeiry group of the
Hamiltonian. -Tﬁe properties of the symmetry group corresponding to the
hexagonal close packed structure of the Rare Earths are described iﬁ
Appendix A (for detailed treatment of the group theoretical backgéound
the reader is also_reéerred to_a number of textbooks such as Callaway.(1965)i
Cernwell (1969) etc.;). The symmetry of eigenfunctions ‘ i> of the Hamiltoenian
is-thén eharacteriseg by ir%é&ucible representations of thi; group iﬁ matrix
fafm. Traces of the matrices form the character tables which have a
particular importance for working out seléction rules of optical transitions,
'Charaétér tables'éﬁ the irreduciblg

representations of the symmetry groups corresponding to the hexagonal close
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packed structure have been tabulated by Herring (1942) and Elliott (1954)
for all symmetry points and axes of the Drillouin zone. With the help of
some group theoretical considerations we can obtain the selection rules

of optical transitions. TFor rare earth metals, these are tabulated for
thé criticai points at the symmetry axes and points of the Brillouin zone.
in Appendix B,

Optical transitions in paramasnetic Rare Earths-

-In the case of a non-magnetic metal, the one particle Hamiltonian
of copduction_e}ectron motion has the full symmetry of the-ér&stal lattice.
Selection rules theréfore.follow from the full symmetr? of the dfystal )
lattice and are discussed at length in Appendices A ard B. Uéiné Table
B1 in Appendix B and non-relativistic energy bands for G4 shown in Fig.I13
we can deduce the allowed interband transitions which occur in the

Brillouin zone. Some of these are shown in Fig.III.1.

" This clearly ehows that numercus interbénd transitions occur between
1 eV-and 2 eV, Since the rest of the heavy rare earths have practically
the same energy band structure, the same diagram of allowed optical transitions

applies for them also.




3.3 Intravand transitions

The interband transitions discussed .in section 3.2 require a ceriain
mininum energy c¢orresponding to the separation between the energy bhands,

However,the most common feature in the optical absorption of metals.
is a .cha.racterist-ic rise in absorption as photon energy approaches h zero.
This phenomenon is connected with the fact that conduction energy bands
are partially occupied by electrons and tra.nsition;s within these-band.s
occur., These intraband tzfa,nsitions are indirect_, because a change within
a band m\.xs't be associated with a changt-e in crystai momentum; . ise. |
electrons undergo .collisions during ore optical period.

Absorption connected with these intraband transitions (free electron
absorption) is in its isotropic form defined by the real part of optical
conductivity (3 (1) given by a modification of Drude's equaticn -('.see for

instance Hodgson (1970)).

6(o)
{' + w‘l't'l'

Gw -

IIT 12

where 2 is the angular fpequency,()(O) iz the opiicel conductivity corress
ponding o zero frequency ((..)=Q)i't is the electron relaxation time in

isotropic form, G (0) is given by [Hodgson (Ia-?ﬁ)] -

NeT |
JORE = ITT 13
' M opt

where N is the number of free carriers per unit volume and mgﬂ  is the
¢ptical effective mass., Ii8 reciprocal value is an average of - the
electron velocity over the llermi surface. If the material is anizotropiec
the Feimi surface is non-spherical and joint anisotropy of relaxation

time and velocity over the Fermi surface should be.censidered, This would

. be -the case of rare carth metals where the Fermi surface is very anisotropic

- a8 indicated in Fig II.10.
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Hodgson and Cleyet (1969) used Eq.III.12 for the low energy extra-
polation of room temperathre'optical conducti?ity(f(W) of Gd films below
0.5 eV, The extrapclation was chosen by comparing the values of the real
part of dielectric consiant €, (), obtained fromG(w) by the Kramers—
-Kranig relations (Eq.VI.1) with those obtained experimentally.
‘ i The values of zero freguency optical conductivity(ﬁ(o) obtained from
extrapolation were comparable to values of d.c. conductivity Cib:c,
(G(0) was slightly smaller than @).). The good agreement of the two
values sﬁggests that thermal brcadeniné effects at room température mask
any possible structure in'G@d) for photon energies below 0.5 eV. Slightly
smaller values ofC;(O) with respect to d.c. values are expected, according.
to Abeles (1972); optical relaxation time includes the effects of both:

electron-electron and e¢lectron-photon collisions while eleaeiron-electron

scattering plays no role in d.c. conductivity.

_ However, the above agreement may be only accidental eince strong
interband transitions may occur belbw 0.3 eV, as may be deduced from the
calculated band structures. |

In or&er te check this point, the extrapolations were curried out f;r
the sequence of R.E,metals and éhe zero fregquency values of the condgctivitx

(; (0)lwere compared with the d.c. conductivity value. This is presented

in Chapter VI.
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3.4 Optical Transitions connected with mammetic ordering

New transitions in a ferromagnetic metal are connected with
the exchang; splitting of the conduction bands and with energy level
| shifts which are produced by magnetostriction. In this séction we
_ will on;y deal with the effect of tﬁé exchange €plitting since the role
of the magnetostriction is not yet sufficiently understood.
The optical effect of the exchange splitting can de dividqd into
-two types. The firet are mwew transitions which 6ccu£ when ohe of. the-
Spin-split.subbands crosses-the'Fermi level and consequently féoccqpaiion
of the subband causes néw transitioné. This is the effect which is the.
most likely to obcu¥ in R:E. since there is a number of placas in the
Brillouin zone of R.E. with flat ﬁortions éf the d—like bands ﬂea& to the
Fermi level. For fhis case there is no need to reconsider the symmetry
of the new St&&ﬁﬁ_iﬁ_ﬁpin;Split subbands and we therefo?e can in fect ume
the selection rules for a non-magnetic mefal.
The other type of optical effect is connected with large ﬁixing
of the bande near the Fermi level due to the spin-orbii coupling making
allowed dipole transitions betwéen spin-eplit subbands{ Dimmock et al (19653
The energy of the sﬁiﬁ orbit interaction was estimated by Watson et.al.,'
(196@) 1o be approximately 0.4 eV, The estimated valus for eichange
splitting is 0.5 eV for Tb, 0.61 for Gd etc., as is shown in Table (I 1.
This means that intense parallel band transitions may occur in the region
of | 0.5 eV, As-the bands ﬁear to the Ferni level are quite flat,

large areas of the Brillouin zone are likely to be involved in these

transitions and the joint density of states is very high. This type
of effect has a very characteristic anomaly in the optical absorption

spectra typical to all parallel band transitions. Optical conductivity
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6((0) is given by the relation (Asghcroft and Sturm (1971))

6(0‘)) ~ . (E‘-farra)l

: 14 . III 1y
W) -~ ™ i 5
[ (ﬁ ) (A-Gervo‘) 1
: where A ferro is the exchange splitting defined and discussed in the

previous chapter. FPlaces where parallel band transitions due to

| exchange splitting are likely to occur are discussed in Section 6.1,
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Pig IIT 2. Gchematic diagram of the structure in the optical
conductivity connected with transitions hotween the
spin split parallel bands in ferromagnetic raire earth
metals; dotted line is a theoretical _
curve given by equation ITI 14; dashed line is the
Drude contribution.

The expression for absorption showe “that the anomaly is in the form
of a hyperbolic function with the singularity for s = At‘erro' If the

free~electron contrlbutlon and the thermal broadening are also consxdered

the optlcal coniuchvny G(H) takes the form as mdlr-a‘t.pfl by the full line

in Pig II1 2.
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Summarising it can be said that a unique siructure has beel Seumd sujjesied
in the spectral dependence of optical absorption which corresyonds to the

ferromagnetie exchange splitting of the conmducticen bands,
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3.4 (v) Effect of superzone boundaries on the optical properties

As sugéested by Hiwa (1963) optical transitions can occur across
gape at t!-w superzone boundaries induced by a periodical spin structure,
Superzone boundaries are plahes bisecting ve.c'.‘:o'rs T = ('}‘,‘; +'6). vhere 73?
is the wa\}evector characteristic of the periodic potential of the spin
structure, (defined by Equation II 1), T‘?n is a reciprocal la.ttice_ -vector.-
Considering the simplest model, that of almost free electrons with the
isotropic effective mass, optical qonduc'bivity associated with the trans-
itions across the gap at the superzone bounda.ry_:l?n = (En' +3)/2 is given

by Miva (1963). N

G (@)~ { cos?A P )/(RF((8)2 - 2% x 1/ 111 15

)\ is the angle between the polarization vector of the radiation and the

vector P, A is the energy gap ai the superzone boundary given by equation

-———TFI—tt depending on the-type of the pericdic siriicture and m* is the effective .

mass of the conduction electron.

" The shapes of the absorption band is very similar 16 that produced
by the ferromagnetic exchange splitting and is schematically shown below
in Pig.III.3. The d.ashed'curi_re in this figure shous the 6(1-3) curve
predicted by Eq.III.15. The full- curve Bhows that cbtained by consideriné

life-time broadening and free electron absorption,

The wxipewa peak in the optical absorption spectrum is sirongly dependeni
on the size of the gep and the type of the structure. Miwa's theory

therefore predicts somé schanges inG(M) at the iransition between anti-
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ferromagneiic and ferromagnetic phases which is in disagreement with the
experimental results, The question of the role of superzone boundaries

is therefors left until optical properties of single crystals are thoroughly

investigated.,

olw)

Fig.lXl.3.__Schematic diagram of the structure in the optical.
conductivity curve connected with the band gaps
at the antiferromagnetic superzone boundaries

(from Miwa 1963). (1) Predicted by Eq.III.15; (2)
Life~-time broadening and free electron absorption
included,
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3.5 Contemporary Data on Optical Froperties of Rare Farth Metals and
conmparison with other Masnetic Metals

3.5 (a)  Optical properties of trivalent R.E.

Considerable effort has been devoted by Schuler (1963, 1966) to
measuring thé optical properties, of Gd, Dy, Ho and Lu,. The absorption
bands are broad and it is not possible to rélate the numercus critical
points in the band model to the spect;al structure of optical constants
at room temperature. In the magnetic phases new obtisal anomalies were
observed in Gd, Dy, Ho and it is reasonably clear that these anomgliés
are related to the magnetic ordering. Ko low tempéraiﬁré chaﬁges except
those due jg a Drude ccntribu¥ioﬁ werelobserved for instance in-Lu which
is non-megnetic and has a band structure very siﬁilar to the rest of the
Keavy nare e.arths, |

As an illustrative exampls we quote Fig III.4’30tainEd by Hodgson
and Cleyet (1969) measuring optical constants of Gd thin films by a

---- ——-poeiarimeiric reﬁleetion—metﬁodm The rocm temperature daia show cne broad
peakx in optical conductivityfg(u) extending from C.6 eV tc 2,5 eVex On
cooling faf below the Curie point of Gd bulk material (Tc = 289°K3 new,
quite pronounced, peaks in 6(w) were obzerved at photon energies 0,7 eV and
1.8 eV and a very small structure at 1.1 eV, The calculated reflect-

ivity and fransmiséion data agreed with the resulis cf Sdhaler (1965).

The peak ip(g(h) at 0.7 eV was attributed to the transitions between the
spin-split bandss- -- The size of the bhand -gap produced by ferromagmetic
exchange splitiing is assumed o be of the same sisze for Gd. (Watson
et.al. 1968).

The elements-with heiical spin sjructures below the firs{ ordering
. temperature .show rather complicated pheﬁomena and so far it i= not clear
what is the origin of the optical effects of magnetic orderiﬁg of thosae

metals, Cobper and Reddington (1965) reported an attempt to record
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Pig.III.4 Optical conductiviiy G (W) of gadolinium
films (after Hodgson & Cleyet (1969)) measured
at 293°K and 105°X, '




changes in optical absorption of Dysprosium thin films during

transition from the helical 1o the ferromagnetic ordering by the application
of a magnetic field in excess of oritical field_ﬂfrengfh.- No Ehangea

in absorption due to the transition were obéérved. The ferrohagnetio

splitting of the conduction band was calculated by Watson et.al. (1968)

and appears to be aﬁproximately the same as the éize of the energy fanﬁ
gaps produced by helical spin strﬁctures at magnetic superzone bbundarieé.
(This is discussed in detail in the following chapter). From this Watson
et.al. conclude that-"no appreciable changes in absorption due to £ransfef
into the ferromagnetic region are to be expected". Lven though the sizes
of the gaps and cﬁnaequently the positions of optical anomalies on the-
photéh energy scale are not expected to change during this franefer it .
does not mean that fhe shape of the anomaly éhould necessarily stay fixed,
L This would rather suggest. that superzoﬁe boundaries do not contribute to-

the optical effecis of maénetic ordering and that a more gsneral approach

t0. the problem has to be taken,
Optical conwtants of very thin films of rare carth meisla Ga; Toy
Tm, Ce and Nd were reported by Pétrakian{3972L These filmg were prepsred
10 '

in static ultra high vacuum conditions at a pressure of 10 mm.Hg. Even. -

. " though the results seem to show some similarities with those obtained on

thick samples (h'ZOOOAO) overall égréement with them is rather poor. -
(Compare for instance the Gd data cbtained by Fetrakian u 972) and Hodgson etal.
@969». The source of these differences may be'associaxed with the

thickness itself, since in a study of the variation of the characteristics

of rare earth films with thickness Lodge (1969) has shown that below 500A°
the magﬁetic aﬁd electricai behaviour of the film rapidly deviates frﬁm |

that of bulk material. We would rather exclude these.results from our

further discussion,
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Photoemission investigations on several heavy elements recenthf
reported by Broden (1971) did not show any sign of structure in the
rhotoemission spectra in the energy region O eV -10 eV below the Fermi
energy, which could be attributed to the transitions from 4f-shell,
This suggésts that 4f states in the heavy élements are too far below
the Fermi level to be observed in this photon energy range, Thié could
be taken as further support for the theory of magnetic ordering described
in Section.2.3.3 which is based on assumption, that 4f-electrons are

, localized.

Al
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3.5 (b) Comparison with other magnetic metals

" Before the subject of the optical properties of magnetic rare

earth materials reported in the literature is closed it;would be

interesting to compare these with published work on the'bﬁtical-proéerties'.

i of other magnetic materials éuch as Cr, Ni. 'The optical properiies of

| these metals have been studied more extensively than those of rare

e§rths ﬁost‘probably because Ni‘ana.Cr are leés.reaeﬁive in ;ir'and have

a simpler bhand structure than rare earths. :Alse the band structure of

Ni is closely related to that of Cu which has been studied in ;he mos£ -

detail in the past (for a review see Abelés (1972) Section 3.3.3) and

| is well understood. .

There is therefore a good chance of finding some general indication

; of the processes which make the most important contriﬁutions tc the

| sptical effects of magnetic ordering of metals in general.

. _—_ _As a first example_Hickelluill be_considered. It is ferromagnetic
below 580°K and its ferromagnetic exchange energj is found to be 2PLrox—
imately C.4 eV (Hanus et al 1968).

It has been found by (Scoﬁler (1967)) that the-ferremagnetic ordering

induces new structures in temperature modulaied_reflectance-épectra at '

- photon energies 0.25, 0.40 aﬁd 1.3 eV. The most successful interpretation
haé-beeg reported by Hanus e% al ($96§).- They have co;nected these absorption _
_péak;.with eichange splitting of conduction bands. In their theory the |
fgrromagnetic e;change produces two types of the band structure, one of
them corresponding to the electrons with spin& the other to these with
spinl. The exchange Splitiigg of the levels near ito the Fermi level leads
.to their reoccupation and consequeritly new iransitions occuf. Both
majority and miﬁority'bands conitribute to the effect. | Por instance the
~ peak at 0.25 eV corresronds to transitions between majority spin bands;

peaks at 0.40 eV and 1.3 eV correspond to minority spin band. transitions.
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The above theory is thought to-be the- most likely explanation of
the effects in Nickel in ferromagnetic phase and is also considered for

discusaion of the present results on rare earth metals as may be seen in

saction 3.4 and chapter VI,

However, there may he another mechanism 1nvolved in the optical
effect of exchange splitting, As discussed in section 3.4 the presence
of a strong spin-orbit coupling mixes the spin character of the cbnductioi
€lectron states making the transitions between the "spin up" and "spin down" '
bands allowed. -The above.maj be investigated by é.stﬁdy.of mégnejooptical '
spectrd'sinée the spinsorbit.fntéractibn makeé a contribution ta thg non=—
diagonaJAelement;.of the dielectric ténsor which ié'respogsible for the
Kerr—effect (Cooper 1965).. .
. However, as may be seen frqm.Krinchick (1969, 1970, 19717 although
- the Kerr effect wgb fou;%;F:iatively large in Nickel the magnetooptical
anisotropy failed to be explained by considering solely the effects of spin-
orbit coﬁpling. Paxker(1972)ahows that the anisotropy can be explained
satisfactorily by consideringin addition to the effects of spin-orbit
coupiing the aniseiropic effects of magnetostriction.

The abeve suggests that epin orbit coupling is probably not comparable

with the exchange spllttlngIM-Nl and the m1x1ng of spin character mentloned in -

section 3.4 is not large enough for optical transitions between the spin

split. bands. to occur. . The role. of magnetostriction has been briefly

dzscussed in the sectlon 2.3, 4.

The other metal that may seem to be relevant is antxferromagnetxc Gr.

_Below the Neel temperature it shows an optical absorption band near 0.12 eV . |
' (Barker et,giﬁ 1968); A model for_tﬁe interpretation of this absorption
band is Sased on the theory of itinerant.antiferromagnetism and is formally

similar to the theor& of the band gaps connected to the superconductivity

(Fedders. and Martin 1966). Here, too, one thinks of two band structures,
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one for electrons with spins in phase with antiferromagnetism and the

second for electrons with spins out of phase.. In agrecement with the

experimental results the theory predicts an absorption maximum at

approximately 0.12 eV which is temperature dependent and disappears above-

the Nedl point.

However, the usual approach io the magnetic properties of Rare
Earth mstals usés the localized moment model and it -would not seem that
the interpretation used for the Chromiﬁm results would be relevant for

the discussion of the results reported in this thesis,
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CHAPTER IV '

EXFERIMENTAL = .APPARATUS

4,1 Introduction — Discussion of experimental methods

A particular problem in all optical studies pn:metals is thgi
of sample preparation. For the rare earth.métals, the ordinary
methods of polishing and etching fail because of their extreme
reactivness, Host of the work, therefore, hae been done .on thin
films prepafed-in high vacuum conditions and protected by a thin
layer'from exposure, It is,hcowever,frequently found that thin
metal films have properties different from those of bulk material.
In order io examine this point, the resistivitj variation with temperature
-was measured on each evaporated film and the resulis compared with those of
polycr&stallina material published in the literature. The results show
" that the curves aré essentially identicél apart from the expected

difference in residual resistance due to built in strsin in the £ilms.

The second problem is associated with the selection of the
right method of film preparation for optical measuremenis. Results
puhlished-by several authors on rare earth meitals show that even the yse
of ulira-high vacuum condition such as 10-9 vm Hg used by Blodget

et.al 0955)is not enough to protect the surface. of the films from

gradual oxidation and subéequgnf change of optical constants,

On the other hand, the cptical éoastants of metals are bést
determined by studying reflected radiation. The examinatién_of
transmitted light is resiricted by strong absorption in the visible
and infra-red region to the use of very thin specimens (<:BCOE or
less) and the quest;én then arises as to what extent the properties
of such specimens accord with those of bulk materialg, In sfudies
by reflection ihe relevant thickness is directily related to the
penetration depth of the electromagnetic radiation and care must
be taken in the prepsration of representative surfaces.

In order te avoid cxidation while still 'maintaining good surface
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conditions R.E. metaig vere deposited oﬁ to the base of a silica prism
_in high vacium and covered gy a protective layer of SiO.

Tﬁe most accurate method of measuring the optical constants-n
and k (or EL, and optical conductivity 6 ) in the v1sib1e and infra-
.red region is by the use of phase compensators, but unfortunate]y these .
compensators are usually restricted by absorptxon-to wvavelengths less
than Z;Eﬁﬂb These methods measure the elliptiéity of polarised light _'
feflected from the metal surface. There are though several other |
methods for measuring optical constants whlch require only one or two
polarisers. One of them measures the principal angle of incidence e
and azimuth ??Its advantage lies in the fact that it uses a detector
of radiation only as means of indicating the equalitx of two optical
intenéifiesw However, this method is not suitzble for most metals at
wavelengths sréater than 2.5um spcause of- the large valués of € which
occur, Further, this method is inconvenient since it needs a contin-
uous change of the angle of incidence which leads to great difficult-
ies if an internal reflecting surface is used. The values of optical
constants can be found by measurements of reflectivity for at least
two values of the angle of incidence (Bueche 1948), The method is not
capable of high accuracy because the_vari&tion-of reflectivity with ©
is not sensitive to changes in Ea andZ(i ; Before proceeding further
in a discussion_or the experimental apparatus it is necessafy to mention
briefly other work on the optical properties of the B;re.ﬁarth metals,
namely that reported by Schiler (196# 1965). Schuler observed anoma-
lies in the low temperature reflectlvity of the several heavy rare earth
metals in the region 0:i3%eV - 0.5eV of. photon energies. A élassical
technique of obtaining optical constants from the transmission and
reflectivity data used by this author appear to be-quite adequate for

the first investigations of *he optical effects cf magnetic ordering in

% Ingersoll (1910)
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the heavy rare -earths, Hawsvéf, absélute values of the optical const-
ants and even positions of the peaks derived from such measurements
Qppeared.to be_quite inconsistent and therefore more accurate'techniqu;s
have to be used to obtain meaningful information about optical effects
of magneti& ordering. - . |

In the present work the optical constants weie determined by the
polarimetric reflection methed. This depghd; on the gnalygis of th; |
elliptieéliy polarized radiation obliquely.reflected from a metallic
film. (Basic principles of the polarimetric (or ellipsémetric) method.
are presented in Appendix D). In the vresent case the metallic surface
at the film-substrate interface was examined; the fused silica served
az:8 transparent dielectricum. This method has the advantage that it
requires measurements at only one, arbitrary, velus of the angle of
incidence \f » This advantage becomes impgrtant for measurements at
helium temperatures where a.rather elaborate cryostat had to be used..
optical constants which gives an oprortunity to study fine structures
in optical absorption spectra due to the magnetization processes.

In order to check consistency of the pola;imetric method, the
reflectivity coefficient was calculated from the optical constants
obtained by polarimetry and comp;réd with the }eil;ctivity coefficient
directly measured. A block diagram of the reflectivity method used in
the present work is shown in.Fié IV.k. The sample reflecting surfaces
for.Qeflectivity me#surements were prepared similarly to those for
ellipsometry. Metallic films were.deposited on;o a silica glass plate
énd covered by a protective layer 9f 5i0. The reflecti;ity was ﬁeasured
by examination of the reflection at the metal-to-suﬁstrate interface. A
simplﬁ liquid nitrogen c;yostag was made to examine reflectivity of R,E,

films at low temperatures (as indicated in Fig IV.4). Some of the

-
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results are presented in chapter V. . '

4,2  Theory of the ellipsometric method

In oz_-der to simplify the understanding of later sections of this
thesic, it will be conv.enient at this poi-nt- to exam:l_;ne_- the theory of
the ellipsometiric method of -determining the apt:lca.l constants. In this
method plane polarized monochromatic radiation is obliquely reflected
by a specimen and passes through an analyger ‘to the detector. If the
intensity transmitted by the analyzer«- spécimené- polarizer systenm is
I(: ‘Yeo \pA) for az.lmutns L})-‘,. \.PA of the polarizer and analyzer
respectively then I( U]P, Ll/ A) is of the form

(Beattie & Conn (1955)

I( Yer 'Lf' A) = Io (sinzli)p s._ipz Ly At choszkfp cos2 %&sinz%,osinz&y ACOSA}

IV 1

.vhere - Q and A are quatitities defimed in Appendix D by the-equation

R
Q eiA. T §2 ° . ' IV 1a
s

R pp are the complex reflection coefficients for the '“parallel" and
"perpendic\.lar“ components with respect to the plane of ‘incidence. Io

:ls the 1ntens1ty of rad:.atiou reflected from the metallic surface and

is given by (BGQH:IC & Conn (1955) o
El “ E(O)l 2

where R2 is the reflectivity from the surface. Measurements of the
transmitted signal are required for at least three different azimuths

to obtein Q and A and to exclude terms dennndem: on the intensity

(] 2

of incident radiation \ E . At a fixed azimuth of the polarizer
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=—.l—L s Cebad 4 W .
(1.6 Yp " ) the transmitted intensity I(Tf . QJA?-ls measured
for three different azimuthe of the analyzer q}A = O;lL ;.ﬂ . (0,1
¢ 2 a,
corresponding tc the plane of polarization parallel to and perpendicu-

lar to the plane of incidence respectively). The two ?;1ipeometrig

parameters are then given by expressions

Iv 2

g

I("-“; y 0)e I(

<=1

Equation IV 1 is symetrical in Y 4+ ¥p - so that the polerizer and
analyzer are interchangeable.

Role of detector ————— ——

I¢ the radiation detector shows polarization then the correspond-

ing output from the radiation receiver is given by

T{pr Yo = X W X ) IC Y, )

N {1 , - nl tyo .
IC-Yp, q%A) ?s given by Eg IV.1.and TF Yo X ) allows for thg
instrumental polarization. In general it is dependent on the wave-
length X_ of the radiation. In this case Egs. IV.1 and IV.2 have to
be altered accordingly., The determination of the T( V)A' A ) is

discussed in section h.b4.k.

Computing the Optical Conductivity and Dielectric Censtants
In this section we will restrict ourselves to thin films which
are the subjéct of this thesis. This means that we assume the diel-

ectric constants to be isotropic and there is no optical activity;
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combining Eqé. D12 and IV.1a using the same notation as above we can .

write(Beattie & Conn (1955) )

— R
_ .2, Y4B . dA
VE - €, s:.ni = Rs = 1+Q e = tan Pr exp(iQ). vy
— R . : :
n ' _ P _ ol '
VE otan§ sing 1 R 1- Qe
€ "54 + ‘iag is complex dieleciric constant of the metal film;

kf’ is the angle of incidence; £, is dielectric constant.of Spectrosil
? and A are defined by Eq. IV.1a, Rs’ Rp are cc;mple:‘c refle.ct-ivity

coefficien'ts defined above.'

1 +@2+2Q- cos A

tanZ P =
1 +§>2'-2Q- coa A
- 'tanQ=.2_g.22LA_ = x . IV 5
1- @2
] 2
sinZQaax « . cos 2Q = I=x .
1-lix2 ) 1+x2

Hence from IV.4 and IV.5 we have (81 = n2-k2 82 = 2-n°k)'n , k are

optical constants of the metal film in the usual notation)

2 2 n - k% - 50 sin'?‘\p 5
X(n® - k%) = = tan” P + cos2Q
£ 2 in2
Ty tg \P sin \P
IV 6
. . Y(2pk) = =2nk = tan® P * 8in2Q .«

tanakf sin2|19 60
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These two equations were used for the calculation of the real and :
imaginary parts of the dielectric constant and the optical conducti;ity
using the ;omputer programme shown in Appendix C. Fig IV 1 shows the
families of contours of X(€ , &£ ) = const and Y(@ , & ) = const
which can ve divided into two types. Thg first types cf contours are
closed loope which terminate at the top left hand cormer of the
diagram. The abscissa are A , the relative phase. The ordinates are

amplitude ratios G? « These loops are the loci of constant values of

Y(2nk) see equation IV.6,
The second set of contours are very roughly orthogonal to Y( 2 nk) =

const 'and are loci of constant values of

x (nz - ka) .
Even though this chart was not usedé for the calculation of 5'1 s € PN
it was a very practicél aid for an estimation of errors and a quick
examination of the measured quantities.

The real and imaginary parts of the dielectric c¢onstent

and <S = Qptical conductivity
¢ light velocity

were the output from the computer. The latiter term is direcily
proportional to the gdgrgy of radiation absorbed per unit volume per

unit time,
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4,3 Experimental errore and description of settings

L,3,4 Azimuths - of polarizer and analyzer

Both- azimuths H)P' q’A are measured with respect to the plane
of incidence. The origins of the azimuths \FA? . _ﬁﬁpo vere approxi-
mately locdated by observing a minimum of the radiation intensity
I((F " \F A) pessing through the system. The minimum intensity
I( “’p Y A) occurs when the incident radiatlon is polarlzed parallel
in

to the reflecting surface (1.e. LFP Q)p + 7¥ ) and the analyzer

is =et so0 as tdpass radiation polarized parallel to the plane of
o A0 10
incidence (i.e. qu qi ). The zero azimuths Yp (fA
Q . '
obtained in this way differ by zqup and oy, from the true read-
ihgs. 8H}p and é\rﬂ are then determined in two stages (Beattie %

Conn (1955) )¢ 1In the first experiment the polarizer is set at a

nominal azimuth of %% and intensities are compared for two settings

--—:~qizl—of—anaiyzer.' Zero agimuth of the—analyzer-t{ise. 5%PAI= 0) is

given by equality of the above two intensities. In this way the anal=-
yzer azimuth mey be set very accurately; in the present work

S\YA =0° % 0.1°. Sq?p was determined to the same accuracy-by the
second experiment in which the following ratios of intensities are

compared

1
. I
,_,{_=I(ﬂ"°) f3> I(\Vo 3
' A Y . |
ICY, L) xuy__--i.. L)

' = = o= I
_S‘Vp 0 4f o= o yp=T,
. In order to achieve maximum accuarcy in the settings of LFP and [VA
the above experiments were carried out at wavelengths for which the
radiation reteiver was the most sensitive;then the errors in aiimuths

may be neglected with respect to errors due to rancom fluctuations of

intensities.
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4.3,2 The reflectancé ratio.

T (‘)p is set to be 45° , then from equation IV.2 the relative
§1

change on due to random fluctuations of intensities is
| Battie + Conn (1955)] .
fo . S1,1y v 8
¢ . I QZ_ . _ ' :
As an example, taking as a practical figure 33—0- for EIE equation

e

\ .
IV.8 indicates that ié;’- is about 1.6% for (?'= 0.5 which is the case

for most of heavy Rare Earth elements in the near infra-red region.

be,3 The relative phase

For the estimation of the error ¢ O in the relative phase
readings dve to random fluctuations the following relation may be used

(Beattie & Conn (1955) )

01 1+.cosA
YR S e .9

wvhich means that the minimum 8 A oceursat A =1L ,

Z .
Using a similar practical value for ﬁ-l of - we find that if

I 300
A is less than '2—- and greater than %'l\‘ y the random error in the

2!

—

readings of the relative phase is greater than 5°. In most of the
cases for the heairy rare earths in the infra-red region .up to "i'(“m

the relative phase was in the interval < L -lL— which neans

3" 3

§E ¢ to s .

Having derived values CS\A and §g(md knowing values gO and A,
of course) we can obtain the' random error in optical conductivity Q

" and dielectric constants €1, £ 5+ To do this either Eq. IV 6 combined
with IV 5 or Fig IV 1 may be useds The use of Fig IV- 1 is explained in

section 4,2,
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b,3.4 Angie of incidence

From Eq, IV 6 we can deduce the errors in deterimination of diel-
ectric constents 81' I3 > and optical conductivityb due to errors in

setting of the angle of incidence KF « - These are given by

= iq_ - S(tan.aq’ s_inz*F ) = tan(?(a.rcOSEKP ) IV.1O -
G tanz‘p s:i.n‘2 2 -

¢ sin \p

ZINKI T

€ P
The error due to incorrect setting of ¢ increases with increas-

ing \{’ « From section 4.%.3 it follows that the method is the most
accurate if tf’ is equal to the px_rixicipal angle of incidence _(;; for
which the relative phase [ = 90° For R.E. metals in the near infra-
red ZF_'I-’ ?50. \f was therefore set at 75°.
The error which arises from the inaccuracy of setting (.f was

._CS. \p £ % 0.1° of arc which corresponds to

86 _ 381,2 -_5:_1-1

L4 Apparatus for the Polarimetric Method

bobod Optical system - Introduction

Fig IV.2 and IV.3 show the experimeantal arrangement of the

apparétus used in these measurements. The source of radiation and the

moncchromator were made into one unite The monochromatic radiation

vwas then plane polarized with the plane of polarization at 450-‘.:0 the

plane of incidences The elliptically polarized radiation reflected
rro_m the metallic film is studied by an analyzer. These messurements

of the signal in the radiation detector were made at each wavelength
- —

i) - " . i - ] 'I_L r —l- e . ~ A
for ( \rp = i \YA = 0§ + iy i—)@ From these three recorded
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intensities , optical constanis and normal. incidence reflectivity were.

calculated as discussed in sectiogs 4,2 and 4,1, The values of reflec-

tivity obtained this way were then compared with those directly measured
using the. experimental set up which is shown on Fig IV.4,

hoh,2 Source of Radiation

A quartz icdine lamp operating at 12V, 100W was used as a radia;
tion source. A stabilised d.c. power supply was used to eliminate
fluctuation of power.

k.3 The Monochromator

A modified P.M.2. Grubb Parsons single prism monochromator was
used with a 60° prism to produce monbchromatic radiation for wavelengths
up to 44Lm. In the region of photon energies 0.3 = 3.0 eV a Spectrosil
prism was used. The calibration curve for the Spectrosil prism is
shown in Figéﬂs and@é. Most of the measurements were made up to 4m
where cut off in_transmission of Spectrosil A occurs.
The results of previous workers indicate that low temperature

absorption bands of Rare Earths were rather broad ( (.3eV). 4 resolv~

ing power of about 20 was considered adequate for the present work.

4.4.# Detecting system -
1) For the measurements in the visible and near infra-red

region (4000 & - 10000 %) a sensitive SGD-100 photo-diode was used

‘a8 & radlation receiver.

2) For measurements in the infra-red region & Grubb Parson's

thermocouple detector with a KBr window was used. This detector was

" employed with a transformer to match the impedance of .the thermocouple

detector. A typical a.c. output on the secondary of the transformer
was 100 MV,
The system of signal detection was differentiale. The radiation

coming out of the radiation source was chopped by a 10Hz chopprer. -The
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2a.c. signal from the radiation detector corresponding to the radiat-.

ion .int ensity passing through the optical system was then amplified

.using usual techniques of phase sensitive detection. The reference

signal for the phase sensitive detector was generated at the chopper
using a simple circuit with a phototransistor OCP71.

The.a.c. output from the detector was amplified by a low noise
amplifier (LNA) made by Brookdeal Electronics (type LA450). The -
amplifier had a variable band width (3 dB points) and for the ofera-

tion at 10z the points were set at 1Hz and 100Esg. The maximum. galn

"of 100 dB (x 105 voltage gain) was adjustable in 10 dB steps gpd

with a fine continuous gain'adjustmept (from O to -12 dB). The
input impedance of the LM could be switched to 80k{L, 100 ki and
50MiL. The output impedance was 10041,

From the above characteristics it is evident that the Brookdeal
LALSOwas quite adequate for the purpose. The phace sensitive detector
used with LA450 in the early stages of the work was the Brockdeal
detector type 401. At the last stages of the work a Solatron DVM d.c.
digital voltmeter was used instead of a phase sensitive detecto;. The
D.C. output voltage from the meter circuit of the LA 450 was taken to
the input of the Soclatron DVM, This arrapgement decreased errors in
reading ‘the refleetanqe ratios due tc fluctuations of the measured
intensities by approximately 50%:

Sbééihi care was taken to obtain correct output signal variation
with rotation of the analyzer. It was found impértant to use the type
of analyzer which did not shift the transmitteé beam during rotation.
A similar problem may arise due to the spurious polarization of the
detector. ' To eliminate these difficulties a polarizer with planes
normal to éhe optical axis was used as 2n anglyzer. To work out the

allowance for the spurious detector polarization the radiation was
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allowed to pass through the optical system using a prism without the
metallic film and the variation of the detector signal with the rotation
of the analyser gave the allowance of the detgctor polarization.

4.4.5. Specimen holder

d | Fig IV;Z and Fig IV 7 show the cryostat and a specimen holdgr'used'
for the presént polarimetric invpétigations of Rare Earth thin films,
The optical constants were measured by internal reflection from the films
deposited onteo the base of a fused silica prism cut as 1ndlcated in

* Fig IV,8 10 give an angle of incidence of 75 » The prlgm was placed on
to the sample holder at the bettom of the cryostat. As inside ?éflection

was used for the measurements it was necessary to avoid any spurious

birefringencé of thevsilipa prism diue to strain. The prism material was

spectrosil (A-quality) gpepially selected as "strain free", and it was

obtained from Thermal Syndicate Ltd., Wallsend, Newcastle-upon-Tyne. ) wpi}e_

placing thé.prism onto the sample holder, Bpecigl care had to be taken not

to ¢lamp the prism. The prism was located in a.deep Zréove and a very

light spring kept the prism in tﬁe contact with the sample holder. The

bottom part of the prism was slightly smeared with vacuum grease 1o get.

" better the;mal contact with the.sample holder. Optical constante of the

uncoated prism were measured both é@ ambient and low temperatures to be

sure that no spurious efifects are involved. ILllipsometric parameters G; and &

of an nncoaéed prism should satisfy the following conditions
G=l :
(14cospA) = 2 sinz\f T LP/(tp- \P.. -_,_

(e is refractive index of s: rectrosil, \fla angls, of 1nc1dencc)
as follows from equation Iv. 5e For prism polarizers ithis agrecd for the

IV 11

méasu?éd[&to_within t0.1 even at low temperaturesshowing that double
refraction in the prism and the cryostat wihdows could be neglected. Low

temperature: cryostat windows were made of the same material as the prism,
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Values of refraclive index of spectrosil A used in equation IV.11. were
obtained from the published Teohnical Data supplicd by Thermal Syndicate.lid,
The values in the visible range were checked by the.author using a minimum
deviation technique.

Considerable effort was made to obtain accurate prism 1ocatioh

_d.uring the experiments since an error ing-' and Acould _arise if the prism
is placed so that the angle of incidence was different from 750, due to
the big dispersion of Spectrosil A in the infra~red region. |

£.4.6., The Cryostat

The cryostat for helium temperatﬁres was capable of workiﬁg in the
teﬁperatu#e rangé ;.2°K to room tempefature. The cryostat was made of
three parts

a) the "double" glaés dewar
b).the middle part

and ¢) cryostat ocup.

a) The Glass part of the cryostat was made of Pyrex glass. The
outer part served as a liquid nitrogen dewar and the inner part of. the
dewar was for liguid helium. The sample holder was attached 4o the bottom

of the helium dewar with a-glass-to-metal seal as shown in Fig IV.7.

The inner parts of the dewar were silvered in order to protect the helium-
dewar from heating by radiation. The collar of.the'gla;s part was ground
flat so that it made a vacuum fit on to the "O" -ring jungtion with the
metal part. In order to avoid any relative movement the dewar was tied
%o the.middle part ﬁéing a wooden céllar with six screws,

b) The middle part was made of brass._ There were vacuum leads

through for the thermocouple placed in it, The brass part was fastened
on to a massive steel stand with three legs resting on the ellipsometeér

table. The steel stand was made as massive as possible. The three steesl
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legs 1" in diameter were welded to the stand triangle as indicated on the
Fig IV.2. The top of the helium cryosiat was mounted onto the three siecel

rods which were screwed into the triangle of the steel stand,

¢c) The Cryostat cup, was made of brass and had an "0" riug to make
a2 vacuvm tight connection with ihe middle part. It had three winddﬁs
for obligque incidence reflectivity measurements. The angle between the
windows was 750. The cup closed the working chambér which was efacuaied
through the flexible vacuun tube attached to the middle part of the
cryostat. T&pical vecuum inside the cfyostat was 107 mm Hz.

4.4.7. Cllivsometer table.

This was made of three steel concentric discs with ball bearings
in between and wes designed so that nc rzlative motion was possible between
the disecs. It was supported on three pointe fo give adjustable height.
The plane of the tabie was set parallel tc the optical path by the use of

a fine level, The_cryostat was screwed on to the middle disc on which

e _ LS e

the scale for the angle of incidence was placed. The scale was big
enough to read to an acéuracy of + 0.1° of are.
4e4.8, Folarizers,

In the visible and infra-red rangee, Glan-Thomson prism polarizers
were used., Below 0.5 eV selenium film polarizers were uéed gimilar to
these described by Buijs (196G). Eight selenium films were mounted on a
piece of 1.5 inch perspex #ube at an angle of 25?_io_the axis ol the tube.
The efficieney_of tﬁe pplariagrs was estimated from the minimum_and
max imum intenéitiGS'when radi#tion was passed through polarizers. Tﬁe
estimated value was 0.995 + The corrections f'or the unpolarized componeﬁt
were wo;ked out from the measurements of the reiractive index of an
_ uncoated prism using the ellipsometer witﬁ seleniu; polarizers and using

data for the refractivé index of spectrosil A obtained from Thermal
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4.5. Thin Film Freparation.

The Rare BEarth Fetals have a high affinity for oxyzen, even in the
bulk form and since their meltiing points are only in the region of 15GO°C
it appears that fast evaporation in high vacuum will most efficiently re-

duce contamirztion by oxygen and water vapour.

a) The vacuum system used for the present work hal a conventional

layout employing two diffusion pumps in series, a rotary pump and a
liquid nitrogen cold trap. - The Fyrex bell jar closed ihe worﬁing.chambér.
There was gl;o a small chambeﬁ attached to it where activated aiﬁmin;

vas held to reduce contamination by ox&gen and wéter molccules during the

evaporation, The bell jar was baked out for eight hours Gefore evaporation

took place. The lowest preséure a#hieVed in the chamber using the ligquid
nitrogen cold trap and bake out was.2.10-7mm Hgs In order to achieve a
lower pressure than 2,1§7mm'Hg a pre-evapcration of 5i0 and rare earth
metals was used. This then gave the pressure of 157mm Hg just before
evaporation. The system- is descp;bed in detail by Lodge (1969) (Fig.
1V.9). ' |

b) Substratee. Glass substrates 1" x £" x ,032" were used primarily
for the resistivity measurements. A fused'siliéa'prism and a silica
glass plate were used for the optical measurements, The method of
substrate cleanigg;aiopted for ihe present work was a mod;ficaxion of the
technique reported by R F.M.K. Lodge (1963). Tt
COnsis£ed of ultrasonic cleaning-of.the‘substrate'in the 0.%% solution
of Teepol in hot distilled water followed by ultrasonic clegning in
_isopnopylalcphgl. . Iﬁmediately thér éleaning, the substrate was inserted
in- the substrate holdep of the evaporation system and evacuation was

commenced..
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It is important to make the transfer as quickly as possible to
reduce the density of small particles which set on the surface.
During the early stages of the pump down period fc the working
pressure the substrate was heatea to approximately 2CCOC for eight
hours by irradiation from a 250W quartz iodine lamp attached to the
i supstrate holder to bake out residual absorbed gasses from the substrate.

¢) The film evaporation. The Heavy Rare Earth metals in the-form

of small chips of purity 99.9% were supplied by Koch-Light Laborqtories

Ltd. The powder was evaporated by resistive heating'pf'g tantalum-boﬁt

of dimensions 4 cm x {1 cm.x 0.01 cm. Neodymium and Ytierbium were
evaporated in the fo;m of very thin.sheeis cut from the bulk material in an -’
Argon axﬁoaphere. The bulk material of purity 99.9% was also supplied by

Koch-Light Laboratories.

Prior to evaporation, the boats and their charges were thoroughly

outgassed by passing a moderate current through them, insuffigient to

cause evaporation, but enough to drive off the residual gas. ‘During this,
the substrate was shielded from the source by a stainless steel shutier,
which cou}d be removed magnetically fram outside of the system., 1In order
to assist the aggregation of the film, the substrate temperature was allowed
to regain tye ambient room temperature. Thert the source was slowly brought
) up to the melting point of the evaperant. , When melting oécurreﬁ, the
shutter was opened, the power was sharply raised and the source material
was evaporated in four seconds. . The temperature of the sﬁbstrate usuzally
rose to.épproximately.7ooc, owing to radiation from the source . vhen
evaporation was completed, the power was at once transferred to the boat
gontaining outggssed_SiO and the metal film was over-deposited by a
prctective layer of 5iC, Following %his, the film was annealed at about

300°C in high vacuum (1.10-7mm Hg) for 20 minutes before being left to return




to ambient temperature while under vacuum. This is siﬁilar to the
annealing procedure ueed by Schuler (1963) to reduce the residual re-
sistivity of thir films due to strain. Thrce films were grown during
every evaporation as discussed above,

.The thickness of tlie film was estimated from the weight of thé:
metal evaporated from the boat. as discussed by Lodge (1963). In later

stages it was measured by an interferomeiric microscope.

25



CHAFTER V
RESULTS

5.1 Introducticn

Using the method described in Chapter IV, the optical characteristics
have been determined for thin films of the heavy rare earth elements,
gadolinium, terbium, dysprosium, holmium, G;rbium and ytterbium a.ﬁd for

"the light element neodymium. The measurements were carried out at a
number of temperatures between 4.2 and 300°k.  In the following, the
detailed variations of the optical conductivity(S(kb and the réal part of
ihe dielectric constant E;OJj wi}h both the incidenf pﬁoton energy and .
sample tehéeratufe are given-element by element, the diécussion beiﬁg

reserved in toto for Chapter VI.

Before giving these results however,-it is nécessary to ﬁake the
following pointB._

a) The previous results of Lodge (1969), and Schuler (1963) on
films prepared in a similar way to thosSe presently under investigation,

which involved electrical conductivity and magnetoresistance shoped that

these properties are very similai'to_those of polxcrystalline maiériél.
In view of this we assume similarly to Hodgeson and Cleyet (1369) that

the reported‘ values of G(W) and & (W) are averaged values taken over all -
lattice directions.

b) Since the grain size is very muéh sﬁalier than the diameter of fhe_
incident beam, and thé'films are not magnetized, then it'é;n_be:énticié;téd
that the Kerr effect. plays no part in the form of the results.

q) The gap in the observations near to,Xu 2,fuMmoccurs as a result

 of the'absorptioh'of-the spectrosil A substrates at that wavelength, The

absorptioﬁ'cufve for the material used for the substrates is shown in Fig V.1.
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Ra.nddm error in the determination of G(w) and £ (W) by ellipsometry

was due to fluctuations of the.detected intensities. For photon energies

above 0.5 eV the random fluctuation of the intensities §—J-“— was less than %—D
(=]

giving the random errors in 6(1.0) and €, (W) as

$ aL) | |
GN) <+ |/ _%._ Z + 4% proviged \Ei\ =0.4.

The relative error in E, rapidly increases as €4goes to zero. For photon
energies below 0.5 eV the intensit'y' fluctuations E',E. were less than 1%

and the random error increased a.ccoz;dingly, i.e.

(Y 6(0) . d £,
Gl - <t £ 3% I g,

For any set of readings there was a factor constant in G and €4

£ 12 provided lE | = .

which did not exceed + 1.6% due to the limitation on the accuracy with which.

the angle of incidence could be set. This did rot,of course, affect the

" obeservation of structure in the curves of optical conductivity against photon

energy. The errors due to the settings of zero azimuths. were small with

respect to the random error.

The variations of absolute values of G((.u) and €,(w) from film to film

-are discussed in the following sections.
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5.2 Gadolinium
. Fig V 2 shows the values of O (W) and €, () for the photen energy (hw) -
range {rom 0,50 eV t.o 2.5 eV at témpera.tures_of 300°K, 90°K :-md_BOoK.
Limited measurements were also made up to Pw = 5 eV by observations of
the transmission through very thin filme (-':6005). The only significant -
structure observed in this extended range occurred near to 5 eV, }:;ut the .
resolution of the system in this region was very poor. The changes in
reflectivity caused by magnetic ord._ering at low temperatures were evaluatec_i
from the resulis of Fig V.2 using egha.tion D.14 and are shown in Fig V.3.
The foz.'m of the_'se- changes agrees very closely. with those derived in a
similar way by Hodgson and Cleyet (1969) e.nd.those obsex.-.ved by direct
measurement of reflectivity by Schuler (1965). The absolute values of
6 (W) and g(w) differ by only a few percent from those of Hodgson.
This difference is well wi.thi.-n the limits of error discussed below.

The absolute values of both (W) and C';((-u) varied from film to film
by -_o-_ 7.0%, depending on the ultimate evaporation pressure, the annealing
proc‘e@ure, the evaporation rate and so on. The basic form of their energy
dependence, however, remained unchanged.

- The room temperature resglts, corresponding to the paramagnetic p_h-a.-se.
of gadolinium, show only the rapid.changes in(? (@) and £{W) at low energies
which are to be expecteq. from the Dr-'ude contrihution to the optical
properties, and a broa.d.pe'a.k in6(¢;‘a') ceritred at hw « 2.0 &V which is un- ~ -
doubtedly associated with the ma.ny possible. intér‘.a_and transitions in the
-mater.'ia.l'. On cooling there is no sudden change 1r the form of the cﬁrve
at the magnetic transition temperature, rather the minimum ihé(w) near
to "h-O= 0.7 eV 'graxi-ua.lly becomes shallower and finally develop_ s- into the
peak at 0.7 eV, This is in agreement with the resulis of earlier w-clvrk_er-s,

although the low temperature peak reported by Hodgson at 1.1 eV was not
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observed in ény of the specimens used in thie investigation.
5.3 Terbium |

The frequency dependence of G(w) and g (&) for this metal at 300°K,

' T7°K and 20°K are showm in Fig V.4 over the ra:nge'f'vk5= 0.33 eV = 2.5 eV. .
In the pa.rama',gnetic region the form of the resulis is similar to those of -
gadolinium and again no drastic changes.a.re found as the temperatp;'e is
decreased through the two ordering temperatures. - The optical conductivity
(D' (C) increases gradually in the vicinity of the minimum (near to 0.7 eV)
as the _t-emperat_urje is lowered and decreases a._bove 1 V. At liquid nitrogen
temperatures this increase may perhaps be resfolved. into a double peak, wi‘_l;h
maxima at 0.7 eV and C.56 eV. On further cooling to 20°K an un'éxpected
rise with respect to the 77°K curve appears at about 0.5 eV,

The changes iné(w) caused by reducing the temperaturs, .a.nd presumably
therefore arising as the result of magnetic ordering are shown in Fig V.6
in which these low energy peaks are clearly visible. Alse from this figure
it is evident that between 1 and 1.5 eV the total value of () (W) decreases
on ordering, an effect which one must assume is related to the increase in
G(w) at lower energies.

The calculated variation of the fractional reflectivity change on
cooling to 77°K and 20°K (QQB. =%@ is shown in Fig V.SI, the val-.ues
being derived from the data of Fig V.4, Also shown in this figure is
the measured AR/R value obtained direc.tly using normal incidence reflect-
ivity observatione. The directly measured absolute values of t_.\._Q_ .

"suffer from thé systematic errors which arise beca..use of the samp11le holder
design which was inadeguate to obtain values of AEE (w) to be bett'-e.r
t-han--_l_:' 3% accuracy. On the other hand the slope of the curve L\»R/R is
quite meaningful and provides a qualitative comparison with that calculated

from results in Fig V.5,



Again the form of the basic results {Fig V.4) are similar to those
obtained independently by Hodgsen, to whom I am indebted for hirs kindness
in allowing me to see his data before publication. HKinor differences
exist however, in that at high energies Hodgmon's peak in &(W) occurs at.
1.6 eV compared to 1.9 eV in Fig V.4, and at low temperatureshe did not.
observe any peak near tohw= 0.55 eV, Because of this differencg at low
energies thé measurements were repeated several times on a series of
different_films and in all cases it was.poséible 10 deteci some stiructure
in this region.

The form of the reéuité is wery different from those of Pétrakian
(1972) particularly at high photon energies as shown in Fig V.7. His
measurements were carried out on extremeij thin filme e?aporated in situ.
Petrakian's results for the other metals are also diffarent from those of
Hodgson et.al. (1963) and Schular (196§) and also differ from these described

in this thesis. He attributes these differencés to the effects of

" oxidation in previous results.

in order io establish whether this was justifiable, or whether at
the film thicknesses used by Fetrakian the electronic structure of the
metal is fundamentally different from the "bulk-like® films'used by Hodgson,
Sehiler. and myself, measurements were made on deliberately oxidized films.
The results of these measurements thch were made on unprotectied films
heated in air at 900?K for various times are shown in Fig V.7. The
resulting change in<5ﬂd) cauéed by the oxidation leads to results which
are similar to those of Fétrakian., It should be remesberad however,
that since we. are observing reflection at the inside face, the result

of oxidation is tc cause an effective decrease in the thickress of the .

.metallic portion of the film. We must conclude therefore that the

differences betweer the two different sets of results are pet due to the
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oxidation of the samples presently under investigation. It is possible

: .,
however, that the presence of oxide in the very thin film samples of FPetrakian
could -lead. to the observed differences, although in view of the very good

vacuum conditions he used on evaporation it would seem more likely that

the differences cccur as the result of changes in the detailed electronic
siructure caused by the small thickness dimension in his films,
1S
x 10
Tb (297 °k)
- x X x x ¥ X %
. - x' X X xl xx xx
» _» KX b4
30 () Rad OoOoxxxy
00 © o
(o)
o . ~ 58
N
[secd o (2
L5}
Al 0 O o o '\(3) :
/ - w

10 fiw (ev) 20

Fig V.7 Comparison of optical constants of Tb film after
evaporation (1) and oxidized by heating at 600°C in air
(2). Typical data for heavy rare earths obtained by
Petrakian (3)(in arbitrary waits)

5.4« Dysprosium

Fig V.8 shows the photon energy dependence ofG(w) and €, (V) at
room temperature, 9'7°K. and 50°K, <;orresponding to the para-, antiferro-,
and ferromagnetic phases of dysprosium, There is a very slight '

] \ - w - 1r . . i, H u .
structure :.nAG(uu) _6_9?0}:( ) 6300"‘1(_(")) near to 0.4 eV, which is in
agreement with the anomaly in the normal incidence reflectivity measure-

ments reported by Schliler (1965)s A comparison of the energy dependenca _
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of the reflectivity derive-d from these ellipsometric measurements with t'_he_
direct measurements of Schiler. is shown in Fig V.9 from which it may be |
seen that these are in reasonable agreement,

Resistivity measuremenis were also made on- dysprosium films, the
results for one of which are shown in Fig V.10. The form of the curve (7).
was reproducible but-the residual resistivity was sﬁrongly dependgnt upon
the method of preparation. The minimim residual contribution was found for
films thaft had been annealed for 45 min._ imrhediately after evgporation.

" The §(T) curve clearly shows magnetic transitions at the .Néel point (180°K).
A similar dep'eridem;e .on'_the-prepa.ration procedure was found in
measurements of the optical properties, the form ;3f the curves describing
bothé(w) and 54((.)) and the absolute values of these quantities appeared to
be much more sensitive to the substrate temperature during evaporation than

did any of the other Leavy rare earth metals.

In order to obtain reproducible low temperature cha.rigesAG(U) and
Ag*(w) it was necessary to evaporate with the substrate at room temperature.
In one instance it was fo'und.t.'ha.t a change in substrate temperature from
440%k to 300°K resulted in a reversal of sign of AE(w) at low temperatures
even though the § (&) dependences appeared identical. |

An attempt was made to detect the Kerr-effect in the anti-ferromagnetic
range where the critical field necessary to induce ferromagnetic ordering
in dysprosium is quite loWw. The applied field was prodiced usinga ~ =~~~ .
Helmhol'tz .coii sysiem with the field parallel to thg film plane. - No cha.ngés
were observed within the sénsitivity limit of the é,pparatus (intensity
change 152-% ). Further, no changes (to within 0.01%) were détscted in the
reflectivity at 90°K ueing a.c., fields of 1kOe (rms) in conjunction with
a phase sensitive detection system, These negative results appear to-

confirm the findings of Cooper and Reddington (1965).




.Both transmissicn and ellipsometry measurementis were carried ou'_t
between 3 eV and 5 eV, but there was no evidence of any structure in
| either G(W) or E‘(w) dependence in this range.
5.5 Holmium

Fig V.11 shows the energy dependence of G(w) and £03) at room
temperature, 9"|'6K and 20°%K. There is an evident structure inH(W) at
20°K below 0.35 eV, This structure is comparable with the structure
observed by Schuler (1963) in infra~red reflectivity of Ho].;miurﬁ thin films

below the Néel point (120°K). . The fractional changes ii'x the reflectivity

f}_:: on cooling to 20°K as calculated from the data on Fig V.11 are shown.
on Fig V.11 . The changes.in the cptical properties agesin occurred

gradually on cooling showing no drastic behaviour at the Curie temperature

(56°K)

This is very-similar t6 what has been already mentioned above for

the ellipsometric. . data with those directly obtained by Schuler we notice
only a qualitative agreement, This would probably be caused by the
limitations imposed by the polarizer in the far infra~red region baetveen
0.33 eV and 0.44 eV to obtain absolute values of optical constants from
which ‘% is calculated. éﬁu. therefore suffers quite a large
systematic error even t-hgugh changes AG(Q) in _o-ptical conductivity were
quite consistent in 1-:ha-t region. (Fiz¥11a). |
5.6 Erbium

The optical constants of Erbium films obtained by the pressnt method
.s.re shown on Fig V..12.' The room témperature data for Er show a
-b.ehaviour v&h.iél.l is .characteristi-'c. of the rest of the heavy elements from
Gd to Ho. At 20°K, which is below the paramagmetic Curie point of bulk

material (85°K), a new peak in ((<) at 0,38 eV appears which is accompanied
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by cuite a large increase in the negative dielectric constant (..54);
The overall features of the low temperature behaviour of optical constants
however, is similar to the Ho and Dy data rather than to those of Gadoliniwm
and Terbium. To the author's knowledge no low temperature optica} data
have been réported for Er in literature.
5.7 Ytterbium

The optical constants of &tterbium at room témperature and 90°K are
shown in Fig V,.,i3. Comparison with the above data for the heavy eiements
shows no common features. '~ It is also-worth noticing that the.absolute'
value of(S@;) between 0,5 ev-and-2;5 gﬁ is much smaller than thé corresponding
valuese for the heavy rare earths. Measurementé of the optical properties
of Yb have also been reported by Muller (1965) and Endriz and Spicer (1970).

The peak in&{(c) at 1.3 eV in the present data corresponds to the slight

bump in§ (&) at the same photon energy in the data obtained by Indriz and
Spicer (1970).— --The peak in-Muller's results occurs at slightly Highen |
photon energies. Absolute values of¢5(&9 réeported by Endriz and Spicer
are approximately 40% highér than the presented .data. The valﬁes
obtained by Endriz and Spicer were calculated from reflectance data which
presents uncertainties in low and high frequency extrapelation. To check
on the discrepancy} refiecfivity vas calcuiated from ellipsometric data
on Fig V.ﬁ3. The results of these calculationg are shown in Fig V.14.
The present -values are slightly higher than liiller's data ard lowar than
those_oﬁtained by Endriz and Spicer.

This would probably be the causé of +the diécrepancy with Endriz's

- data.

5.8 Neodymium-

An attempt was a}so made to prepare thin films of light Rare Darths
which are comparatively more feactive.in air-thag the heavy elements,

Nd is one example of the investigated metal and ihe same technique was
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used 28 for the heavy elements,

Pig V.15 shows variation of Q{(«) and £{w) with photon energy between
0.5 eV and 2.5 eV at 300°K and 95°K. Mo extra peaks in G () appeared on
cooling to the lower temperatures, The only observable structure at 0.9 &V
becomes moré pronounced at low temperqturee; The interesting feature
of these results is that there is no broad peak in 6 (W) between 1leV'and
2 el. This agrees with results reported by Kern (1957) and with tpose
recently reported by Pétrakian (1972) ever though this latter @omparison
should bve considered rather carefully because-Pétrakian‘sIfilms.were much

thinner than ours.,.




GHEFTLR VI,
DISCUSSION

6.1 Intreduction

6.1.1 The Heavy Rare Barths in the Faramagmetic State

Iﬁ't£is Chépter the experimental results of the rare carth metals
will be discussed in the light of evidence that has appeared in xhé
literature and data described in Chapter V. " If we compare the frequ— .
ency dependence of the optical constants of the'heavy elements presented
in the previous Chapter we can notice some common features in thé
results. The room temperature curves of 6(w) , 8{&» are almost identical
and are charabtérised by a broad peak in O(w) between.1.5 eV ard 2 ev, -
a minimum at €.7 eV and & large increase in 6(00) and {- E;(w)‘n to lower
photon enérgies dué to absorption by the frée carriers. ' This is con-
sistent with the recently reported calculaéiOns of the electronic
structure of these metals (Watson et al. (1968), Keeton & Loucks (1968D

which show a large number of possible direct optical itransitione above

1. eV for all heavy R.E;*s.- The direct optical transitions at the symmetry
points have been considered by Dimmock et. al. (1955), Schiler (1965)

and Fétrakian (1972); Schiiler's results are presented in section 3.2'
(Figl.III.1). In the analyses made by these workers non-relativistic

band structures were employed. .

However, similar results can pe obtained using relativistic band-
structu;es as may be seen from thé following. Unfdftunately there is no
relativistic band strucdture of heavy R.E.'s with calduiafed symmetry of
the levels available in the literature. lowever, comparing non-relativisiic
and relativistic energy bands it was possible toc deduce, approximatély,
which of the non—relativiétic 1evéls are gplit by re1a¢£visfic effects;

i " Then, usini the relations between ihe symmetries of non-relativistic and
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relativistic states discussed in Apﬁendix A (Table A1) irreducible re-
presentations corresponding to the rélativistic levele were deduced. The
result of thie procedure is given in fig. VI.3 in whi;hfrelativistic
energy levels of b qalculated by Jackson {1969) were. labelled.

In some cases, wnen a level is split into several levels by spin-

rbit interaction such analysis, solel& based on the group theoretical

considerations, does not provide full information about the symmetries
of tiie levels but rather gives a list of the symmeiries which occur among
the split levels without, necessarily, being able to label every individuél
level. .The uncertainty is indicated by quoting possible symmetry notations
together, i.e. H8,9; F4 + P5 + Pg etc. |

Using the Table 32 (ippendix B) optical transitions at symmetry
points were deduced. These are -indicated in Fig. VI.3. Comparison with -
Fié. IIT.1 shows that both relativistic and non-relativistic hand structures -
predict siwilar optical prorertics in the pgramagnetic phase. (Optical

transitions at symmeiry points which do not occur-in Fig. IIT.1 can Ye

derived from FPig. 1I.8 and Appendix 3B).
There are, however, other iransitions, which were omitted in the above
analysis and which are likely to bg equaily important. As may be seen
:from Fig.II.& there are large flat bands along thé symmetry axes T ,'P.Sifi
7y U, R both below Fermi level EF'and-abpve Eqe Their separation is
?pg;?%%m%te;j 2 €7. AB may be deduced from Table B1 (Appendix B) and Fig.-
'1158. optical transitions between these bands are allowed, It is likely
_thét a siniler situatibn also occurs at the general points of the Brillouin
zone. These iransitions which involve a large area of the 3rillouin zone are

likely to be quite intense. Interpretation of the absorption spectra connected
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with such a complex system of interband transitions 1s very complicated
and needs a detailed knowledge of the band structure and especially

transition matrix elements.

6e1.2- Mechanisms involved in_the_Optical.Effect of Magnetic Ordering

of R.E. Metals

As described in the previous Chapter the most interesting.feature
of the present investigations is the study of the optical effects of
magneti& ordering in R.E. metals. Siﬁce R.E. metals order af low temp-
eratures let us summarize the observed effects of cooling on optical
properties.. These are as follows 3

1) Changes in the optical properties in the paramagnetic
range of R.E. mei?a_ls' are characterlzed by a decrease in 6 () in the
region of the free eiectron absorption (i.e. below 1 eV). These changes
occur in the magnetic phases -also but are overshadowed by the other
effects mentioned below, HNevertheless; the free electron contribution
to the effect of coeliné has to be conside;ed even in the ordered phases. '

2) The changes occur gradually on cocling and no sudden
changes occur as the temperature is decreased below the ordering temp=-
érature. On the other hand, peaks in fs(to)'observed for the heavy
R.E. metals below ordering femperatures are undoubtedly associated with
ordering. . -

3) _Opti;gl properties seem to be %Eependent of the partic-
ular t&pé of ﬁagnetic order as-no changes in optical constants of Dyspro=-
sium were recorded during the transition from the helical to ferromagn--
etic ordering by an application of an é.c. magnetic field in excess of
cri@ical_field streﬁgth (section 5.4) even though Dysprosiﬁm shows
anomalies c;hdected with magnetic ordering.

L)  Another -interesting fact is that the photon energies, at
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which the low temperature peaks in (5(¢J) of K.E. metals are located,.
decrease along the R.E: series from Gd towards Ho (Fig.VI.1).i.e. the
.photon enefgy decreases as the total ionic moment of a metal decreases.
As may also be seen from Fig. VI.1 the peak positions on the photon
energy scale accord with the estimated values of the energy gaps prod-
uced by exchange splitting (Watson et. al. (1968) )« The estimations
were baséd on a simple theory of the ferromagnetic exchange mertioned
irn section 2.3.3 (b), (a).

This suggests that exchange splitting is a dominant force which
" is responsible for tHe'structur;sih 6 (w) belowithe ordering tempera-
tmw&' _- |

The other feature which seems likely fo be able %o contribute to -
the optical effects is the large msgnetostriction, which occurs in these
metals and it is thought to be the driving force in the stabilisation
of ferromagnetic orderiné in these metals (Chapter II). Magnetostric-
tion, characterised by -c-h.inges in the lattice constants é-a, Ac below
the ordering temperatures, produces changes ig the band_structureawhich
in turr influence the optical constants. The magnetostriction however,
depends upon the particular type of magnetic order. IFor Dy, for example,
it pr;duces changes in the ratio i%: 0.3% at the transition tempera-
ture between antiferro and ferromagnetic phases, which should remarkably
change the optical p?operties at fﬁis temperature if this effect is to ve
observed‘by'optiéal.investigations. "Since no such changes have been
observed so far, magnetostriction does not seem to contribute to thg
optical effects in the ffequency region presentl& under investigation.

Another mechanism which, in theory, may influence optical proper-
-ties is absorﬁticn due to -transitions across the energy gap of antiferro~ . .
magnteic éqperZone boundaries. However, as discussed in section 3.4 (b)

and 2.3.% (c) absorptioh_bands connected with such gaps are in general
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dependent on the type of the Srdering which may again seem to.be in
disagreement with experimental results. On the other hand the esti-
mated sizes of the gaps at supérzon; boundaries have the same value
as those caused by exchange ferromagnetic spliiting. The band structu;e
of the antiferromaggetic metal is too complicated to make furtﬁer
analyeis worth while; investigations on single crystals and calculat-
ions of the conduction elee;ron wavefunctions are necessary.' Tﬁis also
meéns working out symmetry of the ;avefunctioné.

To return to the discussioﬁ 6f oeptical effecfs due tb the ferro-
magnétie exchange splitting relaxiéistic enefgy bands of R.E. metals
are a@opted, Bihce relativistic effects play'am importaﬁt role in the
heaw; elements and non~relativietic band structures may mot be accu-
Faxe enough for interpretation of the effects, which depend upon the
fine level struﬁture near to the Fermi level. The fine energy level
structure is available only for Tb and Dy(ngton and Loucke (1968),
Jackson (19691) and ie shown in Figs. VI.3 and.VI.4. However, as already
mantioned in section 2,4 the electronic'structures of heavy R.E. metals
are very similar and for furfher discussion the R4APW band siructure of Tb
shown in Fig. VI.3 can be regarded as typical of all heavy R.E. metals,

The mechanisms involved in jhe optical effect of ferromagmetic
-exchange splitting are discussed in sectién 3.4 (a). It follows from '
this section that suhst;ntidl spin brbit interaction,_which occours in

heavy R.E.'s; it likely to produce non-zero optical transition preba-

~bilities for all levels which are within a half of the exchange splitting

energy of the Iermi level, (The exchange splitting energy is estimated
by Dimmock et.al (1965) to be 0.4 eV).
It fellows that it is hecessary 1o consider general poinis of the

Brillouin zone, all ares and symmetry peinis where levels lie within
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0.2 eV of the Fermi level.
The following discussion does not consider iransition probabilities

due to lack of the available theoretical data.

6.2 Gadolinium and Terbium
In the interpretation of the preserit Aptical effects in terms of
exchange splitting of bands near the Fermi ievel one must ask whether use
of the results of RAPW calculations for bulk material is justified for
thin films. In order to further examine this point, TH films were
eiamined by X-ray diffractiﬁh_tec?nique, The crystal s%rﬁctura_cf the .
film; prové& t6 be ‘hexagonal with c/a axial ratio c/a = 1.583 + 0.005
which is slightly in excess.of thé bulk value (c_/a)bulk = 1.58 used for
the band structure calculations of Tb (due to Jackson (1969)). The
Permi surface of Th is thought to be particuiarly sengitive to any slight
change in the potential or structure which would result in shifts of
""" the energy level near to the point L and which would result in large’
changes in the occupation of the levels in this area., The tempe?aiure
dependence of the ;esisti&ify of Tb fiims near to the ordering temperaturesl
cf the bulk material Aid not show any clear evidence for the iwo transition
temperatures at 223°K_and 220°K; only one peak was observed at about 220°K,
This does not show conclusively that the antiferromagnetic phase is(Tag-V-BA) :
aﬁsenf, but it suggests that a reduction 6f the éntiferromagnetic tem—
perature range may havé occurred. Tb has been examined nore closely
than the other metals because of . this sensitivity. Sumﬁarizing, the
band structure for Th - bu}k material calculated ﬁy Jackson (1969) can
“be used for films ﬁearing in mind that- the levels will be shifted towards
' those corresponding to Gd.
The f;cﬁ_that no antiferromagnetic structure in the optical con~

ductivity of Tb was observed in the infra-red is not surprising, since
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we cannet rule out the faet that the spin disorder scattering at these
temperatures leads to « lifetime broadening of the absorption peaks making
them unresolvable over the narrow temperature range (ézd to-229°K) of the
helical order,

Because of the slight excess in the ¢/a ratio of Tb films towards
the valué corresponding o Gd we would expect the energy level near to
the point L to be slightly shifted téﬁa&ds or even below the:Fermi level,
The absorption band below 0,5 eV for Tb probabi& corresponds to the
numerous transitions between the large exchange split portions of the
conduction’ bands along the symmetry axis S , since such flat portions are
connectgd with a high joint density of states, as mentioned above. The
fact that the peak in(ﬂ@ﬁ) at 0.5 eV is observed only at very low temp~
eratures indicates that one of the split bands is very close io the Fermi
level, The final decision however, can o#ly be made by more detailed
calculations of the energy levels fcr.varicus c/g_ggjigq and these are
presently being evaluated. Because of the similarity betweern the band
diagrams of G4 and Tb, Gd may be discussed in the came way as above, since
the only difference from the Tb results would be that the energy levels
at L probably lie up to 0.6 eV below the Fermi level since the webbing
feature does.not appear in this metal (Keeton & Loucks (1968)). According
to the a2bove analysis intense transition$ related to spin split bands
may élso occur at synmetry boints H,K, M along_axes_S,F,B,T and possibly _:
at general points of the Brillouin zone near to the point K producing the
péak inGQ (W) at 0.7 eV. The general points are considered because the
transitions between the spin split bands are “parallel band transitions"
(Section 3.4) in which singularities in the joini'density of-states occur
at the general points. The decrease in 6((.0) for photon energies above

1 eV on cooling beldw the ordering temperature may be related to the peaks
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in 6(&:) ‘oel-ow 1 eV as may be seen flrom the following. ‘At the point H
four energy lcvels (denoted in Fig.VI,3 as H8 + 59; H4 + H6 + HB) oceur
very close to each other. These four levels Qere produced by the
splitting due to the spin orbit interaction. When the levels at H are
split by the exchange interaction one of the Spin-up bands may move-ébofe
the Fermi level and become unoccupied permitting new optical transitioﬁs
belew 1 eV and at the éame time reducing transitioﬁs to high;r levels
which occur about 1 eV. The same applies to the levels at the point X
and flat bands which occur near to this point proﬁably along all directions -
in the¢ Brillouin zone. - |

Gd results may be diecussed in the same way.
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6.3 Dysprosium

i ) A different situation occurs in Dysprosium. The level ﬁé,4 is

probably much further above the Fermi level so that it might be
possible that this level does not take part in the optical effects

of the exchange splitting. At the same time the levels at points H
and K probably do not contribute to the optical properties.

This is the area Wherg most of the intense transitions near 0.7eV
occur in Tb_and Gd producing quite 3?broad structure in (W) below
leV and above the energy cgrrespondieg to .the size 'of the exchange
energy gap. The fact that no such ;ifuctures e#ist for Dy,'Ho,

and Er indicates that exchange gplitting in these three metals is

not large enough to shift an& of the levels at H and K above tﬁe Fermi
level to make these transitions allowed. We therefore conclude

that the difference between the Dy-like anomalies in G(4)) and Tb-like
anomalies may be atfribﬁted solely to the effect of exchange
sp};gting near to thepointSH_and K. Some qualitative conclusions
¢can therefore be made about the poéition of the first energy level

at the point H and K. They probably lie within 0.2eV below the Fermi level.

6.4 Holmium and Erbium

According to the recent relativistic¢ calculations of the energy
bands of Er and Ho the energy band structure in these metals is

very Similar to that of Dy, the only differences being near Lo the

point L where the l?vel L3,4 has. probably moved even further above
the Fermi level prAQucing a more pronoiinced webbing feature_neé; to
point.L E(Keéton'& Loucks (1§682 de

On cooling the Ho films down to 22°k (i.e. below the
.ordering temperatures) the broad absorption band with a maximum
at 1.8eV remains almost unchanged and pre;umably ariges from simiLar_

transitionsg to those responsible for the related peak in the other

metals. No absorption band is observed at 0.8eV which indicates a




similarity with the by results, Since no peaks connected with
ordering are observable in Ho above 0.35eV the size of tﬂe energy
gap of Ho may be estimated to be less than the predicted value of
0.35eV (Watson et.al.l1968). The rapid risé in (W) near to 0.35eV
hovever 18 probably associated with this péak and its maximum may not
be far below the observation limit of Q.35eV. As has been 1qéicated
above ,the absence of structure at 0.}eV presumably occurs because
the exchange splitting is insuff;cient to cause Fhe spin.down levels
along P bétween H and K, and at H and K to move above the Fermi level
and in this aeﬁse is idenﬁical to the behaviour of Dy,

- The only significant difference between the-¥esu1ts for
E r and those discussed above for Ho 1s the appearance at 20°K of a
relatively sharp maximum in S @) at 0.36eV. As may be seen from
Fig. V.12 this corresponas to the rapid rise in € (W) at this
temperaturer - Its seems likely that both of these features are -
connected with transitions involving exchange split bands. It =
is unclear whether the peak position gives a measure of the
exchange splitting directly, as we bélieve to be the case for the
other metals, since its value would then be greater than that of
Ho which is not as .predicted by Watson et.al.(1968), It is possible
that the peak corresponds to transitions involving two exchange |
split levels at the same value of tﬁe wave~-vector ag might be
expected for the small predicted exchange splittings when appreciable

interference due to the other bands might be expected.
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6.5 Neodymium
As may be seen from Fig. V.15 there is a remarkable difference

i between theseé results and these of the heavy metals. 1In order to
understand these differences it is useful to examine the available
details of the electronic structure in thése metals. Figy VI.2 and &4
show a comparison of the band structures of all the double hexagonal
light rare earth metals La, Pr and Nd and those of Dy, which is
taken as typical of the h.c.p. heavy rare earth e;emepts. Iﬁ is'
-clear from this comparisan ﬁhat:

'.a)lthe-band structure near.the Fermi level is much.more
complicated in Nd than in the héavy rare earth§and therefore there
are felatively more transitions possible in the region 0.5eV to
1.0eV than in heavy rare earths-where a minimum typically occurs
in ¢ (W) at 0.7eV.

b) the bands at"K and H are much more widely spread than

for the heavy rare earths and there is no band nesting near to peint
L. Farther,no flat poftion of the conduction band exists along
ghe P-axis.Since it-is likely that the transitions in this region
are partly-respongibie for the <(w) peak at 1.8eV in the heavy rare
earths,we should now expect at most only a slight maximum in o(W)
for Nd at this photon energy.

Returning to the.Nd results ,the peak in o (L) at 0.85eV probably
corresponds to the numerous allowed transitions near to points H and
K. However nothing def@nite can be said in éhis respect wi;hout
extensive ywork both theoretical and experimental. The low temperature
values ofé(&b)aré consistently smaller than those at room temperature,

an effect -which may arise from a reduction of the lifetime broadening.
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6.6 Ytterbium

The results for Yb arc shown in Fig. V.13. There is a pesk in
G(W) at 1.3.eV; Thie metal was cliosen as a representative of the
divalent rare earth metals. It is reported by Endriz and Spicer (1970). -
that tﬁere is a remarkable similarity between the results of optical .
investigations of Yb. and those cf the alkaline-earth metals namely Sr.

Since no band structure calcéulations have been performed on Yb so
far we use this similarity with Sr and employ the band siructure calcula-
tions for.Sr in the discuséion of Yb, Fig. VI.5 shows the differences
betwgen the filled ard eﬁpfy bands flotted along the symmetry lines in
the f.c.c. Sr with the number of the equivalent symmetry points and faces..
Table VI.1 shows photon energy of the peék infj@d) observad by various
authors ccmpared with the photon energies of the possible transitions as
deduced from Fig. VI.5. Tt may be noticed from Fig. VI.5 that some

__transitions might occur even below 0,5 eV. Again detailed calculation

of the energy bands of this metal is necessary.
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TABLE VI 1

Comparisons of experimentally determined peak positions in the
optical conductivity of Yb from the present investigation and the work of
MiUllex( 1967) and Endriz and Spicer (1970) with the critical point energiés deduced

from the similarity of the band structures of Sr and Yb. (F;‘a y_\_S)

Experimental . PHOTON ENERGIES. oF _
f::ge;bmen 2 corresponding critical points in Band structire
W-X u(1) . u(2) Kl K,
Present | 1.3 eV;
Muller 1.8 eV 0.7-"1.7 ev 10.7ev | 1.1ev| 0.4e¢| o0.9¢eV
Endriz & 1.4 eV
{ Spicer

6,7 The results of Kramers-Kronig analysis

Information about (J(w) below Fiw= 0.35 eV can be obtained from the

Kramers-Kronig relation El andav + Lifsht iz 6‘960)] k

2

; ' - 6 .
i - € -1=28 x j dv’ OGh vi.l
12
S v - . .

Consistent extrapolation of optical conductivity G(w) can be chosen by com-

paring the values of the dielectric constant 61 (Cd) calculated from tl_1is

relation with the directly observed values. The low energy extrapolation

was ma..de on an a-.ssu:;nptidh that the thermal 'broa.;.iening. effects at room temp-~
" erature will limit the gdssible 's.'i‘aruct\ire in the 6(w) curve below O.S eV and
therefore there would be a good chance of finding a unique low

energy exﬁrapqlafion. This consisted of a simple free eiectron

term whicﬁ is given by th.e Drude equation,

- 6() | VL 2

1+ WZ‘CZ

(the syisbole are defined in Section 3.3)



TABLE VI,2,

Low frequency extra'golation of room temperaturas
. optical conductivif.x of Rare Earth_lﬁetals

(ail)| Fol0 we S-:’Eé;:iv g}g%‘%:r $o
Element 6(0)/c HLem) (ev) (.Q_cm) dygeld | §DC
ca  [19.4520] 152 |o.435; 0.k 130 130 147
T 20,5 146 0.435 110 125 117
Dy |o2. 136 | osu2s 95 14 1.19
Ho  [23.2 129 |0 90 110 1.22.
Er |21, 142.5 | 0.45 50 123.5 | 7.8
Yb 25. Ouk 30

120

* Hodgson e.-Claye‘i (1969)

- L_is_light velocity.

19..
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An example of such analysis of Tb room temperature date (shown in Fig.

V.l4t) is shown in Fig.VI.6.

The high energy extrapolation only slightly influenced the results
below 2.0eV: It consisted of'a broad maximum in 6 (W) above 6,0eV,
This was performed on most of the metals presently under investigation
and the results are summarised in the Table VI.Z.- A similar analysis

'ﬁas reported for Gd by Hodgson and Cleyet (1969) and-these results are
also presented for comparison., Values of the optical conductivity .a%
zero frequency 6(0) are g_iven in the same units as for 6("’) in: Chapter'
Ve The numerical values of the electron relaxation tiﬁe't are'intgo--'
duced in the form hg (eV) wﬁere_h is' the Plank's constant. The
resgistivities corresponding to the calculated (;(O) are in remarkable-
agreement with the d.c. resitivities rerorted on the bulk materials .

for Gd, Tb, Dy and Ho. A somewhat low value G;(O) for zero frequency

for Er data is rather surprising since most of the physical properties,

as well as the RAPW energy bands of Er are very similar to the rest of

the heavy rare earths. However, the low temperature optical data for

e

this metal show rather different features from the rest of the Leavy
rare earths. One could of course ask whether these discrepancies do

not arise from the strain in the films "built in" during the evapora=-

tion of éhis metal. However, the Pressure induqed changés in the res-
istivity of Er have been foﬁnd to be small as for the rest of heavy
rare earths sé tﬁ;t we found no re;;;; wh& this metal ahéuld show such
different features fiom the rest of the heavy elements. Cne of the
reasons may of course be due to the fact that a comparatively small

=n.umber of specimens of this metal were invéstigated and the absolute
values of fﬁé'optical constants ﬁay-not be sufficiently precise for
this analysis,

The resistivity values corresponding to the optical conductivity
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at zero frequency are found to be ccr;si's‘hently higher than those cf d.c.
resistivity. This could arise from the fact that the residual resistivity
of the film is always higher than that of bulk rr;aterial. Another source
of the difference is thought to arise from the Jomt anisotropy of the
electron velocity and relaxation time at the F‘ermi surface. Free eléctr-on.
extrapolation of Yb data at low fr-eq‘uenciel gave rather a poor fit and.
resulted in comparatlvely small values ofd(O) = 4 5 x 10" sec ', This

may be attributed to the strong interband transitions which are likely to

. occur at the photon energies below 0.5 eV as may be seen from the Fig. VI.S5.

Free electron extrapolation of the Nd data failed probablv because of the
numerous transitions at 0.5 eV predlcted from the above picture of the band
structure of Nd.

At may be seen from results in Chapter V the free electron sbsorption
wa8 also significant at photon energies below 0.5 eV even at low temperatures
and was responsible for some of the difficulty in cbtaining accurate values
for the splitting parameters of Dy for instance.,

An attempt was therefore made to extract the free electron absorptien
from low temperature results, using the following procedure (applied only -
to Dy and Tb), _‘ ' o

| 1) The low energy e;trapolaxion of room temperature curveSGS@J)'using

the free electron term (Eq. VI.2) gave values of zero frequency r_odm

temperature optical conduct ivity 6(0) and relaxation time C.

2) The low temperature values for ©(0) were estimated from the d.c.
values of conduétivi_‘tir(:)! o " taken as being inversely proportionél to the

sheet resistance ( obtained experimentally (Fig.V.6a for Th; Fig.V.10 for "

Dy) @assuming that ——Q)— is approximately a consiant function of temperature.

(;d.c.

3)  Using Bq.IIT.13 the isotropic relaxation time Tis given



b o ... J00%K
A & A 90 °*K

Glo) =(g..’,§i:;s ses
3voeK - \ i

i -l
G(o)qp"k.=l-°g"a Sec
("/t),m-_- o435 eV
(VI)BQ.K =0.31L aV
€ = 4 (0)

A4 W

Pig.¥I.7. Erammers-Kronig analysis of Ty dzia. The procedure

was the same as for Tb deta. Low temperature G(0) was deduced

trom the azta on Fig.V.0 . “he rela:ution time A’ was deiined

using o JIL. 13 2z discussed in the text.
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by

T- = G(O)
2

e N
(m* is an average electron effective mass at the Fermi surface, PJ is
the number of conduction electrons per unit volume).
Assuming that the change in m* due to cooling from 500°K to 77°K is.
much smaller than the- change in conductivity G;(O) the low temperature
value of relaxation time was estimated, Using the above assumpticns we
I 6?7"1{ D.C.
77°K 300°K

can write

6 300°k D.C.

The results of the above procedure appiied to Dy low temperaturs data
from Fig.V.8 are shown ip Fig.VI.7. (5k on the graph represents a
Drude teil, CB(GJ) - Gsk:represents the estimated interband contri-
bution to the optical conduétivity. Similar resulis obtainéd from Tob-
data are shown in Fig.;VI.?a.' Comparison- of the above estimates of

low temperature interband contributions of Dy and Th is shown on Fig;

VI.8. This shows the difference between low temperature interband

absdrption of these two metals in the photon energy region 0.5eV to-

1.0eV as discussed in sections 6.2, 6.3 etc.
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CHAPTER VII,

CONCLUSION .

The results reported in this thesis show that in general ;he optical
conﬁtants of the heavy rare earths change when the metal under inveetigation
becomes mégnetically‘ordered. The naiuré of the changes does not.depend
upon which of the magnetically ordered phases (ferro - or antiferiomagnetic)
is present, a result which has been taken as indicating that optical
transitions at the energy gaps associated with superzone boundaries make
no sign;ficant contribution to'tﬁe optical behavio;r. Rather, we believe
that tﬁe dominén%.contribution to the effect of magnetic ordering on the
optigal prcperties arises from the exchange éplitting of the conduction
bands. Rather surprisingly, no evidence was found for changes associated
with the very large magnetostriction which these metals pcesese,

The exchange splitting of +the bands hes been estimated for gadolinium, '
terbium,-dySprosium and holmium, the results being in goed agreement- with
theoretical predictions. Ornly an upper limii to the megnitude of sthe
splitting could be found for holmiuﬁ and the value for erﬁium was unexpectedly
high.

At room temperature the overall absorpiion behaviour at low photon
energies ﬁas dominated by the Drude contribution to the eptical conductivity
G (W) ani the zero frequency values E;(O), obtained by exirapolation for
each of.the metals at this tempera$;ré showed a similar deperdence on

atomic number to those obtained by the static conductivity observa~-

. tions, The absolute values of 6(0) however were some 157 larger than

the static values, an effect which may arise from the jcint.anisotropy'_
of the.velocitj and relaxation time at the Fermi surface.- This conduction .
electron scaitering contribution was also dgignificant at low temperature

and was responsible for some of the difficulty in obtaining accurate values
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for the exchaunge srlitting parameters.

Attempts were made to associate the magnetic peaks iné(w_).
with transitione in the AFW and RAPYW band structures for these metals,
but. in the absence of wave function data no unambiguous identification

was possible, This was also the case for the broad peak near to 1.5 &V,

‘which is common tc all the metals, and which did not appear to be changed

by magnetic ordering.



CHAPTER VIII

SUGGESTIOR FCR FURTHER VWORK

The present results show that, in gene;al,optical constants of
the heavy rare earths change with magnetic ordering and that in all
probability -the dominant contribution to the optical effect arises
from the exchange splitting of the conduction band. It also appears
that the band gaps at superzonz boundaries may not contribute t& the
optical effects as iB also the case for the magnetostriction. The

inethectivenegs
reasons for the inefiectwee of the magnetostrzctlon in .changing the
opt1ca1 constantq may- be understood through more detailed calculations
of the energy band structure of the heavy rére earths for various
lattice parameters and the evaluation of the transition probabilities
for various.parts of the zone. (This work is already in.progress in
the laboratory). More extensive studies of the single crystal
magnetooptical- properties are also necessary if we are to ﬁnderstang
the behaviour of polycrystalline:films such as pgve been described, in this .
thesis., The us; of differential techniques is capable of providing-
more detail in the siructure of absorption bands than convbntiopal
ellipsometry even ihough these techniques are more compllcated to analyse.

It appears that the gaps at superzone boundarles lead to only a
small contribution to the optical effects of magnetization and it will
be essential to employ.differentiai techniques tc discover the form
they take,

| In order to compleée the present investigation of the optical

properties at least for the first round it is necessary to continue

further into fhe'infra—re¢ region. This work should giﬁe some

interesting data for Er and Tm at helium temperatures as may prove or

disprove that'the free electron low frequency extrapolation of (S(uD
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presently used below 0,5eV was justifiable.

In addition tc that shown above there is a need for further °
examination of light rare agrths. The first element to be
tackled pfobably should be Eu because of the simplicity of ite

electronic structure and its relatively high ordering temperature

(90°K), It wauld be especially iﬁteresting t0 compare the opticgl

effects of magnetic ordering of Eu and the heavy rare earths.
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APPENDIX A

Symmetry of the conduction electroir states

The band structure of a paramagnetic metal is derived from the one-
electron Bloch equation., If the spin orbit coupling is not .included the

Bloch equation is in the form

'i;-.é§€ét +'\'G?):]"“l1::> = EL“,(EE) l”H Ez:> v Al

V(T) is the effective one-electron potential with the translational symm-—
Ry :

-q
etry of the crystal lattice; \n,k> = elkr
) - : -
Bloch functioms; ia is the conduction electron wave-vector; function uﬁ(L,r)

2 2y .
un(k,r) are one electron

has the translatiomal symmetry of the lattice; n is the band index of the.
conduction band, Energy éigenvalﬁés E%‘ib have the translational symmetry

of the reciprocal lattice, therefore tne variation of E;(i) with ¥ over the first
Brillouin zone is uswally presented. An.example of such variation for Gd

is shown in the Fig. II'Bf In addition to the translational symmetry

the Bloch equation 1s invariant to the group of tramsformations which follow
from the crystallographic symmetry of the lattice. This group-of sythmet.ry
transformations .of the Hamiltonian in eq. Al is isomorphic to the space

group of the crystal. A trivalent Rare earth crystal lattice has the

hexagonal close packed structure and the corresponding space group is

called Dgh CFor detailed description of this group see uCorﬁWe11(1969)
and E1liot (1954)s | ' '

Let us denote by T'iﬂé-s&mmetry transformation of the one eigctroﬂ
.Hamiltonian. In its most general form, T is a rotation R(T) followed by

a translatioa t(T). Transformation of the coordinates is given by
1 =[R_(T)|‘E(T)] T=17 A2
Corresponding change of the wavefunction £(¥) can be represented by the

operator P(T) where

D) £ = £TV ) A3



-dp

Applied on the Bloch waves un(f,?) 2T this 1s equivalent to the

-~p
transformation of the wave vector_f' = Tke Symmetry transformations T
for which_ﬁ' corresponds to the same k or an-equivalent wave vector form
Pl

a group Gk; This group will always contain all the pure translations
EE/Qﬂ of the space group Dg he E denotes thé unit element of the
rotation group, 1?15 a translation.

A set of all.lihearly iﬁdependent functions-obtained.from-ln;ﬂ:>

~»
by the symmetry transformations T of group Gk form a basis of the irre-

ducible representation of éE: A representation is called reducible if
its basis functions are not linearly independent, i.e. a set of these
functions can be reduced. fhe irreducible representations of the symm=
etry group are in the form of a square matrix with a minimum possible
dimension, The traces of such matrices are characters of the repres-

entation. Indices of such representations corresponding to the differ=-

ent energy eigenvalues En(ﬂ3 for'? along the symmetry points and axes

of the first Brillouin zo&é are shown in tﬁe Fig. I1.,8, There is an '
internationaily agreed -standard notation of those representations
(Herring 1942).. Séitz showed (Seitz 1937) that any irreducible rep-
resentations can be based on a set of the above Bloch electren wave=
functions each of which represents an element t of the translation
group by exp(-fﬁ?). For many of the pure fr&nslatioﬁs in the grdup of
the crystal lattice ?kp(-iiE3 is unity when K is the wavevector of a

symmetry point in the Brillouin zone (Cornwell 1969). The translations

. ) s - . . .

which have this property form an invariant subgroup Tk, say, of Gk.
—_ .

Hence, all irreducible representations of Gk for which the character

—tge

associated with every translation in Tk'is equal to the dimension of
the irfeducible representations may be obtained bj considering the
~> -~y

factor grouprg/Tk. The characters of the irreducib‘Q representations

of Gk/Tk can te calculated using relations between the class multi-



! . . AS

plication and character multiplicaiion (Cornwell 1969). The character
tables for the irreducible representations of such factor groups (;/T-‘.
corresponding to the hexagonal close packed lattice are given by Herring
(1942).

These tables are extremely useful in cal_c.ulating the selection
rules of optical traﬁsitions. It can also be shown (Cornwell 1969)l '
that any Bloch wa\ie; co.rrespond-i'n_g to the particular energy eigenvalue-
En('i:) beiongs to the certain irreducible r_epresentation of the factor

group G?/'J.r i.es if we know the solution ln,f) of the Bloch -equation

A1 we know the irreducible representation to which the solution belongse.

§ymmet_{ry of relativistic conduction electron states

Spin orbit splitting along with other relativistic effects
becomes important in heavier elements where the outer electrons are
relativistics In computing the symmetry group of the Hamiltonian
corresponding -to_the system of such electrons a Dirac Hamiltonian—&

should be used (Loucks 1965). . It can be approximated by a Pauli -

. Hamiltonian. The wave equation is then given by {(Callaway 1964)

H \1/ ELr) r——--L+ V(T) + "

Lm

[Wv xPE- Vv VTJ‘T' 1 (F)=E (k) Y

Al
Yﬁ(?) is the Bloch w;ave function, n is the band index, ¥ electron .
wave vector, V(?) is the effective one electron potential, -g are é"(ér-_,GJmG%);.
Pauli (2x2) matv'lces. En(k) is the energy eigenvalue. - -

The wavefunctions ‘T'/n-lz of intereat to us are not constant spinors, but .

rather may be represented by (Gallaway 1964)

(@) : : -
—'»(_‘) Z q> > (T) (u, A5

=t



Ak

where (L— 1, 2 are spin indices, v Y is a Pauli spinor in some coordi-.
m

.nate system and 4?“ _ér) is an ordinary function of position. It still

has a translational symmetry of the ci-ystal lattice. We can therefore
obtain the symmetry properties of kl.-’ e by considering the spacé group

of 'the crysf.al gimilerly to that shown above for the non—relativistic |
case.

All considerations including factor groups are therefore identi-
cal to those above the only difference is that 1-:he symmetry prdperties
of spin functions have to be considered. Spin function responds only
to the rotational pax_'t R of a symmetry transformation T. If the_ro-ta,t-
ion R is specifi;ed by Euler angles (9 ,¢ ,¥ ) the transformation matz;ix
of the spinor is given by ( Elliot 1954)

(d _& - erna

D%(R) = B I o = cos g 2

A6

A9 —

sin

The transformatmn matrix of the function &V - (Eq., AS) is given by

the elements of the transfornatlon m.slt:x-'.LxT1 (n,::) of its spatial part

(t)(n) and matrix elements [D%(R-] '& of the spinor part..“(.(-’q-ﬂgua-g- lﬂb":f) -

A,-i.) S & - | ( )
P(T) \}(Jhng(?) -Z, Z ( l (“ k) (1) )[D (R—] Li/ 3 L) et

J:( A=l
1= 4,2,

$ is the dimension of the representatlonT‘ (n k). This expression can

be written in the form of direct product representation Callaway (1964)

. o Co
p(T) kl'ﬁ Z r]—'(n(T)® D..(R)] |3 Al



AS

- !
- Half angles in Eq. A6 indicate the double valuedness of the
matrix D%(R). This corresponds to the two values of the spin for each
state. The symmetry group in this case is called a double group., Con=-

sequently the symmetry group for the non-spin case is a single groupe.

The splitting of degeneracies by spin orbif coupling

i il
It was shown by Eqs. A6 and A6l that representations of the
double group can be derived from those of the single group by a direct

product, i.e,
. le e .
| r‘.a-' e ® Dy
However, the direct product representation may net te in general, irre-

ducible. The criterion for a representation being reducible is (C:urn'wl“-- 1969)

-2 I_)C(T)\1=§ |

T . L

in which the sum is o%er all elementsAPf_the group, £ is the order of
the group. If the representation Tle GD D% is_gggggih;g in the double
group and‘_!e is jirreducible in the single group.the characters ef the -
representation‘r1e x D% are the sums of the characters of some of the
irreducible representations,&aﬂ}&£We can write symbol;cally

L”
Physically this means.that the levels with symmetryir'e are split by
spin-orbit interactién-into levels with symmetriés jJD. In the Table
A{ are relations between irreducible représentations of the single and
.double symmetryngrgups'corresponding to thE hexagonal.close packed
' Crystals. -?h; nofétions of the'fep}eSentations are internationally
agreed and their properties can be found in Herring (1942) and Elliott

(1954).



Table A1 (Reprinted from Dimmock et al 1965)

Connection between the single and double group representations for the symmetry
polnts T', X, H and A in the Brillouin zone for the hemgonnl close-packed structure

. (after ELLIOTT, 1954) 8, _
" " P :
L T T Iy, Ty Ts TS
Dy x T} r; I; T'y Iy Ig+ly  Tg+Ty .
X K. 2 3 Ky Ks Kg
Dy xK, Kq 5, Kq Kg =~ Kg*tKy  KyptK,.
H . B Hy . i
_Dixni' Hg + Hg Hy + Hg+Hy Hy+ Hy + Hy
;- H‘-. H 8 nn'd “5_' H,’ are degenerate by time reversal, - .
. A Ay Ay Ay gy ~ .Lq L.
A L DpRAS Ay Ag AgrAgrAy SaSaSeS, Ly Ly
" ' Ay Agare degenerate by time reversal. "°
¥
Pi P1 P2 P3
- - %'x Pr______Pé' P6 ‘ Ph+P5+P6

The table is used similarly to tables in Appendix B.

Above each line there are representations of a single group and under

it are corresponding irreducible representations of the double group.. .
' +

If the levels are split by spin orbit coupling (as for instance l 59

3, S ) into several levels, the symmetrles of the split levels are

+

! denoted by +, e.g. r‘ ; is split into the levels with symmetries F 8
\ + i

J: o I oi Sy is split into four levels S, 3. S0 -5 etos
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APPENDIX B

Tables of the.selection rules of direct interband optical transistions in-

non-magnetic Rare Earth metals

Apartlfrom the trivial selection rule such as conservation of the
spin-a_nd wavevector, the selection rules are der;ived from character
tables of the factm; groups described in Appendix A.

With the hell; of. some g-;r.'oup theoretical considerations that are
easily found in the literature (see for instance Cornwell (1969) ) one
obtains a simple selection rule for a direct optical transition between

the states [1) and {j), i.e.
. |H -
(i |Meea l3) ~ ¢ - Vh..Z)‘i(T)XH(T)d m X;T e
T . e '

Ci' o5 = 0 for the forbidden transitions
# O for the allowed dipole transitions.

The sum is over all elements | of the -group—of'-éymrﬁetry transformations
of the Bloch equation (see Appendix A); h is the order of the grouf ;

l 5 (T), Ij (1), are chalracj:ers of irreducible representations T' i(.‘:_l'),
T‘ j(T) of the group corresponding to the states I 17 ' ] j> respectively,
IH - 1is character of the irreducible representation TH corresp-

rad rad

onding to the symmetry of the electromagnetic interaction Hamiltonian

H ad® ‘Close examination of equation TII,1 gives that Hr-a transforms.

r d
in the same way as vector coordinates x,y,z; i.e. for the polarisation
vector: Z alcng the.x—diret_:ti_cn gra d has transformation properties of
the x-axis etc. For the hexagonal close packed iattice the vector coord-
inates x,y,z transform according to the irreducible répresentaticns 'P; '
-'P-(;' T‘; respectively. The representations of the symmetry groups corr-

. esponding to the hexagonal close packed lattice are discussed in Appendix A.

The equation Bi-can aleo be interpreted in another way. If T‘i, T‘;.,



X0y TeXA " Ay Ay A vA Ay U TgxH HpeHyH 4Hy HyaHpC

Buv2
Ik

rad
characters, the optical; irasnsitions \ 17 ——bl ;j> are sllowed if and

are corresponding irreducible representations to the above

only if the function H_ . | © has the same symmetry as | 30, i.e. if

f‘-. is a direct product (Cornwell (1969) ) of I H and Tli’ and we
T, O T' ~ rad
J B d.
For characters of the d:.rect product the following relation holds [Carnwell I969]

LT, @V ) =X T+ X (Ty )

rad rad

write

for any element of the symmetry group'. This interpretation is used in
the Appendix A and the tables B1 and B2 where the selection rules are
tabulated.

Table B1

Selection rules for optical dipole transitions at symmetry points of the

Brillouin zone for h.c «ps non-magnetic crystal in the absence of spin

orbit coupling. x,y transform as T 6 2 transforms as -‘1 (D:meock et

al (196'5)) o e
Radiation
?o\a-\'i?:('.'ﬁo“
} .’ - _”.r; .":-rf; st r: .._. ::_-, ;-'r* r’;
B O SR - R TR~
I R Rl B T i TN e
IR A A Ky i - .”Ks Ky 3
Sl l\.-__ 5 o e K ',-_.KA_*"‘a*Ks._ Ka*Ket¥e .,
) M, M; - | M;. M; M: _."-. | L~ Ll“l-z—
X:"' 11:5::‘ ':. *MI '*.hl,*M: . :M;. g L 'réxL‘ . " . ‘e
LreXM Mg tMy My+My My *—-'-“4_‘52_*_&__ Tgxly Ly+Ly Iy+ly
R T R T T SR M N
Ty x'A, A_l. Ag T A, ; .r;:&.n". B, H. W,

3 1 3.



Table B1 Continued:

Radiation

Polanzabon
i L |
2 sl | 2, DX B T, | R ¥
wr | s ®T Z g | 3-+22 Lty T | B




B.d

The Table is used as follows. Above each line are irreducible

representationgof the initial state.

Optical transitions between the
T T

X lq
Hrad

contain311j. For polarization of radiation along x,y (i.e. in the

two state§ |idund|j? , are allowed only if the direct product

A .
hexagonal plane) H.,a transforms as x,y which corresponddto the irreducible

representation 116' For polarization along the hexagonal axis (z-axis)

A T A . . .
Hra& corresponds to the / 2¢ The above table sa¥3 for instance that

) -.T"- "' . N -
] 2 ¥ g contains T s in other words, if polarization is along z-axis.

and initial state has a symmepry'l ¢ the only allowed optical transitions

6°'6* 5

occur to the states with the symmetry I contains 30 'y and
+ .
116,-i.e. on the other hand if the initial state lf) has a symmetry |

5
. . s : Leh evimerriee TT. T
allowed optical transitions occur to the states with symmetries | 3 4°

1)+

6 etc- (for polarization aleng x,y).

Optical transitions in a non-magnetic h.c.p. metal with spin orbit coupling:
included N :

Since Hrad does not depend on spin the same holds for the relativistic

A _ . —
case: H, . for the polarization along z-axis corresponds to Ll along

ra ‘29
X,y-axes corresponds to'P-;. The selection rules for dipole transitions
in the présenée of the spin orbit coupliné are given below as reprinted
from 'Dimmock.et al,,(1965).

Irreducible representations which occur in this table are those of

the double group. The relations between the representations of the single '

- and double group may be deduced from the equation A7 and Table Al..




TABLE B2

B.4

Selection rules for optical transitions in a non-magnetic metal at the

symmetry points L,T\,K,H,A,P,S' in the presence of the spin-orbit coupling,
[ Dimmock et.al (1965)] .

Radiakon
Pelavization
v .
& .
L . Ts o, Ls I,
2 . - ¥ ¥ .
. xL, I, I T by t+la ky+la
- ¥ ¥ . ¢
3 omn, B men rpe LT
K¢ K,’ Ka . Ks - D P‘P‘ ’ o ‘P;
pxX, K K Ky~ TFrPstR - T +PeqRy.
XY  KgxK, Kg+Ky Kp+Ky Kp+Ky '.-T’Pq" - —P.s; c
S I - . _ R
H - H, H, H, H, Hy Hy
% ToxWy =By . Wy AHg H o K Hy
Y ’r;"nt:’_"_"o i Hgeo iHg - Hg Hg+Hy+Hy Hy$Hg+Hy
z - L é‘ As A ${ S ) y . Sg .-
G TgxA kg AL LA T L M9SeRr gy Eisy 5,458,
x,} _}";xA‘., A, .lA4+_A5I+As"_ B Sy - Sg

The Table is used in a similar way as Table Bl.




AYFENDIX C

e —————t——
Coiputer prosramme . for = e calculztion of optical constants
cptical conductiviiy and éilectiric constant.

JRTRAN IV G COMPILER MAIN “LT-12-72 14:20G.43 PAGE -CL01

SN | ) INTEGER CHyNI{2()
a2 REAL EL(S5._),E2(5°0)«SIGMA(SL-:) yR{5L ) ,CUSCC)CLL10)
3.3 . DATA C1/72.49755+2:9)02.8412:e7912eT7442.6902:.564512.692.55542.525,

126502 e4T12e44512052020395+02036512033¢203.12e2692e2312+21+261742.13,
22.&.9'_2-':.-6'2.»‘2'1093!1.9"l‘L.gs- 11-35-1.5,1.75.1-7.1.65.1-6y1.545,
31¢4951104%¢1¢3891033,102B+1c2391elH41al3s1laftBrlelbyr 99595553,
b4.09.5,. .86'U.81.:-o17l|.0 7_3.’--69“. 1669006395061 9059 3.a5654:055,
516531 LaSl3¢CeDslab P e By T8y T2/ .

.4 2 FORMATI(IH .I#.SX.F?.B'SX-.EI-..IHSX.EIL-.‘r.5!.E1€=.4,5X.E1i}.4.5)(.
1E1'_-.’+-2X.F5 1.4‘(.E9.3.2X.F9 3'
pINSET 3 FORMAT(1H 'CH"Tlll'EV'delo'CPSLNl' Gy "EPSLNZ 'y T51,°*SIGMA?,

1T6&.'R'.TEI-'RO'.796.'DELTA'II
WRITE(643) ‘
1Z: FORMAT(F5,1) .
READ(5+120 ) XXNO
N{il}=1
READ(D.IZ)THETA.N(Z) N(3).N(4) N(5)
THETA=THETA® 3,14159/18%
12 FORMAT(FS5.1, 4!3)
K=N{Z2)+N(3)+N{(4)+N(5)
DO iv I=1,K ]
READ(5,1)CHsA+sB+sDsLA,LB
1 FORMAT(I1443F5.1,214)
ALA=LA
ALB=LB———— - ——
AA= ALA/1iG30.+1,
AB= ALR/12GH +#1,
A=AZAA :
B=B%AB
L= CH/5+16
ClI)= cl(L)
RO=SORT{ABS(A/B})
Y={A+B~2.%*D}) /{2.*SQRT{ A%B) )
SXNO=SQRT( XXND)
IF (Y)5.:4,6 .
4 FLTA=3,14159/2,
DELTA=91,
Go 10 7
5 ELTA= ATAN(SORT(ABS(1..-Y**7II(Y**2l))
DELTA= 185.- ELTA*1R .7 /3.14159
Gn.70 7 ) o
& ELTA=ATAN(SOQORT(ABS({1l..-V#¥%2)/(Y%x%2])))
7.CONTINUE
IF{RDO-~-1.L)7748,8
8 E2t1)=u. .
E1(L)= (TAN(THETA) }®%*2 - 2. %{SINITHETA) 144 /COS{THETAY%%2/(1 .+Y}
XNO =EL(I}*%(-,5) :
. El(l)y=XxNnD -
- 60 TO 82
77 P = (lot +RO%%242.$¥ENXY) /{1, #RO%%2=2, CERDAY)
) X = Zot #RDXSIN(FLTAN /() 0 ~RO*%Z)
EPSLN1=P*(1..~X%%2) /() L +X25z2)xXXNO
EPSLN2=P®2, 0 #X/( ), +X%%2)%XXND
EI(I)=EPSUNI®*(SIN(THETA) 1224 7 (COS{THETA) ) ##*2=SIN(THETA ) %%2




C.2.

PAGE (0UG2

FORTRAN IV G COMPILER MAIN (7-12-72 14:2(.40
L .49 C2UI)=EPSLNZ2*(SINI{THETA)**4) /COS(THETA ) *%2
16 8. CONTINUE .
-2 952 SIGMA(TI Y= E2(1)}/712.*%ALMB)
4453 -I= SYRTCEL(I)%&=2¢E2(])¥%2)
L.54 IN=SORTIARS(EL(T)+Z21/2.)
-.55 RUI)=CZ+SAND-2,*IN}/(Z+SXNO+2.%ZN)
2.56 WRITE(H92)CH,C{1) o ELULIF2(1),SIGMALI)R(I),RD, DELTA,P.X
187 - 1.. CONTINUE
.58 E1MIN=E1(1)
v 59 E1MAX=E1(1)}
P . 1N EZMIN=E2(1)
161 E2MAX=E2(1)
L2 SHMIN=SIGMA({Ll)
L2263 SMAX=SIGMA(1)
[vy.1 DD 9 I=2.,K ’
S uubb TF(EIMIN-EL(I})I]1,42€1,4102
2L66 1.2 FLIMIN=EY(])
“Us7 1L IF(ELMAX=-EL([})1C3,1C4,1C4
Lub8 103 E1MAX=EL1(1)
LG69 1t 4 JFUE2MIN-E2{1))1i:i5,1L5,1C6
OTo {6 E2MIN=E2(])
LoTl 1.5 TF(E2MAX-E2(1))1.7,1:8,1C8
veT2 1.7 EZ2MAX=E2(1)
[ 108 IF(SMIN-SIGMA(TI))L11C.115,109
LT ics SHIN= SIGMA(LY)
<75 11 TF{SMAX-SIGMA(I)})111,9,9
w16 1i1 SMAX=SIGMAI(TI)
LeTT 9 CONTINUE . _ -
478 IF(ABS(EIMAX)=-ABS(EIMIN))91,92,92
79 91 E1SP= ABS(EIMIN)
(a1 GO TO 93
a8l 92 E1S5P= AHS(thAXi
au82 93 CONTINUE
83 MN=E1SP/29.
iru84 NN=NN+1
{uB85 E1SP=NN%23 .
tuBb FCTEL= E1SP/2.
LoBT - FCTE2= E2MAX/4,
188 FCTS = SMAX/4.
w289 FCEZ2= 10« /FCTE2
L9t FCEi= 20 ./FCTE]
091 FCS=5./FCTS
w92 11 FORMATI(1H JEQet,s 1 :iXsE1lL 410K ELGae)
493 94 WRITE (6.11) EL1SP,E2MAX,SMAX
L 94 CALL PAXIS{l.i34a5+'EL"v244. +9:..¢0-E1SP,FCTEY1,FCELl }
w95 CALL PAXIS(14uwSes'SIGMAY 159401909 a2 FCTSHFCS)
‘J:L-QG CALL PAXIS(l.L !-..oS"pHUTDN ENERGY'!"IS'IZ- '\.'u'\:"[. 101‘5625121'
w97 J=1 A SN e
398 CALL PLTOFS{{:eue 2a25+eusFCTELy14+2.5)
2499 CALL PLINE(CIN(I)) sEVUINIII Iy N{J+1)31ly=1yJy99.9)
L1sC CALL PLTUOFS(Cauyr. «254. 2t sFCTSy1ae5a)
w101 CALL PLINEICIN(JIYY, SIGMAIN(J))yN(J+1)y1,y-1+4+99.9)
41h2 N{J+LI=ENLJ T ) +NCD)
L 143 J=J+1



FORTRAN IV G COMPILER MAIN {7-12-72 l1422u,4%

« 16 CALL PLTOFS(. ¢l s_e251e-9FCTELlylar2.5)
G1i5 CALL PLINEIC(NIJY)ELIN(JII) N{J+1)yly=1+J.99,.9)
i-.li_.‘ﬁ CALL PLTOFS( -3.."..-25':..-'.|FCTS|1-p5-l
wle? CALL PLINE(CIN{UID), SIGMAINII) ) sjNTI+1)els=14J099.9)
4168 N(J+1)}=N{J+1)+N(J)
Clc9 J=Jd+l
elld CALL PLTGFS(-.-'.:’=‘-25OO..OFCTEI'IDDZQS'
11l CALL PLINEICI(NIJ))IoELIN{JI))4N(JI+L1)y1,4=-1,J,99,.9)
J1ll12 CALL PLTOFSH{: o9 2542 aUsFCTSe1lay5.)
uil3 CALL PLINE(CIN{(J)), SIGMA(N(JI))yN{J+1),1,4-1,4,99.9)
ill4 NUJ+L )=NUJ+1}+N{J) .
2118 J=J+1
. ullé CALL PLTOFS(( ot i%:a25ye oFCTELlyle¢2+5)
S B i 4 CALL PLINE(CINC(I)) ¢ELINCJI)) yNIJ+1)41,-1,0599.9)
E Jlla CALL PLTOFS(C el ol «25¢5e1sFCTSylea 5] )
. Tl19 LALL PLINE(CINCJII)y SIGHAIN(JII) JN{JI+1)91e-1,4y59.9)
 Glah * CALL -PLTEND .
$121 sSTop
L1122 END

'XECUTION TERMINATED

TOTAL MEMCRY REQUIREMENTS 23988 BYTES
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Appendix D

'Macrosconié definition of ontical constants

The behaviour of the electromagnetic wave (at optical frequencies) is
determined by Maxwell's equations. If E, E.'B, £ are magnetic induction,

magnetic field, electric induction snd electric field respectively than’

divD = 0O
divB = 0

- - D1
curlE = -1/c (VB/ Dt) :
Curlf = 1/c (7B 0t) . 4 p=T=o0

For the optical frequencies the magnetic permeability is equal to
unity and the behaviour of an electromagnetic wave in the absorhing

substance in question is fully determined by its electrical component.

- The relation between D and E in its general form is given by[lahdqu 3

Lifshita (1960)] _ eo
Dj(?:'.t) = E"j(E.t) + %5 fij('C_)' E, (x,t-T) dT D2

where i,] represent component indexes of the rectangular coordinate

system. For an clectromagnetic wave of a single frequency

- - .
E (x,0,t) = Eg exp(i(w t-k

s
radr) D2a
.- -
where k ad is the propagation wavevector, in-general, complex. The
above material characterist:.c is given by [Lahdau g Lifsitz (1960)]
D_.(x,t_) rpv il i,J (W) Li( 1Xyt) o D3
0
where E' j(t)) = 1+ \ £, J(Tﬁl dT ic a tensor of the complex
B XY 3 I

dielectric constants Very often this tensor is related to the tensof



- 2
of the complex conductivity Gk J((«')) = 6“13 J(‘-\J) + 1_6kj(£o) r

wvhich is given by the relation between the ?ki,h’,t) and the  current

density )
> . .
FACTEEE ; 03,4 3G, o
and S
{:J'k(ud) = bW 14, é;j,k.(w) D5

The dielectric constant teﬁsor is in general a cémplex number. The
relation between the real-apd imaginary part is given by a Krammers-

Kronig relation (Landau & Lifshitz 1960) i.e, if

) T® )
€ ) = € (W)« 1gjk<w) . D6
' > 2)

them € ,(0). =1 + 2 o )2_.2 7
- ©

@ e

. _ 2 ik !

‘ajkcu).- 2 S e chw D8

The energzy dissipation of anelectromagnetic field of a sinéle optical

frequency per unit time is given by(Landau & Lifshitz 1960)

Q = w/sTZE (W) LE Z&G‘”(w) )E{: b

(B, ) is a complex conaugate of E. 3.&“.243
whéretnpj are componehts of’ amplliude of the sxngle frequency electro-

magnetic wave and \3(1§ k(kJ) is the real part of the optical cond-

. ]
uctivity. In the following * we mainly deal with polycrystalline
films, - | |

When discussing experimental technique and results in the

De



D3

chaptera IV, V and VI. we refer to the isotropic average of the complex

_ dielectric _cons.tar.t.

The usual notation used in these chapters is given below:
The imaginary and real parts of the averageé dielectric constant E are

referred as § 2 E_‘ respectively i.e.
) ‘ 2 2 ) . .
E(W) = g, + 16, = o -k + t2mk D10
where n and k are averages of the optical constants in the usual
notation.. The results in chapter V are presented in the form of the

spectral variations of the real part of the dielectric constant 51(U)

and real part of the average optical conductivity 6 (U) )

Gy | Wl mlw . 1
. A1)

Reflection and Refraction of Eleciromagnetic Waves from metallic

polycrystalline films

In tﬁe present work the optical constants of Rare Earth metals were

determined by a.polarix_netric refle%:tion method. This meth-od_ consists
of the study of elliptically polarize‘:d radiation reflected from the
metallic film surface: The situation is shown in the Fig- D .1. The
coordinate system is chosen so that axes z and y.lie in the plane of

refelection. The angle of incidence is ﬁ" « Electrical components

‘0f the incident electromagnetic wave perpendicular and parallel to

(o)

the plane of incidence are E s

(o)

and EP regpectively. Corresponding
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components of the reflected wave are E(;) ’ E(Bz The relations between

the amplitudes of the reflected and the incident waves are given by
Fresnel's formuiae (since the films used in the present work are highly
polycrystalline, we do not consider anisotropy of the optical constants) '

(Landau & Lafenitz (1960)]. ' _ ‘
) Ve, ooy - V- g, muny

R = -—(-T = - D12
y E: .Ecos~+\/£-g si:?l
o ¥ oY
Ve \/ 2’
- - G
g . _E(") ) £-cos Y 60 £ &, sin.f,
) p E g) e - 21
€ cos.\p +\/E ov& -60 siny
€ is the complex dielectric constant of the metallic material under
investigation. 8 o is the dlielectric constant of the surrocunding
medium, 'R-, HP'"a'r'e"gé'Ee'fa'IIi'-i:bﬁf)Iex numbers. Thely¥ ratio can be
glven in the form .
R . 4in '
_—— = g e D13
R . :
P

%—;- is also a complex number. The phase /A and the abso.:i,ute value Q
are in general dependent on.the frequency of the -rad,ia_tion. If the

incident radiation is plane polarised the radifation reflecied from

the sﬁrface is gene.r.a,lly ell:l.ptically polarised and pa.ramei:-ers of that

. ellipse given by @ and ‘N . are determined by the dielectric constants

_ E) & o &2nd the angle of incidence QF o The determination of the

complex dielectric constants from measured Q and /\ and known

Eo and \f’ is the principle of the. polarimetric ethod.déscribed in
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chaptar IV,
The reflection coefficient R is defined as the time average ratio of
the energy flux reflected from the surface to the incident flux. For

normal incidence R is given by (Landau & Lifshitz 1960)
. ; 2
e -
= 2
e, + 1€ |

D14

6 . 8 o are the above defined dielectric constants.



APPEXDIX E

' Computer programme for the Eramers—Kxonig integral.
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DUAENSION S1GIAC200)
DIHELSI0M DIELEC(200)
“r""(i BISIGIAAQ, TAV, J 1, di, JR, U3
n”hﬂT(ZCln 4, hl))
D0 11 J=1,200
Sd=J
5J=5J/10.-8.9954 S
S1GHACI)=51GHAD/ (EXP(2.#5J)*TAV+*2+1.) .
EV=ELP(SJ) : :
(F(EV-0.2)11,12,12
IF(EV=-0.8)13,13,11
HRITE(G,lh)EV,SInﬂA(J)
FORMAT(1H ,F5.2,1X,E510.4)
NIELEC(J)=1..
DO 100 JH=9,JS
JA=JH+10-10+1
Ji=JA+9
NEAN(S, 3) (S1GMA(J),Jd=JA,JR)
FORMAT(10FG,2) :
FOREAT(10R352) I . T T
COMTINUE
FORMAT(415/7/)

REARC5,6)11,15
FORMAT(212) B
DO 103 JP=11,15
{A=JP%1(0-9
IB—IA+9
READ(S, 3) - (DIELEC(JDE), JDE—IA,IP)

-CONTINUE

FORMAT(214/)

DO 101 JO=di1, JN
SUM=0.

DO 102 J=1,JR
S=J

S=3/10.

PES=(EXP(3S)=EXP(-S5))/2.

.ﬁ.ou“—;un+(°|hnA(uo+d) S1Gi1A(J0-92)/ EXPES
.36:4.:.:u10fb T

50=J0 .
50=5 0/10

SUM=( (SUM*2090. )/(3 1h16kE P(50)))+1.
EV=EXP(S0-5.995k)

DIFFER=NIELEC(JD)+5UN _
PERCHT=DI1FFER*100./DIELEC(JO)

 MRITE(G,7)S0,DIFFER, SUt, PERCNT, DIELEC(JD), 51RKA(JD)
"FORMAT(7F7.2) |

CONTINUE
SToP
END

SROAN URIVE;
“ "R I‘EE’BII)'

-~ 7 ,Api?_.
ST
Li -




