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ABSTRACT

Conditions have been established for the epitaxial growih,

P
. -0
by vocuum evaporation at 10

torr, of single crystal films of the
dihydrides of gadolinium,tgrbium,dysprosium,holmium and erbium,on
tﬁe cube,dodecahedral and octahedral faces of rock salt. The film
struétures have been investigated by electiran microscopy and diffrac—
tion. Lat%ioe parameter measurements on single crystal and polycrys-—
talline specimens indicate that thin.films( <2009) are face—-centred-
cubic dihydrides vhereas thick films(>~900g) are dominated by hexa-—
pgonal close-packed metallic struciure., Films of intermediate
thiclkness exhibit a mixed (f.c.c. dihydride and hece.p. metal) phase.
The effec%s;on the siructure of Gd and Tb dihydfide <

films,of such parameters as substrate nature and temperature,
vacuun environment,annéaling and hydrogen treatment have Deen
‘studied. Some nuclcation and decoration studies have been conducted
for gadolinium and terbium dihydrides.

The electrical rezsistivity and temperaiure coefficient

of resistance of polycrystalline films of the dihydrides of gadolinium,

&

terbium,dysprosium,holmiun and erbium,grown on glass slides,nhave
been measured in vacuo. Resistivity measurements on the dihycride

. . , 0, . O oo as o
films,made in the temperature range 77 K to 573 K indicate generally
metallic conduction characteristics. Studies of the changes of resistivity
on annealing the dihydride films in the presence of a siream of
hydrogen gos support the conclusion that the films become converted

to scmiconducting trihydrides having negative temperature cocfficient

of resistance.
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he main objectives of the work described in this *hecis werc

i ) study the structural change with thiclmess of “he various nyirice
e

films in the range 80 — 1000L, grown from heovy rare ecarii mesols,

establish the condivions for growing cpitorial single crysial Films

DY TES

iii) measure the resistivity and temperature coefficicnt of resisiance,

..
=
@
&
-
K

in situ, of the films Tas growa' and cated witl Lydrozen

and finally
iv ) correlate the structural studies with the resist vlvity meoszurcments.

Chapter 1 describes the existing theories of epitaxy and nucleaiion.

n

The suructures and non-stoichiometry of heavy rare carth dihydridec
are discussed in chapier 2. Chapnter 3 describes the theory of

electrical conduction in +hin films and reviews the renorted wori on

Hh

elecirical properiies of rare earth dihydrides. The srewvarstion of
eplt rial single crystal dihydride films of Gd, Tb, 2y, Ho and 3r is
described in chapter 4. Chanter 5 describes the siruciurcs ol the
films grown from Gd, Tb, By, Ho and Zr. The invesitigations of comc
growth parameters of Gdlp and Tbl, films are reported in chapier 5.
Chapter 7 describes the cxperimental devalls of the electrical

measuremnents of the films. The GleCuflCul resisgtivity and temneraiurc

coefficient of resistance of the films grown from Gd, Tv, Dy, Ho and
EZr arc discussed in chapier 8. Chapter 9 comprises the coaclusionz,

discussions and suggestions for further worik.
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CHAPTER 1.

THEORIES OF EPITAXY AND NUCLEATICIH

l.l1. Introduction

The phenomenon of epitaxy has been known for over a century
and is the basis of the most commonly used process that leads to
the growth of single crysitalline films. The term epitaxy
("arrangement on") was introduced by Royer (1928) <o dencie iac
phenomenon of the oriented or single crystalline growth of one
crystal upon another such that there exist cryst;llographic
relations -befween the overgrowth and the substrate. 4n epitaxizl
film is a single crystal or well oriented collection of crystallites,
in the form of thin films, grown by the deposition of the material
of interest on to a substrate of different material., In genecrel,
the subsirate will itself be a single crystal or well orieated
assembly of crystallites.
) Interest in epitaxy was first aroused waen it was noticed by
mineralogists that two differenf naiurally éccuring cryatal
species sometimes grew together with some definite and unigue
orientation relationship, as revealed by thelr external forms.
These observations led to attemptg to reproduce the effect
artificially, during crystal growth from solution, and the first
recorded successful attempts was reported by Frankenhneim (1835),
who demonstrated the now well-known case of the parallel oriented
growih of sodium nitrate on calcite. The other mecans of <the
crystal growth by which epitaxy can be produced in the laboratory
are, electrodeposition (Cochrane, 1936), chemical action

I3



(Aminoff and Broome, 1936), sputtering (Finch and Quarrell, 1933),
condensation from the vapour phase (Bruck, 1936). The later
technigue, especially in the form of vacuum deposition, has
proved to have wide application and is the most commonly used
technique today.

In early days, the subject of epitaxy was restricted
because the crystals had to be grown (growth from solution was
the only readily available technique for preparing samples) such
that their orientation could be determined by optical microscepy,
which was the only observatlonal technique available, and the
understanding of a crystal sitructure was very rudimeniary, siace
there were no tebhniques available for siructure analysis. But
with the discovery of X-ray diffraction in 1912 and electron
diffraction in 1927, further progress in this subject has been
dominated by the influence of a succession of new experimental
techniques, especilally those for meking structural observaiioas
on crystals. Although Davisson and Germer (1927) started witﬁ
low energy electron diffraction (LIED), Thomson and Reid (1927)
initiated the high energy electron diffraction (HEZD), which was
by far the more practical technigue and began to be applied to the
study of epitaxy. HEED involved reflection diffraction (RHEED
as well as transmission throuéh thin films. The advantages of
electron diffraction were quite élear. First, 1t was possible to
examine extremely thin layers of overgrowihs prepared by a variesy
of methods. Second, orientation could be determined from
internal crystal structure rather than external morpghology.
With the appearance of new and improved electron microscopes in

the mid 1950s, the study of epitaxy was given a completely new
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impetus. By means of iransmission technigue (THl), it was
possible {o obtain a wealth of new information on the nucleation,
growth and structure of thin films. Comprehensive reviews of the
electron microscope work on epitaxy have been given by Pashley
(1956, 1965), Matthews (1967) and recently by Pashley (1975).

l.2. Theories of Epitaxy.

The occurrence of epitaxy in thin films hog received consideratle
theoretical treatment which can broadly be classified ianto two
groups: (1) older theories, based on the geometrioal fittings
between the lattices of the deposit and the subsirate and (2)
current theories, based on the nucleation process. 4 critical
review of the older theories is given by Pasnley (1956). 4
brief discussion of the various theories is given below.

l.2.1. Older Theories

Royer (1928) put forward a set of rules for epitaxy and
stated that epitaxy requires a small misfit between the deposit

film and the substrate. The percentagze misfit is expressed

)
0]

100 (b—a)/a, where a and b represent the netvork spacings ian the
substrate and the film, respectively. ‘This misfi% rule is not
generally valid, since there are numerous examples of epltaxy
occurring with very large misfits (Schulz, 1951, 1952). Tae

general conclusion is that a small misfit may be imporiant but

is not an essential condition for epitaxy. Menzer (1938) attempied

mechanism based on the concept that an epitexial layer corresponding
to a good fit occurs during the initial growth siage, and

subsequent growth gives rise to different orientations. However,



other examples such as Kirchner (1938), Uyeda (1942), Raether
(1946, 1951) prove the invalidity of +his concepi.

The theory put forward by Bruck (1926) and Zagel (1952,

1953) postulates that there exists a minimum epitaxial tenperature,
for complete epitaxy and <that the occurrence of crientation

depends upon the misfit between the film and the substirate. This
theory also has no general validity, since the results on epitaxy
(Pashley, 1959) indicate that the epitaxial temperature for a
particular film-substrate system varies over a wide range depending
upon the conditions of film formaiion.

According to the Frank and Van der Merwe (1949 a,b) theory,
the initial stage of growth of an epitaxial film is the formation’
of an immobile monolayer, homogeneously deformed to fit on the
substrate so as {to have the same spacing as the subsitrate. This

<

is called a 'Pseudomorphic monolayer' and is szaild {to occur proviced

the misfit is less than a certain critical value, i.e. about 1.
Once this epitaxial monolayer forms, a thick epiitaxial film can
then grow by repetition of the process, the lattice deformation
reducing with successive layers. This pseudomorphic film would
undergo some transition at a certain growth stage to give & strain-
free bulk depositiwhich.would remaln epitaxial. A critical

discussion by Pashley (1956) nas shown that the councept of

pseudomorphism has no valid experimenial confirmation, since

(0]

various investigators have reported for and against the coucepi.

[

fol]

For example, Cochrane (1936) observed the evidence of modifie

spacings in electrodeposited layers of nickel and cobali on single
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crystals of copper and Miyake (1938) also found the similar
results for S%204 formed on stibnite Sng3), and bvoth of them
attributed this as the effects of pseudomorphic growih. On fhe
other hand, the works of Pinch and Quarrell (1933), Luces (1951)
and Newman and Pashley (1955) proved against the above concepte

At a later stage also the same conflicting results persisied,

Jones (1965) has shown by field-emission microscopy that th

w

first few atomic layers of cobalt deposii on tungsten in ultra—
high vacuum (uhv) are pseudomorphic and Jesser and Hatthews (1987)
alzo produced the evidence for the pseudomorphic growth of iron
and cobalt on copper {001) surface and é}omium on nickel {001)
surface in uhv. However, these results are in coantradiction wiih
those of Schlier and Farasworth (1968) who found no evidence of
such a layer by the LEED technique. Newman and Pashley (1955)
and Freedman (1962) observed that although the film material

‘
becomes strained, its lattice parameters do not exactly maich

those of the corresponding unstrained bulk material.

Current Theories

The theories discussed above do not provide adequate explanation
of epitaxial growth, since they are all based on unzulitable molels
for the growth of the‘initial nuclel of the deposit. The gererzl
cu?rent concepts of epitaxial film growth in the light of nucleaiion
theory are described below.

Pashley (1956) recognised the importance of nucleation in the
epitaxial growth of thin films in his critical Jiscussion of

the theories of epitaxy. He pointed out that the occurrcnce of

epltaxy depends upon the formation of oriented anuclei, and thail
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a detailed wnderstanding of epitaxial process depends upon the

factors controlling the orientation of these nuclei. Hiryh and

Pound (1963 2,b) and Hirth etal (1964) have dealt with the theory

of ,capillarity model for heterOWencous nucleation and have
considered the relation of nucleation theory to epitaxy. Tacy

have predicted that the orientations of ihe nuclei are not ihe
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critical reguirements for epitaxy of thin Ifilm
requirement is that a particular orientation has a lower fres
energy of formation (and hence occurs in greatest numbers) and

a much higher nucleation rate than any other orientation. I3

suggested that high subsirate temperatures and low supersaturazi

are the requisites for epitaxy.

Hoazed (1966) has considered the application of the thccry of

heibrogeneous-mucleation to epitaxy, and has shown that the main

conditions in heterogenous nucleation which lead to epitaxiz
nucleus formation are:

i. High substrate femperaiures — a decrease in subsiratie

is

temperature decreases the ratio of epitaxial rucleation rate

to random nucleation rate.

ii. Low supersaturations - at low super rsaturations only preferred

sites can act as nucleation sites, while at high supersaturatiown

random nucleation is more likely.
The capillarity model nucleation theory has proved to be
satisfactory for experimental condiflons where iac ‘ritian
nﬁcleus is large. There are meny cases, however, involving
condensation of vapours on solid surfaces, where the critical
nucleus may involve only a few atoms. It is then desirable to

the atomistic model of nucleation for the interpretation of

[¢8)

FORS]
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nucleation effects. Rhodin and Walton (1962, 1964), Ualion ebel

(1963), Walton (1962 2,b) =nd Rhodin (1966) have extended +h

nucleation theor& to include very small nuclei by treating the

clusters as simple macromolecules and they conclude that the
nucleus with the fewest atoms has the highest probability of

being stable. It is shown that the critical anucleus for a (111)

stable orientation is just a pair of adsorbed stoms, for a (100)

orientation it is three atoms, and for the rarely ochserved (110)

orientation it is four atoms. Tais explains why (100) and (111)

orientation occur in the fe.c.c. metals when grown on rock salt.

Rhodin and Walton (1964) and Shirai and Fukade (1962) have

considered that there are ai least itwo mechanisms by which a

particular orientation may be favoured:

i, The critical nucleus which leads to the orientation is aldsorbed
more strongly than any other.

ii. The critical nucleus which leads to some other orienvtation is
strongly and energetiéally favoured, but suvseguent growih of
the cluster requires the addition of atoms in wnfavourable
positions. Thus a deposit with the orientation can nucleate
but may not be able to grow.

It appears that a most' likely mechanism for favouring one.of T

equally probable orientations of nuclei is by preferential

recrystallization during coalescence. The experimenial resulis
of Matthews (1965) support this view point, Ia situ eleciron

microscopy studies by Pashley etal (1964) and Pashley (1965)

have demonstrated'the mode of nucleation and the way in which the

nuclei develop into a continuous film. The observations have
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revealed two important process -~ "liguid-like" coalescence of

F*
!
9]

nuclei and islands, and recrystallization of islands. I%
seen that recrystallization occurs during coaleécence of nuclel
and islands, and the orientation of the initial nuclei therefore
plays a determining role in the final film orientation.

The theoretical treaiments of the preceling CCuio"Q indicate
that the following factors which conitribute to the formation of
epitaxial films should be given careful consideration:

1. Nucleation orientation: initial oocuﬁ%nce of & lazrge number of
one type of nuclel with a high growih rate.

ii. Growth orientation: initially there may be many iypes of nuclei,

but a preferred rate of growith of one <tyne may dominate the

final film orientation.

iii. Recrystallization: This process occurs after initial nucleation

and growth, leading to a film siructure with a2 state of lower
free energy. The orientation of the imitial nuclei will
therefore have a dominant role in providing the final
orientation.
It is expected that epitaxy will cccur by the combinaticn of these
- processes. The contribution of the preferred nucleation and
growth of structured nuclei <o epitaxial growih as proposed by
Rhodin and Walton (1962, 1964) appears Lo be generally applicable.
However, the contribution of preferred recrystallization during
alescence to epitaxial-film formation {Pashley 1965 and Pachley ¢
1964), may be considered to be a more imporiant facior thai that
proposed by Rhodin and Walton. Although these treaimenis are nct
quite adequate to explain all the experimenially o

of epitaxial-=film growth, they seem fo provide a valuable basis

.
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for developing a more detailed understanding of the epitaxial
growth process.

onditions for enitaxial-Film formsiion

p

As indicated before, a small misfit is important but not an
essential criferion for the occurence of epitaxy. In epitaxial
growth, a well-defined crystal plane of the deposit grows parallel
to the exposed plane of the subsirate. If the substrate surface
is faceied, the overgrowth will grow parallel +to t.e facels. A4
match of symmeiry at the film-substrate interface is an important
factor in determining what orientation is preferred, alihough
sometimes symmetries are not matched; e.g. 2 threefold symmectrical
(1112 plane can grow on a fo rfold (100) substrate plane. in
many cases the observed orientaition is not that which correznonis
to the vest possible geometrical fitting along one latiice rTow ai
the film—-substrate interface. This is the general situatiocn with
regard to the fit between the crystal lattices of the film and the
substrate. In order to obiain epitaxy, it is necessary to counirol

ER

deposition parameters as well as the subsirete parameters. The

.

important substrate and deposition perameters that nust be
optimized for the growth of epitaxial single—crystal films will
be considered in the following sections.

Nature of Substrate.

% is necessary to use single crystalline substrates for the
epitaxial-film growth. The choice of the subsirates is dictated

by a number of factors, such as (2) compatibility of crystal

o
)
o
<l
cl-
e
(¢}
o

structure, i.e. crystal symmetry, crystal orientaiion, aun
parameters; (b) freedom from surface sirain and cleavage sieps;

. .
(c) chemical inertness at deposition temperature; and (a)
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compatibility of thermal—expansi&n coefTicients between ihe
film material and fthe subsirate. Therc are however, exceniions
to most of these conditions; e.g. (i) f;c.c. metals cen be growm
on mica, and (ii) cleavage steps enhance nucleatica (Rhodin 1968).
The subsirate preparation can have an imporiant influence
on epivaxial temperafure and film orientation. Importznt factors
to be considered include substrate orientation, surface topograszhy
and surface cleanliness. Surface topograyhy such.as surface steps
or microfacets can have a direct influence on film orientation.
However, it has not been conclusively shown that they have a
determining role in'epitaxy. Basset etal (1959) nhave shown thas
there is no difference in orientation between gold nuclei Formed

on steps on rock salt and those formed in beitween the sitense.

L2
Substrate Temperature.

o

Bruck (1936) concluded, from experimentis on f.c.c. metals
and rock salt, that there is a critical substrate temperature
below which perfect epitaxy cannoi occur. However, it is now
generally recognised that the epitaxial temperature varies widely
for different film-substrate combinations, and is influenced by
other variables such as substrate surface preparation, deposition
raté, and surface contamination (Jaunet and Sella 1964, Stirland
1966, and Matthews, 1965). The subsirate itemperature together
with the deposition rate is sometimes involved in delermining

vhether a film is single crystalline, polycrysialline; or amor-—

phous,
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Increasing the substrate temperature cleans the subsirate

surface by the desorpiion of contaminanis, and provides the

positions for alignment with the substrate latiice. Higher
temperature also increases the surface and vol"me Ciffusion

for accommodating tiie misfits which develop when neighbouring

nuclel grow together. In general, increasing the subsirate
temperature improves epitaxy for a variety of film-subsirate
combinations, and for various methods of film formation. Since

the film growth is influenced by meny deposition parameters, 1t

is difficult to define a precise value for the epitaxial temperaturc.

Deposition rate and £ilm thiclmess.

The temperature at which epitaxy occurs is dependent on the
depoéition rate. It deoreasgs with increasing rate. & higher
deposition rate can‘lead'to a2 rise in substrate temperature, thus
favouring epitaxy, and can have effect on the coalescence of
nuclei, as shown by Matthews (1965). As cgglomeration ingcreases,
the film becomes elecirically cqntinuous at a higher average
thickness called the critical thiclmess. The critical thickness
increases with the deposition rate but approaches a congiani

value at sufficiently high rates when high supersaiurations

produces more stable nuclei because of interaction beltween

vapour atoms (Chopra and Randleti, 1968). At a slower rate, the

gas content of the film may be thickness dependent, and can
sult in a higher ratio of contamination to the film, which

could favour epluaxj (Shinozaki and Sato, 1965 and Matiheus, 1965).
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In epitaxial deposition, an orientation is usually
maintained up to a certain thickness beyond waich further
deposition leads to poor orientation and eveniuvally randon
orientation (Spielmann, 1965 and Khan, 1969). The loss of
good orientation is due to the development of twinsg, stacking
faults, and other defecis, which are noi generally nrezent
in the initial stages. The orientation can, however, improve
with increasing film thiclmess, as has been shovn in the growth
of silver -on mica (Pasnley 1959, lisatithews, 1962). This
improvement in orientation is ascribed to reorientation of the
initial nuclei.

Contamination.

The presence of impurities in a vacuwn system has a sirong

influence on epitaxial growth of thin films. The main sourcesz of
contamination are contaminants brought inito ithe system on the
subsirate surface, resicdual confaminant gases &s vapcours in the
vacuum system, and gases released from the source materizl or
the heater material. An important effect of contaminatiocn is b
loss of adecuate adnereace of the deposited film. Contamination
of a clean surface by exposure 1o air has been showm to influence
the orientation of an'epitaxial film., The effect of contamination
is to increase the number of initial nuclei, vhich causes them To
coalescence early in film growth, thereby influencing the
orientation of a continuous film (
Matthews and Grunbaum, 1964 and Hatthews, 1965). Ninute amount
of any contamination may influence the nucleaticn behaviour of

thin film.

It can be concluded from the preceding sectiions that axy

theory of epitaxy must explain the following experimenitol facts:
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(2) A particular value of lattice misfit .or the best~Tit

geometrical matching of lattice is neitﬁer a necessary nor a
sufficient condition. (b) Pseudomorphism 0 constraining of <+he
lattice of the deposit by the subsirate, 1f present, is not

required for obtaining epitaxial growth. (c) Epitaxy appears

at the earliest stages of film growth by three dimensional
nucleation, although orientation changes with subseguent growta

may also result by reorientation or recrystallization on coalescence
of differently oriented nuclei. (&) For a given material and
suitable deposition conditions such as low rate and high deposition
temperature, epitaxyor’ at least partial epitaxy is generally
possible on single crystal substrates of a variety of crysial
structures and different types of atomic bonds. The orientaiion
degree of perfection, vary with different subsirate materials for
the same deposit and vice versa.

Theoryv of Iucleation,.

In general, there are two processes into which this topic is
normally divided, namely homogeneous and heﬁ?ogeneous nucleation.
The former refers to nucleation which takes place at random within
a phase. However, it is found that nuclei form preferentially &zt
free surfaces within the system, the surface acting as catalysis;
the process is known as heterogeneous nucleation. Since 11 is
obvious that the deposition of thin films upon a subsiraie as used

in the work reporied in <this thesis 1

10}

governed by heterogencous
nucleation, the theory of homogeneous nucleation is just touched
as a preliminary. Heterogencous nucleation theory can be

explained on the basis of two important models: the capillariiy

model and the atomistic model.



1.8.1. Heterorencous nucleatvion theory based on casillarity model.

A homogeneous nucleation theory which tekes into account
the total free energy of formation of a cluster of adatoms was
- ! fog 3 b a0 >
postulated by Volmer and VWeber (1925), aud Becker and Dorin

(1935)¢ 1 was later extended to heterogencous nucleation by

+h

Volmer (1939) and %o the particular shapes of clusiers in 2
thin film case by Pound etal (1954, 1963). In this theory,
clusters (also called embryos, or subcritical auclei) are
formed by collisions of adatoms on the subsitirate surface, and
in the vapour phase if supersaturation is sufficiently high.
They develop initially with an increase in free energy until
a critical size is reached, above which growith continues witl
a decrease in free energy. If one assumes that bulk Thermodyn-—
amiéal guantities can be ascribed to the properties of clusters,
the Gibbs free energy of formation .of a spherical cluster of
radius Y, given by The sum of the surface energy (%0 create a
surface ) and the volume energy of condensation, is

Do = 4T Gyt STTTATY cenrenronnnca(t)
Here, 62@ is the condeunsate-vapour interfacial free ernergy and

T

unit volume of phase of molecular volume V condensed from the

A Gy = ( -XT ) ﬂn (2.) is the Gibbs free energy difference per
pe

supersaturated vapour of pressure p to the egullibrium pressur
pe (P/pe = S is the supersaturation), the valuez'gﬁ corresponding

to the critical nucleus, is determined by maximizing (1) o give

?*=—2@=2—6‘"§ﬂ- .000000-000003(2)
Aty KTia(®)
pe

This is the radius of the critical nucleus clusters smaller than



[AV]
A\

Y* are unstable, while larger aggregates grow 10 become stable
deposiés.
If the critical nucleus is cap-shaped, its contact angle
in a condensate (c) — vapour (¥) — substrate: (s) sysiem is
determined by Young's equation for the minimization of the surface
free energies ‘
Ce9Cos0 = §619 = 65¢ sosersasaceans (3)

By rewriting Gibbs free energy term[}Gg in terms of the various

surface energies, one obtains

Al = %7[,-3[3@9 (2 - 3co89+ 0083p) + 2 (1 - COSa) Y2 Cey

+ 425100 (650 =659 ) vevreenenenns (4)

The value of $ﬁ is still given by equ. (2) for any value ofo 0.
The critical value ofH Gy is now‘given by

pox - 16 03 & - C) IR €
3 llGU

vhere ¢(6) = 2&(2 .—- 3 C0so + COS36).

It has been noted that with increasing supersaturation (e.gz., with
higher melting point materials and lower subsirate temperature,

y* decreases ; that is a large number of smaller-sized stable
nuclei are formed. This variation is, however, insignificans
since, ‘on the basis of the present theory, the calculated value

of y¥ for most cases is of atomic dimansions.

Vhen = 0,AG¥ = 0, so that there i1s no activation

barrier to the nucleation of the condensed phase. TLForgs= 180i
qs(e) = 1, and the foreign interface is inactive in the aucleation

process, AG¥ is dependent on & . Chakraverty and Pouand (1904)
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showed that for 6.<ﬂ50, and 50°464£105°, clusters will fornm,
with a smaller AG¥, zt steps rather than on the flat surfaces.
Thus, the conceniration of critical nuclei at sicps would be

increased relative to that on fla

cl
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Imovm surface decoration effect. ZLZlectirostatic charges present
on the vapour atoms or adsorpiion sites may also lower AG¥,
thus facilitating the condensétion pProcess.
The nucleation ?ate 1Iis propor%iopal to the product of
the concentration, N¥ = No exp (—=£3%/XT), of the critical
nuclei, and the rate [ at which molecules Join the critical
nuclei by a diffusion process. Here, No is the density of
adsorpiion sites. Thus,
I =2 (970p* Sin0 )" I% vernvvennnnnnad(6)
where ;27(Yﬁ'SinE)iS the periphery of the critical nucleus and 2
is the Zeldovich correction factor to take into account the
departure from eqguilibrium due to nucleation and the fact that
some of the nuclei would decay. Now, the diffusion process yields
r‘ = N}G\o-bl exp (.E.% cececoncvcereeslT)
1
where Ao is the separation between adsorption sites, ﬁ is a
frequency of the order 1012 per sec, Gd is the aciivation energy

for surface diffusion, and Ni is the density of adatoms defined

oL 5
[FpekoA

.):’.a

by Iy = RY; (T7 is the mean stay time of adoton), SO
»

Ni =B exp (Qdes) -0..---.--00000(8)
Y KT

Here, R is the rate of incidence of gingle atoms from the vapour
(called "impingement flux") and Qdes is the energy of desorption
bi
of single atoms from the substrate. If we assune -bn, , WG
. . . ~ . / .
obtain the following expression for I by using egus. (6), (1), and

(8),
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Thew -’Gk%'¢365? — e -
1= i—-——l’- sime R, N, exp (_@ri_g_k,_?,_._ - @J)

Heterozeneous nucleation <thcory hased on atomistic model,

he size of the critical nucleus, as suggesicd by the

capillarity theory, is typically of atomic dimens

o
‘»J .
o
=
0
}J »
5
a
o
e
<}
}. 2
I
2

a few atoms, consequently, the applicability of the capillarity
model ond the use of bulk thermodymamical cuantities for such
small clusiers are guestionable. These difficulties may be

overcome by writing the paritltion functions and potential enerzies

fo

B

the reactling species and productc. An approximate analysis

which considered the energies and bonds of nucleation cluster

[ 6]

treated as macromolecules was given by laliton and Thodin (1963
1964). Accordingly, at low subsirate temperatures or very high
gupersaturations, the critical nuclus may be a single atom which
will form a palr with another ctom by random occurreince to become

a gtable cluster and grow spontaneously. The stability of a pair
is derived from an assumed one bond per atom. 4t higher subsirate
temperature, a pair of atoms may no loanger be a giable cluster.

The nucleation rate in this theory is agein proporiional fo

U¥, If one assumes that the vibrational partition functiion

[ &}

unity, and takes En as the energy recuired to dissociate the
n-adatom cluster into n single atoms adsorbed on the surface, i
general expression for the nucleation rate of critical nuclel with

n* atoms is

p [t
e

I RC\aZNO ( ) ‘i<—‘— - _,__C/\

It is noted that, with inor-asilg size (i.c. a¥) of the critical
H

nucleus, the nucleation rate and {emperature dependence incrcazqz’
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as RAT*l, 4 stability transition from an n¥ to an n¥+1 atom

cluster with increasing substrate temperaiure may be found by
equating the two corresponding expressions in equ. (lO). Tor

example, a transition from a 2- to a 3-atom cluster:occurs at

_ Qdes + % B3

“~

K10 (R/ 310

T N ¢ 5D

In view of the similarity of the basic principles, it is not

surprising to find a similarity beiween equs. (9) and (10) of

the capillarity and the atomistic models, respectiively. 3y’

applying macroscopic data to the atomistic model, Lewis (1967)

and Lewis and Campbell (1967) made a detailed theoretical coemparison

of the results of nucleation process derived from the two theories,.

It was showm that, because of the difference in the value of

supersaturation for small nuclel, the capillarity model predicts

a relatively larger size for the critical nucleus and a lower

nucleation rate. The fact that the idealized shapes of the

caplllarity model give higher cluster energies, smaller critical

nucleil, end a higher nucleation rate compensates for this

difference. In general, however, the two models exhibit a wide

agreement with each other.

Conclusion., : .

The theory of heferogeneous nucleation provides ithe basis

for interpretation of the influencé of the degree of supersaturation;”
of a temperature of transition for epitaxy to occur and of the

state of +the nucleating surface,on epitaxy for a given condensate—

substrate combination. A frame work for the quantitative

correlation of these primary variables is proviced by boih the

capillarity model and by the atomistic model approaches. The rcle

of nucleation in epitaxy has already been described in sectlon 1.2.2.



CIAPTER 2,

THT STRUCTURES AND NO¥N-3TOICHIONITRY OF

H“&VV RART BARTH DIEYDRIDES

2ele Introduction.

The rare earths are those elements from atomic numbers 57
71 in the periodic table. They are broadly classified into two
groups ¢ light rare earths (Lanthanum, Cerium, Praseodymium,
NeodJlum and aroplum) and heavy rare eart (Samarlun, Gadolinium,
Terbium, Dysprosium, ﬂolmlum, Erbium, Thulium, Ytiterbium and
;Lutetium). The metals Gd, Tb, Dy, Ho and Er all have the hexagonal
ciose-packed structure. Among the heavy rare earths}our interest is
concerned with the dihydrides of Gd, Tb, Dy, Ho and Er., In this
chapter we discuss the structures of these hydrides in bulk and thin
film forms. Since the data on thip film dihydrides are few, we first
discuss briefly the bulklmaterials.

2.2+ Non-3toichiometry of composition.

The non-stoichiometry which cheracierizes ithe rare earth hydrogen
systems leads to difficuliies in nomenclature. Tollowing an imperiecty,
but accepted praotice, the face—cenﬁreé—cubic phase which includes the
HHs o (1 stands for metal) composition is referred to as the dihydride
phase. The term trlhydrlde is used in a corresponding way in
connection with the Gd-H system, for examﬁle, for the phase which
includes GdH3,0. The principal features of the phase diagrams of
Gd-fl are showm in Figure 2.1l. The wide range of composition of the
dihyd?fae phase extendingbboth above and belowLMHz.o is a distinguishing
and important feature of the rare earth hydrides, for which
significant deviations from the whole number sioichiomeiry seem'to

be the rule. Compounds of definite composition do exist, but the

raetios of hydrogen atoms to metal atoms are not the whole numbers
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Figure 2.1l. Essential featurs of the phase relation Gd-H,
Hatched areas refer to two-phase metal-dihydride region.Cross
hatched area refers to two-phase dihydride-trihydride region.
Blank regions are single phase metal with dissolved hydrogen,
dihydride or trihydride.

2

Figure 2,2, Fluorite~type metal dihydride siructuresjthe filled
and shaded circles denote metal atoms(ions); the dashed open cir-
cles denote hydrogen atoms(or ions).The relative radii shown are

representative of the hydride anion model of metallic hydride.
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usually expected for chemical compounds.

Preparation of the bulk rore ecarth hvérides,

The hydrides of the rare earth metals in bulk form are generally
prepared by heating the metals in hydrogen gas. The following
procedure was employed by Pebler znd Wallace (1962) in preparing the
rare earth hydrides. A sample (A’O'4 gm) was cut from the metal
(99% purity), polished and washed successively with CCla, acetone
and ether.:.. After weighing, the sample was introduceld.into the
preparation train (vacuum system and appropriate gas meiefing
equipment) and evacuated to high vacuum (-flO‘f torr) for at least
4 hours. I% was then heated gradually %o the range 200 - 500% and
hydrogen was admitited. Hydrides with compositions approximating the
dihydride ﬁsually formed gquite rapidly. Desired compositions were
obtained by adding measured amount of gas. After attaining the
desired composition, the temperature was reduced and the sample was
annealed at ZOOOC,for about 4 hours. All the pressure — temperature -
composition data for the rare earth-hydrogen system were obiained
with a glass vacuum system consisting of a reaction bulb, a lcLeod
gauge or a-meroury manometer for measuring the pressure of hydrogen
over the sample in the reaction bulb, and a means for producing and
measuring the amount of hydrogen admified to the reaciion bulb.

Previous work on strucitures and non—stoichiometry of bulzr rare eazrth

hydrides.
In 1956 Sturdy and Mulford conducted what appears to have been the
first investigation of a heavy rare ecarth hydrogen system. They found

by X-ray diffraction, the usual f.ce.c. dihydride., Thais phase, was

observed {o exist from Gdli 8 to Gdlp,3. The dihydride has o fluorite-

type structure (showvm in Figure 2.2) wiih a lattice parameter,

Ay= 54303 A%, A% higher hydrogen concentrations a second phas
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appeared, in which the G4 ion cores were in a h.c.p. arrangement.
an
The tiro-phase (metal7pydrlde) region extended from GdH2_3 to Gallp

859
above which only the hexagonal phase existed upto Gdllp,91, the
highest concentration obtained in their study. ulford (1958)
predicted similar behaviouy for all the heavy rare earths except

Tu and Yb. A crystiallographic study of the phases which exist in
the gadolinium-hydrogen system has been made by Ellinger (1956).
A brief description of the data which he obtained has been given

by Sturdy and Mulford (1956). They made six samples of gadolinium

hydride of varying hydrogen content and Decbye patiecrns of <these

0]

samples were examined by Ellinger. The composition and phases

present are given in table 2.1

Table 2.1, Resulis of X~ravy exeminations.

Composition Dhases present o
GdHo 64 - G4 + cubic dihydride

Gaily,08 Gd + cubic dihydride

G&H1.72 Gd + cubic dihydride

GdH1°93 cubic dihydride only

GdH2_45 cubic dihydride + hexagonal trihydride
GdH2‘9l . hexagonai trihydride only

[.

<

Pebler and Wallace (1962) concentrated thelr experimental effort
largely on five metals Sm, Dy, Ho, Tm and Nd. The others were examined
only to the extent necessary 1o establish that their behaviour is
subsequently the same as that of their more thoroughly investigaied
neighbours in the periodic table. In all cases powder diffraction

patterns were obtained for the metal containing varying amounts of
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hydrogene. The patterns were analysed ©o ascerfain wicther the system
wag single phase or heterogeneous and to determine the structure(s)

of the phase or phases present. When the sharpness and intensities of

3 .

cl

the lines permitted, lattice parameters were evaluaied. The resul

—
e~
dObtained are summarized in Figs. 2.3 and 2.4 and in dalbe 2.2. The

.

metallic phase co-existing with Holo was examined and its lattice
parameters were found {o be indistinguishable from those of pure
holmiume It is also to be noted regarding Fig.2.3 that in some cases
(for example, the Dy-H system) a number of compositions were examined
and the phase boundaries could be located within fairly narrow limits,
Erbium-hydrogen system was siudied by kulford (1959) and found thet
erbium dihydrideg has fluorite and 4rihydride has the hexagonal
structure. Tor the samarium—, terbiumy dysprosiwmny holmium,-—

erbium~, thulium - and futetium-hydrogen sysiem: a Rydride phase

was observed in the MHp - lMH3 compositlon range (BOSQMAGayer, 1966)
Lach of these higher hydrides displeyed a hexagonal close-packed
arrangement of metal atoms; in each case the density was less than
that of the corresponding dihydride. The existence of hexagonal
close—paéked trihydrides of the heavier rare earth metals had also
been observed by Goffinberry and Ellinger (1957), Mulforf (1958) zna
Yakel etal (1959). The lattice parameters TbH2'95 were reported by
Yakel etal (1959) and are in good agreement with those of Pebler and
Wallace. The lattice parameters and crystal structures of di-and
trihydrides gf Gd, Tb, Dy, Ho and Er according to Sturdy and Hulford

’ L=
(1956) and Pebler and Wallace (1962) are given in talbe 2.2.
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Figure 2.3. Phase relationships in rare earth hydrogen systems.
The single phase regions based on the dihydrides(cubic) and
trihydrides(hexagonal) are indicated by C and H,respectively.
Regions in which two phases co-exist are cross hatched.Composi-
tions for which diffraction patterns were obtained are indicated

by the vertical line or lines: :t: stwo phase; 5= ,single cubic

—
phase; —+—  ,single hexagonal phase.
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Table 2.20

Cryvstal siructures and lattice parameters of heavy rore corth hydrides

Ny °

letal Dihydride Trihydride
Structure Paranmeter (4°) Structure Parameters (AQ)
a = 3-73
Gd FOC.C. ao = 50303 HOCOPO
c = 6.71
. a = 3.700
Th F.C.C. aO = 5.246 H.C.P.
c = 6.658
a = 3.671
:Dy FOC.C. ao = 5.201 H.C.P.
a = 30642
HO F.CeCa g = 5.165 ‘ HeCePu
a = 3.621
EI‘ F.C.C. ao = 5.123 I’IQCQP.
cC = 6.526

Table 2.3,

Room temperature phase limits of some rare earth hydrideg.:

Metal Phase limits : of +the Phase limits » of the

cubic dihydridey H/H hexagonal trihydride, H/i
Gd 1.82 and 203 2085 - 300
Tb 1'90 band 2.15 2081 - 300
J:-o 1.95 - 2.24 2064 - 300




The dihydrides of Gd, Th, Dy, Hy and Er accommodate additional

hydrogen up to a definite concentration and then undergo a phas

4]
©

transformation to a siructure in whiph the metal atoms forn a
hexagonal lattices The maximum hydrogen to metal ratio which each
hydride can attain before formation of <the hexagonal phase (Libowiﬁ”
1965) is shown in tables 2.3. The hexagonal phases also have
variable composition as can be seen in the table. There is also a
difference between the hydrides of the light rare earths (La, Ce,
Pr and Wd hydrides) and the heavy ones (Gd, Tb, Dy, Hy, Br, Tm and
Lu hydrides). The light rare e#rths form trihydrides with no
changevin structure by merely f£illing the octahedral sites in the
flourite structure with hydrogen atoms (Holley etal, 1955 and Kubotia
Wallace, 1962). The octahedral sites of the heavy rare earihs arc
also occupied initially, bui, before the composition Iil3 is reached,
the latitice transformsto a hexagonal structure. This difference is
reflected in the schematic phase diagramns for the light and heavy
rare earih-hydrogen systems in Figure 2.5.

The coniraction in lattice parameter for the dihydride phase
“with increasing hydrogen content, to which attention has becn
directed (Rossi, 1934 and Mulford and Holley, 1955) also is revealed
by the resulits in IFig. 2°4. Coniraction is guite pronounced for
Pr-H, Nd~I and Sm-H but much less so for the heavy rare earih hydrides.
In Dy~ system, for example, the dihydride phase extends only upto
abou%.Dyﬂgoog. Above this the system is two phase and The coniraction
of the cubic form should be fixed. Thus the latiice parameter should

be invariant with gross composition when H/Dy:> 2,08. The slight

jol

dependence on gross composition in the two phase region for this an

the Hy-H system is probably due to slight departure from equilibrium

conditions. The coniraction of the lattice parameter may be explained
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(Pebler and Wallace, 1962) by the removel of elecirons from the
conduction band to form hydrogen anlons (anion model of conduction
is discussed in section 3.2, chapter 3).

Structure of heavy rare earth thin £ilm dihrdrides,

The formation of heavy rare earth dihydride films cauged
confusions among various groups of workers over the pasi years.
Several workers have reported the observation of cubic phases formed
by the vacuum deposition of various rare earth metals which in bulk
form have the hexagonal close-packed structure.

Iurr (1967) obtained a face-—centred~-cubic phase when erbium was
vacuum deposited on rock salt and attributed this structure to P-type
semi conducting oxide E.O0. He calculated the lattice parameter of
the observed f.c.c. phase (vhich he claimed to be Zr0) 1o be ap = 5.12&6,
which agrees absolutely with IrHo dut not with Ef0., On the other
hand he compared the lattice parameters of Zpll or Nael with the
observed phase but did not take into account the possibility of Er¥o
vhich also has f.c.Cc. STTUCTUTE,

Rai and Srivastava (1971) deposited gadolinium on rock sali
substrate and claimed that the Naél-tyne face centred cubic siructure
they observed was due to Gd®. They measured the latjice paraneter
of the observed phase to Bé 5050%0,034%., Their claim was mainly
based on Murifs (1967) result on EpO. They investigated the possibilitly
of GAN and Naél but did not check for hydride. Later, Bist and : A
Srivastava (1971) and Bist, Kumar and Srivasiava {1972) evaporaied
a preheated mixiture of Gd and Gdo03 on formvar-coated grids to
obtain what they claimed was Gd6 having the face-centred-cublc struciure
of ZnS. The lattice parameier measurement gave a value of

Qg = 5.241 0.,054°, which differs mérkedly from that of Rai and Erivasitcva.

Srivas%aVa, although a common author of the three previous papers,
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Gd0. They omitted to inVestigate‘the possibility of +he obhserved
phase as hydrides of the metal.

Curzon and Chlebeck (1972) vacuun deposited thin films of
erbium both on rock salt and carbvon, and found thet thin films
(~rl40ﬁ°) had face—centred—-cubic structure whereas thick films
(>1954°) had the hexagonal-close-packed siructure of +he meial
in bulk forme. This led them to believe that the face—cenired—cubic
structure of the thin film was due to z new metallic phase zad not

0 a rare earth metal monoxide as claimed by lurr. liaterizls in

(6]

ik L

the form of thin film sometimes occur with crystal :structure whicl
differ from those of the normal bulk structures (Chopra etal,l967,
Schrey etal, 1970, Ofsuka and oyman,1967, YWawner etal, 1969 and
Grunbaun and Kremer91968)o This happens for very thin films
depending on the influence of the evaporation parameters such as,
evaeporation rate, degree of vacuum, mode of deposition, and naiure
and temperature of the substrates etc.

Loter on Curzon and Chlebek (19732) extended their work on
other heavy rare earth metals Gd, Tb, Dy, Ho, Er and Tm, and came
to the same conclusion ciaiming the observed f.c.c. phases in thin
films as metallic. hiclker films contained both feceCo and heCede
structures and thickest films ()-195A° for Er, thickness for other
metals were not measuréd) haéd the normal h.c.p. bulk siructure.
The increased values of the lattice parameters which they ovtained
were explained as oxygen contamination. Again Curszon and Chlebek
(1973b) showed, by +emperature depcndence of electrical conductivity
measurements and later (1973c) by weight increase analysis, thatl

the face-centred-cubic phases were not p-type semi conducting
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monoxides, and concluded that thesze phases were in foct ror

[}

Cosecnier et 21(1974) have pointed ow
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of +the Tacc—centred—cudic phases under discussion are consistent,wit
experimental error, ﬁith the face—centred—-cubic dihydrides of the rare
artihh metals ond should not be misteken for o rare earih monoxide oxr
Tor o fec.ce. pnage of the metal. This,togethier with the facta " t hy
gen is pregent in conveniional vacuun sysiems aad the rare earth neizls

readily combinc with hydrogen sirongly suprori the explonation based

dihydricdes. Gasgnier et 2l situdied most o

F

the rare ecrwh metals inclu-—
. - - : ' : O

ding Gd,Th,Dy,Ho and Or and observed that in thin films (L 3001) they

O o W} N end R PN | KR O o 1

form f.c.c. dihlydricdes;thiclkest films (j>lOOOa) have the normzcl h.c.p.

structure of tire bulk metels,and in the invermediate thiclness range

both Tecece dihydrides and h.c.p. metallic phases co-cxist. Whis Lc*“;

e &l

5]

so, Curzon and Singh(l975a), tudied Titerbiwn wihich is chemically =

to those clready mentioncd and its dihydride-has orihorhomblc siruciure

2 va

instead of face=centred—cubic.This orthorhombic structure can be ecaci

3

istinguished from the normal face-ceatred—-cubic bulk form of Ib at room
semperature butl does reuewblc a knowvn hexagzoanal-cloce-packed form of the
neial.In view of the work of Casgnier et al and the result of <heir

later work(l975a)on Yiterbium,Curzon cnd Singh were convinced and gunpor—

ted the susgestion made by CGasgnier et al that the face-cenired-cubi

b : o - ;
phase previtosly attributed to thin films of Gd&,Tb,3y,Zo and Ir are in

fact due to the dihydrides of these metals and regretied (privato corres—

) ~ > . v "-’ - s )
pondence)ﬁhaﬁ the formation of Erﬁz should have becn considered os a

poscibility in thelr previous vorls(19731,1973¢) In order to reconfirm
Casgnierts and their own results,Curzon and Singh(l975“)evaporatcd

~ - . . 1 At AR
Zu,Gd,Th,Dy,lHo,8r,and fb in the presence of H, gas and showed that G4,

L

5

by
-
3

Tb, Dy,ilo and Br combined readily with H2 and that dihydrides o

metals were formed.
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Both ordinary and ultra-high vacuum systems have been used by most
of the workers,vand 2ll of them studied only polycrystalline films.
Hence it was felt Worthﬁhile to study the possibiliiﬁ of growing single
crystal films. The single crystal f.c.co struciure is easily distinguish-
able from the polycrystalline h.c.p. structure and also the lattice

perameters could be measured more accurately from the reflection spots .

in single crystal struciures.
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CHAPTER 3.

PREVIOUS WORK ON THE FLECTRICAL PROPERTILS OF RARE TARTH

Fye sy

124

DIHYDRIDES AND THE THECRY OF KNLECTRICAL CONDUCTION IN THIN FILMS,

Introduction.

At present there is no work at all on the electriczl properties
of thin films of the rare earth hydrides. But there have been many
investigations on the bulk materials, which will be discussed in the
following sections., |

Conductivity measurements have been made on most of the rare
earth hydrides in bulk form, extensively more works on the light rarec
earth hydrides than hgavier ones., The resulis for light and heavy rare
earth hydrides are however very similar (Heckman, 1969), so that a
similar theoretical interpretation for both itypes of hydrides is to
be expected. Some results and discussions on light rare earth hydrides
are therefore also mentioned along with heavy rare earth hydrides.

The 'anionic! and protonic model.?t

‘The electronic properiies of-rare earth hydrides are usuelly 1
discussed in the literature (Libowitz, 1965, Bos and Gayer, 1955,
Heckman, 1964 and Waliace eval, 1963) in {terms of one of the iwo models,
a 'protonic hydrogen model', oxr an fanionic hydrogen model'. In the
prétonic mocdel, the hydrogé£ contriﬁutes an electron to thé systen's
conduction band, while in the anionic model it extracits one. In %ﬁe
anionic model (Fig. 3.1) the hydrogen is regarded as an anion. I%
introduces two levels beiow the rare ecarih metal conduction band and
therefore takes one electron from it. The Fermi level is lowered and
eventually at MHj complete depopulation of the conduction band occurse.

In the protonic model the hydrogen is regarded as protonic. Here the

hydrogen I-S level is introduced into the metal band structure above
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ANION MODEL

METAL /) — e — — — —_ M FERMI

5d-6S — == = — — MHy LEVEL

MH3

PROTON MODEL

FERMI MHy—™ — — — — — — METAL

Figure 3.1, Approximate level diagrams for anionic and
protonic models show:.ng the position for the hydrogen levels

and the Fermi levels relative to metal conductlon band.



the conduction band. The hydrogen electron ends up in the conduction
band; this raises the Fermi level and causes the number of conduction
electronsto increase.

Bristing electrical measurements on bullk rare earth hydrides,

1LY

The dihydride f.c.c. phase of Cerium hydride exisis for hydrogen
concentrations in the‘range H/ce = i:é’— 3.0 (ilulford and Holley 1965).
At the lower end of this range the electrical conductivity is comparable
to that of a typical metal. As the hydrogen concentration is increased,
the conducwivity decreases, reathing a low value . typical of & semi
conductor for hydrogen concentrations in the range H/ce:= 249
(Stalinski, 1959, Heckman, 1964, 1967). Both the anionic and protonic
models provide a satisfactory explanation of this behaviour. In the
anionic model, the depletion of the 5d-65 cerium conduction band,
cauged by the addition of hydrogen, reduces the conducticn electron
denzity and thus the conductivity. Since the cerium conduction band
“originally held three electrons per cerium atonm (same is +the case with
Gd or Tb), the conduction eleciron density and the conduciivity should
decrease linearly with increasing hydrogen concentration, reaching
"zero at H/ce = 3.0, in agreement with the experimental observatlons.

In the protonic model, the addition of hydrogen and the changing
lattice constant (Mueller etal 1968) are thought to cause the conduction
band +to split into two bands, the lower of which holds six electrons
per cerium atom (Libowitz 1965). Since each hydrogen contribuies one
electron to the conduction band in the protonic model, the lower band
would have one hole per cerium atom at H/ce = 2.0 and ﬁould be
gradually filled as the hydrogen concentration is increased until it is
full for H/oe = 3.0, As the conductivity would be proportional to the
hole density in this case, the protonic model also predicis the

observed behaviour of the conductivity as a function_of composition.
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- Experimentally, the conductivity measurements (as will be discussed

in the following sections)saﬁisfy both the anionic and proioanic rnodels.
Hall coefficient measurements for ceriﬁm nydride by Heckman (1967)

" supports the protonic model, which predicts the positive value,
although the magnitude is the same for both models. The rare earth
hydrogen systems have been the centre of increasing attention, due
largely to the extensive non-stoichiometry which they exhibit. There
has been speculation, supported by experimental evidence thai their
electrical properties are directly and significantly related to their
hydrogen content. Heckman (1964) measured the resistivity on cerium-—
hydrogen and gadolinium-hydrogen systems over the composition range
Cello to CeH2.5 and GdHo to GdH2,13. The samples used were polycrystalline
vars of the hydrides. Resistivity was measured by conventional four-—
prove technigues. Voliages were measured poteantiometrically and
currents were supplied by regulated power supplies. As indicatfed in
Figure 2.1 of Chapter 2, the composition range fo: whaich the hydrogen
to metal ratio is less than $wo is predominanily two-phase (metal-
dihydride) in Gd-H systems. Tigures 3.2 and 3.3 give the conductivity
results of Heckman (1964). A few years later Heckman (1969) again
measured the conductivity of La-H, Wd-H and Ce-H systems (Figure 3e4)
and of Gd-H, Ho-H and Er-d systems (Figure 3.5). Comparing the resulis

of heavy rare earth hydrides (Figure 3.5) with that of light ra

H
()]

earth hydrides (Figure 3.4) one can see substantially the same features.

The conductivities are explained by asswaing that the two-phase

[}

regions extend only to the maxima in the curves (Figure 2.1 of Chapier 2)
iece, to GAH1.8, 2nd thereafter the hydrides are single phase naterials
of variable composition. The two-phase materials are consequently composed

of hydrogen saturated metals and the non-stoichiometric dihydride. in

interesting feature of the experimental results is that the dihydride
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GaHy,8 2;% better electrical conductor than is the parent metal. This
result may not have been anticipated since electrons in the “§hydrides

move not only in the presence of the positive metal ion centres ac they

do in the metals but also, according to <the tanifonic model' for these
materials, in the presence of an even greaﬁef number of neéative hycroge:
ions. The remarkeble extent to which the rare earth dihydricde composzitions
can be varied has already been noted. Tig. 2.1 of chapter 2 shows that

the gadolinium dihydride phase can vary from GdH1,8 to Gddo.3. The

conductivities as a function of composition throughout parts of

ct

hese
ranges are shown in Pig. 3.6. Ietallic conduction is indicaied by the
small temperature dependence of conductivity at high temperatures and
by the increased conduction at room femperature. This is in agreement

with S8talinski?s (1959) results for the temperature dependence of
conduction in ée-H. The composition dependence of concduction is the
most interesting feature of the data. At high temperatures linear
decrements in conducition, with increasing H/M, over sizeable ranges
are observed. Nevertheless, the room temperature results are not in
any way at variance with those at high temperatures, excepi that, as
iz to be expected for metals, conductivities‘are slightly higher.
Zxtrapolation of the conductifity curﬁe to zero is shown in Fig. 3.6.
In the Gd-H system metallic ‘conduction vanishes, according to the
extrapolation, at 2.3 I/Gd. The work of Sturdy and Hulford (1956), on
this system, has showm at 2.3H/Gd the hexagonal trihydride phase begins

to appear with the addition of hydrogen. TFig. 3.7 showing the conductivity

1]

results‘for Er-H (Heckman, 1969) confirms the uniform behaviour across
the rare earth series.

Conductivities, as functions of composition and temperature, have
“een measured for the sysiems Nd—-, Lr-, Ho=, and Yo-i by Heckmon and Hills

(1965). The E/H ratio was varied from O to 2.0. The materials are
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2-phase throughout most of this region (metal plus dihydride.) For

e b

HWd-II, Tr-H and HO—H, the conductivities increase smoothly with hydrogzen

content throughout the 2-phase region, reaching a miximum in the Singl

phase variable composition dihydrides are metallic, as inferrcd from

-~ s

the contuctivity temperature dependence and, for ceriain compcsitio

ns,

have substantially higher conductivities than the parent metals

Conductivity maxima (at 2500) occur at N1H1_9, 31000 (41-—cm)_1,

o

ori 38000 (4t —cm)'l, and HoH, 9’ 40000 (L1 -cm)—l. Heclmen (1969)
.

again measured the electrical conductiviiy of gadolinium dihydrido

polycrystalline slabs as a funciion of femperaturc and composition.

The composition range is GdH2;O to Gd}Iz'2 and is single phase, of

variable combosition. The conduction was found to be metallic. Iis
composition dependence can be interpreted on the'basis of the "anioni

model"™ in which the hydrogen is a negative ilon in the lattice, talking

<

2

its extra electron from the conduction band (Libowitz and Givb, 1956).
The conductivity showed a substantially linear decrease with increaszing
nydrogen content. DBy exirapolation, metallic conduction should wvanizgh
ot approximately G&Hz_g. In gadoiiniuﬁ hydride, this composition ic
coincildent with a phase boundary bhetween a single cublc region and a

two phase region. Typical conductiviity ia this case was found to be

2 —
G, ;5 3.4 x 107 (oyp -cm) Y ot z00%c.

Jallace edal (1963) found that when Dy, Ho and Yo are hydrogenated

«—

to saturation, their conduciivities diminish by five.or more orders of
magnitude. Stalinski (1959) also found a similar behaviour for La and

Ce, and moreover obiained additional evidgence for the non-mevallic
character of these hydrides by noting that their resistivities decreased
with increasing temperature, showing the characteristic of semiconductors.
: : ‘ < s s T~ <rd g A
Blectricel resistivity meagurements on cerium and lawthanum hydrides

oL
%

have been made by Worf and Hardcastle (1961). They reporied that the



34

resistance of Lalp gg decreascd with increasing temperature having a

value of —O.OOG/OC for its temperature coefficient of resistivity.

4]

Some studies of the electrical resistance of the Ce-H sysfem were
carried out on samples in the form of sheets or wires by Daou (1958).
The measurements were carried out at 500°C, and the‘resu ts show that
after a slight initial increase, the resistance of samples decreased

linearly with increasing hydrogen content until a composiiion near
Cely,p was reached. A4t this composition the resistence was 30% less
than that of cerium metal. Further absorption of hydrogen led to a
repid increase in the resistance. At room tenmperature similar resulis
were obtained, but the relative decrease in the resistance was itwice as
great. Daou (1961) also reported the dependence of the resistivity of
non—stolcniometric cerium and praseodymiuwm dihydrides on temperaturc.

For both compounds, the resistiviiy increased linearly with temperature
up to 200°C. Above this temperature the rates of increase of resistivity
with temperature became progressively greater. iallace (1972) indicated
that rare earth dihydrides which are metallic conductors, show magnetic

rdering at temperatures ranging from 8°K for HoHp and Dyio, to 40°k for
Tolio.

Hence the resulis of the elecirical measurements of rare earth.
hydrides (bulk) can be summarised as

(a) Gihydrides are metallic and the conductiviity varies over the

nonsioichiometric composition rangé of the phases.
(v) trihydrides have semi.conducting characteristics.

The chief choracteristics of electrical conduction in thin films.

The results of the conductiviiy of bulk rare earth dihydrices, as
revicwed earlier in seciion 3.3, revealed the metallic characteristic.

Accordingly the theoretical treaitment of the conduction mechanism in thin

films of these hydrides is summarised on the basis of this characieristic.



The concept of resistiviiy ac an intrinsic properiy of a meia

i

meaningful only under the assumption that electrical properties

5]

i
of a given specimen are indepencdent of its shape and size. Iyseriment—
ally, the conditions under which tihe resistivity becomes a funcsion

of the sample's dimensions are obvious. 4s long as the distance
between the béundaries of the sample are very much greater than the
electronic mean frée path ;{ in the bulk material, the presence of
these bounderies will not significantly influence the intrinsic
transport properties. However, when one or more dimension approaches
{é, a significant fraction of the electrons will strike and be
scattered at the surfiace rather than in the bulk.

If the surface of the film scatters conduciion elecirons diffusely

(inelastically), thereby artificizlly limiting the mean free path

the resistivity is increased zbove the bulk value and is a funciion
of the thickness. On the other hand, if electrons are specularly

2lly) reflected from the surface, the resistivity of the film

—~
O
=
)
1]
<t
e
(¢}

is the same as that of ihe corresponding bulk material, and is
independgnt of film thickness for an isoiropic TFermi surface. This
~

problem has been analysed theoretically by Fuchs (1938) and reviewed

by Sondheimer (1952) and Campbell (1968).

3¢4ele Motthiessents rule, .

In interﬁreting the dependence of resistivity on film thiclkness
it is nccessary to consider several factors which corntribute to the
total resistivity. Electrical resistance in a material may arise
from a variety of sources, such as temperature, dissolved impurities
and vacancics,. Hatthiessenfs rule statesSthat the resistivity of a
given sample will be the siﬁple aritimatical sum of the individual

contributions made by all these separate sources of resisiance.

According to a modified form of Matthiessen's rule the recistivity
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iLs can be seen from Fig.3.8.,%hc recisiance

of a rectangular shaped secciion of

\

parallel to the film surface) is given by FZ::-%;? ; AN )
L i .o

g

\(.{_7_

a2

/

figure 3.8.Definition of sheet resistance.

If Q'-Sb y,ihis then becomes R: - = R

A S o.on;ooo-o-o-oo-.oo(a)
[
o thnat theresistance R of one sguare of film is independent of
[~
the sgize of the sguarc— depending only on re tivity and thickuess

The guentity R_ is called the "sheet resistance’ of the film and is
- B

xpressed in ohms per sguare.

3.4,3. Temnerature coefficient of resistence(TCR).

chs

The tempnerature coeflficient of resiztance (TCR) AT 52

is experimedially determined from the relations 1ip

OLT': R’TCTI'TZ) ..........‘.......‘...(4)

vhere T£>,§>>T2 , and the R's are resigtance values
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4 mininmum of Yhree resistonce neasurementis must be made in order Lo

obtain a relicble value for L, <the third reading being necessary os
o check to determine whether the temperature treatment (up or down) hes

produced any permonent change in this resistance value.

3ebole Theoory of conduction and resgistivity hehavionr,

The theory of the conduction mechanism in thin films sta

-

the analysis of Bolizmann transpori ecuation for electrons (subject to

£

~2 (B )%+ 0% =~ ~— - =~ —G)

anpropriate boundary condition
PE P

£

vhere £ = noneguilibrium electronic distribution functiions

fo = electronic cdistribution at equilibrium

T = rcleaxation time for return to eguilibrium, a function only
of the absolute value ofi§ , thne clecuron velocity. The other symuols
have thelr usual meaning except that m will be an effective mass rother
than the free clectron mass. The Z axis is tcken as perpendicular to
the plane of a film of thickness 1, and current flows through the film
in the X direction. The useof equ. (5) for the investigation of
cize effects on conductivity depends on the pr esenée of the second
term,{bqg,5~ , which vanisheg for bul¥ material but not in fthe Z
direction for a thin film. It is convenienty fto write

.

f ot at (0)Z ) eererrernnenenaeenen(6)

o} 1
substitution of equ. (6) into (5) gives
_e_’_E_ 2% ,____,, .ﬁ— .”_,....(7)

he 3L direction

The general solution of equ (7) is of the form

& (52 ,_gl’f'aﬁo [*FLU)QXPCWZ)J cereeeenenaa(8)
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where r(\) ) ig en arvitrary function of \9 t0 be determined by the
-
- - el U £ 1 b 3
introduction of the appropraite boundary conditions. To determine
7(v ) we have to in "l;rouuce the boundary conditions at the surfaces
W o : :
ofathin film, The simplest assumption is to suppose that every free
ath is terminated by collision at the surface, so that the scatiering
is entirecly diffuse. Tae distribution function of $hc elccirong leavin:
cach surface nmust then be independent of direction. =Zguation (8) chous
that this can be satisfied only if we choose F(Y ) so that f‘l(\9,o)
for 211 v having \9270 (éhat is, for electrons moving away from the
surface Z = 0), and £ (W, %) =0 for all V¥ nhaving UYx<0
.
. s . + - \
There are thereiore two distribution functions: f1  Tfor electirons

with \3270 , and f‘l for clecirons with \%(O . In other words

&Tus,z - emﬁ :;)z% Li-exp G%z)] (uzvo)
() =5 2 [1-exp (L7 )] Cu;@)

The solution to ecu. (7) can +then be used to calculate JCZZ)’ the

curreant density across the film from
e\ D o L
ks 4
g=2e(3) )rse

Lvaluation of the above integral is facilitated by resorting to
polar co-ordincites. Thus, we substizuie \%_Z =3 C 55, and the resulting

zpression for J is onen )\Q

t-2Z Y]
M J&m o L—Q%P( 2)\@56)6 5”(1)\@5@)\‘[

JE@)= 2

o

where )\ =YYis the mean free path of the elecirons. By averaging tic
current density over all values of Z from o to t, an expression car

¢

now be derived for & , the film conductivity:
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5= 6o GS (o) eKT)WU] eeeeenn(9)

: L Tt film thicknes
vhiere = : S A m_bh R
CU Cwsq 2 KK )\ mean freepa mh ’ Ci)* buli
conductivity value. Approximeiions can be made to equ. (9) for large
and small XK: : .ﬁi = I—.:b (\F<:£7l’) ceseesasssesal(10)
6o g

| K <<1)
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In determining F(V ) in equ. (8), it is more general to allow some
function p of the electrons to be elastically scattered (Uﬁ,is the
seme before and after a collision) while the remainder are diffuscly

scattered, as before. Dguations (10) and (11) now become
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Similar reasoning may z2lso be applied to determine the effect of
G 15
film thiclmess on the temperature coefficient of resistance. The

result that one obtains is
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THE PREPARATION OF EPITAXIAL SINGLE CRYSTAL FILNS OF THE

PO

DIHYDRIDES OF Gd, Th, Dv, Hy AND Er.

4.1e Choice of the method.

The various methods of preparing thin solid films may bfoadly be
classified into two separate groups:—-

i, chemical methods.
and ii. physical methods.
The principal techniques for the deposition by chemical methods are

(a) Llectro deposition

(v) Chemical precipitation

(c) Thermal decomposition from vapour

(&) Explosion of metal wires in an inert gas

(e) Chemical reaction of a metal halide and water vapour to

form metal oxide.

physical methods can be divided into

(a) vacuum evaporation of metals and thermally stable compounds

(b) cathodic sputtering of metal or metal oxide in a low pressure

gloﬁ discharge

The fact that the properties of thdn films depend on various deposition
parameters (substance to be deposited, the nature of the substrate used,
film structure and thickness etc.) must be considered in the choice of
a particular technique. Of the above methods, the vacuum evaporation
method is simple, clean and very convenient, and is at present the most
widely used. The thiclness and rate of growth can be controlled to a
closer limit with the vacuum evaporation technique. Curzon and Chlebek
(1972, 1973, 1974) and Gasgnier etal (1974) found the vacuum evaporation

method most suitable for producing heavy rare earth dihydride films, 1
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because the {ilm deposition could be easily controlled over the thickness
renge T0 — 10004°. Hence this method was chosen for preparing the filas
studied in this thesis because of the advantages meidiioned above.

Choice of the subsirate.

The crystal structure and formation of films are appreciably.
influenced by the surface on which they are deposited. Cenerally, a
substrate for thin film growth should satisfy the following reguirements:
i, Atomic flatness, smoothness and cleanliness over the area of the

specimen. The presence of foreign material on the substrate will
* ‘ .
affect the sticking co~efficlent of the arriving atowz as well as their
surface mobilitye.
ii. No chemical reatiion or alloying with the deposit.
iii. Sufficiently low vapour pressure not to interfere ﬁith film growth
at the femperature reguired for deposition.
iv. A similar cocfficient of thermal expansion to that of the deposit, to
minimize thermal sitresses in the film,
Additionally, the choice of the subsirate for an oriented film depends
upon the following factors:
(a) Bpitaxy must occur on the substrate.
(b) Since the structure of the film is studied by transmission eleciron
microscopy, it must be possible to remove the film from the substrate;
(c) The melting point of the substrate must be higher than the epitaxial
temperature of the materials.

Of course these requirements are very seldom met simultaneously in
practice. TFor the present exercise, the prime requirement was to
produce monocrystalline dihydrides of the heavy rare earths. Rock salt
was chosen as the substrate because it satisfies most of the above
requirements and especially it faoilitates the examination of the film by

g . . . » '.-l P
transmission electron microscopy. Cleaved mica and thin carbon films
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wvere also used as substrates for electron microscopic studies of poly
crystalline films. Iliicroscope glass slides were chosen %o support
polycrystalline dihydride films for electrical measurements. Ilogst of
the investigation was made into the nature of the rare earth dihydride
films grown on (100), (110) and (111) faces of rock salt.

Prenaration of the substrats surface.

Cleaved rock salt.

The rock salt available was artificially grown, and supplied as
L}

cleaved l.5" cubes. The arfificial crystal‘geless hygroscopic than
natural specimens, probably due fo a higher purity and structural
perfection. Rock salt only cleaves easily to form (100) faces, which
vas done by applying a hammer to a sharp edged knife. Cleaved pieces
of about 2-3 mm thick were produced and placed in the vacuum chamber
as quiokiy as possibles They were handled carefully with the Tweezer

nd never touched with naked fingers. These precautions minimized the

possibility of contamination, moisture and aitmospheric atitack.

Polished rock salte.

The (110) and (111) faces of rock salt were cut from l.5" cubes.
This was done by means of a reciprocating band saw formed by a cotton
thread under tension, lubricated with water, and driven by a simple
arrengement of cranks and pulleys (Fig. 4.1.). Since the cut was
required to be a (110) or (111) type of plane, the rock salt cubes
were held in jigs especially designed to facilitate fhis (Figede2e)e &
brass block with a rectangular 'U? cross—section was milled with a plane:
face P intersecting the ohannel; in such a way as to be parallel o a
(110) plane of a rock. salt cube with cleavage faces clamped to the bottom
and one side of the channel. & similar jig was used for cutting (111)
planes. The rock salt cube projected so that the band saw passing
across the Jjig face P, cpt a (110) or (111) type of plane face on the

crystal.
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then the (111) or (110) face had been cut, any slight saw marks
were removed by lightly grinding the face on filder pPaper moistened
with water. This produces é surface which has no macroscopically visible
buaps op steps. Grinding continued wntil the thiclmess of the slad
became about 2-3 mm. satisfactory polishing of the rock salt is essential
because films growvm on poorly polisheé surfaces were invariably poorly
oriented and mechanically weak. The lower surfaces of the slab were
also ground on the rilter paper, making them flat, so as to improve
thermal contact when, at a later stage, the rock salt was placed on a2
heated surface.

Polishing was periormed on a velvet polishing lap, kept under
sufficient tension. The crystal substrate face was moved back and
forth by hand for a nunber of times on a dry portion of the velvei
by adding a small amount of putty powder. Then some ethanol was put
in another portion of the velvet to make it wet and polishing (back
and forth and circular movement) was carried out for about 8-10 minutes
until it became very shining and smooth. Care was exercised 1o avoid
any possible dirt while poiishing was carried out. This process
: = . . .
produced a surpirsingly clean surface. MNiller (1962) deposited carbon
films on such a surface and examined the film in the eleciron microscope
and found no itraces of contaﬁinating maﬁerial.i

Carbon films (used as subsirates).

Thin carbon films were growa on rock salt in an Edwards 1234 coaving
wnit using a specially designed apparatus (Bradley, 1954). It consists
of two pointed carbon rods with the points held lightly together by a
tungsten tension spring so that intense local heating occurs in the
fegion of contact. With the carbon rods of about 5 mm diameter an
alternating current of 20 amps. was reguired for evaporation.

The rods must be sharply pointed to attain high temperatures and a pencil
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sharpener was used for this purpose. Carbon films were then floated
off the rock salt and taken onto the copper grids (200 Sgemesh).

-
3 -

Mica svhatrate.

Tiny shining transparent particles of mica were made by repcatedly
cleaving the mica using adhesive tape. The tape was dissolved by
immersion in chloroform for about twenty four hours, leaving the mica
particles free. These particles aré then filtered and placed on copper
grids,

The denosition of the filmse.

The vacuun systeme.

)

ne films were prepared by using two separate coating units:
Edwards 128A and BEdwards 3. The diameters of the glass bell jars of
1284 and T3 are 12" and 18" respectively. The vacuum chambers were
evacuated by means of three-stage water cooled oll vapour diffusion pumps
of diameter 4" and 9" respectively, backed by oil rotary »umps. Tae

-6
ultimate pressure of the diffusion pump of 12BA was 5 x 10 torr, but
the usual operating pressure was 2-3 x 10 +torr. The operating pressure

-6

for E3 was x 10 +torr. A pirani gauge was used to measure the backing
L o
. &
pressure over the range 0.5 to 0.001 torr and a BIRVAC penning guage model
72002 incorporated in the evaporation chamber (E3), covered the range
- ol .
5 x 10 to 1l x 10 torr. Since the rare earth metals act as getters
for residual gases, the ultimate pressure obiained after effective

gettering fell by an order of magnitude.

The evanoration chaomber.

Insulated terminals, passing through the base plate of the vacuum
chamber, provided electrical access to apparatus in side the bell jar.
The filament was supported by thick steel leads. The subsirate was

placed about 10 cm vertically below the filament on the flat surface
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Figure 4.2. Jig used for cutting (110) faces of rock salt.

STEEL PLATE
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PYROPHILITE

Figure 4.3. The specimen hegater.
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of an elecirically heated stainless steel plate, %o which a T1Tp
thermocouple junciion was clamped. The heating element consisted

of a flat zig-zag of spirally wound tungsten, supported on a baked
pyrophilite base, so as 0 heat the steel plate uniformly over an

arca of several times that covered by ihe rock salt substrate (Pigure 4.3.).
Alternating current of 0-5 amps. was passed through therheater from a
variac transformer with a meter in series. A4 shutier placed in bejween

the filaement and the subsirate was operated manually from outside the
chamber (Figure 4.4.). " A needle valve was fixed %o the chamber body

vhich enabled air or Ho, gas 1o be admitted into the chamber in a finely

| controlled mamner,

L 043, The temperature of the substrate surface.

. Since it could not be assumed that the temperature of the rock
salt surface was the same as that of the heater plaie, it was necessary
to obtain a calibration in terms of the heater plate temperature. A
calibration was therefore obiained in terms of the melting points of
various crystalline substances, known to be wnreaciive with rock salt
at the temperature required (table 4.1). Small cuentities of these

materials were placed on the surface of a fypical substrate in vacuo

and the femperature of the heater ralsed, while the crystals were

obgcrved Lhwough a teleacope placed oulsice thihe beii jar. DBy raisiag
the temperature very slowly, and thus allowing the establishment of
equilibrium in the rock salt, the thermocouple reading of the heater
plate could be calibrated ét the known melting points, to within ¥ 1009c.
Figure 4.5 shows that there is a considerable difference in
temperature between the heater plate and the subsirate surface i.e.

+ 70°C, at 300°C actual temperature. The experiment was repeated with
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Shutter in between the filament and the substrate,
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Figure 4.5. Calibration curve for the substrate heater.
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other piecces rock sald of similar thickness and different crysial

oricntations,with the some result. A1l temperaturcs meationed here
are therefore true surfoce temperatures as derived from %he calibro~
svion curve.

Toble 4.1

Substances used in coli

Subcstance ielting point €
Silver chlorate 230
Sodiwn dihydrogen phosphate 250
Calcium chloride 260
Sodiwn nitrate 306

Lead 327

Potassiwn chlorate 388
Sodium bromate : 381

foliods Lvonmoration procedure.

being prepared. The rare ecarth metals of 99.9% puriiy were supplied
by Koch-Light Ltd.,in the form of wire of 1 mm diemeter.They were
evaporated from an elecircally heated spirally wound tungsten filamentd

2
J . . N
(lcngth~r2z ca and internal cdiameter~ 2 mm)(Flg.4.4.) and the vapour

was condensed on rock salt substrate and thin carboan films and trongpo—

rent cleaved mica supported on copver grids.The distance between the

1,

from 8-10cm. The temperature

. - 0. . o
of the subsirate was varied from 50°C to 320 °C in order %o define the

o

. \ .
substrate to filoment(source) was varie

(@]

epitaxial temnerature. The substratos(rock salt) were heated for about

four hours before the evaporation. A moveable ghuitter was uscd
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between the substrate and the source. The shutter had two purposes:
firstly, it prevented the meiallic vapoﬁrs from condensing on the
substrate until they have gettered the résidﬁal gases inside the
bell jar and secondly, by successively moving it, films of &ifferent
thiclmess could be obtained in the same evaporation,

Prior to evaporation the filament was thoroughly outgassed by
passing about 60 amps. a.c. for about ten minutes. Thae highest
melting point of metals siudied in this work was Hy and Ir, boih of
vhich melt a 1500°C, Tungsten melts at 3380°C, so that it appears
that contamination of the film by the tungsiten filament is unlilkely.
Tor evaporation of the metals, alternating current of about 50-60 amps.
was passed through the filaments In most cases, the shutiter was not
removed until the metal vapours have gettered the residual gases. The

-6
ultimate pressure prior to evaporation was usually about 5 x 10 <orr,
but after gettering (for Gd) it came dowm to and remained sieady ai
6 x 157 torr vwhen the film was depositéd on the subsirate (Fig. 4.6).
After the evaporation;the film on the subsirate was cooled inside the
vacuun to room tenperature before it was taken out of‘the bell jar. Tor
nucleation studies, ultra-thin films of gadolinium and terbium were
coated with a thin layer of carbon film, immediately after evaporation.

Removal of the films from the substrate

The rock salt substirate with the film was taken out of the bell
jar when it has cooled down 1o room temperature. By holding with a
tweezer, it was then gently lowered into a beaker of distilled water in
an inclined position, when the film became separated and floaﬁgd off as
the rock salt dissolved. If the orientaition of the film was good, the
mechanical coherence of the film and its binding to the subsirate was

found to be much stronger than for polysrystalline films. The
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Fringe pattern of the multiple-heam interferegram,
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attachment of (111) film was the strongest. Frecuently the substraies
had to be completely dissolved in order to free a film from 2 (lll)
face. When the film was free, it was picked up on a clean glass cover

clip end transferred to another beaker of distillediwater, in order %o

aohoff traces of dissolved sodium chloride from the underneath of

-

the film. TIinally it was picked up on copper grids (ZOO squarce mesh)
for examination in the electron microscopec. Dxtreme care should be

exercised in this procedure, otherwise the film might break.

1.6, Polycrystaolline films.

Polycrystalline films were prepared in the same way as the
single crystai films except that the films were deposited on a cold
substrate, instead of on a heated one. Polycrystalline films were

grovn on rock salt, mica and carbon films for electron microscopic

3

4,5, Tilms provm after long neriod of setterine,

C

In this case the shutter was notremoved for about 5-8 minutes

4]

after the evaporation has started i.e. the metal vapour was allowed

to concdense on the substrate when it has getiered the hydrogen. Although
nmost of the films have been grown after gettering the residual gases,:
deliberately longer period of gettering was allowed in this particular

4,6  Treatment of zodolinium and terbium films with hvdrogen.
A

Cadolinium and terbium films were ireated with hydrogen to see
its effects on the sﬁruétﬁre. Tne performed growth conditions were
'as follows:

i) Films were grown as usual and then heated at 380°C for about two
hours while a stream of Hp (dry) gas was passing (pressure varied

5

from 0.3 %orr to 107 torr) in a controlled way from a cylinder
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through a leak valve.
ii) Tilme were grown in presence of H, gas (pressure 0.5 x 107 torr)

and some of them were heated up to 3§0°C.

s

iii) Tilms were grown after the chamber was flushed a few times with

Hp (prezsure ~ 157 torr).

o~

iv} It was tried to grow films in Hp presence at a pressure of
/J1%3 - lE)-'r torr but did not succeed. The films did not condense
well on the substrate and broke into pieces when tried to separaie
in water.
Pilms of the thickness range 100 — 9004A° were growm under the

above circumstances.

Ileasurement of film thiclmness.

The use of Tizeau frinées for thiclkmess measurement is commonly
celled the Tolansky technigue. This technique (Tolansky, 1948) is very
convenient and capable of giving the acituel thiclmess with high
accuracy. XFilm thickness measurements in this {thesis were carried.
out by this method. The films were deposited on glass slides, placed
by the side of the rock salt (or glass slides for electrical measurements)
substrates partly covergd by razor blade to get a éharp edge. The raszor
blade was‘later removed and an opague layer of silver (fv 7OOA°)
deposited over the whole substraite. A siep in the &ilver film of
the same thiclmess as the test film was therefore produced (Fig 4_7,.)
After removing from the vacuum sysiems, the step films were brought
into contact with a similar glass subsirate sﬁpporting partially a
transparent silver film of cbout 80% reflectively and these were
clamped together to form a wedge (Fige 4.7 ). This was then illuminated

with parallel monochromatic light when multiple-beam I'izeau fringes were
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obsecrved in the microccope.The steps appeared in the frinzes and
measured accurately by taking photogra pao.“casuf11" the step height,

the film thiokness(t) can be calculatved from the mown value of

~ g _)-— - X )\
(&

wavelength of the light used from the relationshin

+ A
s )
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Tigure 4.0. shows the appearance of the dis
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sten of 475 padolinium film.Pilm thiclmess ag small ags 20L& and

w

o~ O 1 " ST
an accuracy of + 104 con be measured by thls methouL(Tolan 7751948 )
Heavens and Pandeya(1958) applied Tolansky method to

ron films,grown epitaxiclly on rock salt,which had been floated

of f and mounted on glascs. This technicue of Heavens and Pondeya
was also used in the present work and found saiisfaciory.
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TRUCTURS OF GADOLINIUM, TERBIUM, DYSPROSIUL, HOLIIW AND

EREIUN DIHYDRIDE FILIIS.

5¢1l. Introduction.

Several workers have reported the observation of cubic phases of
rare carth metals formed by vacuum deposition and these stru¢tures have
been interpreted in different ways as discussed in section 2.4, chapter
2. In this chapter, are described the extensive studies which have
been conducted to accurately determine the structures of films of
various thickness grown in different epitaxial orientations. The
materials examined were Gd, Tp, Dy, Ho and Er. The epitaxial growih
from these materials has not been observed before.

The growth and structure of the films grown by the methéd described
in chapter ﬂ, have been studied by using transmission electron microscopy
and diffraction. The electiron microscopes used were mi-6 and Jmi-6i.
Electron accelerating voliages of Wi-6 were 50 KV, 75KV and 100KV and
that of JHI-6A were 50KV, 80KV and 100KV. The opiical system of the
-microscope comprise double condenser lens, an objective and two
projectors. The obtainable resolution of the microscopes were in the
region of 153. The crystal orientation was examined by diffraction of
the transmittea electrons, ;the area of the specimen coniributing o
the observed pattern being several microns across. Selected area
diffraction technigue . was employed in some instances in order to
determine the identity or orientation of small localised features. The
d-spacings were measured from the diffraction patterns, using the
relationship, Dd = 2AL , where D is the rihg diameter, d is the
interplanaer distance, A is the wavelength of the eleciroms, | is the
effective camera length; the quantity 2LAN is called the camera

constant. The lattice parameters are related to the d—spacings and

Miller indices hkl by the expression
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2 2
1, -
%2= A for f.c.c. system
G 20
2
and 1 4 nk 4+
an Eé: —gzg—— (h2 + hk + k2) + %é for hecep. system,

2o 1s the lattice parameter in f.ce.c. system and 2 and ¢ in h.cepe.
system. The camera wos calibrated by using thallous chloride and

gold. Since this work is concerned with the accurate détermination

of lattice constants, every effort was made to check the camera consiont
for each set of plates used in the camera. After taking the diffraciion

patiern on the microscope plates, the ring diameters were measured by

using a travelling microscope which has an accuracy of 0.0l mn,

®

microdensitometer was also used to measure the d-spacings. The thickness—

6]

es guoted throughout the work are the average thiciknesses.

~

5¢2¢ Films ecrovm from Gd: structural investisations by electron diffraction.

d-spacings were measured by electron diffraction, for films prepared

under different growth conditions and on different substrates.
o}
5e2ole Milmz up to 250A thickness.

i. Epitaxial single crystal films grown on cleaved {100) rock salt.
crystal structure of the film of 2002 is indicated by the diffraction
pattern (Fige 5.1d.). The observed values of the d-spacings arc shown
in toble 1 (in the appendixi)along with the calculated d-spacings of
possible structures (f.c.c. Gdll,, f.c.c. Gd and b.c.c. Gdp03). As
may be seen from the table all the reflections are consistent with
the face—centred—cubic gadolinium dihydride. The d-spacing
neasurements have been made on a series of films of varying thickness
o : :
from 70 to 250A and were found %o be in agreement within experimental
error (1% ) with the values recorded in tabie 1.
ii. Epitaxial single crystal films deposited on (llO) rock salt.

)
The electron diffraction pattern of the film of thickacss 1804

is chown in Fig.5.28. The measured values of the d-spacings are
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(@ Room Temperature @ t=175%

(0) T = 200°C' (@ T = 280°C

Pig. Electron diffraction patterns of gadolinium dihydride

efilms grovimm on cleaved rock salt: influence of substrate temperature

on orientation.
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recorded in table 2 along with the calculated values of fecCeCe
CGdH,, focece Gd and becec. GdpO3e. ALl the values are seen to be
in close agrecment (within experimental error 15 ) with f.c.c.
gadolinium dihydride. INot a single refieotion corresponded with
other strucitures and hence ruled out their possibilities. Films
o}

of varying thiclmess (70-2504) were studied and ihe d-spacings were
found to be consistent with the values showm in table 2.
iii. Single crystal films growm on (111) rock salt.

In the_(lll) orientation of the film only 220 type reflections
appeared in the diffraction patitern (Fig. 5.2b). The thickness of

0
the film was 220A. The measured d-spacingsagreed guite well with

that of f.cec. GdH2 as can be seen from table 3. Decause of the
syametry of the diffraction pattern of f.c.c. (111) and heCepe
(00.1) orientations, the observed d-spacings were compared with
hece.p. (Cd) too. The d—spacings of several other films of the

: o
thickness range 70 to 2504 were measured but no significant
deviations vwere observed from the values recorded in table 23,

iv. Polycrystalline films grown on rock salt and on carbon films.
o

The experimental values of the d-spacings of the films of

[of]

1503 deposited on rock salt and carbon films are shown in table 4.
The electiron diffractions pétﬁern of the films grown on rock sals
are shown in Tig. 5.la. The d-spacings of the film growm on carbon
film are shown in bracket. 4is can be seen from The table, the
observed d-spacings are in good agreement with those for f.c.c.
dihydrides. The formation of the fececs Gdlo compound was not
affected by the nature of the substrate. A series of films of

. o)
different thiclkness from 70 to 2504 were studied, but all had the

‘same structure as feCoCe Gde.



(a) GJ112 (110), thickness = I80A0

(h) Gd1£f2(111), thickness = 220A°

Figure.5.2. Electron diffraction patterns of epitaxial

single crystal gadolinium dihydride films.
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5,242, ['ilms of the thiclmess ranre 250 - 8504.
D

i. Zpitaxial single crystal film grown on (lOO) rock salt.
The crysial structure of the film is clearly scen in the‘diffraction
pattern (Fige 5.3a) as the co-existence of two phascs. The thickness
of the film is 4502. The measured values of the d-spacings are showm in
table 5. The indexed pattern of the diffraction pattern is showm in Pig
5.4a. Comparing the measured values with the calculated d-spacings, it is
seen that thevsﬁructure is composed of <wo phases = f.c.c. dihydride and
hecep. metal. The rings (or spots) 1,2,3,4,5, 6 and 7 correspond
respectively to 01.0 (h.c.p. Gd), 111 (f.c.o; GdHo), 00.2 (Rec.p. Gd),
200 (fecec. GdHp), 01.2 (h.c.p. Gd) 220 (f.c.c. Gdily) and 017..3 (hocop. Ca).
It may be seen from the diffraction pattern that the debye rings due to
NeCepPs structure are faint dbut they increase in intensity as the thickness
increases. The dihydride crysials are also not completely oriented. They
deteriorate in orientation as the thickness increases and finally become
overlapped by the dominent he.co.p. structure. Films of various thickness
(250 - 8502) were siudied and were found to have always mixed phases.

Film

9]

thicker than 9003 were polycrystalline h.c.p. Gd although the
other parameters of epitaﬁial growih maintained. The d—qucings of the
lower indexzcd reflections sharply define the difference between the two
phases (fec.c. Gdllo and h.c.ps Gd),‘but the higher indexed rings or
spots are difficult to distinguish from each other because of the close
values of their d-spacings.
ii. LEpitaxial single crysial films grown on (liO) rock salt.

o .
The electron diffraction pattern of 5504 film is showm in Fige. 5.30,
and fhe observed d-spacings are recorded in table 6. The diffractiop
pattern clearly indicates the co-existence of two phases. The indexed
pattern of the diffraction pattern is shown in Fig.5.4b. Comparing the

obscrved values with the calculated d-spacings, it was found that the
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(@) Thiclaiess « 450h°, (100) rock salt substrate

) Thickness = 550A°, (c) Thickness = 600A°, (ill)
(no) rock salt substrate rock salt substrate
Figure 5.3. Co-existence of f.c.c. gadolinium dihydride and h.c.p.

gadolinium in film epitaxially grovm on rock salt.



rings 1,2,3,4,5 and 6 correspond respectively to 01.0 (h.c.p.Gd),

111 (f.c.c.Gdd2), 00.2 (h.c.p.Gd), 200 (f.c;c.Gdﬂg), 0l.2 (h.c.p.Cad)

and 220 (f.c.o.Gng). he ring number 7 corresponds 0 11.0 Gd he.c.p.
ngs higher indexed than number T were not considered in d—-spacing
measurenents because of their closeness together. Films of various
thickness (250 - 8OOK) vere studied.and the same siructureswere observed,
although the intensity of the reflections due to f.c.c. Gdip faded out
as the thickness increased. Polycrystalline h.c.p. Gd structure
appeared above 9003 thicknesse

iii. Dpitaxial single crystal film grown on (111) rock salt.

The diffraction pattern ol 6002 film is shown in FMig. 5.3c. which also
indicates the co-existence of two phases. The indexed pattern of <the
same is shown in Fig.5.4c. Dxperimental values of the d-spacings are
recorded in table 7 along with the calculated values of f.c.c. Gcalo,
fecece Gd, hecoepe. Gde. On comparison of the observed values with the
calculated values in table 7 it is found that the rings, 1,2,3,4,5,6 and
T are consistent respectively with 01.0 (h.o.p. Gd); 111 (f.c.c. Gng),
00.2 (h.cep. Gd), 200 (f.cec. GAHp), 01.2 (h.c.p. Gd), 220 (f.c.c. CdHp)
and 11.0 (h.c.p. Gd). Hence the structure consisted of two phases —
fecece GdHo and hecep. Gd. Ilcasurement of the d—-spacings were made on
films of various thicknesses (250-8003) and the structure always showed
a mizxture of two phases. As the thickﬁess of the film increased,the
intensity of the f.c.c. dihydride spots faded out while that of h.c.p.
Gd increased. Iinally, the film of thickness above 9002 became

- compleily singie crystal (OO.l) hec.p.Gd (Fig. 5.5c). This might have
been possible because of the similarity of the crystal structure of
(lll) substrate and the observed (00.1) orientation.

" iv. Polycrystalline film grown on rock salt and on carbon films.

In this case also the structure is comﬁosed of two phases - f.c.c.

dihydride and hecep. metal as seen in the diffraction pattern (Fig.5.5a).
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220
200
a0
.002
e0l*2
-01-3
(a) 450A° film grovm on (1l00) rock salt
220
200
a2
00-2
010
'o
©. 550A° film grovm on (110) rock salt
220
700
'm
olo
=002
10
01*2

(c) .600A° film grovm on (ill) rock salt

Figure 5«4* Indexed patterns of Fig. 5*3, showing the co-existence

of f.c.c. dihydride and h.c.p. metallic phase.
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(a) Thickness = 4504°, Polycrystalline film grovm. on rock salt

showing the co-existence of f.c.c. GdHg and h.c.p. Gd phase

() Thickness = 920/? polycrystalline film grovm on rock salt showing

the h.c.p. structure.

() Thickness = 950A°, (00.1) h.c.p. Gd grovm on (ill) rock salt.

Figure 5.5.



(o]
The film thiclness is 4504 and was growm on rock salt. The measured

d-spacings are shown in table 8. The indexed patierns are also shown in
Fig.5.6a. The rings 1,3,5 and T correspond respectively to 01.0, 00.2,
0l.2 and 11.0 he.ce.p. gadolinium and the rings 2,4, and 6 correspond
respectively to 111, 200 and 220 f.ce.c. Gdlp. Films of different
thiclmess between 2503 1o 8503 were studied and found to show the
co—-existence of two phases (f.c.c. dihydride and hecepe Gd). Uith the
increasé of the thickness the f.c.c. structure becomes overlapped by
the hecep. metal and above 9002 thickness, the structure is wmainly
NeCepe G4 (Fige 5.5be). The d-spacings of the film grovm on carbon
film are shown in brackets, and indicate very little deviation from
those films grown on rock sal<te.

o
5e2e3e Milms above 900A thickness,.

i. Epitaxial single crystal film grown on (111) rock salt.

The film of about 950K thick grown on (lll) rock salt‘appeared aé single
crystal hecepe GAd in the (0091) orientation as may be seen in the
diffraction pattern (Fig. 5.5¢). The indexed pattern is shown in Fig.5.6c.
The measured d-spacings arce shown in table 9 and are found consistent
with that of hec.pe Gd. Some very faint reflections due to feCecCe

Gdil, appeared in the diffraction pattern, though is not clear in the
print. The basal plane of orientation was parallel to (lll) rock salt
surface. IFive different films were studied under the same growth
conditions and the results obtained were the same.

ii. Polycrystalline film grown on rock salt.

The electron diffraction paittern of 9202 film 1s shown in Fig.5.5b

which is clearly polyscrystalline structure. The experimental values

of the d-spacings are shown in table 10, The indexed pattern is shown
in Pig. 5.6b. It can be easily seen from Fig.5.6b and table 10 that

all the rings except 2 are consistent with he.ce.p. gadolinium. The



ring 2 is interpreted as due to f.c.c. 111 gadolinium dihydride,

althouch apparently this ring seemed (from the print) +o have merged

with ring l. This has been caused because the intensit{y of ring 1 has

increased with thickness. Five other films of thickness greater than
O . - o

9004 have been siudied and have yielded the same result.

5¢3e Films growm from Tb: structural investigations bv electron

diffractione.

d=spacing measurements of films of various thickness grown from
terbium metal on different faces of rock salt and carbon films have
been ca;ried out using electron diffraction. Films have been deposited
under different growth conditions to study the structural changes.

, o)
5e3ele Films up $o 230A thiclmess.

H

. Epitaxial single crystal films grown on cleaved (100) rock.salte.
The e@%tron diffraction pattern of 1802 film is shown in PFig.5.7a. and
the measured d-spacings are shown in table ll. The calculated values
of the d-spacings of f.cec. THlo, fecece Tb and b.cec. Th203 are also
showm in the table, as each of them could be claimed as a probable
structure., An inspection of the table clearly shows %he consistence
of the observed values with f.c.c. Tbllp. A series of films of
different thickness from 80 o 2302 were studied and found to agree
‘with the values recorded in table 11.

ii, Epitaxial single crystal films deposited on (110) rock salt.

The observed values of d-spacings of ZOOX film are shown in table 12
and the diffraction pattern of the film is shown in Fige5.Tb. Comparing
the observed values with the calculated values, it is seen that they
correspond very closcly with fec.c. Tblip. None of the reflections

correspond with any other structures. IFilms of various thickness

o . - -
from 80 to 230A were investigated and found to be consistent with f.c.c.



(2) Indexed pattern of Pig. 5-5a

(b) Indexed pattern of Pig. 5*5b.
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(c) Indexed pattern of Pig. 5*5®.

Figure 5.6 . Indexed patterns of F ig .
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(a) Thiclaiess = 180A°,

ThH2 (100) .

(h) Thickness = 200A*,

ThH2 (110).

(c) Thickness = 190A°,

ThH2 (ill)

Figure 5«7* Electron diffraction pattern of epitaxial single crystal
terbium dihydride films grovm on rock salt.
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terbium dihydride within experimental error (1% ).

iii. Dpitaxial single crystal films growm on (111) rock salt.

The diffraction pattern of the f£ilm of 1903 thick is shown in TFig.
S5eTc. and the observed d-spacings are shown in table 13. As may be
seen from the diffraction pattern, only 220 reflection appeared. The
measured d-spacings agreed cguite well with fececse ThbHp. Three other
films of varying thickness up to 2303 were also investigated and found
1o have f.cec. terbium dinydride structure.

ive Polvcrystalline film growvm on rock salt and carbon film.

The diffraction pattern of 2003 polycrystalline film growm on Nacl is
shown in Fig.5.8a. and the d-spacings are recorgded in table 14..
d-gpacings of the f£ilm grown on carbon film are shown in the bracket.
" The observed d—spacings are found 1o be in good agreement with T.c.c.
terbium dihydride. None of the reflections agreed with either h.cepe.
To or focece Thy implying that no material of those structures were
present in the film. A series of films of different thickness from
o o v

804 to 2304 were studied to see the structural change. Films up to
2303 thickness always exhibited f.c.c. Tsz structure irrespective of

the nature of the subsirate.

5e3e2e Pllms of the thiclmess rance 230 %o 8503

i. Epitaxial single crystal film grown on (100) rock salt.

The crystal. structure of 6502 ﬁhiék film is shown in the diffraction
pattern (Fig. g'qs\which indicates thie co—existence of two phases.

The indexed pattern of the diffraction pattern is shown in Fig.5.10a.
The observed d-spacings are recorded in table 15 along with the
calculated values of fe.ceco Tb, hecepe Tby fece.ce Thilp and TbH3.

A detailed study of Fig.5.10a and table 15 shows that the £ilm consisis

of the fec.c. TbHo and he.c.p. The The existence of f.c.c. To2 phase

is verified by the presence of 111, 200 and 220 reflections and
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(@ T = 20% ) T = 70%-

() T = 220%' (d T = 300°C

Figure 5-8. Electron diffraction patterns of f.c.c. terbium dihydride
films deposited on cleaved rock sait; influence of the

substrate temperature on orientation.
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(a) Thiclaiess = 620AP, (1l00) rock salt substrate.

(b) Thickness = 600A°, (¢) Thiclaiess = 550A°

(no) rock salt substrate (111) rock salt substrate

(d) Thickness = 550A®, polycrystalline film grown on rock salt,

Figure 5.9. Co-existence of f.c.c.TbH” and h.c.p.Tb

in films epitaxially grown on rock salt.



cxistence of the hecep. Tb phase by the 01.0, 00.2 and 01.2 reflections.
In the diffraction patiern print the ring 01.2 is very faint, but
nevertheless observable. Although the epitaxial growih conditions were
maintained, the diffraction pattern shows that the f.c.c. crystalliies

are not completely oricented. This deterioration in orientation is
probably because of the increased thiclkness. Five films of various
thickness from 230 -~ 8503 have been studied and they always showed the
co—existence of the <wo plhases,.

ili. Dpitaxial single crystal £ilm deposited on (110) rock salt.

The eleciron diffraction pattern of 6003 film is shown in Fiz.5.10b.

The experimental values of the d=-spacings are recorded in table 16,
Comparing the observed values of the d-spacings with the calculated values,
it was found that the rings 1,3,5 and T correspond‘respectively to 01.0,
00.2, 0l.2 and 11.0 h.é.p. Tb and 2,4.and 6 correspond respecitively to
111, 200 and 220 fececo TbHp. Four other films of the thickness range

230 -~ SSOX have been studied which also exhibited the presence of

nixed phasese

iii. Bpitaxial film growm on (111) rock salt.

The electron diffraction pattern of 55OK film is shown in Pig. 5.9¢

and the indexed pattern is shown in Fig. 5.10d. The observed d-spacings
are recorded in table 17, 'Comparing ﬁese values wifh the calculated
values it is found that the compésitg structure consistis of fec.ce.

TbHy and hece.p.Tbe. The rings 1;3,5 and 7 are due to 01.0, 00.2, 01.2 |
and 11.0 hec.p. Tb respectively and the rings 2,4,6 areldue to 111, 200¢ymA220
f.c.c; TbHo respectively. leasurement of‘the d-spacings were also made

on films of wvarious thickness from 2302 to 8503 and were found to have

mixed phases. IFilms of thickness above 9003'&ppeared as single

crystal (00.1) hecepe. Tb as shown in Fig. 5.11&.
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ive Polycrystalline film grown on rock salt.”

The film of about 5003 thick grown as polycrystalline has the siructure
composed of fecece TbhHp and hece.p. Th as showvm in Fig. 5.9d. The
indexed pattern is shown in Fig. 5.10c. Table 18 shows the observed
d—gpacings with the calculated values khat {the rings 1,3,5 and 7
correspond respectively to 01.0, 00.2; 0l.2 and 11.0 he.c.p. Th and

2,4 and 6 correspond respectively to 111, 200 and 220 f.ce.c. Thip. A
series of films of various thiclmesses from ég?%o 8504 have Dbeen
studied and found to show the co-existence of f.c.Co. &ihydride and
hoeceps Tb phases. As the thickness increased above 9003,'the struciure

was found to be dominated by he.c.p. metal.

: o)
5¢3e3e Films above 0004 thiclmess,

i. Dpitaxial single crystal (00.1) hoc;po Tb grown on (111) rock sali.
The electron diffraction pattern of 9502 film is shown in Fig. 5.1lla
which appecared as single crystal (00.1) heCepe The The indexed
pattern is shown in Fig. 5.11b. The measured d-spacings are found
consistent with h.c.p. Tb as seen from table 19, The basal plane of
orientation is parallel to (111) rock salt. The observation of (00.1)

Tb was verified by studying four films of similar thickness.

0
ii. Polyerystalline film of 9304 grown on rock salt.

The electron diffraction pattern of the film is showﬁ in Pige 5.1lc
(end indexed patiern is shown in Fig.5.10c), which is predominated
bY hecepe structure of Th. The observed values of the d-spacings

are recorddd in table 20, which are consistent with hec.p. Tb cxcept
ring 2. This ring is interpreted as due to 111 f.c.ce. dihydride. It
was nof possible, unfortunateiy to study films thicker than 9802 or
so because such films did not -allow the requisite transmission.

o . .
However, four films up to 9504 thickness have been studied and found

to be dominated by hecepe terbium.



(@) 950A° (00.1) Tb film grovm on (ill) rock salt

fi-o
elo'o
eol-o
ii'0
. «
H-0 # s

lo-o +/I'O
21*0
(00'1)

(b) Indexed pattern of Fig. 5.1la.

(¢) 930A° polycrystalline film grovm on rock salt.

Figure 5*11 Diffraction pattern for terbium films.
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5ede Tilnms &

roiun from Dy: structural investigations by electron

diffroctione.

<

I% has been established from the extensive investigations of
films growm from G4 and Tb that at a lower thickness the siructure is
due to fe.cec. dihydride, at an intermediate thickuess both f.c.c.

5

dihydride and metallic h.c.pe phase exist and at higher thiclknes
5
metallic sturcturc predominates. Al<though similar results were

NeCePe

2]

cxpccted from Dy, Hy and IEr films because chemically they are similar,
struciural investigations were carried out to a lesser extent on thesc
flimsz,

0
Heliole Wilms unto 2000 thiclnesse.

i, Ipitaxial single crystal film grovm on (loo)rock salt.
o)
The electron diffraction pattern of the film of 170A is showm in IF'ig.5.182
T g

and the mecasured values of the d-spacings are showm in table 21. It

may be seen from the table that all ithe reflections agrced guite well

. o7 . -~ . " . N
(experimental error 1% ) with the Tecoc. Gysprosium dihydride. All
O . "V uv' ‘
the films situdied up to 2004 thickness showved this siructure.
o)

ii, Polycrystalline film of 1504 grown on rock salw.
The experimental values of the d-spacings are shown in table 22; comparing
uith +the calculated values they are found to correspond with f.c.ce

dycprosiwa dihydride. Tae d-spacing measuremeinrts have also been done on
the films grown on carbon film and the results obtained were the same,.

o)
Three films have been studied by varying the thiclmess up to 2004 but the

regsults did not differ from the above.
. o)
5ede2. Pilms of the thiclkness range 200-85004

™

i. Epitaxial £ilm growm on (100) rock salt.

o
The measured values of the d-spacings of 500A film are shown in table 23.
The electron diffraction pattern of the film is similar to that of

fMigure 5.3a. for gadoliniwum,. The stiructure is a mixture of

v
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f;c.c. dihydride and he.cep. metallic phases. It may be secen from the
table that the rings 1,2,3,4,5,6 and 7 correspond respectively to

01.0 (hecep.Dy), 111 (f.c.c.Dylln), 0042 (hecep.Dy), 200 (f.c.c.DyH2),
01.2 (hecep.Dy), 220 (foc.c.DyHp) and 11.0 (h.c.p.Dy). Variation of
thiclmess in the range 200 - 8003 did not produce any different results.
ii. Polycrystalline film of 5003 grovm on rock salt.

The structure of the film as revealed by electron diffraction pattern
is similar to that of Fig.5.5a. hence is not showmn separately. The
measured d-spacings are shown in table 24. on comparison with the
cayﬂbulated values it becomes obvious that the observed d-spacings due
to rings 1,2,3,4,5,6 and 7 are consistent respectively to 01.0 (Wec.p.Dy)
111(fecec.DyH2) 00,2 (Becep.Dy), 200 (fecoceDyio), 01.2 (hec.p.Dy),

220 (f.c.c.Dyl2) and 11,0 (hec.p.Dy). This siructural feature of the
co—existence of two phases existed in the thickness range 200—8003,
although i+t was observed that thefintensity of f.c.c. dihydride
reflections faded out while that of heco.p. Dy became sironger as the
thiclmess increased.

]
5¢4e3o Films above G004 thickness.

The measured values of the d-spacings of 9003 polycrystalline
film grown'on rock salt are showm in table 25. The diffraction
pattern is gquite similar fo that of Fig.5.5b, hence is‘not showmn
separately. Comparing the observed d-spacing with the calculated
values; it is seen that all the 2».ings except one correspond with h.c.pe.
Dy. Ring 2 correspoﬁds to 111 fecece DyHp. This result is similar to
that of Gd and Tb films. Hence the general conclus;on is that thicker
films are dominated by hec.p. metallic structure. Ipitaxial single

0

crystal films of 900A were also obiained on (111) rock salt having the

(00.1) orientation.
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5¢5¢ Films grovm from Ho: structural investigations by electron

diffraction,

d-spacing measurement of holmium films of different thiclness and
orientations growm on rock salt and élso of polycrystalline films growm
on rock salt and carbon films havg been made. Since the results
obtained dre in general agreement with those of Gd and Tb films, the
results of only few cases are discussed here. The diffraciion patterns
also have the similar feature, hence are not put in some cases to avoid
unnecessary increase of the volume of the thesis.

: o
5:5ele Films un to 200A thiclmess.

i. BEpitaxial single crystal film grown on (100) rock salt.

The clectron diffraction patternof 1503 film is shown in FigJs 19,
and the measured d-spacings are recoreded in table 26. As may bev
seen from table 26, all the reflections are in good agreement witl
face—centred—cubic holmium dihydride. &Several films of varying thickness
between 7OZ to 2OOK have been situdied and found to have f.c.c. HoHp
struciure.

ii. Polycrystalline film growm on rock salt and carbon film.

The measured d-spacings of palycrystalline f£ilms grown both on rock
salt and carbon film are shown in table 27. The values shown in
bracket are.due Yo Tilm growm on carbon. The thickness of the films
were about lBOK.on comparison with’thé calcula%ed values, it is found

that the structure is consistent with f.c.c. HoHo. Three films of

different thicknesses up to 2003 were studied having the same result.

0
5¢5.2. Pilms of the thickness ranse 200 — 8004i.
i. Epitaxial film grown on (100) rock salt.
° i ae
The cxperimentalid-spacings of 5004 film grown epitaxially &= shown

in table 28. The structure appeared as the co-existence of f.c.Co

dihydride and he.ce.p. metal. The existence of f.c.c. dihydride is
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verified by the appearance of 111, 200 and 220 reflectionse. The
existence of hecepe. Ho is Jjustified Dby thevpresence of 01.0, 00.2, 0l.2 =
and 11,0 reflettions. The intensity of the different.refgictioné varied
over the above thickness range, although the overall siructure

appeared as the mixture.of two phasese.

iie Polybrystalline film grown on rock salt.

The measured_d-spacings of 4502 film is shown in table 29. The structure
is found to consist of both fe.c.c. dihydride and he.cepo. metal as seen
from the table. The rings 1,3,5 and 7 are due to 01.0, C0.2;:01l.2

and 11.0 hic.p. Hy and 2,4 and 6 correspond to 111, 200 aﬁd 220 fecCecCe
HoHoe Films of varying thickness over the range 200 - 8002 have been
studied and found to agree with the values recorﬁﬁed in table 29 within

experimental error (1% ).

o)
5¢5¢3. Films above 800A thickness.

The experimentél values of the d-spacings of 8702 polycrystalline
film grown on rock salt are shown in table 30. It is found on
comparison with the measured d-spacings that the siructure is predominated
by metallic hocep. structure. The rings 1,2,3,4,5,6 and 7 correspond
respectively to 01.0, 00.2, 0l.1, 0l.2, 11.0 and Ol.3 h.c.p. Ho and
only ring 2 is consistent with 111 f.c.c. holmium dihydride. Three
other films thicker %han SCOK have been studied and found to have the
similar structure.

5.6. Tilms grown from Er: structural investigations by electron

diffractione.

In this case also the results of only some typical experiments
are discussed, although extensive studies have been made. Since the
results werc found to follow the trend of the films from Gd and Th, ii

vas felt unnecessary to elaborate all the details.
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o
5¢6ele Films up to 2104 thiclkness.

i, Dpitaxial single crystal film grown on (lOO)‘rock salt.

en® s e o
The crystal structure of 1604 film clearly indicates face—centred-
cubic as is seen from the diffraction pattern (Fige. 5.20a). The
measured d-spacings are shovm in table 31. It is found oa comparison
of the d-spacings that the structure is consistant with f.c.c.Brio.

: o Ke) ‘
Four films of various thicknesses from TOA to 210A have been studied
and found to agree with f.c.c. Erls.

ii. Polycrystalline films deposited on rock salt and carbon films.
o
The observed d-spacings of 170A film grown on rock salt is showm
in table 32. As may be seen from the table, the observed d-spacings
are consistent with f.c.c.Brii2. None of the reflections agreed with
any other structures. TFilm thiclkness variations over the range up 1o

o)
2104 did not produce any different structure.

A 0
5.6.2. Pilms of the thiclmess ranze 210 — 800.1.

i. Epitaxial film grown on (100) rock salt.

The measured values of the d-spacings of 6002 film is shown in table 33,
he siructure is seen to have a mixture of two phases. The appearance

of 111, 200 and 220 reflections indicate the presence of f.c.c. Erli, and
that of 01.0, 00.2; 0l.2 and 11.0 verify the presence of h.c.p; Br metal.

Four films of the thiclkness range ZlOi— 8003 have been situdied and found
to show the same sitructure.

ii. Polycrystalline film deposited on rock salt.

o
The structure of 5504 film is found to have mixed phases. The

observed d-spacings are shown in table 34. These values are scen to
be‘consistent with both fe.ce.c. dihydride and h.c.p. metal. The rings
1,3,5 and 7 are found %o correspond 01.0, 00.2, 01.2 and 11.0 h.c.p.
Br respectively and the rings 2,4 and 6 correspond to f.ce.c. 111, 200

and 220 Erll, respectively. Film of various thickness over the range 210 -
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o)
8004 have been studied and found to possess mixed phases.

)
5.663. Pilns 2bove S800A thickness.

The obscrved values of the d-spacings of QOOR polycrystalline film
grown on :ock salt are shown in table 35. These values are found %o
correspond with h.ce.p. erbium except one. The rings, 1,3,4,5,6 and 7
are found consistent to 01.0, 00.2, Ol.1, 0l.2, 11.0 and Ol.3 h.c.p. Bz
resoectively and ring 2 correspond fto 11l face—centred-cubic erbvium
dihydride., All the films thicker thﬁn SOoszere found to be dominated
by NeCaPe metallic>sﬁructure.

. . ~ . . . . .
5.7« &xnerimental observations of enitaxial sincle crystal films.

It is quite convincing from the structural investigations made by
electron diffraction in %ﬁe foregoing section that thin films fornm
‘the f.C.C. dihydrides of the respeciive metals and thicker film. structures
are predominated by he.c.p. bulk structure, while the films of intermediate
thiclomless range show the co~existence of fe.cec. dihydrides and heCepe
metallic phase. In this section the following observations have been
made on the epitaxially growing single crystal dihydride films of Gd,
Tb, Dy, Hy and Lr,

5¢T«le Gadolinium dihvdride films.

i. Influence 6f the substrate temperaiure on orientvations.

a. Tilms grown on cleaved (100) rock salt.

Gadolinium dihydride films were prepared on cleaved rock salt substrates
vhich were maintained at elevated temperatures ranging from room
temperature to 320°C in order to determine the epitaxial temperature.
When prepared by cléaving in air, the rock salt surface usually carries
gsome residual pblycrystalline debris, and this was removed by annealing
at 450°C for about three hours in a vacuum, after which the substrate

vas cooled to the deposition te#bperatures.
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The films deposited on cold rock salt substrates were randomly
oriented polycrystalline, Fig. 5.la. An increase in the deposition
temperature produced a preferred orientation of some of the crystallites,
intensifying the f.c.c. spots on the otherwise uniform rings (Fig.5.1b).
Films deposited at 200°C showed even better orientation (Fig.5.lc) with an
increase in the intensity and number of reflections. Substantially
complete orientations were obtained for substrate temperature of 280°¢,
The d—spécing measurement of such film is showmn in table 1. Tigure 5.1d
shows the electron diffraction pattern of epitaxial (100) gadolinium
dihydride film. The orientation observed was

Garp(oo1) ((100] H Nacl (001) [[100]
llo exira spots appeared in the diffraction pattern, which rulecd out the
possiblility of any twins or double diffractions. Deposition at
temperatures higher than expitaxial temperature had no effect on
orientation but showed deterioraiion above 400°C.
b) Films grown on polished (100), (110) and (111) rock salts.
The gadolinium dihydride films which were growm directly on polished
rock salt faces (100), (110) anda (111) at 280°C showed a deterioration
in the orientation (Fig. 5.12.). This lack of orientation was evidently
due to the rock salt surfaces being disordered by polishing so as to
consist of fairly large crystals with lititle mutual orientation. As
in the case of nickel Gﬁiller9l962), it was found that anncaling the
substrate at higher temperature (450°C in this work), and then the
evaporation at epitaxial temperature (280°C) produced single crystal
" films in parallel orientation on the (lOO); (110)and (lll) faces,
(Fig.5.2). The d-spacing measurement of (110) and (111) films are
chown in table 2 and 3 respectively. Lvaporation of the films at low
'temperatures always produced poorly oriented films. Subsitrate

. (o] - .
temperatures were varied, from room temperature to 3007C {to define
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(a) GdHg (100) (B GdH2 (no)

(c) GoHg (ill)

Figure 5.12. Electron diffraction patterns of GdH2 films grovm on

polished rock salt at 280°* without prior annealing.



106

the epitaxial temperature. The films on the (111) and (110) . .
orientationsg were found to have much difficﬁlty to grow in perfect
crystalline form. The fql;owing orientations were observed

cap (001) [100] |[ wacl (001) [T0G]

car, (110) [001] H Wacl (110)[001 ]

cap (111) [T10] || wac1 (121)[710]

ii. Influence of film thickness on orientation and structure.

The influence of the film thickness on the orientation and siruciure
of the deposit has been investigated with the substrate temperature
on - . . . . . o} o
at 280°C. A series of regions of varying thickness from 304 to 9004
were obtailned by moving the shutter in discrete siteps across the subsirate
surface during deposition. The diffraction patterns of very thin
- 0 3 - 3 - . . -
films Gv3OA) were even nearly epitaxial with little disorientation.
. 3 . 0 - -
As the thickness was increased to 604, the complete orientation was
attained. In this case the effect of thickness on orientation was not
as great as in the case of £.c.c. metals (Pashley, 1958 and i{iller, 1962).
The effect of thickness on struciture is highly important as is evideant
from the foregoing sections; so is not discussed here. Thinner films
are focecs dihydrides but as the thickness increased, this structure is
gradually overlapped by the h.ce.p. metallic structure. This feature
has also been verified by RIEED in section 6.6., chapter 6.
iii. Influence of the rate of deposition on orientation.
It is well kmown that the temperature at which epitaxy occurs is
dependent on the deposition rate. Hence a2 wide range of deposition
ates were attempted 1o find a suitable one for the epitaxial growthe.
°©
Higher deposition rates (400 - 5004 / min.) produced Geterioration in
. [e] .
the orientation of the film. Very slow evaporation rates (~20A / min)
again produced poor orientation. The optimum deposition rate which

o)
cave satisfactory oriented film was found to be 604/ min. This moderately
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slow evaporation rate might have favoured epitaxy because the filn
resulted in a higher ratio of contamination (Shinozaki and Sato, 1955,
Matthews and CGrunbaum, 1965) of the residual hydrogen gas. Influcnce
of the rate of deposition was found to be the same for 2ll the three
orientations.
iv. Influence of the substrate temperatﬁre on microstructure of the
filns.
From the eleciron micrograph of thin film of gadolinium dihydride
(Fig.5.13) of about 2203 thick, grown on cleayed rock salt at room
temperature, it is scen that the crystallite size was relatively small.
This film corresponded to the diffraction pattern of Pig. 5.1. is
the substrate temperature was increased and orientation improved,
the crystallite size increased (Fig.5.13). But the increazment
of crystallite size with temperature was found to be smaller than in
metallic film (Miller, 1962, Honma and Wayman, 1965). There was no
evidence of stacking faults orktwinning in the micrograph. Some
diglocation loops were found to move when the specimen . was irradiated
by electron beam, The films grew by the coalescence of small isolated
: o)

islands and became continuous at a very lower thickness ~80A. The
electron micrographs of epitaxial single crystal (110) and {(111)
gadolinium dihydride are sﬂown in Figs. 5.14a and 5.14% respectively.
Fige.5.15a represent the microstructure of 4502 £ilm (whose diffraction
pattern is showm in Fig.5.3a grown epitaxially on (100) rock salt). The

. /
electiron micrographs of 450A polycrystalline film which shows the
co-existence of f.c.c, dihydride and h.c.p. metallic phase (aiffraction
pattern, Fig.5.5a) ig chown in Pig. 5.15b and that of 9203 polycrystalline
hecepe gadolinium film is shown in Fig. 5.15c. |

5eTe2e Terbium dihvdride films.
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(@) Room température (20% ) ) T =75%

T = 200° C (d T = 280%
Figure 5.13. Gaddlinium dihydride films grovm. oncleaved rock sait:

influence of temperature on microstructure (X 16,000)
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mm

m

(d) GdH2 (110)

(b) Gfflg (ill)

Figure 5*14« Electron micrographs of oriented gadolinium

dihydride films (X 12,000)
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i. Influence of the substrate temnerature on orientations.

2o Films grown on cleaved (100) rock salt.

Terbium dihydride films ﬁere deposited on cleaved rock salt subsirates
vhich were maintained at elevated temperatures ranging from room
temperature to 350°C in order %o definc the epitaxial temperaturc.

Polycrystalline films resulted from deposition on cold rock =2l

ot

(Pig. 5.82). As the subsirate temperature was increased the orientation
improved (Fig. 5.18c) in the same way as the GdHp films and substentizally
completiec orientations were obtained for substrate temperature of 3C0°C.
The electron diffraction paﬁtern of epitaxial (100) terbium dihydridé
film is shown in Tig.5.8d and the measured d-spacings are shown in

table 11. The orientation observed was

Toip (001) [10d]|| wac1 (001) [100]

There were no extra spots apparent in the diffraction pattern.
Deposition temperatures between 300 - 4OOOC had no effect on
orientation but higher temperatures caused poorer orientation.
b. Films growm on polished (100), (110) and (111) rock salt.

As in the case of gadolinium dihydride film, there was a
deterioration in the orientation of the terbium dihydride films grown
directly on polished (100), (110) and (111) rock salt at 300°C.
Annealing the substirate at higher temperature (45000) aﬁd then the
deposition at epitaxial temperature (300°C) produced single crysial

~

oL

a

films in parallel orientation. The electrqn diffraction patter
epitaxial (110) and (111) film is shown in Pigs. 5.7b and 5.7c and
the measured d-spacings of the corresponding films are shovn in
table 12 and 13 respectively. The following orientations were

observed
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Top (001) {10G] H Nacl (001)[100]
o, (110) [001] || Hac1 (110)[001]
oy (111) [110] || Feel (111)[T10]

ii. Influence of film thiclkness on orientation and struciture.

o

. . . - . . - o Q
The orientation of the films &6f varying thickness from 304 to 8504

have been studied by keeping the substrate temperature at epitaxial

o . . .

value (3007C). It was found that the orientation did not become complete
o

until the thickness reached about 604, which indicates that some of the

crystallites of the thinner film were randomly oriented. As discussed

o
in section 5.3.2. the orientation of the film thicker +than 230A

Ceteriorated and finally veing overlapped by polycrysialline h.cCe.pe.
o

terbium as the thickness increased above 850A. The phenomenon has

been also justified by XIEZD studies in section 6.6, chapter 6 .

iiis Influence of the rate of denosition on orientation.

Since the rate of deposition is one of the parameters which cefine <he

epitaxial temperature, a wide range of deposition rates were attempied

to find a suitable value for the epiixial growth., The optimum deposition
o]

rate for the epitaxial growth of the film was determined to be TOA / min.

wow o . 0 - < . ~e

Higher evaporation rates (200 - 4004 / mln;)deterloraﬁed the film

orientation., Very slow deposition rates also produced poor orientation.

Rate of

deposition was not affected by the orientation of the
substrates on which films were grovn.

ive Influcnce of the substrase temperaiure on the microsiructure

of the film,

-

The substirate temperature had the same effect on the microstructure as

in the case of Gdl, (Fig.5.13), i.ec. ag the temperature was increased
. . . . Q

the crystallite size increased. The electron micrograph of 1804

epitaxial single crystal terbium dihydride film is shown in Fig.5.l16a.
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(a) (100), thicloiess

= 450A° (X 20,000)

(h) polycrystalline

film thickness =

450A° (x 26,000)

(c) polycrystalline
h.c.p. Gd, thickness

= 920A° (X 26,000)

Figure 5.15* Electron micrographs of the films groivn from Gd on
rock salt.
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Lz may be seen from the micrograph, there was no traces of twinning
or stacking faults, although the movement of some dislocation loops
vere observed inside the electron microscope. The crystallite size
of the film was reasonably small and film became continuous at 2

o i
thickness of about only 804. Figure 5.16b shous extinction contours

0

in a single crystal Tbli, film. The eleciron micrograph of 6504 film
growm epliaxially on (lOO) rock salt which shows the co-existence of
both fecece ThHpo and hecop. T is ghowm in Fig. 5.17a. The microstructure

0
of a hecope Th film of 9204 thick is shown in ig. 5.17b. .

«Te3Bysnrosium, holmium and erbium dihydride films.

i. Influence of the subsitrate temperature on orientation.

Milms of the dihydrides of Dy, Ho and Er have been growm oun
cleaved (100) and polished (100), (110) and (111) rock salt and the
influence of +the substrate temperature on the orientation has been
stidied. It was observed that the degree of orientation depends strongly
on the substrate temperature during deposition. The orientations
improved with the increase of substirate temperature and complete
orientations were obtained for Dy, M, and Er dihydride at ZCOOC,
200°¢C and 215OC respectively, Films grown on cold substrates were
found <o be randomly oriented polycrysialline. The diffraction paiterns
of Dy, Hy and Er dihyaride films of different orientations (100), (110),
(111) are showm in Pigures 5.18, 5.19 and 5.20 respectively. The
following orientations were observed for each of the dihydricdes:

o (om)[moj” Facl (001)(100]

i, (110)[001} |l Wac1 (110)[001]

x, (111) [T10] | wac1 (a12)[714]

(X = Dy, H, and Ir)



(@ (100),

m

thickness = I80A0 (X 16,000)

(h) Extinction contours, thickness = 300A°

Figure 5.156.

Electron micrograph of f.c.c.

(X 10,000)

ThH2 films.

114
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(@) Film thickness = 650A° (f.c.c. TbH2 + h.c.p. Tb),

grovm. on (100) rock salt (X 12,000)

(b) Film thickness = 920A°, polycrystalline h.c.p. Tb (X 30,000)

Figure Electron micrographs of films grovm from terbium.



Figure 3.18.

(@) DSH2 (100)

(b) DyH2 (110)

(0) DyH2 (111)

Electron diffraction patterns of epitaxial

DyH2 films.

116



(@) HjjHg (100)

(b) HoH2 (110)

(0) HoH2 (ill)

Figure 5*19* Electron diffraction patterns of epitaxial single

crystal'HOH2 films.

17
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(@) ErHg (100)

(®) ErHg (no)

() ErH2 (ill)

Figure 3.20. Electron diffraction pattern of epitaxial ErH2
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(@) DyH2 (100), thickness = I70A0 (X 10,000)

(h) Dyl12 (110), thickness = 200A° (X 30,000)

Figure 3*21. Electron micrographs of dysprosium dihydride films.
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(@) HOH2 (100),

discontinuous films

n (o) h,h2 (100),

continuous film

(0) HOH2 (ill)

Figure 5%*22. Electron micrograph of holmium dihydride films (X 20,000)
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(@) ErH2 (100), thickness = 200A* (h) ErH2 (no),

thickness = 190A°

(¢) ErH2 (ill), thickness = 180A° (d) ErIi2 (100), thickness
= 270A°, extinction

contours.

Figure 3.23. Electron micrographs of ErH2 films (X 20,000)
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ii. Influence of film thiclmess on orientotion and stiructure.
. O o
Pilms of varying thickness from 304 to 8004 have been studied by electron
diffraction in eceach case keecping the films at their respective
epitaxial temperature. It was observed that the orientation improved
with the thickness. Complete orientations were not obtained wntil
o o o
the thickmess reached 704, 904 and 80A for DyH,, HoHp and ZErip
respectively. The structures of the films are highly dependent on
thickness as has been shown in sections 5.4, 5.5. and 5.6. Thinner
o
films (/£ 200A) are f.c.c. dihydrides and thicker films are predominated
by h.ce.p. metallic structure. This observation was the key one and

found to be common to the materials studied.

iii. Influence of the rate of democgition on orientation.

A wide range of deposition rates were attemiped in each case to
find out sultable values for the epitexial growth. Higher deposition
rates deteriorated the film orientation as before on the other hand

slow evaporation rates produced poor orientation. The optimum

s

leposition rates which produced epitaxial single crystals were 120,
o . .
100 and 904 / minute for D*&z, Holip and Erio respectively. The rates

of evaporation were the same for all the orientatlons of the film.

ive Influence of the subsitrate temvmerature on the microstructure of

the filmo .

The crystallite sizes were found to depend on the substrate

temperature during deposition following the trend of gadoliniun and

cterbium dihydride i.e. they increased with the increase of temperaturc.
o)

The electron micrograph of 1704 dysprosium dihydride single crystal

film growm on (100) rock salt is shown in Tig. 5.2la exhibiting platelile
structure. TFigure 5.21b shows the microstructure of (110) Dy, film

o) .
of 200A thickness. Dyspvosium dihydride films became continuous at
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0
about T54. Holmium dyhidride film was found to be an excepition of
. . . 0 .
thie series of not becoming continuous up to 1104 thickness. The
electron micrograph of a discontinuous (lOO) HOH2 film is shown in

™

Pige. 5.22as This film generally consisted of numberous *islands!?

separated by vacant channels. The initial growih mechanism of

holmium dihydride appeared o be different from others. The elTiron
~

. ol . \ . . Y
micrographs of (100) and (llO) single crystal holmium dihypddides are
- N S

also chown in Figs. 5.22. Some 1ndlcatlonshs%ack1ng faults were

observed in the micrograph. The micrograph of oriented erbium

dihydrides are showm in Pige. 5.23. The dark broad regions in

Fig. 5.23de are extinction contours due to bending of the specimen.

o
Erbium dihydride films became continuous at about 80A thickness,

o} ™ N
5.0« Results an

The experimental values of the lattice parameters obtained were

as follows:

. (o]

20 = 5.308 X 0.0054 for Gai,
(0]

2o = 5.250 X 0.0054 for TbH,
(0]

2p = 5206 £ 0.0044 for DyH,

o ,

ao = 5.170 X 0.004A for HoH,

0]
o = 5.127 X 0.0041 for Eri,

©
I

These values of the lattice parameters are consistent with the face-
centred—cubic dihydrides within the experimental accuracy of 1% ,

It is well Imown that.the rare earth metals are highly reaciive
fovards hydrogen gas'and since hydrogen is one of the most zbundant
residual gases and most reactive, it can be gedtered by the thin
films o yield the rarc ecarth dihydrides. Iuller, Singh and Surplice
(1970, 1972) showed that erbium tﬁin films had exceptional high
gorption activity for hydrogen when this gas was by itself or. when

it was a part of a residual gos mixture. They also observed that
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-

oxygen was absorved far less, which is also consistent with our
observation. Unless the films are heated in air, Oo¥ ingside the
electron microscope by a strong electron beam, the possibility of
oxidation was practically nil,.

The possibility of the formation of GA0 and Er0 can be éasily
ruled out (as has been done by Gasgnier etal and Curzon and Singh)

for the following reasons. 1} the observed laitice parameters do

not agree with any other siructures except fo.c.c. dihydrides, 2)

results of the treatment of the film with hydrogen (Chapier 6)
agree with dihydrides not with monozides, 3) Curzon and Chlebek (1973

a,b) showed by weight increase and electrical resistivity measurements

]
(9]
n
[¢]
=
0]
P
=
®
jol}

that facoce phase in question was not due to monoixide
- bt > B « U L D,,.L -
by Murr (1967) and Rai and Stivastava (1971) 4) Resluts of our
electrical resistivity measurement (Chapier 8) agree with f.c.c.
dihydrides and finally 5) correspondence with the rare earth
information centre, Iowa State University, U.S.A. revealed that
here is no exisﬁtence of rare earth monoxicdes in the golid state.
Rare ecarth trihydrides are formed only when the film is
heated in hydrogen as is showm in chapter 6 and the d-spacing
o i =}
measurcnents also showed the absence of itrihydrides. The guestion
of fecec. form of the metal is out of hand as may be seen from the

measurcd values of the d-spacings and the results of this film after

hydrogen treatment.
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CHAPTER 6.

IITVESTIGATION O SOME GROVTH PARAILTERS OF GdH2 AITD TbH2 FILIS

6.1. Introduction.

The results of the transmission electron diffraction studies
pregented in chapter 5 indicate that when rare ecarth metals are
evaporated in the vacuo used, the thinner films form as the f.c.c.
dihydrides, inter@ediate thickness produce a mixed (f.c.c. dih&dride
and hec.p. metallic) phase, and thicker films consist almost entirely
of hec.p. metal. In order to invesgstigate the nature of these films
more fully, a further seriés of experiments was conducted {o determine
the effects of
1) Ambient-hydrogen during and after growih., This was done by examining
the structurc of films growm in ultra-high vacuum, by varying the
period of gettering before evaporation, and by initroducing additional
hydrogen into the systém during and after growth.

2) Other contaminants in the films by mass specirometry analysis.

3) Substrate nature and temperature.

4) Film thickness as an independent parameter (including some nucleation
studies).

5) The immediate influence of the substrate, by examining the initial
and final film layers by reflection high energy electron diffraction.

6) Oxidatién.

6.2. Treatment of gadolinium and terbium films with hydrogen.

: o)
i) Pilms unto. 250A thickness.

_ o
Thin films of gadolinium and terbium (~2004), grown on rock salt

(usuvallyf f.c.c. dihydrides) were heated inside the vacuum chember in
presence of a stream of hydrogen for two hourséat 3OOOC (the vacuun
: - » -2 -3

before and after admitting hydrogen was 5 x 10 torr and 10 ~ 10 torr

respectively). The electron diffraction pattern of the Gdio film before
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and after treatment with hydrogen is shown in Pig. 6.la,b. The indexed
pattern of the hydrogen treated film is shown in Pig.6.lc. The d-spacing
measurenents of the film have been carried out as before and are shown in

+able 35(P;é16)90mparing the measured values with the calculated d-spacings

Hhy

it is found that the bulk of the film has been converted to hec.pe.
trihydrides. The rings 2,3,4,6 and 8 correspond respectively o
00.2, 01.0, Ol.1l, Ol.2 and li.O hecep. trihydrides., There was some
evidence of oxidation of the film as is verified by the presence of
211 and 510 reflections (ring 1 and T respeciively) of G@HEO3. The
appearance of a very faint 200 (ring 5) dihydride réflection indicates
that a small amount of the original dihydride still remained unreacfe&
after the hydrogen ireatment. As %hg ring 8 is relatively broad and
the d-spacings of 220 dihydride and 11.0 trihydride coincide, it could
be due to the superposition of the two. A series of films of Gd and

. :
Tb up to 250A thickness have been investigated in the same way and
the results were found consistent with the above. The electron
micrograph of the same gadolinium %rihydride film is shown in Fig.6.ld.

0
ii. Tilm of the thickness range 300 —~ 8004

Heating gadolinium and terbium films of the above thickness range
(vhich are usually a mixture of f.c.c. dihydride and h.c.p. metal) in
hydrogen causes an increase in the amount of dihydrides. The intensity
of the f.ce.c. dihydride reflections increased while that of h.c.p.
netal decreased, although, they did not éctually disappear. The
(01.2) metallic reflection was absent after the hydrogen treatment.
Although some of the h.c.pe. metal was converied to dihydrides, the
composite structure of the film remained a mixture of dihydrides and

metal. There was no evidence of either oxidation or trihydrides.



(@) Diffraction pattern, of (b) After heating the same
200A f.c.c. Gdl12 before heating film.
in Hg
200
4lo
oo
.0t'0
o,
%o e

(c) Indexed pattern of Fig. 6.1b.

(d) Electron micrograph of 200A GJl1* film after
treated with when became converted to GdH*

Figure 6.1. Structure of hydrogen treated GdH* film.
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iiie. Films thicker than 850!

¥

o

Thick films (~9004) of gadolinium and terbium, (vhich are normally
dominated by h.c.p; metal)-were also examined by electron diffraction,
after being treated with hydrogen in the same way. Tﬂere was no
abrupt change in the structure but some rings (111 and 200) due to
fecec. dihydrides appearcd in the diffraction paitern. This means.
that a small amount of the metal has been converted {o dinydrides but
the structures as a whole is dominated by hece.p. metal. Since the film
is thick, the reaction is likely to be slow. Very ithin films involve
a small amount of material and the reaction talkes place most readily
and changes the struciure (Gasgnier eta131974).

4

" The observed conversions of the metals Yo hydrides are in good
agreement with those found by Ghys (1973) for thin films and
Hardcastle (1961) and Coffinberry and Ellinger (1955) for bulk rare
earth metals. Attempts were made to grow film in presence of hydrogen
3 4 V
(pressure 10~~r10 torr) but the metal vapour did not condense
coherently on the substrate. The 'films!? (whatever might have
deposited) were very fragile and broke into fine fragmenis when

separated from the rock salt.

6e3. Structure of gadolinium and terbium films grown.after longer

period of meticring.

Some giudies have been made of the structure of the film growm
after long periods (6-7 minutes) of gettering, by using a moveable
shutter in between the substrate and the source. It ﬁay be seen from
Tigure 4.6. that the gadoliniwa metal vapour gettered the residual
hydrogén. (This is comtrary to the report by Curzon and Chlebek,
1973, vho declared Gd as an exceptional among heavy rarc carths in
not acting as a getter), and became saturated within a"miﬁute, S0

the film grown after gettering was expecied +to have metallic sitructure.
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But the investigation by electron diffraction showed that the structure
o , ,

of +he Film (=2200A) was consistent with f.c.c. dihydrides. Taicker

films were dominatcd by he.ce.p. metallic structure as usual. It is

of course worth noting that the lattice parameter obtained in this case

(within experimental accuracy of 1%) was increased by an amount of

O 3 3 3 3 ) - 3 3 -

0.001A which is quite in agreement with the non-stoichiometric

composition of the dihydrides as discussed in chapler 2, section 2.2.

Referring to Fig. 2.4 of chapter 2, it is seen that as the atomic

ratio of hydrogen to metal is reduced from 2.0 fto 1.9 (within

dihydride phase limit of DyHg), there is a esmall increament of the

lattice parameter. By the gettering action, although the conteni

0]

of hydrogen is slightly reduced, thin coherent films of dihydrides are
formed shorily after the metal wvapour is deposited.

FY

6.4. Influence of the subsirate tempmerature on the structure

of the filme.

Thin films of rare earihs grown at different temperatures on

differecnt substrates have been studied by electiron diffraction to seec

(o]

the effcect of temperature on the siructure. It was observed that

e change of structure which takes place atv different thickness

.
1%}

not influenced by varying the temperature of the subsiraie. The

only effcct of temperature is that when the pitaxial temperature is
- !

attained, single crystal films are obtained if other parameiers for

epitaxial growth are maintaincd.

6.5. Influcnce of the substrate nature on the structﬁre of the film.
Studies have been made to see whether the substrate character

plays any role in changing the structure of the thin films at

different thickness. PFilms of different thickness grown on mica and

on carbon films have been examined by electron diffraction. The
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chonge of the siruciure wnich was found at different thickness, was
the same as in {the case of rock salt substrate. Hence it appears that
the formation of f.c.c. dihydrides in thinner films has nothing to do

-

with <he rock salt subsiratc as such. ‘hatever might be the substiraie
used, thin films of fe.c.c. dihydrides are recadily formed as the metal

getters the residual hydrogen inside the vacuum plant.

6.6. Reflection high energy electron diffraction (RIBED)

It has been establiched from the transmission electroan diffraciion

o
investigations that thin filas (4:25OA) have f.ce.c. dihydrice structure

o

nd thicker films are dominated by h.cep. metallic structure, It.was
0

not possible to study films thicker than 1000A because of the
transnission problem. Reflection electron diffraction overcomes this
difficulty. The main objective of this exercise was to study the initial
layers (i.e. the surface in contact with the rock salt substrate on
which the film is grown) and final (top) layers of thick films

o}
(>>1000A)° Por <this purpose, the reflection attachment was fixed in
Jii-64 microscope and the specimen was positioned correctly with
respect to the electron beame The reflection stage allowed the

ﬁ . . . o
following movemenis: rotation through 3607 about the normal to the

Hiy

ilm surface, sideways movements to either side of the electiron

.. . (o) :
beam and a miximum tilt of 127 with respect to the electron beam.

The film was first floated off the rock salt in distilled water,
washed several times and then taken on a disc (~0.6 cm diameter) of
microgcopic slide in such a way that the surface which was in contact
with the rock salt comecs up for the reflection diffraction studies.

The film on the disc was dried thoroughly and then pasted with the

specimen holder {metallic) by agua dag in such a way that there was



an electrical continuity (fo“ discharging) betwecen the film and the
=
specimen holder. It was found very difficlut 4o put the film on the
disc glass slide in the proper way without deforming the film shape.
To get a true reflection it i1s necessary 4o use smooth flat surface.
Hence extreme care was exercised so that the film surface was noi
deformed or buckled while tzking on the disc slide. The film was
groun on cleaved rock salt which is although smooth and flat, there
was some degree of roughness in the surface of the film (which was
in contact with rock salt) as indicated by the mixture of sireaks
and spots in the diffraction patiern (Fig. 6.2a). But the surface
725 not véry rough otherwise spot patierns would appear because of
large surface asperities. The film was grown under the epitaxial
o
condition and its thickness was about 1100A. The diffraction patitern
(Fig. 6.22) clearly indicates the £.c.Co single crystal structure |
vhile that of TFig. 6.2¢ (which is taken from the top surface of the

same film) shows clearly the polycrystalline h.c.p. metallic structure.

]

o)
1¢ diffraction patiern from the top of another film of 6504 is show:
in Pig.6.2b vwhich shows the existence of both f.c.c. dihydride and
hecop. metal while the diffraction pattern from the bhottom surface

is similar to that of Fig. 6.2a. These observations provide more

upport for our previous results and are coansistent withthe results

5]

of CUrunbveoum and Xremer (1968) who studied the thickness dependence

of phase changes in Cobalt films by REEEZD., It is fto be noted that

the penetration of the electrons for 80KV and at an angle of incidence
o

between one or two degrees did not exceed 6 or TA. It is also worth

noting that the accuracy of RHEED for identification of a solid

phase is much less than that of transmission because of refraction

effects and the loss in resolution due to limiting penetration of the

eleciron beam into a smooth surface introduce an uncertaianty of the
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(@) RIIEKD pattern from tlie initial layers of a 1100A film, showing
the single crystal f.c.c. dihydride structure,

(h) RIIEED pattern from the top surface of 650A film, grown epita:d.ally,
showing the co-existence of f.c.c. dihydride and h.c.p. metal.

(©) RUEED pattern from the top surface of 1100A film, showing the htc.p,
metallic structure.

figure 6.2 RHEED patterns of Gd films.
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true position of the diffraction rings or spots relaiive to the centre.
Although the lattice parameter measurements could not be done
accurately by vhis technique, the diffraction patterns from the fop
and bottom curface of the films of similar thickness (growm under
identical conditions) clearly distinguish the crystel structures and
allow the conclusion that thin films are f.c.c. dihydrides and thick

. e ,
films ( 10004) are h.c.p. metal.

GeTe Films growm in whv.

R

4 few films of gadolinium and terbium grown in ultra-high vacuum
-10 : : .
(uhv) 2t 2 x 10 torr on carbon film have been studied by transmission
electron diffraction and microscopy. The main purpose was 10 sec
vhether there is any structural differeance in these films from those
grown in o.h.v. The d-spacing measurement of the film have been !
carried out from the diffraction pattern of the films of different
thiclmess. The results were found to be in general agreement with
: -6

those grown in (o.h.v.) at higher pressures~10 torr, with a slight
variation of latiice paramcter. TFor example the latitice parameter

? ‘ Q
of 2004 film growm from gadolinium was found to be ay = 5.310+0.005.%,

o :

i.¢e an increment of 0.,0024i. The same increment in lattice parameter
was found for terbium films also. This small increment in lattice
paramecter can be satisfactorily explained on the basis of non-stoichiometry
of rare earth dihydrides (section 2.2y chapter 2.) Since the
gadolinium dihydride phase exists for H/H atomic ratios in the range
1.82 - 2030, it is likely that although the films grown in uhv are
cxpected to contain less amount of hydrogen, they formed dihydrides.
It is also seen from Pig. 2.4., chapter 2 that for DyHo there is a

.slight increment in lattice parameter for a2 slight decrease in H/M

ratio. Hence it is concluded that although the latiice parameter

increased slightly because of slightly decreased H/il ratio, thin



o .
filnms (1125OA) growm in uhv formed face—centred—cubic dihydrides.
Gasgnier etal (1974) 2lso found that thin films growm in whv have f.C.C.
dihydride structure. Thicker films grown in uhv have he.ce.p. metallic

« ~ ~ . o
structure like that of ohv films. The electran micrograph of a 2504
gadoliniun dihydride film is showm in Pig. 6.3. Some nucleation

Teatures of terbiwn dihydride growm in uhv are shown in seciion 6.11.

6.8. Analysis of godoliniunm films for oxygen, hydrogen and nitrogen

ol

ges by mass spectrometer,.

An impurity cnalysis has Dbeen made for ox*gen’hydrogen and
o

nitrogen gas coniained i adolinium ©ilm of about 200A thick grown

o]
03

on rock salt by using vacuum fusion ATLIISIO metallurgical mass
gpectrometer in IMulmer Research, Slough, Berks.

The most widely cclopted analytical techinigue for impurity

o

-

cnelycic in thin films is that ofAvaouum fusion, in which the sample

is dissolved under vacuum in a bath of molion metal contained in a

crapvhite crucible. The films were separated from the rock salt by

dissolving in water and then dried thoroughly before putting in the

furnace. The reactions that ftake place are summarised below:

1) Hydrides are decomposed and hydrogen evolved.

2) Oxides are reduced in a complex reaction with the dissolved
graphite to give carbon monoxide.

3) Fitrides are decompossed with the evolution of nitrogen.

In the (metallurgy) HSIO, the gases evolved as a result of the

vacuum fusion of the sample are punped as rapidly as possible frorx

. . L ev . :

the vicinity of the crucible into the resivoir section. The mass

spectrometer monitors these gases through a metrosil leak. The

completc instrument comprises four sectioans - the induction heater,

the furnace, the resé@oir and the analyser. The furnace section

concists of a vacuum lock for sample admission, a samplec storage
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mogaezine and the furnace tube assembly which includes the graphite
crucible. The gases evolved are transferred rapidly to the'reséﬁoir
scction. This is a previously evacuated volume, now sealed off from
its punps, in which the gases are collected. A small percentage of
the goses passes through a leal: into the con%inuously pumpecd analyser
section. The conduction of this leak is chosen so that the reservoir
pressure does noti change significantly during the period in which an
cnalysis is made. The mass spectrometer thus monitors pressure
changes in the resevoir and hence, after calibration, the guantity

o

of goses releascd by vacuum fusion can be measured.

0

The following results were obtained
oxygen, 1840 pe.p.m. by weight i.e. 1.76 2% %
hydrogen, 5290 pep.m. by weight i.e. 82.55 at %.
nitrogen —_ no traces were found.
These results confirm the high gettering effect of gadolinium for
hydrogen and are consistent with the structures of the films as
investigated in chapter 5.
6.9, Oxidotion.
L few experiments have been conducted to study the oxidation of

gadolinium films. As i1s obvious from the foregoing sections, the films

)

growvn on rocik salt or carbén films are free from oxides. DButl it was
observed that the use of a sirong beam of clectrons led to oxidation

of gadolinium films (~-3002) possibly beccuse of the heating cffect

of the beam. TFige. 6.4a shows the micrograph obiained after such
oxidation. As may be seen from the structure of the film, the

oxication proccss is gccompanied Yy a coﬁsiderablé increagse in grain
gsize. If the eleciron beam is kept at full intensity, the oxide crystals
increase in grain size to such an extent that holes develop and ihe

film eventually ruptures. It was also observed that annealing the



o
e ud o]
bout 4004, at about 600

Hh
=]
]
o1
3
o]
Hy
©

C Tor -four hours in a furnace causcs

oxidotion together with the increase in the amount of hydride buit

~the film later is converted éompletely to oubio_c—fype sesqui-oxides
(GQ’QOB) wihen heatéd.ovor nighve. This result was in good agreement

with that of Gasgnier etal (1974) and Murr (1967). The cleciron
micrograph of a film after four hours of amnealing is showm in Fig.'6.4b.

6.10. Decoration studies by gadoliniwm dihydride films.

The!.decoration pattern of the steps on the ailr cleaved rock salt
has been studied by gadolinium dihydride films. It was observed that
when gadolinium dihydride was deposited onto a rock salt cleavage
surface, there is a preferential nucleation at steps on the subsiraie .
surface. The most striking feature of the nucleatién of a gadoliniunm
deposit on a freshly cleaved roclk salt surface is the fofmation of
greater nunbers of nucleli along the edge surface steps compared with
regions which are atomically smooth. It was also observed that the
nuclei formed in the centre of the cleavage step afe smaller than
those on the smooth surface but the difference between them was noit
so high as in the case of Bassey (1958). his preferential nucleation
very eifectively decorates cleavage stens which are made visible as

chains of closely spaced gadolinium dihydride particles. Typical

T

patierns of cleavage steps are shown in Fig. 6.52, decorated with

gadolinium dihydride deposit of about 20A average thickness bacled
o o
by carbon film of about 150A., The crystallite size was about 1104i.
In FPig. 6.5a many single sieps are observed following a curved of a
U or clongated '3f shape. A number of single chaing of nuclei which
are parallel also observed (Fig. 6.5b.) lany single steps are observed

following a wandering poth eventually to join up with a larger cleavage

step (Fige 6.5¢).
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Electron micro
o
W graph of 250A Gli* film
grown, in uliv (x 20,000)

(@) Gdgo” formed by strong

electron beam, showing
the large grain size
( % 7,000)

(b) ilnnealing the Gd film
of 400a at 600°G for
4 hours caused ozdldation
( X 10,000)

Pig, 6.4. Electron micrograph of Gd films after oxidation.
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(a) ThicknesscT 20A

() Thickness - 20A (cj Thickness 20A

Figure 6.5. Decoration of cleaved rock salt by GIl-I* ( x 40,000)
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(@) Thiclaiess - 15A, nuclei (h) Tliicloiessc: 30A cluster-like
are isolated (x 16,000) structure ( x 10,000)

«

"

() Thiclaie8s:"45a (d Thiclaiess99A liquid-like
( x 16,000) coalescence ( x 16,000)

Figure 6.6. Nucléation stages of gadolinium dihydride deposit
on carbon films in ohv.
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(a) ThiclaiessCi 2pA

%
eV

#

(h) Thiclaiess” 40A

Figure 6 .7 * Nucléation stages of Gdll1* on carbon films in

uhv ( X 16,000)
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At lower subsirate tenperature the decoration wos not observed
_probvably the crystcllitesz were being washed awéy when film was
separatved Irom rock salt. This feature indicated a strong bending
between rock salt and gedolinium dihydride and wealer bonding bétween
carbon and gadolinium dihydride. The essential conditions for the
decoration obitained by Gd;H2 was that the substrate ftemperature should
be raisc@ to 400°C. I{ was of course found very difficult to get good

decoration with Gdﬂz. Attenpts were made with T, also but having no

i 5
SUCCESS.
6.11. fucleation.

Attempis have been made to study the seguence of growth of
gadolinium and terbiluwm dihydride film from the initizl stage to the
final continuous film. Observations have been made on gadolinium
and terbiun dihydrides deposited on transporent carbon films at et@I&ated
tenmperaturc, This process avoids the stripping of the deposit from th
cubsirote. Of course tricls have been made %o grow ultra—thin
gadolinium and terbium dihydrides on rock salt and coated with carbon
to study the nucleation buf without success cxcept that of decoration
for gadolinium dihydrides.

The sequence of events which occurs as the film thickness is
inoreaséd has been showm in Fige 6.6. A% a mean thickness of about

o}
154, very ocmall three dimenzicnal isolated nuclel are observed (Fig.

6.62). The distribution of the particles are random but most of them

have cubic nmorphology, (pOi) zone axis perpendicular to f£ilm. The
' o
particle cize varied from 603 +o 1504, As the thiclmess increasged
0
(BOA), the individual nuclei {(%wo, threec, four elc.) coalesce
together, forming an interesting cluster-like structure (Fig. 6.6b.)9

increasing the size of the crystallite and dccreasing the density of

.
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individual nuclei. The sane ﬁfend continued forming an island-lile
(agglomemﬁed) structure vhen the number of separate crystallites
rcduced (Pig.6.6c). It can be noticed from Fig. 6.6b. that althoush
the coalcscence took place, the individual nuclei did not lqg%e'theif
(o]
identity until the thiclmess was incrcased to 604 (Fig. 6.634) vhere
' the coclescence was liguid-lilke as was observed by fashley etal (1964)
for the nucleavion of>gold on carpon films. Coalescence by ‘bridging?
wags also observed in Fig.6.6b. This mechanism (Adamsky and icBlaho, ’
1956), apporently resulted from preferential trapping of suberiiical
clusters in the region beitween two closely spaced nuclei. The carbon
substrote was heated up to 250°C which helped the recrystallization
o)

during coalcscence., The film became continuous at about 80A.

It is believed that initially the increase in size of the nucleil
occurs woth by the receipt of new deposit atoms, and by receipt from
neighbouring nuclel waich eventually disappear. In the éubsequent

stoges, increase in the size of +

che separate crystallites occurs

0]
Hy

also by the growing together of near aneighbouring nuclei, until
finally this mechaonism is the predominant one, when no very small
anuclei remain. In general, the following characieristic secuential
growuth stages were observed for both gédolinium and terbium dihydride
films: 1) nuoleation; 2) gfowth and coalescence of nuclei into cluster
and then into larger islands, and 3) coalescence of islands %o form

a continuous film,.

The nucleation of gadolinium dihydride in uhv on carbon film is shown

in Pige 6.7. The grouih sequence in the same as in ohv,
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CIAPTER T.

LAPERTHINTLL DETAILS OF TiT ELZCTRICAL HBASURTALNTS.

T.le Introduction.

The ecxperimental details of the electrical measurements made on
polycrystalline rare earth hydride films of the thiclmess range 70 -

o .
1000A are described in this chapiter. A4All the measurements were made
in vacuum in order to avoid possible atmospheric attack on the film
(Curzon and Chlebeck,1974), which night change the resistivity. The
vacuun system used for this purpose was Bdwards B3 (described in
chapter 4). The purity of the rare earth metals evaporated was 99.9%
and evaporated from electrically heated spirally wound tungsteh
filaments. The evaporation conditions were the same as mentioned in

chapter 4.

Te2+. The substrates.

Soda glass microscope slides (7.6 x 2.5 x 0.1 cm3) vere used as
substrates throughout this work. Glass substrates were used notv only
because of the high electrical insulation of glass, which is so

cssential to the measurcment of resistance of the deposit film, but

also because glass is in itscelf an excellent substrate material and

0]

can be cleaned to a higher degreec than 1s possible with other substrates.

The cleanliness of the subsirate surface is extremely important in

order to prevent dust particles from roughening the surface, aid

grease—like materialspabsorbed water etc. from contaminating the film.
The substrate was first selected for its freedom from scratches

by ezamination under a bright light source. It was then rubbed several

times with cotton wool to remove any‘visible dirt or foreign particles

and then blown with dry nitrogen. The subsirate was then placed in a

beaker of degreasing agent (DZCON 90) in an inclined position and

cleaned ultra-sonically for 30 minutes.



The degreasing agent was then displaced with distillgd water
and the substrate was rinsed for fifteen minutes. It was than clamped
into a crocodile c¢lip attached to a‘stand for drying in a stream of
not air. When the substrate was dry, it was rubbed again several times
by cotiton wool until it became shining. Prior +o installation in the
vacuum chamber, dry nitrogen was blown across the slide surface to
complete the drying. The glass slides were handled very carefully

=g

wearing ploythene gloves during the cleaning procedure.

Telde Blectrical Contacts.

The means of making reliable electrical contacts to the films is
always a problem, and initial difficulties of intermittent contact,
experienced with flat crocodile clips and silver paint were overcome
by consiructing four spring loaded flat ended copper rods (0.25 cn
diameter) fixed with the mask (Fig.T.l) in such a way that they could
be casily adjusted to make good elecctrical contact with the predeposited
nichrome electrode on the substrate (described later)° This sygten
was found to give satisfactory ohmic contact to the film in the
temperature range T7°K - 573°K.

The maslk for making the subsirate electrode is shown in Fig.T.2.
Gold and silver films of about 15OOA° thick were at first vacuum
evaporated onto the substréte to form the contact electrodes, but
they were not found wvery successful for the folldwing reasons:

a) they become partly detached when %he substrate again cleaned ultra-
sonically.

b) they.become broken sometimes with slight movement of the spring
locded contact rods.

e) they develop higher contact potential differences for the rare

carth dihydride depositse.
. . — o)
The above mentioned difficuliies were overcome by depositing a 15004

nichrome film on the substratec. These nichrome electrodes were found
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very cffective because they remained intact when the subsirate was
cleaned ultra—sonically and also vhen brought in contact with the spring
lozded contact rods.. Contact potential differences were also minimised
because the resistivity of nichrome is close to those of rare earih
dihydrides. The nichrome electvodes were so sirong that they could

not ve removed without scratching the glass base, and could be
repeatedly poliched to remove grease or dirt. Total lead and conitact
resistance was found to be 0.05 ohm. The coatacts to the film were

made by evaporating the rare earth dihydride films over the predeposiied
nichrome electrodes.

Tedo liozks,

The conventional four—probe method has been used 1o measure the
resistance of the films. In general, the separation of the potential
probes on the sample defines the sample length. In the case of bulk
specinmen, the proBes used are very fine point counitacts but in thin
films, the potential con%acts must necessarily have a finite area
because they must be evaporated onto the subsirate by means of 2 mask.
Two separate masks were used in this work, one for low temperature
meazsurement and another for high temperature measurement is made of
pyrophilite (Fig. 7;3). The mask'used for low temperature (liquid
nitrogen) is made of perspex, and the shape of which is the same as
high temperature one. The‘voltage and current probes on the film are
0.3 cm apart and C.1 cm in width. The inner edgés of the masks were
made very sharp so that the film edges became'sharp also. The sample
arca is 6.2 x 1.3 cm°.

Procedure of the film growih.

Inmediately after cleaning, the substrate was placed on a stainless

teel jig covered with the mask for the deposition of fthe nichrome

0]

electirodes, The nichrome evaporation was carried out normally in
-6

the region of 8 x 10 +torr. Tollowing *his deposition the substrate

was removed from the chamber and cleaned again for the rare earth



hydride film deposition. For this purpose the subsirate was placed under
another mack (either pyrophilite or perspex) which shielded part of <the
vredeposited contact electrodes ond allowed the rare earth hydride

film fo deposit on the substrate and also over lay vart of the coatact
elecctrodes. A moveable shuiter was used so that evaporation could be
arted and stopped at any desired time,

Before placingthe subsirate in the chamber for final evaporation
it was ensured that the spring-loaded elecirode leads were in good
contact with the _predeposited nichrqme electrcddes on the subsirate.
Also other electrical connections were checked before puiting the
whole jig inside the vacuwm chamber. When the substrate was.under
vacuum, the temperature of the substrate waz raised to lSOOC and
naintained for one and a half hours to degas the substrate. AT the

end of this time the substrate was cooled to room temperature and the

(o]
a
(9]
'3
o]
+
£

tion was carried out. The filament was thoroughly outgassed

A=)

by passing a moderate current through it beforenand.
At the sitort of the cvaporation, the metal vapour was prevented
from condensing on the subsirate by using a moveable shutter, until the

getiering of residual gases was complete.

6o Tilm thiclness

-

The film thiclmess was estimated by the Tolansky multiple beam
&

¥
interferometry method in the same way as for the structural .studies

described in chapter 4. The deposition rates used were the same for
different materials as mentioned in section 5.7, chapter 5. So long
as the distance from the source to the substrate and the current
threcush the filament were kept constant, the deposition rates wer

o

- h

found %o be constant (from time VS thiclmess curve) within & 5i. Filn
* > ~ o] KAl -
thicliness, although estimated from the deposition rates, were checked LOoT

every three runs by acitual measurement by placing additional glass
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slide (parily covered by razor blades) next to the experimental

o)
substrate. The values of the thickness guoted lie within-+10A.

T.7T. Rodiant heater.

innealing of the films inside the vacuwn chamber was performed
by means of a specially constructed radiant heater showm in Pig.T.4.
This heater was found very reliable and convenient especially for this
work when the whole elecirical measurements have Dbeen carried out‘
insitu. The heater is cylindrical in shape, 11 cm in length and 6.8 cm
in diameter and made of fused guartz. The substrate with the mask,
fixed with the jig was placed inside the heater 4 cm below the window.
The dimensions of the window were 8 x 2 cm2 i.e. bigger than .the film
dimensions, so that.a uniform deposition on the substrate could be

possible., Nichrome wire has been spirally over the whole area (excep%

window), uséd as the heating element. Altermating current up o

6 amps. was passed from a variac . transformer through the nichrome

wire attoining the temperature uniformly inisde the heater up to 320°C.
It was found by placing the thermocouple junction at different positions
inside the heater that a uniform temperature persists throughout the
volume of the heater (withinf:ZOC). This was a great advantage of this
heater because it could provide uniform temperature through the film
when annealing was conducted. A calibration curve (current VS

temperat re) has been drawm fo? the heater and is shown in Fig.T.5.

The cooling device.

The temperature between the. ambient and liguid nitrogen were
achicved by using a conduction cooled crysiat, a very simple device
constructed in the laboratory (Fig.7.6.). The main part of the
device consist of a hollow rectoagular copper block (dimensions
T x4 x 23 cm3) having one inlet and one outlet tube for flowingr

liguid nitrogen. The copper vlock was consiructed in such a way thai
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Figure 7.4. Radiant Heater

Figure 7.6. Cooling Device
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Figure 7.5, Calibration curve for radiant heater.



it was leak proof and sufficiently sirong to stand against the
atmospheric pressure when placed inside the vacuum. The top surface
of fhe Dblocik also serves as the jig on which the glass slide is held

in contact by pressing it with the mask by means of screws. The glass

0

lide attains the temperature of the liguid nitrogen (passing through
the block) by conduction. It was found that the temperature on the
surface of the glass slide (i.ec. on the film surface) differed by
only 2°C from that of the copper block. The inlet and outlet tubes
(made of copper) passed throughr the base plate of the vacuum chamber
by means of a feed through. The inlet tube has two seciions: onec
ingide the chamber having the internal diameter of 0.3 cm and the
chamber hqving internal ciameter of 1 cm, and at the top of which a
fuanel is fixed to pour liguid nitrogen. The position of the funnel

is kept at a2 height of one and a half feet from the surface of the
cooling cnamber. The specimen attained the ligquid nitrogen temmerature
(17°x) within fifteen minutes. The liguid nitrogen was.kept pouring
from a flask at regular intervals while the measurement was carried
OUTe

T.9. lleasurement of temperature.

High temperature was measured by placing a Chromel-Alumel (T;T»)
thermocouple inside the heater and rccording it by means of a
millivolimeter with an accuracy of“t5oC. Low temperature (ligquid
nitrogen) was measured by placing the copper-—constantan thermocouple
juaction in'contact with the glass subsirate. Thoe other two ends of
the thermocouple were connected to a thermometer from which the
temperature could be directly read. This thermometer has been

specially built for liguid nitrogen temperature measurement and

[&]

upplied with JiM-GA electron microscope. It has been graduated from

N

A A . : o
0°C %o ~ 200°C, having an accuracy of £3°C.
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The thermocouple output connections were nade to ihe meiol-
ceramic low current leads mounted on stainless steel flanges and

brazed into the baze nlate.
T+10. Method of resistance measurements The four-~probe techaigue.

The resistance measurement in this work was carried outb
~cmploying the conventional four-probe technigue (Van der Pauw, 1958).
The curreni-voltage characteristics were obtained by using a
conventional d.c. arrangement (Creen, 1969) shown in Tig. T.T. A

constant current in the range 200 - 5OQJA:A was passed through the

specimen between {wo probes, and the voltage

‘ <7 | <7 ]
i)k
&)
STABiLt:ED D.c.
D.e. SUPPLY | MICROVOLTMETER

Eni

Tige TeT+ schematic diagram of the d.c. apparatus for measuring the
electrical resistance of rare earth hydride films. Iffective £ilm

. . 2 . .
size is 5.2 x 1.3 cn (shaded region).

developed betwecen the other two probes was measured. The voliage

- ey b ' - A o g ' - -~ T ~ c'fx‘.'«-he' £, Yy l —Diln\
across the two potentidl probes (unlch represents the actual Iilm
length 5.2 cm) was measured using a G.c. microvolimeter (Dymar Type

721), sensitive to lOO/MV'and was suitable for the above range of

current passcing through-the film. A fixed high resistor (10KN)

.
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in geries with the stabilised voltage source was used to limit <he
current througa the film in the range 200 - 500ﬁnA. he currenis
were independent of load resistance and were highly stable. The
curreint was measured with an electrometer (Keithley 610C) Sensitive
-y
to 10 amps.
The potential drop used to obtain the value of.thc resistancé :
of the specimen between the potential probes is the average value
obtained for both directions of current flow (although the difference
was found to be negligibly small). This procedure eliminates, as far
as possible, errors due to thermo-electric or rectification effects
which may occur within the film due to inhomogeneitie; of structure,
rectifying boundaries or other.defects.

It zhould be mentioned that several spurious thin film effecis
may occur due to imperfecti experimental technigue embloyed o mcasﬁre
the I-V chaoracteristics. In order to make sure that this was not so
in the present case and that the observed I-V cﬁarac%eristics were
truly representative of the rare earth hydride films, several checks
were made. or example, the reliability of the experimental sei up
which icd to the I-V charaoteristicslreported in this work was checked
by plotting the thicimess dependence of the electrical resistivity of
polycrysialline gold films and was found to yield results similar to
thoge obtained by Chopra and Bob (1964). Also some improvements in
the technigue were employed in the present work such as for example,

sing spring-loaded pressure lcads 1o contact the predeposited elecurodes

and using the cvaporated nichrome electrodes instead of silver paint.

The resistance of each film was obiained from its currenit-voliage

from the geometry of the specimen., The resistivity value for a film

of a particular thickness was found to be reproducible when the



observations were repeated on the films of the same thicinmess

grovm under identical conditions.
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CHAPTER 8.

MEASURIZISHT O THE uLECmRIClL RESISTIVITY AND TELPERATURE

COEFI'ICILEHT OI' RESISTANCE OF GADOLINIUM, TERBIUM, DYSPROSIUL,

HOLMIUN AND ERBIUM DIHYDRIDE FILIIS,.

8.1. Introduction.

The results obtained for the electrical reéistivity (at 77°K
and in the range 293—573°K) and the temperature coefficient of
resistance of the polycrystalline films grown from Gd, Tb, Dy, Ho and
Zr of the thickness range 80 -IOOOZ are presented in this chapter.
The mode of growth of the films and the experimental details have
been described in chapter T. The structures ¢f the films have been
determined by electron diffraction studies (chapter 5 and.6) and
attempts have been made to correlate the devendeﬁce of the electrical

amd Shuchiren en IGown . Wudw?gufda»qummﬂy

resistivity, due to the treatment of the film with hydrogen at 573 °x
has also been measured and a similar correlation sought between the
resistivity and structural changes.

o
8.2. Resistivity of the filmsggo;lcOOA) crown from ecadolinium.

The thickness dependence, at room temperature, of the elecirical
resistivity of gadolinium dihydride films in the thickness range
80—2502 is shown in Fig. 8.1l. The films of this thickness range are
fecece gadolinium dihydrides as determined earlier. The resistivity

- o
of the films of thiclmess less than 80A could not be measured reliably.
Such very thin films have discontinuous siructures (as revealed by
electron microscopy — sectlons 5.7.1.,‘chapter 5) and the conduction
phenomenon is very complicated (Morris, 1972). The curve shown in
Pig. 8.1. is reproducible within experimental error. - ilthouﬂm
apparently the curve exhibits characteristics similar to other known

results of the thickness dependence of electrical resistivity, it will

be clear later on that the overall behaviour is curious indeed. The
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non—stoichioﬁetric characteristics of the rare earth dihydride

csections 2.2., chapter 2) and the lack of lnowledge of the exact
composition (i.e. H/GA atomic ratio) of the film made it difficuld
to explain exacily the behaviour of resistivity VS thiclkness curve.
lowever attempis have been made to put forward argumenis and cvidence
to explain the characteristic on the basis of the bulk dihydride
resistivity, our own structursl investigations and the observed
resistivity valuese.

The thiclness dependence at room temperature, of the electrical

o
resistivity of the films of thiclmess range 250-1C00A is shown in

o)
Fig. 8.2. Struétural znalysis of the films (250-8504) showed the
co—existence of f.cecs dihydride and h.c.p. metal. As may be seen
from {the curve, the resistiviiy increases with the thickness, which
exhiibits characteristics -different from other Imowvm resulis on the
thiclness dependence of electrical resistiviiy (Chopra etal 1963,
Chaudhuri ond Pal, 1975). To explain the dependence of the elecirical
o)
resistivity on thiclmess (80—lOOOA) and to correlate them with
structural phase, it is convenient to show the thiclkmess dependence
of resistivity by a single curve (Figurce 8.3., solid line). Ain
examination of the curve gshows its anomalous behaviour. The characteristic
features of the resistivity—thickness curve for +thin film of the
o
thickness range (80-1000A) are
ie. the resistivity has a minium value of 112}4JL~cm at a film thiclkness
o
of about 250A and increases for thinner films.
ii., an abnormal increcase occurs in the resistivity of {the films thicker
o) ,
than 2504 and continues fo increase until it becomes nearly constant at
o)
1000A. The above features clearly indicate the anomalous resistivity
behaviour of the gadolinium dihydride films. £&n interesting feature of

(o]
the cxperimental results is that the resistivity of a 2504
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film (llZAAnrcm) is less then that of the parent metal (for bulk
cd, /AL 134/41L-oxr). This shows clearly that a 2502 film (gadoliniwm
dihydride) is a beiter électrical conductor than the parent mecial,
wvhich is consistent with the condﬁction behaviour of bulk gadolinium
dihydride (Hoeclman,1964). In the bulk gadolinium-hydrogen system,
the f.cec. dihydride phase exists in the composition range H/Gd=1.82-
243, and the resistivity values for this composition range vary widely
c.g. 57/Ma~cm for H/Gd = 1.8 and 454Ma~cn for H/Gd = 2.2 (Heckman,
1969). Two important features of Heckman's results are:
1) the minimum resistivity (57M-cm) was observed at the boundary of

the single phase (f.c.c. dihydride) ;n@ mixed phasé (fec.c. dihydride

+ NeCep. metal).
2) the resistivity increases again with decreasing hydrogen content

in the mixed phase region e.g. 66/Llarcm forl/Gd = 1.5.
The present experimental values of the resistivity can be discussed in
the light of the above two features. As may be seen from Figure 8.3
the resistivity of the film in the thickness range 250—8503 (which have
mixed phases = fecece dihydride + hecep. metal) are higher ihan 112

MH—cm, vhich is consistent with feature (2). Our structural investigations
indicated that'a film of thickmess 2502 is at the boundary between
single (fe.cec. dihydride) and mixed phases, and therefore has minimum
resistivity value (112/“9rcm), in agreement with feature (1). Although
the crystal structure of a 2502 film has been determined to be f.coc.
dihydride, it was not possible to Iknow the exact composition (i.e.
/G4 atomic ratio) of the film. However, it would not be unreasonable
to assume from the resistivity behaviour that the composition of 2503
film was arownd H/Gd = 1.8.
The increase in reéistivity with decreasing thickness in the range

o) .
80-2504 might be explained in either of the two ways:



160

i) thinner films are usually discontinuous and contain higher
densities of defects; hence their residual.resistivity and
congsequently the total resistivity become progressively higher or
the thiclmess approach %o the lower region (Bist and Sri astavae,
.1973) .

ii) it is well knowm that the resistiviiy of gadolinium dihydride

(bulk) is dependent on its non-stoéichiomeiric composition (Fig.3.4.

0
chapter 3), o it is possible that thin films in the range 80-2504
may have slightly varying com?dsition (i.e. increase of H/Gd with
decreasing thiclmess) which caused the increase in resistivity.

Of the above two, the later is more acceptable in the present case

becduse it is consistent with the resistivity characteristic of bulk

gadolinium dihydride and our own structural investigations, whereas the
former is contradictory to our electron microscopic studies, because
0
it was found that films thicker than 80A were always continuous. The
o}

sharp rise in resistivity below 80A thickaess is not surprising

because the films have discontinuous structure and such an increase

in resistivity is expected (Maissel, 1970).

)

As the thickness of the film was increased to 10004 (which is
almost completely hecCepe metal), the resistivify attained a nearly
constant value (152/Marcm). This value is consistent with the lmown
value for bulk gadolinium (134waL-cm). The somewhat higher values
6f resistivity for the thicker films dompared with the bulk metal can
be atiributed to inherent film-defects which are always present even
in comparatively thick "as growm" films. It is kmown that for thick
Al films (~15ooZ), the resistivity is about 75% greater than the
resistivity of the bulk material. (Jayadevaiah and Kirby;1969),and for

) -
thick Au films ( ~ 1000A) the resistivity is about 10% greater thon

I3
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the bulk value (Chopra, 1969). In the light of these observations
the present value of the resistivity of thick Gd films, which is
about 19% higher than the bulk value, can-be explained in terms of
inherent film defectis.

The resistivity of the film in the thickness range (80—10003) at
77°K is showmn by the dotted curvé of Fig. 8.3, The lower values of
the resistivity at liquid nitrogen temperature are generally expecied
(Gillham,1955) and characterises the metallic nature of the films., It
can be noted from the curve that there is noticeably lower resistivity
for films of 900—10002 thiclness. This is also expected because gadol-
inium metal orders into a simple ferromagnectic phase below 2930K.

Dut the decrcase in resistivity of 900—10062 thick films was not'as
high as was expected in bulk gadolinium (Colvin etal,1960). This is
probably because the film was not completély h.c.p. metal. Gadoiipium
dihydrides_(bulk) wanich are métallic conductors did show magnetic
ordering at temperature 55°K (Wallace etal,1963). Unfortunately it
was ﬁbt poésible to study the resistivity Dbehaviour below 770K because

of the experimental difficuliies.

8e2ele Bffcct of température on resisitivitye.

lieasurements of the variatién of resistance with temperature were

: 3 o o

made for 6 films ranging from 1504 to 1000A. Typical data are showm
in Pige 8.4. in which the resistivity of the films has been plotted
ag a function of temperature for heating rate 2—30K/min. The
resistivity was measured over the temperature range 293—5732K at
intervals of SOOK. The increasc in resistivity with temperature was

' 0
found to be linear for films thicker than 1504, The general bechaviour

of the temperature dependence of resistivity indicates the conduction

as metallic (Chaudhuri and Pal, 1975).



The temperature coefficient of resis%ance of the films was
measured in the renge 293-353%K by thermally cycling the films to allow
for small changes in their elcetrical characteristics.The observed TCR
values are recorded in table 8.1.(Appendix-2,P-218).There are no other

lII

CR date available(even_on bulk material)for comparison(I hope ours are
correct).

8.2.3. Change of resistance due to hydrogen treatment.

A sharp rise in resistance was observed when a stream of hydrogen
was continuoﬁsly passed over the heated(300q})thin gadolinium dihydride
films(BO—ZSOR).The pressure in the chamber before and after admiﬁtiﬁg
hydrogen was 5x10~6torr anc 10-2—10_3torr respectively.The values of
whé resistivity of the films at BOOOC before and after treating with
hydrogen are shown in table 8.2.(P-219)together with the values of +he
resistivity when the hydrogen—treated-filh was kept overnight insice
the vacuum at room temperature.The sharp rise of resistivity when the
film was heated for two hours at 3OOOC in ﬁydrogen ig due to the conver-
sion of metallic dihydrides 1o semiconducting trihydrides;This gtruc-
rural change has been observed by elcctron diffraction studies(section
6.2,chapter 6).It is ofcourse well known that in bulk moterial the heavy
rare earth dihydrides are metallic,and trihydrides are scmiconaucting.
The meiallic conduction vanishes for the gadolinium-hydrogen system
at H/Gd=2.3. Upon complete hydrogenation the conductivity falls by aboui
five orders of maﬁnitude with bulk Dy,Ho and Yo(Pebler and Wallace,1962).
Similar observation has been made for-Ce and La by Stalinski(l959),who
obtained additional evidence for the non-mctallic characferistics of
ihese hydrides by noting’that their resistivities decreased with
increasing temperature.In the present work,the increase in resistance

vas not as high as for bulk Dy,Ho and Yb trihydrides(Pebler and Wallace'62)
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probably because the film was not fully hydrogenated and some oxides
were formed (as revaale@ by electron diffraction siudies section 6.2.
chapter 6). However, the films display semiconducting characteristics
by the decrease of resistance with the increase of temperature and
consequently having negative TCR. The temperature dependence of
rosistivity of such films is shown in Pig. 8.5. The TCR values
are recorded in table 8.2. There are no existing data of the TCR
velues for bulk or film %riﬁhydrides. lhen the films of the thickness
0 .
range 300-10004 were treated with hydrogen in the same manner, therc
wvas little change in resistance. This happened because the film was
not converted to irihydrides (Seciion 6.2., chapter 6.).

o .
8.3. Resistivity of the films (80-9504) growvm from terbium.

The thiclmess dependence, at room temperature, of the electrical
' 0
resistivity of terbium dihydride films in the thickness range 80-2304
: o
is shown in Fige. 8.6. The resisiiviiy of the films thinner thon 804
could not be measured reliably because of their discontinuous siruciures.
The curve of Fig.8.6. is reproducible within experimental error. The

room temperature thiclmess dependence of the electrical resistivity of -
o)

the films of thickness range 250-950A is shown in Fig. 8.7. (The

o ,
structures of 250-850A were determined by eleciron diffraction to
be a mixture of f.c.c. diﬂydride and h;c.p. metal. As may be scen
from the curve, the resisitivity increases with the thickness,
exhibiting charaoteriétics similar to that of the films grown from
Gd but different from other knowmn resulté on the thickness dependencé
of eleoﬁricai resistivity. Combining Figs. 8.6 and 8.7 into a single
curve (Fig. 8.8.), emphasises its anomalous behaviour. The character
istics feature of the resistivity—thickness curve for thin films of

)
the thickness range 80-950A are:

ie. the resistivity has a minimum value of 9?/MJL-cm at a film
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o
thicimess of 230A and increascs for thinner films.

_ii. an abnormal increase accurs in the resistivity of the films
° .
thicker than 230A and continues to increase until becomes nearly
o)
constant at 9504,
The above features are quite glmllur to that of 5adolln1un dihydricde
films. The fesistivity of 23OA film (97ﬁAIL—cm) is less then that
of +the parent metal (for bulk Tb,/zj 114/mjL—cm) This indicates
o
clcarly that 2304 f£ilm (Tbnz) is better clectrlcal conductor than
parent metal, which is similar to the behaviour of gadolinium
dihydride films (present work) and gadolinium dihydrides bulk (Heckman
1964). There are no other existing data on the electrical resistivity
of terbium dihydrides. Although there are no resisfiVity data for the
To - 11 éystem, the present experimental values of the resistivity may
be explained by assuming similar behaviour to that of the Gd-H system
(ﬂcotlon o2, ), since both the metals are chemically similar. In the
bullk Tb-il system, the f.ce.c. dihydride phase exists in the composition
range H/Tb = 1.9 = 2.15. our siructural investigations indicated that
o)
the films in the thiclness range 80-230A are f.c.c. dihydrides and a
o
thickness of 230A marks the boundary between single (foc.c. dihydridet)
and mixed (f.cec. dihydride + hec.p. metal) phase and has the minimum
resistivity value (97ﬁAn}cm). It may be seen from Fig. 8.3. that
: o
the resistivity of the films in the thickness range 230-8504 (whioh
have mixed phases) are higher than 97ﬁkﬂrcm. The above features of
. o)
the resisftivity behaviour over the thiclmess range 80 - 8504 are
similer to those of the Ga-H system. The increase in resistivity with
: o
the decrease of thickness in the range 80-230A (which has continuous
stucture) is due to the non-stoichiometric composition:. of terbiun

dihydride (in bulk, H/Tb = 1.9 = 2.15) which may exist.over the above

,
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o
thiclmess range. The sharp rise in resistivity below 80A thickness

is due tb fhe discontinuous structure of the film. As the thickness
o
of the films was increased to 950A (which is almost h.c.p. Tb) the
resistivity attained nearly a bonstant value (lBBﬁLnrcm). This value
is in agrecment with the lmowm bulk résistivity (llﬁﬂynrcm). Tiae
somewhat_highér values 15% of resistivity'for the thicker films
compared with the bulk metal can be atitributed to inherent film
defects such as point defects, vacancies, grain boundarieé, dislocations
0

etc. The resistivity of the f£ilm in the thickness‘range (80-950A)
at 77°K is shown by the dotted curve of Fig. 8.8. The general
behaviour of the resistivity at liquid nitrogen temperature is similar
to that of the films grown from gadolinium. The el point and
ferromagnetic Curie point of Tb metal are 2350K and 221°K respectively.
Colvin etal (1960) observed anomalies at the above temperatures'in the
resistivify curves for bulk Tb. A similar behaviour is expected for

o) o) &
thick (9504) films also (Lodge 1970, siudied both 4054 and 21204F11m

4 o)
but observed the above feature only in 21204 film). In the present

)

study, slightly defcetable anomalies were observed at 232OK and 220°K
. o]
only for thc thickest f£ilm (950A) studied.

8e2.1.BfTect of temneraturc on resistivitye.

Measurements of the variation of resistance with femperature
- o o
were made for 6 films ranging from 1504 to 950A. Typical heating
curves arc shown in Fig. 8.9. in which the resistivity of the films
. . O/ .
has been plotted as a function of temperaiure for heating rate 2-3 K/min.
s . : o
The resistivity was measured in the temperature range 293-573°K at
intervals of 50°K. The incrcase in resistivity with temperature was
o)

found to be linear for films thicker than 150A. The general

behaviour of the temperature dependence of resistivity indicates metallic
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conduction behaviour similar o that of the films growm from godoliniume.

8.3.2. Tennerature coefficient of registance.

The temperaiture coefficient of resistance of the films was
. o) .
measured in the range 293-353 X and the values are shovm in table 8.3,
There are no existing TCR data available for TB-Il system.

8e3e3. Chanrme of recistonce due to hydrosen treatmente.

-2 -3
Vhen a siream of hydrogen (pressure in <he chamber 10 - 10 <%orr)

was continuously passed through heated films of terbium dihydrides
o)
(80 - 23OA), an abrupid increase in resistivity waes observed. The films
werc heated at 300°C for two hours. The values of the resistivity before
and after hydrogen treatment is shown in table 8.4. The sharp rise
in resistivity when the films were heated in hydrogen‘is due to the
conversion of the metallic dihydrides. to - semiconducting trihydrides.
This structural change has been established by the electron diffraciion
studies (section 6.2. Chapter 6). The effect of temperature on the
resistivity of the trihydride films is showm in Figure 8.10. It may be
geen from the curve thét the resistivity decreases with increasing
temperature, having negative temperature coefficient of resistance,
which characteriscs4%he semiconducting nature of the film. The TCR
values are shown in téble 8e4. There are no exig}ng Qata of either
resistivity or TCR for terﬁium trihydrides., Films of the thickness
o
range 300-950A when treated with hydrogen in the same way, there was
little cﬂange in reSisfance because they were not converted to trihydrides
section 6.2. chapter Ga). 0

0
8ede Resistivity of the films (151900A) oroym Trom dysprozium.

The variation of electrical resistivity with thiclkness at room
o
temperature of dysrosium dihydride films (75-200A) is showm in Fig. 8.11l.

The structure of the films of this thickness r%nge has been determined

carlier (section 4.1.). TFilms thinner than 75X have discontinuous
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i
J

structure gso their resisiivities couid not be measured reliably.
The room téhperature thiclness dependence of the electrical
resigtivity of the films of the thickness range 200—5002 is showm

o)
in Fig.8.12. (the structures of 200-800A showed the co-cxistence
of f.c;c. dihydride and hecCeDe. metal). It may be secn from the
curve that the resistivity incfeases with thiclkness which shows
characteristics similar to that of Gd and Tb films but different from
other known results on the thiclkness dependence of electrical
resistivity (Chopra and Bob,1964). To explain the dependence of the

o
electrical resistivity on thickness (75-9004) and to correlate
them with siructural phases, it is convenient to show the thickness
dependence of resistivity by a single curve (Fig. 8.13, solid line)
The main two features of the curve are:
i) the resistivity has a minimum value of 85ﬂﬂfL—cm at a film thiclmess
o]

of 200A and increases for thinner films.

ii. An abnormal increase occurs in the resisitivity of the films thicker

)

than 200A and continues 16 increase until becoming nearly cénstant at
(o]

9004,

These features are similar to those observed in G4 and Th films.

The ZOOZ film (dysprosium dihydride)is a better elecirical conductor
than dysprosiumn metal itslef (for bulk Dy, /0 = 92ﬁ,‘,.ﬁ.—cm), which is
similar to the behaviour of gadolinium énd terbium dihydride: films.
No other data exists on the electrical resistivity of Dy-H system.

Our struciural investigatidns showed that films of the thickness .
range 75—éOOX are f.cece dihydrides but since the f.c.c. dihydride phase
in bulk material exists over the composition range H/Dy = 1.94 - 2.08,
the variation of resistivity over the thickness range (75—2003) is

duc to the slightly varying composition in their structure (assuming,

the similar behaviour as that of gadolinium dihydride "Heckman 1964).

o
Lowest resistivity occurs at about 2004 thickness and is the boundary.
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between single and mixed phases. This is in agrecment with Heclunan,
(1964). It may also be seen from Fige 8.13 that the resistivity of
the films in the thickness range 200—8003 (which have mixed phases)
are highér than 8%Adilrcm. As the thickness of the film was increscd
. o '
%o 9004 (which is dominated by he.c.p. metallic siructure) the
resistivity attained a nearly constant value (115/Wﬂ:cm). This value
agrees with the knovmn bulk resistivity (92/AJL—cm). This higher
values of resistivity for thicker films compared with the bulk metal
nmay ve atiributed to inhérent film defects. The sharp rise iﬁ
o .
resistivity below T5A thickness is due to the discontinuous structure
of the film. -
' o

The resistivity of the film in the ‘thickness range (75-9004) at
77°K igs shown by the dotted curve of Figure 8.13. The general
behaviour of the resistivity at liquid nitrogen temperature is similar
to that of Gd and Tb films., The Iiéel point and ferromagnetic Gurfie
point of Dy metal are 184°K and 85°K respectively. In the present
study, slightly detectable anomalies were observed ai 183°K and

: )

84-°K only for the *hickest film (9004) studied. The effect was not
prominant probably because the film was not completely metallic and
is 8°x)

thick enough (the Wéel temperature of Dsz

.

8.4.1. Effect of temperature on resistiviiy.

The temperature dependence of resistivity has been observed for
_ o
5 films ranging from 100 to 9004, The variation of resistivity with

temperature is shown in Fig. 8.14. The resistivity wos measured in the

) . o .
temperature range 293-573°K at intervals of 507K and the heating rate
o) . . . < s .
was 2=3 K/mln. The increase in resistivity with temperature was found
o
to be linear for films thicker than 100A and generally indicates

metallic conduction.



8¢le2. Temperature cocfficient of resistance.

. o . o
The TCR wvalucs of the films were measured in the range 293-353K
and are shown in table 8.5.

8e4e3e Chanre of resistance due to hvdrogen treaiment.

o)

When dysprosium dihydride films (75-2004) were heated at 300°C
for two hours in hydrogen, the reegistiviiy increased sharply as
shovm in table 8.6. This sharp increase in resistivity is due to the
conversion of the metallic dihydrides to semiconducting trihydricdes.
The increase in resistivity for DyH3 was obgerved to be greater than
those of Gdll3y and TbI3. The change in structure (from dihydrides to
trihydrides) has been stﬁdies by eleciron diffraction (section 6.2, chapter
6) for Gd and Tb films and similar behaviour is expecied for Dy films.
The effect of temperature on resistivity of the Dyily film is showm in
Tig. 8415, which characterises the semicoanducting nature of the films.

)

T'ilms of the thickness range 200~-900A, wvhen treated similarly with

hydrogen, showed similar behaviour to that of Gd and Tb films.

o) .
8.5. Resistivity of the films (100-9004) rrowm from holmiums

The thiclmess dependence at room temperature of the elecirical
o
resistivity of holmium dihydride films in the thicimess range 106-2204

ig.:shown in figure 8.16. As may be secn from the figure the resistiviiy
o
increased sharply below 1004 because of the discontinuous siructure of
the filme. The room temperature thickness dependence of the electrical
: )
' rcsistivity of the films in the thickness range 200-9004 (the structure
of 200—8003 films consist of both f.c.c. dihydride aﬁd hec.p. metal),
ig shown in figure 8.17. It may be noted from the figure (8.17) that
the resistivity increased with the thickmess which is similar to Gd,
Th, Dy films. To explain the dependence of the electrical
)
resistivity on thiclkness (lOO-9OOA) and to corrclate them with

structural phases, it is convenient to show both Figs. 8.16 and 8.17
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on a singlec diagram (Fig. 8.18.). The characteristic features of the
curves are:
i. The resistiviiy has 2 ninimum value of 5€ﬂ41Lfcm at a film thiciness
o ,
of 2004 and increases for thinner films.
ii. An abnormal. increcase occurs in the resistivity of the films
o
thicker than 2004 and continues to increase until became ncarly
o
constant at 9004A.
These two features are similar to those observed in Gd, Tb and Dy films
but the minimum resistiviiy value, obtained was low compared to the others.
The interesting feature of the experimental results is that the
o

resistivity of 2004 films (536/Uib-mn) is less <than that of Ho metal
( /¢7= 8%/yx—cm). Like the Gd-f system, the bulk holmium dihydride

o s - H/j - \
phase exists in {the composition range Hy, = 1.95 - 2.24, and the
resistivity values varices over the composition range having the

3 "
ninimum value QQAML—cm at Ho = 1.9+ The variation in resissiviiy
o ,
over the thickness range 100-2004 (f.c.c. dihydride) is due to their
slightly vorying compositions (the resistivity increases with
increasing hydrogen content within the dihydride range). TFrom the
0

structural investigations (section 5.5.1.) it was found that 2004
thiclness indicates the boundary between single (f.c.c.) and mixed

wnde

(f.c.o.th.c.p.) phases. The resistivity measurements have correlated
, o

this feature. Iilms in the thickness range 200-800A have mixed phases
and the variation of resistivity over the thiclkness range is due 1o
varying compositions of the films (the resistivity increases with
decreasing hydrogen content). As the thickness of the film was

: o
increased to 9004 (which is almost h.c.p.Hy) the resistivity attained
nearly a congtant value (9%ﬁﬁﬁycm). This value is consistent with
the known bulk resistivity (B%Agancm).

o)
The resistivity of the film in the <thickness range (IOO—QOOA)
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O, \ , .
at 77T X is showm by the dotted curve of Pig. 8.18. The gencral
behaviour of the resistivity curve indicates the metallic nature
and is similar to those of Gd, Tb and Dy films, but the anomaly
O .

.. axt 0 I
noticed at the Hcel temperature (135 K) for 9004 film was very wealk.

BeH.le Tffect of temmerature on resistivity.

leasurements of the variation of resistance with temperature
o o) o o 0
were made for 5 films of thickness 1504, 2004, 3004, TOOA and 900A

(Fig. 8.19). The resistivity was measured in the temperature rang
293—573OK at intervals of 50°K. The increcase in resistance with

temperature was found to be linear.

8¢5.1. Temmerature coefficient of resistonce.

The temperature coefficient of resistance of the films wer
. o .
meagurcd in the range 293-353"K and the values arce shown in table
8.7. There arc no existing TCR data available for Hy-i system.

8e5e3e Chanse of resistance due to hydrosen treatment.

, o

When holmiuwm dihydride films (100-200A) were heated for %wo hours
at 300°C in hydrogen, the resistivity of the films increased sharply.
Table 8.8 shows the resistivity befor; and after hydrogen treaitment.
This shorp increase in resistivity is due fto the conversion of the
metallic dihydrides to the semlconducting trihydrides (assuming +the
‘similar structural change as that of Gd and Tb dihydrides). The
increase in resistance due to the conversion of HoHo to Holly was
greater fhan those of GdHy and TbH3. The change of resistivity with
témperature of +the H0H3'films is shown in Pig. 8.20. Az may Dbe seen
from the figure, the résisﬁivity Cecreases with increcasing teomperature
vhich indicates sémicon@ucting nature of H0H3. The TCR values are
shown in toble 8.8.

. e . Q - .
8.6. Resistivity of fhe films (80-9001) crown from erbium.

The dependence of electrical resistivity on thickness of erbiun
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o
dihydride films in the range 80-2104 at room temperature is showm in
o
Fig. 8.21. Pilms thinner than 804 had discontinuous struciurcs so

their resistivitics could not be measured reliably. The thiclmess

dependence, .at room temperature, of the elecirical resistivity of
o
the films in the thiclkmess range 210-900A is shown in Fig.8.22.

Putting Figs. 8.21 and 8.22 ‘ogether on a single diagram, the

resultoant curve for the thiclness dependence of resistivity of films
o
in the range 80-000A is shown in Fiz. 8.23. The characteristic

features of the curves are:

i. the resistivity has a mininum value of 75%&ﬂrcm at a2 film
o
thiclmessc of 2504 and increases for thinner films.

ii, @an abnormal increase occurs in the resistivity of the films
o
thicker than 210A and continues to increase uatil it becomes nearly
o
constant at about 9004,
o o
The interesting feature is that the resistivity of 1504, 200A films are

less than that of bulk erbium metal (/”:: 8§ﬁwn_—cm). Such results
ore surprising but consistent with the resistivity measurements of
bull erbium dihydride (Heckman, 1969), for H/Er = 1.8, /0= 26 M —cm
and H/Er = 1.9,//4; SQAAﬂ:cm. The increase in resistivity over the
0

thickness range 250-8004A (mixed phase) is due %o the variation of
composition (resistivi%y increascs with decreasing hydrogen content.)
Similatrly the increase in resistivity over the thiclmess range

o ,
210-80A (f.c.c. dihydride) is due to the non-stoichiometric
composition of the dihydrides (resistivity increascs with the increase

of hydrogen content). As the thiclness of the film was increascd to
0
900A (which iz almos® h.c.p. metal), the resistivity attained nearly

a constant value (108/Mﬂ:cm). This value is in agreement with the

kmovm bulk resistivity (8§/knrom). The somewhat higher values {(~ 20%)
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of recistivity for the thicker films compared with the bulk metal

can be attribvuted to inherent film defecis.
' o)

The resistivity of the film in <the thicknegss range 80-9004i at
Oy - . 3
TT°K is showm by the dotted curve of Fig. 8.23. The general
behoviour of the resistivity at liguid nitrogen temperature is similar
. . wr £ . .
to the films growa from Gd, Tb, Dy and Ho. The Hcel point of erbium
. o .
metal is 85K but in the present study no ecnomaly was observed even
o}

for the thickes film (9004) studied.

8.6.1. Bffect of temverature on resistivity.

The tempeazure dependence of resisitivity have been observed for 5
o
films of thiclmess ranging from 150-900A. The variation of resistivity
with temperature is showm in Fig. 8.24. The resistiviiy was measured
. o . 0. .
in the temperature raage 293-573°K at intervals of 507K, the hecting
0. . . . s meos . ‘

rate vwags 2-3 K/mln. The increase in resistivity with temperaiure
was found {0 be linear and in general agreement with the behaviour

of metallic conductions.

8.602. Tennerature coefficient of resistoncs.

The TC values of the films were measured in the temperature
0 . . s
ronge 293-353 K and are recorded in table 8.9. There are no existing

hnl

TCR data available for the Lr-d system.

8.6e3. Chance of resistance due to hydrocen treatment.

When erbium dihydride films (80-210) were heated at 300°¢C for
two hou"s.in hydrogen presénce the resistivity increased sharply. The
values of the resistivity before and after hydrogen treatment are shovm
in table 8;10. The incrcgso in resistivity is due to the conversion
of metallics dihydrides to semiconducting trihydrides. Although
the structural studies of the hydrogen +ireated Er dihy@ride.films

have not been performed, the above inference is made from the

resictivity behaviour and assuming similar characteristics as those of
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Gd and Tb dihydride films. The temperature dependence of resistivity
of ErHjy films are chowm in Pigure 8.25. which shows clearly the semi-
conducting characteristic. Tne TCR values are recorded in teable 8.10.

€.T« DISCUSSIOT,

Generally, the variation of resistiviiy with thiclness of the films
of noble and transition metals are in accordance withithe Fuchs-Sondheimer
theory of size affectea conduction (1ndc rson, 1966, Chopra, 1969, Hass and
Thun, 1971; Heavens 1970, Maissel and Glang, 1970), the salient
feature being the increase in the resistivity of the film with decreasing
thiclness, which becomes very pronounced for films of thickmness lecs
than the mean free path. However, the results obtained for the
thicimess d epcndence of electrical resistivity of the rare earth
Gihydride films are at variance with the Fuchs~Sgadheimer theor:
of size affected conduction and are interesting because the resistivity

o
decereases with decreasing thiclkness (900-2504), whereas,. on the basis
of surface scattering considerations, the resistivity shoula increase.
Another curious feature of the results is that the resistivity of the
o
films of limiting thiclmess (say for Gdh , 250A) is less than ihe bulk
arent metal.
Evidently the observed features of the resistivity of the dihydride

films can be cxplained if factors other than that covered by the

Fuchs-Sondheimer theory (i.e. surface scattering) are taken int

o

account. A convenient way to discuss the total elecirical resistivity
of thin films in torms of its different components (Hatthiessen's

rule), Accordingly, the resistiviwy/ﬁyp of a film is given by <the

= LI

(thesc torms already defined in section 3.4.l., chapter 3).

cquation
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The non-magnetic part of the resistivity, i.e. components/f%,/éi aﬂ¥4zg

&epend upon the structural phase of the £ilm (Tames etal’1952),
Marcinkowski and Hopkins, 1968). Since the struotures.of the films

o '
(70~100®%)studied are highly: dependent on thiclkness, the above cffect
may play a. role in tho resistivity behaviour. A4lso the anomalous
resistivity behaviour can be explained gquite satisfactorily on the basis
of the non-stoichiometric composition and consequently on the thickmess
dependence of the structural phase of dihydride films. As has been
discussed in chapter 3 section 3.3., the resistivity of bulk dihydrides
arc highly dependent on the non-stoichiometric compostion and it is
evident from the present experimental results that the resistivity
depends on the structurél phase (which is again depeﬁdent on film
thickness, chapter 5). The resistivity results are guite in agreement
with the behaviour of the bulk resistiviz%y (although heavy rare earih
dihydride bulk resulis are few and there hage'been more work on lighti
rare earth dihydrides,) satisfying both zniopic and protonic model.
8.8. Conclusion.

It follows from the above that the effective thiclmess dependence
of the resistivity of thin rare earth dihydride films can be assumed
to arise from a superposition of several factors, namely, the usual
surface scattering componen?/ép, structural phase change, non=
stoichiometric composition of the dihydride phase and the co-existence
of dihydride and metallic phase in certain thickness ranges. The
changes of registivity on amnealing the dihydride films in Hydrogen
presence support the conclusion that the films became converied to
gemiconducting trihydrides having negative temperature coefficienﬁ

of resistance.
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IAPTER O,
COMTCLUSIONS, DISCUSSION OF THE REISULTS AND SOME SUGCE3TIONS FOR i
TURTHER WORK.

A detailed study has been made of the thiclmess dependence of

the structure of the films growm (either monocrystalline or poly-
crystalline) from Ga, Tv, Dy, Ho an& Er on different subs%raﬁes
(rock sdlt, mica and carbon) and under various grouwth conditions.
The general conclusion is that the films growm from these medals

form respective dihydrides (f.coc.) when the thickness is less

0

than 200A.- The structure of the films is dominated by the h.ce.pe.
o

metallic phase when the thickness exceeds 90CA. Tilms in the

o)
intermediate thickness range (200-9004A) show the co—exisience of

f.c.c. dihydride and the h.c.p. metallic phase.

t is well known that the rare earth metals are highly reactive
towards atmospheric gases (Gasgnier etal 1974, Spedding and Beaudry
1971, and Miiller, Singh and Surplice 1972). A4ll the metals studied
in the presént work were found to act as geiters. This, together
with {the results of our structural siudies (including the results
of the hydrogen-ireaiment of the films), confirms that rare carth

a
metals especlally when ewvaporated in thin film form havehhigh sorption
‘cavacity for hydrogen. Illass spectirometric analysis of gadolinium
films (section 6.8 chapter 6) also supported this suggestion. 4
rcasonable hypothesis, for <he s%ructure/ﬁhickness behaviour of
the films studied, is suggesied as follows. Very thin films, which
involve a relatively small amount of metal react readily with the
resicdual hydrogen in the vacuum chamber or with the absorbed (or
adsorbed) gases in the substrate, forming a2 thin coherent dihyaride
film ghortly after the metal is deposited. The nucleation of the

hydride tokes place on the substrate, immediately after the deposit
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of the first layers of metal. Tor very thin films, the meial

A

iz rapidly converted. 4s the films become thicker, fthe thin

surface layer of hydride is overlaid by the h.c.p. metallic structure

and sd is not detected against the dominant phase. This is the first
reported work on the epitaxial growth of Gd, Tb, Dy, Ho and Ir
dihydride films. Furither studies in this fiéld micht usefully be
made, using vacuum-cleaved rock sall substrates and.ultra high
vacuun evaporation. Analysis of the composition and proportions

of the residual gases in the system, by mass specirometry would
also be useful.

There has been only limited information on the exact
composition of the dihydride film throughout this work. The non-
stoichiometric composition of the rare earth dihydride phase a well
kmovm character of bulk materials, but the precise stoichiomeiry
of the specimens could not be exactly determined by the present
structural studies, althoﬁg some evidence has been obtained from
the electrical mcasurements (discussed later), There is a good
prospect for further worik to siudy the stoichiometry of the
composition of the rare earth dihydride filums. This could be
done by using a sﬁecially designed vacuum sysiem in which a
gas dosing system is incorporated (Miller etal, 1972). In this
system it would be possible 1o know the H/M atomic ratio by
measuring the amount of gas taken up by the film, the mass of
the film and its surface area. The number of gas atoms in each
dose might be calculated from the knowmn volume of the gas
reservolir and the initial and final pressure at the reservoir.

The change of structural phase with thickness has been
satisfactorily correlated with the resistivity behaviour of the

hydride films. At present there are no other data for the



resisﬁivity of dihydride films of rare earths, but as mentioned
in section 3.3 chopter 3, there are a few resistivity data for
bulk materials. The resistivities of bulk G4, Ho and Ir dihydrides
suggest that the éonduotion is metallic, highly dependent on the
non-gtolchiometric composition of the diﬁydride phése, and that a3t
the boundary of the single (f.c.c. dihy&fide) and mixed (f.c.c.
dihydride + heCepe. metal) phases, the dihydrides are betiter eclectrical
conductors than the parent metal; This anomalous behaviour of the
resistivity has also been observed in the precent s%udy for thin

. _ o
films. Tor example, in the case of a 2504 Gcllp film, the
resistivity is 112/ﬂAJL—cm, which is lower than the parcat metal
(bulk Gd, //0= 134/M_ﬂ_—cm). The general behavipur of the resistivity
is in agreement with the structural studies and bulk resistiviiy.

The trihydrides (when formed by annealing in hydrogen) show
semiconducting characteristics, having negative TCR values. The
resistivity and TCR values are the'only available data for films
at the present time. IMarther studies could be made on the elecirical
resistivity by varying the composition (H/M ratio).of the film,
extending up to the trihydride phase. It would also be worthwhile
to cxtend the work down to liguid heliuwn temperatures, because the
bulk heavy rare cecarth diliydrides show magnetic ordering at
temperatures ranging from 8°K for H o and Dyﬁz, to 40°K for

Tollo and to 219K for GdHo.
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DATE P00 PILLS GROVI TROI Ga
Table 1 Thicimess (ﬁ) = 2002, Milmgrown on (lOO) roclk =zalt.
dobs GCI{Z focac‘ Gdo f¢C¢C. Gd203 boC.Ou
bkl dezl nkl Geal hkl Geal nlkl
200 | 2.657 2.651 200 2.542 200 5.39 200
220 | 1.879 1.873 220 1.795 220 3,01 220
400] 1.328 | 1.322 '| 400 1.273 400 2.69 400
420 { 1,188 1.135 420 1.136 420 2.41 420
440 0.939 0.927 440 0.901
o
Table 2. t = 180A. PFilm growm on {110) rock salt.
nil dobs GaHo fecoce Gée focecy Gipp2 DaCeCoa
deo hil deal hlzl Ceal Joyiail
111] 3.068 3.062 111 2,931 111
200 | 2.657 2.651 200 2.542 200 5.39 200
220 1.879 1.873 220 1.795 220 4,40 211
311| 1.602 | 1.598 311 1.532 311 3.81 220
222 1.534 1.530 222 1.464 222 241 310
333} 1.023 1.020 333 0.971 323 Jell 222
0
Table 3. 4 = 220A. Tilm grown on {111) rocik salt.
AT -0 1 L (] L) -
.hl:l d_o'b:) G’C\IIg L eCoCoe C\-L. leCoeCl C\l l’loC.;;c
deal iz decal hikl deal hlz. 1
1.812 11.0
2201 1.377 1.873 220 1.795 220
' | 1.5631 01.3
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Table 4. 1 = 1502. Polycrystalline film growm on rock sald and carbon film.
Ding ] Gde fecece Gd fecece Gd hec.p. Gd203 GQEBA.C.Qo
oz Clobs
dea1  hkl Aoy R dcal hik.l dcal hikl ¢ a1 hl.l
1 2.063(3.064) 3.062 111 2.931 111 3.135 01.0 7.63 110 3.224 01.C
2 2.653(2.654) 2.651 200 2.542 200 2.836 00.2 5.39 200 3.256 00.2
30 1.875(1.876) 1.873 220 1.795 220 2.761 011l 4,40 211 2.901 Ol.1
4 1.599(1.600) 1.598 3211 1.532 311 2,143 0l.2 3.81 220 2.328 0l.2
5  1.531(1.532) 1.530 .222 1.464 222 1.816 11.0 3.41 310 1.882 11.0
6 1.325(1.226) 1.322 400 1.273 400 1.631 01.3 3.11 222 1.331 01.23
7 1.186(1.186) 1.185 420 1.136 420 2.86 321
e}
Teble 5. t = 450A. TFilm grown on (100) rock salt.
Ring GdH2 feCece Gd facaco Gd‘ h.c.pe Gd2O3 G’HBh.o.y.
Lo fe}o]o! .
doal hll &cal hizl dc&l hltel dcal hicl dcal hkel
1 3.137 3,062 111 2,931 111 3.135 01.0 7.63 110 3.224 01.0
2 3.064 2,651 200 2.542 200 2.886 00.2 5.39 200 3.356 00.2
3 2.887 1.873 220 1.795 220 2.761 O0Ll.1 4.40 211 2.901 Cl.{
4 2.654 1.598 311 1.532 311 2.143 0l.2 3.81 220 2.328 0l.2
5 2.145 1.530 222 1.464 222 1.816 11.0 3.41 310 1.862 11.oi
6 1.876 1.322. 400 1.273 400 1.631 01.3 3.11 222 1.831 01.3f
7 1.621 :
Teble 6. % = 5502, Tilm growm on (110) rock salt.
_ GdH2 feCoCe G& fecec. Ga hoCuepe Gd203 G?H3h.c.p.;
ning 4 .
fos. °%F a rkl & nkl & S hk.l @ nkl @ . hk.l
cal cal cal cal cal
1 3.1238 3,062 111 2.931 111 3.135 01,0 7.63 110 3.224 01.0;
2 3.065 2,651 200 2.542 200 2.886 ©0.2 5.39 200 3.356 00.2,
30 2.886 1.873 220 1.795 220 2.761 O0L.1 4.40 211 2.901 01.1.
4 2.655 1.598 311 1.532 311 2.143 0l.2 3.81 220 2.328 01.2§
5  2.144 1.530 222 1.464 222 1.816 11.0 3.41 310 1.862 11.0
5 1.676 1.322 400 1.273 400 1.631 Ol.3 3.11 222 1.831 Ol.3
7 1.817 |




Tetle Te t = 6002. Tilm growm on (111) rock salt.

Ring X GdH2 fecece Gd focecCo Gd heCepe C—dFO3 Gd}I3 NeCePoe
Fos.  °%F d hxl a ¥l a k.1 d nkxl d hic.l

cal 7. Tecal = cal e cal 77 Teal O
1 3.136 3.062 111 2,931 111  3.135 01.0 7.63 110 3.224 01.0
2 3.066 2,651 200 2.542 200 2.886 00.2 5.39 200 3.356 00.2
3 2.887 1.873 220 1.795 220 2.761 01.1 4.40 211 2,901 0l.1
4 2,654 1,593 311 1.532 311 2.143 01l.2 3.81 220 2.328 01.2
5 2.144 1.530 222 1l.464 222 1.816 11.0 3.41 310 1.862 11.0
6 1.876 1.322 400 1.273 400 1.631 O0L.3 3.11 222 1.831 01.3
T 1.817 |
o -

Table G. t = 4504, Polycrystalline film growm on rock salt and carbon film

Ring | GdHZ facec Gd focecy Ga hecep. Gd203 Gdﬁ3 neCaDoe

fos, “obs . \ ;

dcal hikl Goo1 hkl doal hk.1l doal hil dcal hltll

1 3.136) 3.062 111 |2.931 111 §3.135 01.0 7.63 110{3.224 01.0
2 3.064 2.651 200 {2.542 200 %2.886 00.2 5.39 200(3.356 00.2
3 2,887} 1.073 220 |1.795 220 2,761 01.1 . 4440 21112.901 Ol.1
4 2.654 1 1,598 311 1.532 311 2.143 01.2 | 3.81 220({2.228 01.2
5 2.143| 1,530 222 |1.464 222 {1.816 11.0 3.41 3104{1.862 11.0
6 1.875 1 1.222 400 [1.273 400 §1.631 01.3 3.11 22211.831 01.3
T 1.817 '

' H
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Table 9. + = 950i. Tilm growm on (111) rocik salt.

. G(}H f;C-G. Gd. foC.C. Gd— .h-OCopo Gd O boC.Co C'(L_\LI h-Co‘ L3
I . 2 _ 2°3 . 3 “
1.l e C
oba
3 Nir Tl 11- ; 1- Wi-
acal h*l dcal nkl dcal hitel Qcal hll dcal hlt.1
01.0 3,136 3,062 111 2.931 111 3.135 01.0 7.63 110 2.224 01.0
2.651 200 2.542 200 2.886 G0.2 5.39 200 3.356 01.2
1.873 220 1.795 220 2.761 0l.1 4.40 211 2.901 0l.1
1.598 311 1l.532 311 2.143 0l.2 3.81 220 2,328 01.2
11.0 1.817 1.816 11.0 3.41 310 1.862 11.0

0
Table 10. <+ = 9204, Polycrysialline film growm on rock salt.

?ing dObs GdH2 f.cfc. Gd f.cec. CGa heCope Gd203 GdHB hoCuDe

Hos. o,y ®61 &, mel. o, hed & el a4, Bkl
1 3.136 3.062 111 2,931 111  3.135 01.0 7.63 110 3.224 01.0
2 3,065 2.651 200 2,542 200 2.886 00.2 5,39 200 3.356 00.2
3 2.887 1.873 220  1.755 220 2.761 O0l.1 4.40 211 2.901 0l.l
4 2,762 1.598 311  1.532 311  2.143 0l.2 3,81 220 2,328 Ol.2
5 2,144 1.530 222 1.464 222 1.816 11.0 3.41 310 1.062 11.0
6 1,817 1.322 400 1.273 400 1.631 01.3 3.11 222 1,831 OLl.3
7 1.632
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Table 11 t = 180A. Film grown on (100) rock salt.

TbK2 " fuCaCe h fTeCeCo Tb203 beCeCo
hkxl da
obs o n 1~ ] 1 Tn s
Qoal hil acal hiz doal hkl
200 2.6256 2.623 200 2.501 200 5.35 200
220 1.857 1.855 220 1.763 220 3.78 220
£00  1.312 1.311 400 1.252 400 2.67 £00
420 1.174 1.173 420 1.134 420 2.39 420
440 0.928 0.927 440 0.891 440 1.89 440

[e)
Table 12. + = 2004. Film grown on (110) rock salt.

TbHZ 8f.o.c. o) foCeCo TbZO3 DeCeCe
L R 7 - -

Qcal hlc dcal hl acal hXkl
111 3.032 3.028 111 2.891 111
200 2.626 2.623 200 2.501 200 5.35 200
220 1.858 1.853 220 1.763 220 £.36 211
311 1.533 1.582 311 1.502 211 3.78 220
202 1.515 1.514 222 1.445 222 3.3 310
333 1.016 1.014 333 °  0.961 333 3.09 222

440 0.928 0.927 440 0,891 440

Table 13. t = 190A. TFilm grown on (111) rock salt.

TbH fecec. Tb fecace T NeCeDe
hil 4 2 '
R obse ~_

ucal hXkl acal nlkl ¢al hik.l

1.799 11.0.
220 1.858 1.855 220 1.763 220

1,619 01.3




o
Table 14. t = 2004, Polycrystaelline film growm on rock salt and
carboxn Tilm.
Bing . TbH2 fecec. Th fecece - To hec.p. TbH3 DeCeDo
Yos “ovs .
° 1- 3 iz g b ] s
déal hlzl ¢l hkl deat hk.l Aoy nic.l
3.032(3.031) J.023 111 2.691 111 3.113 01.0 3.201 01.0
2 2.626(2.625) 2.623 200 2.501 200 2.843 00.2 3.229 00.2
3 1.857(1.056) 1.855 220 1.763 220 2.740 0l.1 2,880 01.1
4 1.584(1.583) 1.532 311 1.502 311 2,101 01.2 2.301 0l.2
5 1.515(1.515) 1.514 222 1.445 222 1.799 11.0 1.850 11.0
¢ 1.016(1.015) 1.014 333 0.961 333 1.619 0l.3 1.824 01.3
T
0
Pable 15. = 650A. Tilm growm on {100) roci salt.
T o m o m b Mi-TT a
RLI’I& d. . Tbx.z LeCoeCloe .L.b LeCeCe -Lb 11.0.p. .Dbu-B ;.ooop.
obs
Hos. a nkl a nkl @ nic.l d nk.l
cal °~ cal ‘ cal B cal -
1 3.116 3,028 111 2.891 111 3,113 01.0 3.201 01l.0
2 3.031 2.623 200 2.501 200 2.843 00.2 3.329 00.2
3 2.645 1.855 220 1.763 220 2,740 Cl.l 2.8380 O0l.1
4 2.626 1.582 2311 1.502 311 2.101 01.2 2.301 0l.2
5 2,103 1.514 222 1.445 222 1.799 11.0 1.850 11.0
6 1.857 1,311 400 l.252 400 1.619 01l.3 1l.824 01.3
7 1.801
Table 16. + = 6004i. Film- grown on (110) rock salt.
) Toil fecece Tb f.c.c. T heCope Thi NeCuPe
Aalng a 2 3
Tos ohs
nhee iz 1 hic A - hiz 3 ila
dcal hlkl Coal hkl doal hlc. 1 a1 hic.l
1 2.115 3,028 111 2.691 111 3.113 01.0 3.201 01.0
2 3.031 2.623 200 2.501L 200 2.843 00.2 2.329 G0.2
3 2.845 1.855 220 1.763 220 2.740 - 0i.1 2.880 0l.1
4 2.625 1.562 311 1.502 211 2.101 0l.2 2.301 01.2
5 2.103 1.514 222 l.445 222 1.799 11.0 1.85%0 11.0
5 1.857 1.311 400 l1.252 400 1.619 0l.3. 1.825 01.3
7 1.801 ’ '
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Table 17 % = 5504. Film growm on {111) rock salt.

Ring d . Thil, fecac. Th fececCe Tb NeCeDe ThIL NeCeDe
03 2 3 -
Hos.
d hk a hicl d hic.l d hk.l
cal - cal cal cal °

3.114 3.028 111 2.891 1ii 3.113 01.0 3.201 1.0
3,032 2.623 200 2.501 200  2.843 00.2  3.329  00.2
3 2.844 1.855 220 1.763 220 2.740 081.1. 2.880 01.1
4 2.625 1.582 311 1.502 2311 2.101 0l.2 2.301 . 0Cl.2
5 24103 1.514 222 1l.445 222 1.799 11.0 1.650 11.0
6 1.356 1.311 400 1l.252 400 1.619 01,3 1.824 01.3
7 1.300
o
Table 18. 1t = 5004, Polycrystalline film grown on rockx salt and carbon
film.
Ring 7obs Tbﬁz f.cece. Tb feCocCe Th heCeDe TbH3 NeCaDoe
Tios,.
dcal hikl dcal hlc dcal hik.l dcal hic.1l

1 .2.115(3.114) 3.028 111 2.891 111 3,113 01,0 3.201 01.0

2 3.031(3.030) 2.623 200 2.501 200 2.843 00.2 3.329 00.2

3 2.844(2.844) 1.855 220 1.763 220 2.740 01.1 2.330 01.1

4 2.625(2.624) 1.582 311 1.502 311 2.101 0l.2 . 2.301 01.2

5 2.104(2.102) 1.514 222 1.445 222 1.799 11.0 1.850 11.0

6 1.857(1.856) 1.311 400 1,252 400 1.619 01.3 1.824 01.3
-7 1.801(1.800)




o
Table 19, + = 9504. Tilm

203"

grovm on {111) rock sals.
el d TbH2 £uCuCo Th feCeCoa To li.Cape T KS heCepe
obs
o) i gl 1= 3 el T Tm
Cenl hlkl doal hlcl deal hlc.l dcal hlk.l
01.0 2.114 '3.028 111 2.891 111 3,113 01.0 3,201 01.0
2.623 200 2-501 200 2.84-3 0002 30329 0092
1.855 220  1.763 220 2.740 01l.1 2.8¢0 8l.1
1.582 311 1.502 311  “2.101 01l.2 2.301  01.2
11.0 1.800 "A 1.799 11.0 1.850 11.0
1.619 0Cl.3 1.824 01.3
Toble 20. % = 9302. Polycrystalline £ilm grown on rock salt.
Ring ToH, fecece Tb f.c.ce To hecep. ToH, NeCeDe
d 2 , b)
ot obs
OO0 e
] 121 I hic. - hkx.
“cal bl dcal bl dcal hiz.l dcal 1
1 3.115 3.023 111 2.891 111 3.113 01.0 3.201 01.0
2 3.031 2.623 200 2.501 200 2.843 00,2 3.329 00.2
3 2.044 1.055 220 1.763 220 2.740 01.X 2,880 Cl.l
4 2,741 1.582 311 1,502 311 2.101 01.2 2.301 01i.2
5 2.102 1,514 222 l.445 222 1.799 11.0 1.850 - 11.0
6 1.800 1.311 400 1.252 400 1.619 01.3 1.824 0l.3
7




able 2l. % = 1704, TFilm growa on (100) roc

DiTA OF

0

Tr oo

e uulto

n
O
\O

. - DyH feCeCo Oy f.c.cCe
hil %ot .2
il 3 I
dcal akl “cal hicl
200 " 2.604 2.602 200 2.485 200
220 1.841 1.839 220 1.757 220
400 1.302 1.300 400  1.242 400
£20 1.164 1.163 420 l.111 420
440 0.921 0.919 440 0.876 440
- . o} A
Toble 22. +t=1504., Film grovm as polycrystalline on rock salt.
- Dyil, ©fecece Dy Tfaca.cC. Dy  NeCeDe TyH, hoCaDde
Ring 2 3
o5 oks
et 3 1 T =] T~ -] T
Qcal hikl doal hlc &cal hic.l &cal hizl
1 2.006 3.002 111 2.869 111 3.105 01.0 3.179 ~01.0
2.604 2,602 200 2.485 200 2.821 00.2 3.307 00.2
1.841 1.839 220 1.757 - 220 2.720 0l.1 2.865 01.1
4 1.570 1.568 211 1,498 311 2.0886 01.2 2.291 0L.2
5 1.503 1.501 222 1l.434 222 1.792 11.C 1.835 11.0
& 1.302 1.300 400 1.242 400 1.608 01.3 1.811 Cl.3
. 0 :
Table 23. t = 5004. Film grown on (100) rock salt.
Ring dob~ DyﬂZ feCeCa Dy TeCeCe Dy h.c.p. Dyn3 hecepe
oo 3 e He ; e Ko
Fey O e QC?vl hi; dcal h..b. CLCO,l 11;.». dca,l h..
1 3.107 3.002 111 . 2.869 111 3.105 01l.C _32.179 Q1.0
2 3,005 2.602 200 2.485 200 2.821 00.2 3.307 00,2
3 2.823 1.839 220 1.757 220 2.720 0l.1 2.865 Ol.1
4 2,603 1.568 311 1.498 311 2.088 0l.2 2,291 0l.2
5 2.089 1,501 222 1.434 222 1.793 11.0 1.835 11.0
G 1.840 1.3200 400 1.242 400 1.608 01.3 1.811 01l.3
T 1794
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Table 24, = EOOE. Polycrystalline film grown on rock salt.
Ring . QyHZ feoceCo Ly TeCucCo Dy  hec.p. DyHB NeCaDo
obs
Hos. dcal eilal dcal hll dcal hicel dcal nik.L
1 2.106 3.002 111 2.869 111 3.105 01.0 3.179 01.0
2 3.004 2.602 200  2.485 200  2.821 00.2 3,307  00.2
3 2,822 1.839 220 1.757 220" 2.720 01.1 2.565 0l.1
4 2,603 1,568 311 1.498 311 2.088 01.2 2.291 0.2
5 2.089 1.501 222 1.434 222 1.793 11.0 1.835 11.0
6 1.840 1.300 400 l.242 400 1.608 01.3 1.811 0l.3
T 1.794
(0] .
Toble 25. 1 = 900A. Polycrystalline film grown on rock salt.
Ring a . Dyl feCeCa Dy fecaCa Dy  DeCeDe Df&B h.c.pf
obs
Hos. 1.y nxl d ., mel 4, bkl &, bkl
3.106 3;002 111 2.369 111 3.105 01.0 3.179 01.0
3.005 2.602 200 2.485 200 2.521 00.2 3.307 00,2
2.822 1.839 220 1.757 220 2.720  0l.1 2.865 01.1
2.721 1.568 311 1.498 311 . 2.088 0L.2 2.291 0l.2
2,089 1.501 222 1234 222 1.793  11.0 1.835 11.0
1.794 1.300 400 l.242 400 1.608 01.3 1.611 01.3
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‘ DAT% 0 HOLIIIULL HEDRI o FILIIS
Tokle 26, t = 150L. PFilm growm on (100) roclk salt.
‘ H0H2 fecec. Ho f.cec.
- a’
o obs 2 Tt P
(J»Cal &L;'..l dcal . ﬂ;».l .
200 2.585 2.582 200 2.471 200
220 1.828 1.325 220 1.750 220
400 1.293 1.291 400 1.237 400
420 1,156  1.154 420 1.106 420
440 0.915 0.913 440 0.875 440
o .
Table 27 +=1304. Film growm o5 nolycrystalline on roclk salt and
carbon film.
-'I II T . ™ . —-JT. [ o . . T’I . . 3 }I H :. * - L]
Ring N Holl, T.c.c Ho f.c.c do h.ce.p o} 3 NeCa]
o obs 5 e 3 ] | e 3 1
I- Cle aca,l . h..‘_l QCE’,]_ 1'1..\.\._1. (A.CC.]_ 11..:; ° l G.cal 11{;-0 l
1 2.936(2.937) 2.982 111  2.857 111  3.093 01l.0 2.153 01.C
2 2.586(2.587) 2.582 200 2,471 200 2.808 00.2 3.282 00.2
3 1.827(1.823) 1.825 220  1.750 220 2.709 O0l.1 2.842 01.1
4 1.559(1.560) 1.557 211 1.492 311 2,078 0l.2 2.273 01l.2
5 1.493(1.494) 1.491 222  1.428 222 1,786 11.0 1.821 11.0
6 1.293(1.294) 1.291 400 1.237 400 1.601 0l.3 1.796 01.3"
T 1.154 420 1.106 420
0
Teble 28, 4=5004. Tilm grown on (100) rock salt.
Hoﬁz fecece IHo foc.c. Io h.cep. HoH, h.c.p.
Ring g '
oS 3 hlk 4 il ; e 1 it
HO 3. Clcal heke Ca.l ) niTL Qcal olid . 1 Qca’l nkel
1 3.096 2.982 111 2.857 111 3.023 01.0 3.153 01.0
2 2.987 2,562 200 2.471 200 2.808 00.2 3.202 00.2
3 2.011 1.825 220 1.750 220 2.709 0l.1 2.842 01.1
4 2,587 1.557 311 1.492 311 2.073 01l.2 2.273 0l.2
6 1.829 1.291 400 1.237 400 1.501 0l.3 1.796 01.3
7 1.769 1.154 42 420
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Tezle 29. % = 4504, Polycrystalline film growm on rock salt.
e Hoi, f.c.c. Eo f.c.c. o hec.p. HoH, eCeDe
ALNS a « )
obs
v et gl < d 1&"\: g 11.:‘.’:0 gl '1;(.
Hos. doal hkl cal nl Cal hiko.l Aot hkel
1 3.096 2.982 111 2.857 111 3.093 01.0 2.153 01l.0
2  2.935 2.582 200  2.471 200 2,808 00.2 3,282 00.2
b 2.308 1.825 220 1.750 220 2.709 0Ol.1 2.842 01l.1
4 2.584 1.557 311 1.492 311 2.073 0l.2 2.273 01.2
5 2,079 1.491 222  1.428 222 1.786 11.0 1.821 11.0
6 1.8626 1.291 400 1.227 400 1.601 0l.3 1.7%6 01l.3
T 1.737
o}
Table 20. + = 870i. Polycrystalline film growm on rock salt.
Ring . HOHZ f.c.c, o f.cece IHo h.é.p. H0H3 he.c.p.
o “obs
e gl e 3 hic & 1 ! e
deat nkl 4oal hil ol hiz,1 Coal hlz.1
1 3.094 2,932 111 2.857 111 3.093 01l.0 34153 01.0
2 2.983 2,582 200 2.471 200 2.808 00.2 3.282 00.2
-3 2.5809 1.825 220 1.750 220 2.709 01i.1 2.842 0l.1
4 2.710 1.557 311 1.492 311 2.0786 0l.2 2,273 0l.2
5 2.079 1.491 222 1.428 222 1,786 11.0 1.821 11.0
6 1.737 1l.291 400 1.237 400 1.601 01.3 1.796 0l.3
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Tadle 31 + = 160A., Film grown on (100) rock salt.
QI"Ig ‘f‘C.C. El‘? f.C.C.
hkl d
obs . 5| T
dcc.l hkl Coal hkl
200 2.564  2.561 200 2.461 200
220 1.814 1.011 220 1.739 220
400 1.282 - 1.280 400 1.230 £00
420 1.146 1.145 420 1.102 420
440 0.906  0.905 440 0.869 440
o)
Table 32 $=170A. Polycrystalline film growmn on rock salt.
“ing d llJI‘-L.T.z fQCOC. EI‘ f.CnC‘ EI' h.C.P. EI\.'3 11.Col o
Hos obs
tUS e 2 1 3 el e 3 -
9oal hicl Conl hll doal ni. Aonl hiz.1
1 2.961 2,957 111 2.342 111 3.077 01.0 3,135 01.0
2 2,565 2.561 200 2.461 200 2.791 00.2 3.26 00.2
3 1.33, 1.811 220 1.739 220 2.694 0l.1 2.826 0l.1
4 L5477 1.544 311 1.483 311 2,067 0l.2 2.260 1.2
5 1,480 1.478 222 1.420 222 1.777 11.0 1.810 11.0
6 1.282 1,280 400 1.230 400 1.591 0l.3 1.787 01.3
T 1.147 1.145 420 1.102 420
o .
Toble 33. t = 600i. TFilm growm on (100) rock salte
s LT f.c.é. Er feceCe EX heCepe Sri, heCube
Ring , K}
oz, ©°°% 3 TRl a Tl 4. mk.l 4 )
- cal - cal - cal “° cal et
1 3.079 2.957 111 2.042 111 3.077 01.0 3.135 01.0
2  2.960 2.561 200 2,461 200 2.791 00.2 3.283 00.2
30 2.793 1,811 220  1.739 220 2.694 0l.1 2.826 0l.1
4 2.564 1,544 - 311 1.483 311 2.067 0l.2 2.260 '11.2
5 A2.069 1.478 222  1.420 222 1.777 11.0 1.810 11.0
6 1.813 1.28 400  1.230 400 1,591 O0l.3 1.7&7 0l1l.3
T 1.778
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Toble 34 t = 5502. Polycrystalline film growm on rock salt.
Ring . EfLZ feCece. Ir T.cece. Er N.CeD. ETHB hec.p.
Tos. °°° a nkl o d nkl 4 nk.l d nx.1
cal o cal o cal - cal e
1 3.078  2.957 111 2.842 111  3.077 01.0 3.135 01.0
2 2.959 2.561 200  2.461 200 2.791 00.2 3.263 00.2
3 2.793  1l.811 220 1.729 220 2.694' 0l.1 2.326 01.1
4 2.563  1.544 311 1.483 311 2.067 0l.2 2.260 01.2
5 2,068 1.478 222 1.420 222  1.777 11.0 1.810 11.0
6 1.812 1.280 400 1.220 400  1.591 01l.3 1.787 01.3
T L1.778
o ;
Table 35 1 = 900i. Polycrysialline film growm on rock salt.
Ring X ErH2 f.c.c. Zr TeCeCe Tr  hNeCepe ErH3 NoCeDe
Hos. obs
dcal il dcal =it dcal hlc.1l dcal hlrel
3.078  © 2.957 111 2.842 111 3.077 01.0 3.135 1.0
2 2.959 2,561 200 2.461 200 2,791 00.2 3.263 00.2
302.793 1.811 220 1.739 220 2.694 0l.1 2.826 0l.1
4 2.695 1.544 311 1.483 211 2.067 0l.2 2.260 0l.2
5 2,058 1.478 22é 1.420 222 L1.777 11.0 1.810 11.0
6 '10778 1.280 400 1.230 400 1.591 Ql.2" 1.787 0l.3
T 1l.592
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Teble 26.
o}
1 = 200A7gadolinium Gihycride film trated with H2 when converied

©0 heceps G,
J

Ri.ﬂg dobs Gdﬁz f.C.C. Gd. 11.0.1). GdHB th-p. C’dzoj boC.Co
-
Hos,. .
daal hll Cenl  hkel dcal hlzel deal hll
1 4.407 3.062 111 3,135 01.0 3.356 00.2 7.631 110
2 3,358 2.651 200 2,886 00.2 3.224 0l.0 5.293 200
3 3,226 1.873 220 2,761 0l.1 2,901 Ol.l 4,404 211
4 2.902 1.604 311 2.143 01.2 2.328 01.2 3.812 220
[o]
5 2.652 1.536 222 1.816 11.0 1,862 11.0 31T o
' 2.885 321
6 2.229 1.322 400 1.621 01.3 1.831 01.3 2600 100
2.544 411
Too2.1e7 2.210 420
2,205 422
Q e N ] v
8 1.3863 2,126 510

Caption for the table.

Tor GdH3 s a =373, ¢c =671
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\J
Thicimess of the films (4) Temperature coefficient of
. r631stagoe X over the range
293-353°K
150 - 0.000122
250 : 0.000148
260 0.000126
500 0.000123
700 0.000110
1600 : 0.00010
Toble 8.3
o
n ~ ~s ! s . ~
Thickness of the films (4 Temperasure coefficicat of
resis%a%oe /°% over the renge
150 0.00021
230 - 0.00022
300 0.00024
500 0.,00023
700 0.00022
950 0.00018
Table 3.5
o)
Thiclmess of the films {(4) Temperature goefficient of
resistange / X over the range
(293-323°%.
150 ‘ 0.00034
200 .0.00038
3C0 4 0.00033
700 0.00021

900 0.00021
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EnY .
JRecich s

Resistivity tivity vhen Resi@t'riﬁy when Temperaiurc
o; m“o film roon tennerciure the films were the hydrozen coefficient
in (n) " before treating heated in I, treated films of recigt-
wish fp for 2 hours at  were kent over~ cnce /X
3000¢C nignt in vacuo ox dJJ over
oS3 -
- ie fenper—
fpsem ) e ) e e toi;
(- ( “ (/V‘k-ﬂ- om ature raage
293-353°K)
150 133 10,213 10,262 ~-0.,000360
200 122 10,198 10,351 -0.000299
250 112 10,136 10,337 -0.000302
s ?
Table 8.4.
Thiclmess RQezigiivity at Resistivity vhen Resisgtivity when TCR of
oz.thg room temperaturc the films were the hydrogen ToHS /OK
Film(3) before treating heated in o for ircated films over thA
vy 29 7 A e "_], OOC 1~ L Xran e
with Ip 2 hours av 30 were kent over—~ ronge 293 -
—Crrn —Crw nisht in vao ‘:301"
(Mom) (Do) midg i gpgee 393K
150 115 10,078 10,226 -0,000310
2C0 104 10,059 10,208 -0.000318
230 97 10,045 10,192 -0.000338
Table 8.0,
Thiclmess Resistivity o Zesistivity when Resistivity when TCR of
o% the filn room $01ve‘*tu“ the filmz were  the aydrogen Dyiis /%
(&) before treating heated in Ho for treated films over the
with hydrogen were kept over- range (293-
({_qu - 2 hours ot JOOOC j’li 11_-..‘ 111 U.V cuo ;r"’w\Oj-.—‘)( 7
- I NLENT 1 o . 4
(/A ) (_AAN-Cn) G 8, Vaou 225
150 95 10,287 10,434 -0.000228
200 85 10,267 10,412 -0.000293
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0
Thiclmess of the films (4) Tcmperature cocfficient of
resistence /9K over 4he ronge
293-353°K
150 0.00044
200 0.00045
300 0.00043
700 0.00036
900 0.00035
Table 8.9.
P . O\ . o~ . ~
Thicliiess of the films (A} ‘ Temperature coefficient of
resisience /OK over the range
(293-353°K)
150 0.00036
200 0.00035
250 0.00037
700 0.00032
200 0.00020
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Thiclmess esistivity ot Resictivity vhen Resistiviity when TCR /U
of the ¢ roorn UCWUOr“*uic the Lfilms were the hydrogoq treated of ol
filmez (L) Defore trcaiing heoted in I, for films uerc kept or “ho
< ver the
ith I . . ovcrnlrpt in wvacuo
2 2 hours af 300°C o ’ rease
(293-353°K
(MAfCm ) ( MS-cmm (JASL-Om) 5720
o 7z d
150 65 10,247 392 -0.000297
200 56 10,2 10,385 -0.000212
Table 8.10.
s s - . . - . - O_
Thiclmes Resistivity a Lesxst1v1ty 1 Resistivity vhen 2CR il
of ~h Toon ﬁemnefaz the films icre Tie HJ&TO”“H over the
Tilm in before *“cuuln" heated in Iy for treated films ronge 2
(& with Ip were kent over— 353°%K

(/AAJL-O?M)

2 houLu wb‘dooo

( fAD ™)

PO A -
n1lgas Ll vacuo

(AAD—Cm)

10,119

10,265

-0.00031

200 ' 81

10,102

-0.00032




