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(1)
COMPUTERISED Abstract of Thesis.
EPITAXTAL CRYSTAL GROWIH AND FORCE FIELD

DIST LON CRYSTAL 3U; 17N
by
M. Levy.

Deposits were prepared and exgpmined in situ of KBr, NaCl,
LiF, and TlBr on rocksalt cleavage faces, end of NaoF and NaCl on
rocksalt cleavege faces, (110) end (111) faces, and of NeBr and KC1
on sylvine cleavege faces, Deposits of TiBr end NaCl on glass were
prepered and examined in the camers. Parsllel growth wes observed
in 1l deposits on ionic substrates, end sometimes o second fype

of two degree orientation of the deposit ions was also observed.

There were only nine deposits prepared in the extemal
eveporator, and these were of NaFf onto rockselt cleavage faces.
Forty percent of these experiments gave diffraction pattems
corresponding to a HeF=NaCl superlattice unit cell of dimensions
924 Angstroms, which s twice that of the normal NaF unit cell. A
gtructure for this superlattice unit cell was suggested which had
a structure amplitude corresponding to the observed intensities.

KBr deposits on rocksslt cleavage faces and NaBr deposits on
sylvine cleavaege faces both showed thet the deposit and the
substrate rescted chemically at temperstures sbove 150°C. to give

diffraction patterns in which all four halides KBr, NaCl,NaBr,



(i4)
KQ1 were obscrved to be prominent,

Deposits of Ns(l prepsved on roeksslt (001) dleavage, (110), and
(111) foces, and KOL deposits prepared on sylvine (001L) dlesvage faces -
grew in contimmed growth of the substrate surface above 909C. substrate
tenperature. Seventy percent of the deposits prepared thus were
observed o twin en (111 planes at temperatures above or when the
deposit wes hoated above 1906%C, The twhwiing is probedly csused by
non-uniform heating of the substyete mirface by the funace, thus giving
vise to strains on the aurfece, 'i’h'e affeet was never cbsexved for
suibstrate crystals alone heated to above 195%.

LiF end TIBr deposits prepared on rocksalt (001) cleavage faces
showed their preferred second orientstion of CO0IDIAF parallel to
(220] Neol as well as thet of the mormal <310 LiF parellel to [130 ]
Nefli in both m{ooz} Li¥ was persllel to (001) NaCl. This
orientation was preferred beceuse both Lir and T1Br have the property
thet [T . a(LiP or 11¥r) = a(NaCl), the orientation was observed in
specif'ic substrate temparature ranges, The deposits of TiBr on rock=
sal% cleavages and on glass showed that the halide possesses both the
caesium chloride and the rockssit type structures at room temperatures,
but et temperstures sbove 125%, the TiBy hes a rocksalt type structure
only. Lettice constants of the T1Br in these structures were found %o
be identicsl and thms in disegreement with the condlusions made by
Sehulz (1950).

Deposits of NaCl on glass vere examined both for nommal and obligque
incidence of the deposit atoms; wube fase orientation was obuerveds
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1 INTRODUCTION.

1. General Introdnction.

Bpitaxy is the name given by Royer to the phemomenon of the
oriented growth, in a definite relationship, of crystals of one kind of
material upon a crystel of another kind, A well known example of epitaxy
is the growih of Nellly from aqueous solution onta 2 caleite cleavage face
(Prankenhaim 1836). Figure 1 11lustretes this perellel arrengement of
the NelOg orystels with their edges perallel to those of the caleite
cleavage rhombs, Meny cases of epitaxy have been re'oora..ed., largely
in minersls (Magge 1903), slthough slso in the eeses of verious
isomoz‘?houa chemd.cel compounds s stuied for oxemple by Berker (1908),
vho suggested that the ocondition for e¢pitaxy wes thet the molecular
volumes of the two meteridls should be similar in megnitude,

Micrescopy, X-ray, and particularly electron diffraction are now
increasingly useful techniques for the crystellographer. After the
discevery of X-ray diffraction in 1912 by Laue, Friedrich, anf Knipping,
the atomic arrengements of many kinds of materisls were elucidsted, and in
a classiecal work, in which the optical microscope was used teo study
epitaxy, (Royer (1928) discussed epitaxy for the first time in temms of
the atomic arrangements of the substrate and deposit crystals., Electron
diffrection was discovered in 1927 by Davi;son end Germer for electrons
acoslerated through seversl hundred election volts, and independently
by Thomson and Reid for electrons accelerated through several-hundred

hades
about 30KVe The diffraction of slow electrons involves using a hr..;jayl‘to
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egplore the fidld of diffreckion, sd this is clow and ladordcus. On
the other hand, for fast clectruns, the wido ficld of Aiffracted beams
am de recorded simidtenccusly on a photogrephie plate or film, Owing
to thds and the less amoting vaomm technlque, moet eleotron Aiffraction
is now carried cut with fast cloctyuna,

Pinch s=nd Quarvell (1933) first applied the prinaiple of the
ooeaxinl electro-magnetic focussing ooll ¢o inurease the resolution
of the &iffvection pettem, also enshling the focussed boom $0 de moved
ob will over a wide arca of the specimm by tilting the ooll.

Kleoctrans, bocanse of thelr charge, are more casily socttered by
the intense locallised clectrostatic charge of the atoaic mudleus, snd
since they con enly penctrate into solid metter a fov hmdred or a thousand
/ngstroms in the besn dlrection Defore losing energy, they are
amoedingly useful for studying thin surface regions or films an massive
moterdalse Consoquently, they can e used for studying the stmocture
near the intexface Detween the substmate and the deposit, whercas
Yereye, wich ave not 90 strongly scattered snd therefore have a higher
power of panotretion, anly give information about the intemal struoture
of the materials

The presmt studies have utilised electron Alffraction to
detorine the structures of exceoldingly thin deposits near the interface.
This study hes been restricted to the growth of meny halides an rocksalt
o gyivine, and in the light of the results cdtained, some interesting
aspeots of orystal growth are dlscussod,



% Histordocal Survaye

(a) Boyer's conditions for epitaxy.

Royer (1928) proposed the word ® epitexy ® for sibstrate cmtimed
orystal overgrowth, and in his experiments using the optical microscope,
he systemsticslly explained the growth of the alkali halides end some
other salts from their solutimns onto cleavage faces of some rocksalt
conditions were necessary for epitaxy to occur

(4) A% the interface, the two @imensionsl networks of the mibstrate

and deposit must mot @iffer in size by more than fifteen
peroent.

(1) The dons in the firet layer of the deposit should eccupy pos=
itions similar t0 those which the ions of the substrate would coceupy
if the mubstrate were continued in free spaces

(444) The binding forees of the omatituents of the mibstrate

and the deposit mst be of the same type.
(iv) The stomi¢ arvengement in the third dimension plays no part.

I% must be renembered, before criticising Royer's mules Yoo
strongly, that modem teclmiques have by now brought to light much new
data; eand moreover, that Royer restricted his studies to experiments
vhioh did not give a general ploture of erystal growth.

mum(h&)mwmum
sonditions and showsd that the symmetyy of the clectrostatic fields of
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the moleales also has an influence en ovientation, partisularly when
the axiel lemgths of the deposit and the substrate cxystals differ by
sbout 15 percent, Sloat and Menzies found that this axial @ifferemce
could be as great as 30 pervent for complete orientation to take place.
Seifert (1936) (1997), Royer (1956) and Wilmen (1980) pointed out that
it was the similerity in parallel lattice row spacings which was more
important then the networks. BEllemsn and Wilmen (1948) pointed out
that the primary factor in deteminig epitaxy wmust de the local atomie
fitting as distinet fyom the lattice fitting, and they illustrated this
w&mum,mnm

Examples of oriented overgrowths between crystals of different
types of molecular bindings have alsc been found, thus disproving Royer's
thind condition. Sloat and Menzies (1951) and Beukers (1939) respectively
cbserved orientation of NHBr and OsCl onto silver, snd of NeSl omto
galena all growmn from their solutionss MHocart (1953) dbserved that
arsenclite md senamonite ordented on mica, Foyer (1953) observed
hexagonsl quinol oriented on caloite, and K0y and 08(WHg)g oriented
on zindblendes Kivdhmer end Lassen (1935) end Goche and Wilman (1939)
dbtained epitaxy of silver grown onto rocksalt, Bruck (1936) and
mdiger (1997) obtained epitaxy of other face-centred aubic structured
metals grown onto rooksslt and simdler substrates. Uyeda (1940) (1942)
dbtained epitaxy of silver grown omto rocksalt, molybdenite, zinchlends,
gelens, pyrites and stibnite, Willems (1949) obtained oriented deposits
of pentashiorophencl and cazbon tetrebromide (polar groups), and
hexaethylbenzene snd durol (aromatic hydrocarbons) grown onto mugar,
which is covalent.
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Jolmsen (1950) (1950) observed in the opticsl microscope epitexy
of Hall grows from solution onto electropblished polyerystalline
silver, end Gharpurey (1950) observed epitexisl orystal growth of NaGl
and Asglg onto s pyrites cleavage face. Webb (1951) snd Dré snd
Gharpurey (1961) cbserved epitexy of As,0, ombo yosksalt cleavages and
of gilver onte (110) emd (111) fases of rocksalt, respectively.
Royer (1951) cbserved oriented growth of hydroquinone and enthrequinone
from solution onto cleavage faces of rocksslt and LiF end of anthre-
quinone grown from solution onto (001) faces of brucite and
muscovites

™) B

- of ‘the mibstmate suxface,
Bk (1936), Lassen (1956) end Fudiger (1037) examined metal
deposits on yodicsalt and established a temperature dependence for
epiteanys shove 2 eritical tempereture there being complete orientation,

whilst below this temperature the growth was rendoms Rudiger also
found this oriticel tempereture dependence for the §rowth of gold,
silver, ond pletimum onto mica, caleite and fluorite faces. This
shows that inorease in temperature increases the likelihood of en iom
aaﬁuuﬂﬁ“ktmmw-ﬁ.m
surface, Ellemen (1948) cbserved epitemy of FbS growm on rocksalt
cleavage faces coourred as & result of en initially vandom FbS
m«umwmwm.ma
Khalsa (1959) exemined deposits of palladivm on rocksslt, snd

cbserved that certain orientabions ocourred in a specifioc temperature



ranges

Thomsan and Gochrane (1938) and Thomson (1948) Shought thet the
steps and cracks in the substrate surfoce may cause ovientation, the
deposited atoms Saking up positions in rows aleng a step and becoming
a main lattice vow direction of the deposit crystels. Drebble (1949)
showed this need not be necessarily so, beceuse vhen he grew orystals
of methylene blue on glass ruled with fine scratches by a dismond, he
found rather that meny erystals happened o grow initially in the trough
cmmmmmmmmmum
grew longer than the other erystals. Wilmen (1951), by a consideration
of rotationsl slip snd the lattice fitting between the orystals,
concluded thet steps and crasks are of minor importance in determining
the orientation of crystals, but that they may well determine the habit
and location of the deposit orystals.

(C) PN

It has been estsblished recently that one of the ways of relieving
excess strain in stomic layers is by directed disoriemtation. Evens
and Wilman (1950), Goswemi (1960), Wilmen (1951) and Brut snd Gharpurey
(1951) have shown that a diveeted dlsorientstion within a venge of rota=
thons about the nomul to a densely populated net plane offen coours in
@WW“- Bvans' and Wilmem's experiment was to heat a

8 emystal (110) cleavage face in air to 520%, when they obtained

a film of 200 in (105) orientation on this face, From the aveing of the
spots in some asimuths end mot in others, they coneluded that the
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cbserved orientetion could be explained most simply by a lemellar
rotationsl slip cccurring on the 200 (110) plames perpendisular to the
mibstrate surface. An example of such a directed disorientation is shown
in the present experiments for the growth of Naf on rocksalt.

(4) Easudomorphism.

Reforring to Rayer's first rule, it may De noted that Frank end ven
der Merve (1949) estimated theoretically that if the lattice misfit was
less than 14 peroent, then the atoms in the first atomle layer of the deposit
should take wp positions of minimum potentisl emergy om the substrate
surface, This effect was firet indicated by Finch snd Quarrell (1954)
who celled it "dasal-plane® or “interfacisl” Pseudomorphism. Pinch snd
Quarrell (1953) (1954) reported psendomorphiom for AL an platinum and
for 00 on sine, slso Cochrene (1936) for mickel deposited on etched
dlectropolished single cxystal of coppery and Glark, Pish and Weeg (1944)
in certain cases of electro=plated metals. Its infrequenqy of cbaservance
is presumsbly 3ue to the fact that the effect is confined &b the first
fow atomic layers.

The orientation of a deposit orystel mst be detormined by the
axvangement of the first two or three deposit atoms of the indtial
mualeus, md clearly, the atomic separation must be different from that
wihdch oocurs in lerge cxystals, For example, it is knowm that the
interatomic @istance of on alkali halide wapour st sbout 800%. aiffers
by sbout 8 percent from that of the solid state at room temperature. If
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such o Sndnution persisted, even at the sibstrate temperature, then in
some cases this muist favour pseudomorphism in the growth of cxystals as
for example KC1 ( K0l » 314 Angstroms solid, 279 Angstroms vapour )
on vocksalt ( No- GL = 2981 Angstzoms). This intersbomic distance
changs in the vapour state is discussed in greater deteil in the next
section (e)s

Another importent faet in considering the misfit between deposit
end  sbstrate m;mdummm.-wumm
expansion of the two meterials, for exemple, a one centimetre eube of
mt“u‘x-mmm-mwmw
deg vees G ( Wooster 1040 )o It should be nobed thet if sbnowmal
lattice constants are observed in an epitazial deposit, this may in
cortein cases, such as alkali halide materisls ( Royer 1928 ), be due
to solid-golution formation in the vegion of the intexface, rather than
%MFM

(o)

A dlassie study wes mede by Royer (1928); he found thet in growth
fron solutions, mebusl epitaxy ceourred betwoen two meterials of
rocksalt type structures when the lattive dimensions differed by not
more than 15 percent. Royer was caveful to distingnish Detween cases whem
#olid salution ocourred end when it &id mot. Ven der Merwe (1949)
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ocarried out a omeise study of deposits of rocksalt type structures
onto oach other and Schulz (1952) also exsmined deposits of rocksalt
and onesium chloride type strotures on rocksalt, I4F and caloite.

In connection with the deposition of the aliali halides and
sisdlar salts from thelr vepours, it is importent to note that the
interetomic distances in the molecules of the hot vapour is less then
that in the erystal solid state as the following %shble showste

IEL
isteria) Yopour ( Sef ) Orvetal
Mol »8 28
] 79 a4
B 289 s
Ce0l 306 437 these 56 A1) wnits 4n
o 266 yaiues in %9  ngstroms.
KBr 208 4o vmpour B2
™ar 806 giate pre 40
osr B aject to BT
Nl 290 rrorsup to 328
KL 595 oo 004 BO8
®I 326 506
os aa 595
701 .54 192
oy L46 199

‘MM?&Q%}W&WW).
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One disadventage of the Thallium halides is that they decompose
into thellium and the helogm at temperatures well below their Dodling
points end tnereiobe have $o De deposited at low substrute temperatures
and congequently low rates of deposition.

inother cbservation en Os0l, CsBr, TIC1 and T1Br by Schuls (1980),
(1980), (1961) 4s that under the epitexial forces exerted by a single
cxystal substrate, these may orystallise out with a rocksalt type
structure instoad of their nomal caesium chloride type structure.

Sdud sz investigated depositions of memy hslides om sach other, although
on dleavage feces only, fie found these four halides had rocksslt type
structures vhea deposited on NaCl, KBr, LiF,KI snd Oaf0y, and in addition
Pashley (1952) reported the seme thing for the deposition of TI0L on mica
Schulyz drew wp a teble of &ifferences in intermtomic spacings of the
slkali snd thellium halides he found to have this pmwperty.

TAILE IT
Side  JRocksalt type  Caesium chiomide tvpo.  JACfexenos.
CaCl Se 47 & 56 Q09
Cabr S 62 572 .0
Gsl e 85 8,98 12
701 515 5 58 0.7
18y 5.29 3edd 0.18
mi 5.47 3,64 0.7

ALl units in Angstrome.
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Schulz also dsposited Nall onto glass, attaching more importence
to the deposit thickness for goveming the orientation in gemeral of
NsOl on sny smorphous mibstrato, Deposits thicker than 100 Angstroms
were (110) orientsted, and for deposits less than 100 ingstroms thick,
the Na0l was (100) aube face oriented, this does not agree with the
present results for the deposition of Nall on glass. ( of, wnder
Secidon III, psxt &)

Pashlay (1962) oondensed Al vepour onto a KBr cleavage face, and
found s chemdoal roaction took place at rocam temperature, and all four
halides as well as metallie allver were cbserved to be prominent in
&iffraction pattems b the swme time. This is stmilar So the

cbservaticus on the deposition of KBr on rocd:salt and HaBr on sylvine
in the present studies.

I% is important to note that the depozmition of a material onto a
surface oftdh canses this surface to become stomically smoother; tids
waz inferred by thoe change in the &iffrection pattem during end
after deposition, This is presumsbly due to either the impinging
deposit atoms filling up the crevlces or that Hidf their mudled
crystal buds are planes parallel to the substrate surface snd bullding
out from the projections of vhich the surface is nomally composed.
memfmdw-ﬂhMtw
faces give rise to refractive effects such as were cbserved in many
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of the prosent exveriments. On the basis of this it was thought highly
desiysble to evaluate wheve possible, the meen "imner potentials® in
importent casese

Prom the Sehrodinger emustion we mey cslaulete the refractive
m-ﬂ-mwmm.m«mum
2010 %0 & boundery of space potentisl B inside a orystal, snd this
simplifies %o s~

2
M -10%
B = mesn “inner potential®, V s sccdlersting velbage.
yhﬂmtm”tﬁ.odmu

Loschkarew (1955) (1955) and Lascikavew and Tscheben (1935)
wm,m-ma-ampmemﬂw
showed hov the inmner potential & = f(x,y,2) explains systematic
Aeviations fyom Bregg's Law They evaluated B(z) in the special one
Sim“ensional case, doth for high orders and for low onders of
reflection. The most relevant aspeet of Laschikarew's and Tschsbon's
work was to plot the potentisl field over a (001) dleavage face of
sodksalte The method is long end elsborate, but may be briefly
outlined as followsie

Enowing the positions of the atohle muclei in the grating sad the
clectyon density distributiocn, it is po‘;&\uto ssledlate the potenthal
dmwﬁmdmm@fmtorﬂih)ﬂtm
slowly converging series.
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We replace the real atoms in the exystal by fictitious cnes haviang
the following properties.
(i) The Pietiticus (squivalent) stom ( or icm es is probably meamt)
pousesses spherical aymmetxy.
(i1) The fictitious grating has the same scattering factors as the
Teal onee
(441)The centres of these equivaient ions are situsted at points
in the real grating
(iv) The electron fieids of vhe real and imaginavy sets of ions
pust overlay cne ancther
B (xeyps) mast be Loth & continucus and a regular function in ey
ionie cwystel, and the arwivel of an alien jenic cxystalline deposit will
tend to distort this fleld et the interface dut in ro way to meke 1%
diseontimous.

The potential field over a vodksalt (00L) cleavage face is showm
in Figare 2

A deposit anion tends to take up a position over a cation of the
substrate surfuce providing it has enough energy to move to this poimt, it
being o position of minimm potentisl energye JTherefore, a deposit cation
arriving in this atomic location willi have a minimun distance of appreach
to the deposit anion, and on this basis will take wp a position of minimm
potential energy relative to the combined ¥ield of that part of the
mibstrate's surface and the deposit anions Finch and his collsborators
(unpublished @iscusshon at the Royal Society in 1951) therefore postulated



that the first two atoms of sn fenic depoeit on en ionic cxystal
doternine the orientstion, if any, that the deposit atoms will take upe
A claentayy cmsideration of a meshaniecsl model represanting the two
erystals would show this to de 80, although the proof holds culy for an
sbamioally smooth region of the substrate's surface

Prom this point of view it is possidle to wutline a set of conditions

govemning oriented overgrowths,

(2) The distance an impinglag deposit atom moves belore beoondag
®atshla¥ This dopands on the positian en which it first lamds,
the rate of deposition, the substrete tempermture snd the engle
MWNWM'WmemM

(b)houhdmdm This ecse of growbh of the orystal bud
aapmﬂpmmmmrm”m(a).

(0) The method of exrivel of the deposit stoms, in groups or singly,
and the effoct n surrounding potential ficld,

(@) The themal vidretion of the loms in a orystal. This amplitede
is of the oxder of *1 Angstroms, but inareasez with increase
intqmmdthw‘onmhmamddembloaffs&mwm

of a deposit in an orderly form or otherwise.( of. L.  2(b).)

4 Alm of the present work snd nature of vegilts.

The sim of the present studies wes %o examine in detsil the caystel
o N~
m«Mtumamgenmums
gylvine snéd other substrates, and to correlate the results cbserved with

the four factors listed above at the end of section 3. Hitherto, there
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has not been much information availsble conceming the epitexy of these
materials,

Hany new and interesting aspects in the prosent research was
cbsaaved, A Nl = a0l superletiice ws discovered and o possible
structure suggested; this swperxlattioe wilt cell sirze was 9424
fngstrems, which is twice tnat of the Nomwal NoF wnit oell, A case
of what wvas thought o be directed disorientation for a deposit of Nal
grown onto yooksall was aiso observed. KBy was found to reast with its
sibstrato when deposited unte rouksalt end similexly for Nabr gyown
onto sylvine, Both thes’e sels of experiments gave diffrection pattems
in whiech all these four halides, NaBr, Nall, Kir and KOL were oLaserved %o
Yo prosinents Mol ws cbaorvod to tuin vhen deposited ube 1eksalt
eother in a specific tesperature range or when a deposit was heated
w %o a temperature within this range, also besutiful secondazy
scattering aud refractive cffecis were cbeorved. LiF and TiBr both
adopted identical secand type of two degree orieatetion in a specific
Semperature range, and TABr was obsexved in both a roaksalt type
strueture, sad in 2 mixture of a rocksalt type stiucture and its
nommel cacsium chloride type structures.



a 674 Fig.5 aL96é.



Rocksalt end sylvine substretes were prepeved by oleaving oxystals
10 millimetres square by 3 wiiiimetzes thick off the main owystal
blocks. fodkselt erystals were provided by Milger and Wasts and
Professor Pohl of Gottingen provided the sylvine czystals. Loose
particles dus to cleavage were renoved by gently mubibing the edges of
the freshlfy cleaved erystel with a clean filter paper snd then drushing
the surfoce with o &y grease~frec esmel hair paint drush, This
treatment reduces the tendemcy of the substrate crystal to charge up
when exsmined with an electron beam, and thms improves the @iffraction
pattems, Migure 3 illustretes the typlosl #1ffrection pattem which
umm-ﬁa(m)amm

(130) and (311) faces of rocksalt were prepared hy grinding Blodks
wmcwamawommmmn-sm
wheal, then grinding by hasd in altemating /2007 sna [0207
directions from ¢ emory dowm %0 0000 emexy., This new face was then
stahed in a stream of running cold water for two seconds, plunged into
shsolute alochal snd then dried on filter paper. Pigures & end §
show typiecsl @iffzaction pattems dbserved from (110) and (111) faces
prepared in this wys ALL thyee types of crysbel faces were used
whilst fresh as possible. |

Glass substrates were microsoope slides alasned by immersing in
a sslution of methyl slechel mid nitrds aokd, washed in distilled
water end then dried on a clean filter papers The microsoope slides
were sbout 8 centimetres long and although this mesnt difficulty in



cblique incidence of the deposit stoms desm could be examined st the
sane time,

For material 4o be deposited, TIBr was prepared by treating a
strong salution of TINO with exsess hydrobronis asid; this solut
wms then evaporated to small bulk and left to exystellise, the
exystals were then dried on filter papen AL other chemicels used
in the present studics were the mommal Hopicing and Williams products.

A Pinchetype electron diffraction cemersn ( Pinch snd Quarrell
1934, Pinch and Wilmen 1937 ) was used in the present studies, with
voltages in the range 50 to 65 KV. , a cemers length of spproximetely
48 centimetres, and st working pressures below m"m
m-cmemumemum
carried out using a Vickers Projection Microseope and megnifications
between 200X and 600X, An adventage of yocksals, sylvine snd glass
is that their transparency ensbles ane to use either the reflection
or the transmission methods depending on the thickness of the deposit
to be examined,

The method of heating the mibstrate erystal vas by an
electrically=hosted “N'eshaped malybiewm $ape, insulsted from the
eopper apecimen carrier platfoms by a 3-millimetre thick porcelain
diso, A clean sheet of mice about 2 centimetres square was placed

53923549 2 |§21'385 8733 (043)
LEN



is,

between the fumace and the base of the substrate exystal to ensure
wnifomm heat trensutission as far as possible to the erystal and also
ummmummmumm Rogk=
salt and gylvine can be hested up fairly repidiy as they arve better
eondnctors than giass) a mloroscope siide takes sbout {ive miaubes to
umqumﬁ. without breaking, The themmocouplie rested on
top of the mibstrate euystal end sbout § ceutimetre away from the
sprung spocimen alip, whieh held 1%, together with the whale assembly
of porvelain dise, fwmace, mica sheet and crystel against the dback
of the mpecimen earrier platfomm. mmnnmmmdm
e nomal sized cleayage crystal ( lOmwm. square by Smme thick) wp
to ebout 400°C "

The junction of the thermcoouple sonsisted of s copper-constentin
welded join each of 40 S W G g whose leads passed, like those of the
fumece's, threugh the dack of the specimen carrier.Poth the fumace
end the themmooouple leads passed through porvelain beeds inset inside
8 millimetre dameter bored hales, the outside of vhich was placed a
covar, uta;-glam.sul soldered onto the specimen carrien The
thermocouple leads wore then conmected to an emgine galvonomoter reading
wp to 350°C. end especislly designed to be used with such a Junetion.
mmmemumewuma
the radiation and the energy of the incldent atoms from the hot
dspositor filament.



A tungsten wire decharger filsmemt, of sbout 200 wolts
accelerating voltage, was used in the majority of the present
experiments, as rocksel$, sylvine snd glass, Deing insulators, ave lisble
to charge wp when bomberded with clectrons at low grzing incidence. The
decharger filament was never needed after dsposition was carried out on
ionic substrates, although the electron diffwaction pattem indlcated
by very strong refractive effects, that the deposit crystels hed very
mwooth faces pmmsllel $o the mibstrate surface.

A tungsten wire was used for the depositor filsment, its geuge snd
shape being adopted to the type of deposition to be carried out. The
mmmwmmuc&wu.mul-
A C ciroult with a rheostat in serles to contyel the filament tempe=
roture. The depositor filement was flashed in vacuo before using, thus
dleaning off any impurities ( oxide, grease etc.), and at the smme time
the current was adjusted to maintain the required rate of deposition,
The depositor filament could be moved as far as 8 centimetres away from
the substrate surface and down to smgles giving almost horizontal
incidence of the deposit atoms' vapour stresm.



LI BESULYS
1. E8RSdcposits on rocksalt cleavage, (120) end (W11) faces.

In the present experinents of depositions of NaF from the vapour
condensed anto (001) cleavages, (110) and (111) faces, parellel growth
was observed in all cases where the substrate temperature varied in the
renge 9090, %o 220°0, In these cases of parallel growth, NaP ( a = 4.624)
growing with its lattige axes perallel to those of rocksalt, has a misfit
of spproximately 18 percent. Depositions prepared below substrate
temporatures of 90%, were cbserved to give random deposits, and those
Mmmmcmwm gave disoriented deposits.
mmmwtumamum@ummu
prepared on (001) oha.vm end (111) fm( see Tsble 111), such may
be expected in view of the large degree of misfit. ( 16 pervent)

The first nine experiments on (001) cleavage faces were carried out
in an extemal evaporator, this involves higher residual air pressures
(omdn)mmmmmm#thmmnmm
the specimen to the camera for exsmination., After cemw
were noted, itmdod.dodﬂnt‘dlﬁat\m depositions should be prepared
in the higher vecuum of the diffraction cawera and examined in situ wdthout
contact with aim It has already been stated that the residual air
pressure ingide the comers was less than WS, ,

Table III shows the results observed and their proportion.



Depositiens carried cut in the comora,
(oo2)
(o01)
(o)

(110)
()

4 (ocor) - 67 ©
2 (oo1) Shacrveds - D
10 (om.) : - - B
5 (o01) - e e
s (oo1) Cbasrved onee - -

* (001) = {002] WaP parallel to (001)Ma01,<LOONS? poreliel to (M80]NeOL.
Referénces: A~ Substrate temperatures about 130%C,

B= Swperlattice diffraction pattems observed.
G~ Alleged directed dlsorientation.
D~ Substrate temperstures about 160°,

P= Substrate temperatures shout 200°0.

Neposite nrepared both in the external ewsporator cnd in the
elestyon Mffraction cemers were axtremely eonsistent in their
yeprofnoeshility at sny given deposition conditions. It should be
noted however, that the depositor Pilsment.sms closer to the sibstrate

surface for depositions carried cut in thé extornal cvaporator than for
those prepared in the csmera, end therefore, not cnly effects due to



deposition at £ higher residual air pressures during deposition and
to the effect of eir when transferring the specimen to the camera for
examination have to be considered, but also the higher substrate tem=
perature during deposition, ml’bd.na due to the greater radiation
effeoct of the depositor filament. ( It has been shown, that &uring
deposition, the temperature of the substrate surface is raised by
Mmmg(mmﬂ ) The fast that all deposits
prepared in the evaporator chenged but little when left in alr for a
few hours, this being cbserved by the fact that diffraction pattems
before and after leaving in sir show mo change, implies that although
molsture may have had en effect on the deposit crysbals, then this
effect mist have been either fairly rapid or almost instentanecus.

Deposits prepared below substrate temperetures of 90°C. were
dbserved to be random polycrystalline; deposits prepared between
sibstrete temperstures of 90 C. ond 220°C. greww parallel to the
substrate lattice rows; dsposits prepared sbove substrate temperatures
of 22090, showed more or less a spread of orientation from the meen
epitexial growth, and at 300°C. the disoriemtation is almost
oqlmmmdtmndlmmmtobommm
The spread of orientation wes indicated by the areing of the
aiffraction spot pattorns. AM%&:MW
structure and tempereture was cbserved for deposits heated sbove their
w‘huumt&m“abnn“m






prepared at roon tamperature, i.e. randomy were to be heated wp
slowly to 300°Centrigade, the following process would be cbserved:e
The initially rendom deposit would be tranformed into a simple spot
pattem inferring parallel growth hed ocourred ( at 90%entigrede)
and then to become disorientated at 220°C, , and when the exystal
had been heeted to 300%°C. the deposit orystals would be cbserved random
again. Tt was noted éhat hesting a deposit vhich was prepared at &
sibstrate temperature of sppromimately 100%C. up to about 250°C.
pro@uces the same results as lesving the same deposit without this
treatment in alr for about 24 hours, in both cases the diffyrection
pattems showed that the depesit orystals had become disoriemtated.
It may be inferred from this that hesting 2 deposit in vaecuo or
m.mtamwumtummmmh&‘
same effects Moreover, since (110) orientation was never cbserved
in deposits prepared in the camers and when left in air, and was
cbserved in all deposits prepared in the external evaporator them the
orientation is either @ue %o the fact that the depositor filsment is
quite close $o the substrate surface in the extemal evaporator or
more probebly dne to the depositions being carried out at higher
residual air pressures ( sbout 10 mm.) then for those deposits
prepared and exsmined in the camere. ( about 10 omn )

s example of what was thought to be e directed disoriemtation
ghout the nomal to the (111) planes is shown in Piguves 6 end 7.
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This is inferred by the observed areing of the spot pattem in some
observed vhen the NaP deposit was doth thin and prepared at both a low
substrate temperature, about 95%entigrade and low retes of deposition
otherwise a thicker deposit, greater than shout 100 Angstroms,would
tend to mask the effect,

Deposits prepared on (00L) cleavage, (110) and (111) faces, all
yielded deposit cxystals having more or less smooth faces parallel to
wu»mhmmmmrmmom smooth
in the cases of deposits prepared on (110) end (111) faces.

In the relative ecxperiments where suéc rocksalt projectdd cut and
through the deposit crystals as a resuli of recxrystallisation, or vhen
the deposit crystals were thin enough ( sbout 100 Angstroms) so that ‘
both Nell as well as NeF were cbserved $0 Be prominent in diffyection
pattems, then the interatomic distance of the Naf could be caloulated
accurstely by rocksalt comparisom. It wes found to be 2,8 Angstroms
relative to Na-Cl = 2.8l Angstroms in all these cases. This value is
in excellent agreement with Xeray data ond indicates that effectively
no solid-solution was fomed.

uuwhmm“;umwm
fire cbserved, slthough these indicate this} effectively no selid-
solution was fomed, an undetecteble amount may bde present.






Referving back $o Teble III, it is mentioned that in spproximately
ane third of the total of the deposits prepared in the extemmal evep=-
oretor a superlatiice of NaF « Nafl was observed, this never being
obteined for deposits prepared in the camers, The superlattice
pettems are shown in Fighres 8 and ? and were cbserved to be the same
over the whole of the substrate surface; also, tho seme pattems were
ungchenged after a deposit wms left in the atmosphere for sbout 6 hours
anl replaced in the camern for yewex. "'

As these two plates show, & oentredesquare pattom is cbserved
for the beam in the (10) azimuth instead of the normal square pattem
without the centering peint, end & half-sized centred {2 rectangle
instesd of the full-sized one for the besm in the (110) astmuth, From
this it is ooncluded Shat the Noll ~ NaOl superlattice was formed, and
had a face=centrod oubic wnit cell of dimensions 9 24 Angstroms
relstive to that of rocksalt ( 5263 Angstroms ), this superlattice
wit oell is twice as large aa that of the ordinary NaF unit cell. No
solid solutien of NaF and Na®l appears to have been cbserved previously
nor would ang de oxpected in view of the @difference in misfit bDetween
the F and the 01 ions,

A possible unit oell corresponding to the cbserved extinctions
and spot intensities is shown in Figare 10, and the structure
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amplitude for the hk0 or khO diffractions correspanding to this isi=

c-{(m.au)mri,(a.&)..u{,(n-x) |
oﬂlno!)cuﬂ’(hok)
oKhthok)}-M{? m[}

muwmtmuuurm
spproximately proportional to their atomic mubers, i.e. 11, 17 and
9 respectively, then

l:_l% "““4"'-?‘“"? he=k) « l.mq,(hok)
¢ Tecosei{ o k) ;Mﬂ?'&q

Pigure 11 shows the caloulated intensities for the diffrections
in Figure 8. muuwg&mmwmu
o the unit oell illustrated in Figure 10 fits in with the data. The
same pattem as Pigire 8 would be cbserved for the beem along the
a ord cube edges. The unit ecell in Pigure 10 is not truly cubic
as & close exsmination will show, With the beam along the /110 7 or
the /” Ti0_7 directicons, a centred /2 rectangle similar to that
cbserved from Na¥ would be obtained but with the beam aleng for
m..[in]nm@.aw%tmf;m
would be obtained such ns was actually observed in Figure 9. There
is probebly a statistical variation of the arrenfement of the F anfl



the Cl ions corvesponding to regions of such a superlattioce
Mammm.‘ﬂmbmmm
pumallel So those of the rocksalt substrate.

Vhat causes this superiattice is mot entirely clear, and
presumably, since it was aaly observed in deposits prupared in the
extemal evaporator and not in sny prepared inside the camers, and
moreover, was stable when left in air for about 6 hours, then it is
uuuwuﬁﬁmmmmmuunu
on almost instentanecus effect of the moisture in the air whilst
transferring to the camera for examination.

smwommuwmmw
means other than deposition of NeF on rocksalt in vauo. Pirstly,
malecular proportions of NeF and NaCl were taken, and then dissolved
in distilled waten A little of this solution was places on Gop
of a freshldy preparedbellodion film and same grephite dist was
powidered undemeath the film, thus cxrystallising in the vacuum of
the cameras The ring pattemms cbserved showed mainly Nall rings
with a few Ne¥ rings showing up faintly. Changing the concentration
of the solution, by meking it both stronger and weaker, or even
bodling before using made prectically no difference and again both
Nell and NaF rings were observed, end slways in rendam polycrystalline
formation.

Secondly, molecular proportions of the two alkali halides were



taken, mixed together thoroughly, and then melted in a porcelain
crucible by the heat of two bunsen bumers. This process took about
five minutes continmmous heating before the melt was assumed to be
conpletely combined; it was then left to cocol. A piece of the solid
malt was broken off and ground in altemating directions on graded
emery paper down to 0000 pepers The specimen was not etched in
wum:thwwnmﬂtfm““
mm-ma—‘vcmmn-:mwu
was gently brushed with a dry grease free camel hair paint brush $o
remove excess particles due to grinding from off this face. A
reflection diffraction pattemn was then taken and it was observed
again that a rendom polycrystalline set of rings were in evidence
indicating NaCl mainly and NeF faintly. A piece of this solid melt
was broken off, ground to a fine powier and a little placed on top
of a collodion film with some grephite powiler on the underside of
the film. This again indicated sharp intense Nall rings and faint
Ty ringse

Therefore it has been shown that the superlattbwe is only
reproducesble by chance, and then only in the case of deposits
prepared in the extemal evaporaton



29.
% KBr deposits on rooksalt end NeBr deposits on sylvine(oleavage faceg).

It was noted than vhen a KBr deposit prepared on rocksalt was
heated sbove approximately 150° Centigrade or when deposited at
substrate temperatures above this temperature, than o chemical
reaction took place between the substrate and the deposit materials,
The same thing was observed for the deposits of NaBr prepared on
sylvine cleavage faces, and therefore, on this basis, it was decided
that the two sets of experiments be teken together and compared
where possible. |

is only slightly endothermie and thevefore, the only factor which
would influence the reaction to move in a definite direotion, i.e
left to right, would be the excess of one or other of the halides
involved. It is obvious that the halide in excess is that of the
substrate, rocksalt or gylvine, according to the experiment, end
therefore, for example, when KBr was deposited anto rocksalt cleavage
( 001 ) faces, NeBr and KC1 were to be expected to be the prominent
halides cbserved in the diffrection pattemms; such was the case.
mmuaMuwuummm
in the @iffraction pattem this masé not bsHecessarily the product



of a chemical reaction but may De well due to the fact thet for thin
deposits, the projections from the substrate surface pierce the
deposit layer and give rise to a @iffraction pattem which
corresponds to the substrate crystal and not its recrystellised
foma

All deposits, both of XBr on rocksalt (001) cleavage faces
dmuﬂﬁu\(m) alcavage faces, were prepared and were
whﬂn“mdﬂnmlm Deposits
prepered below o mbstrate temperature of 90° Centigrade were
random polyorystalline, end those prepared in the substrate temp=
erature range of 90° Centigrade to 250° Centigrade gave either eme
or more halides but always in parallel growth to the mibstrate.
Deposits prepared above 250° Centigrade mibstrate temporature begin
to become disorientated from the mean epitaxial growth; this belng
detenmined by the spots in the diffraction pattems beginning %o
are from their mean. About 300 “Oentigrade, the disorientation is
omplete and the diffrection pattems usually cansisted of four
ring pattems corresponding to the four halides NeBr, LBr, Nafl
and Jiff K01 respectively.

Psble IV shows the halides which were observed to be most
prominent in @iffrastion pettems snd their respective substrate
. -
temperatures, and then the trectment undergone and the new observance



KBr deposits on rocksalt cleavege faces.

2 90°%. -160%. EBr  Hig to 0.180%. NeBrmKBr

5 90%. -260%. KBr  Lwg.in air 20k, All foun
NeBr deposits on sylvine cleawvage faces,

5 900, ~140%. NeBr Heng. KBr,NeBr & NaOl.

s 900, «240 0. NeBr Lwng in air 20h. ALl foun

1 170%.~250%.  KBnKCLl.  Do.. Do..

1

200°%. All four halides &isorientated.

mu.““vmmm-um
of Pashley*s(1952) vhen he found that AgUl dsposits prepaved from
m@mmammw-swunnmn
room tempersture to form all four halides Agil, KBr, AgBr and KOO
es well as metallic silven

As table IV shows, there were more experiments of NaBr on
aylvine than of KBr deposits on rockselt, this is becanse the
reaction slways took place at 150° Gentigrede for the latter set
of experiments but for deposits of Nebr on gylvine, the reaction
tock place at temperstures vaxying bebwesn 140° G. and 160°0,, the
reasen for this was not known but couid e due to the slightly



endothermic nature of the regetion., This means that a set of
experiments on the exocthermxic reaction :=

AeDB 0 oDsk ( apositive sumber of calories )

would give a more consistent set of results than attempting to
determine the reaction temperature of en endotherwic reaction e

AsBuledek

nummummu&aﬁmsm
heat is given out, end that is why the tremsition temperantuve is
more mazked than in the case of deposits of MaBr propared an
sylvine cleavage faces, Lecause as the temperature slowly wises to
sbout 150° Gentigrade the reaction can omly take place by absorbing
heat from the sylvine substrate, and so the temperature may drop a
little although it was still being heated.

The mechaniam of the reaction is very complex, as themmal
effects, and therefore both the modility and migretion of the ions
over the sibstrate's surface would have to de considered. Thexe is
a progressive interchenge of all the four ions Na, K, Br and G
sbove 150° Centigrade, both over the mibstrate surface and at
right engles to this @irection, i.e into the deposit according
%o the deposit thickness.



Fig 12 2s73



Table IV shows that there were seversl cases in which all the
four halidess= NaBr, KBr, NeGl and KOGl were cbserved %o be
prominent in diffraction pattems, a typicel one of these is
ghown in Pigare 18.

The imteratomic distances were calculated from this plate by
camparison with that of rocksslt ( Na = Ol = 2082 angstroms ) and
were found to be 596, S1), and 3206 Angstroms for NeBr, KOl, and
EBr respectively. These three values are in excellent agreement
with X~ray data end therefore indicate that effectively no solid

KBr deposits prepared on rocksalt at substrate temperatures of
90° Gentigrade to 140° Centigrade showed the KBr to be growing
parallel to the sibstrete, but heating above 150° Centigrade
camnses the chemical reaction to take place and the yocksalt acts as
wnmumuwummw_um
in aiffraction pattems. The same thing holds for NaBr deposits om
sylvine when Na0l snd KBr were cbserved to be the most prominent
in the &iffraction patterns. The same relation between structure
and temperature was observed when a deposit was heated above its
sibstrate dsposit temperature. For example, when an initially random
room tempersture deposit was slowly heabed, it then grew in pavellel
Mummummm and finally
@isorientatod when the sibstrate temperature reached about 250°C..



These two sets of experiments were undertaken seperately, but
since the results were cbserved to Le identical in doth case, and

this was of course expected, it is proposed that they be considered
togethers Rocksalt and sylvine (0C1l) cleavage faces yield the same
type of diffraction pattem as each other, and moreover, examination
of these faces by the Vickers Projection Microscope indicated that

twmcwmmmw..w—-t
portions of the surface and parts composed of step formation which

‘lnthonzfnoﬁ;wpmctbmm

All deposits were prepared and exsmined in the higher vacuum
of the camera without exposure to air, and examination of the
thickness and aggregation state of deposits was carried out using
a Victers Projection Microscope with megnifications varying between
200 times and 600 times. It was found eesier to examine thin
dsposits, sbout 700 Angstroms thick, by methods of phese contrast
transmission, this giving more contrast and definition. Deposits
thicker than 1000 Angstroms were examined by reflection, and the
aefinition increased by lowering the intensity of the light. It is
inportent to note that althigh specimens were trensferred frum the
camera to the microscope as quickly as possible, the atmosphere had
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had ample time to effect the deposit so that the growth cbeerved was
not necessarily that which was obseved in the camers. If the alr
had had an effect, then it must have been fairly repid as mo further
change was observed vhen the specimen was left in the microscope
for a few hours.

Ne0l deposits on roeksalt (001) cleavage, (110) and (111) faces
prepared at mibstrate temperatures below 90° Centigrade grew in rendam
polycrystalline formation, as @14 KOL deposits prepared ot the same
temperatures on sylvine cleavage faces. However at mubstrate towe
peratures botwoen. 90° Centigrade and 220° Cantigrale, both doposits
of Nall om rocksalt (001) cleavege faces, (110) and (111) faces,
and KC1 on sylvine (001) cleavages grew in continmed growth through
the substrate structure. The tem'continued growth*has to be used
becsuse slthough the growth is paraliel the tem'epitaxial®does not
epply 8s the substrete and deposit orystals ave not different materials
and thus not correspanding to the definiton of epitaxys

All deposits prepared at substrate temperstures above 220°
Centigrade were observed to have beccme disorientated, as was
determined by the spread of the diffraction patterns in ares from the
mean, A similsr relationship betwedn structure snd temperature was
Mtnamtmnumsunnmmt
temperature. For example, consider an initislly random deposit
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of NeCl prepared on a rocksalt (001) cleavage face when heated
slowly up %o sbout 300° Centigrade would be cbserved to grow in
oontinued growth of the substrate's surface when the temperature
reached sbout 90° Oentigrade, and when the temperature reached
about 195° Oentigrade the deposit crystels were cbserved to twim o
(111) planes in 5 experiments out of 9. Heating sbove 2%0° Centi~
grade causes the deposit crystals to Decome disorientated and at
about 300° Centigrade the disorientation is complete and the deposit
is in vendom growth again.

Mm example of this twinming is shown in Figure 135, it probebly
ogeurs in all cases but usually the deposit was thick encugh to hide
the effect; twinning of the rocksalt ( or sylvine ) substrate was
never cbserved when it elone was heated to or sbove 195° Centigrade
and therefore the twinuing id due to a temperature effect on the
deposit cagstals, and not due to an epitaxial misfit. A possible
explanadion is that the electric furnace used for heating the
substrate crystals mey have caused uneven heating of the substrate
surface, which is camposed of steps; this would give rise to strains
at the surface which were mechanical in nature dbut had exactly the
same effect as that of an epitaxial miafit.

Pigure 14 shows a typical pattemn observed of a Nall deposit



a 70s -
Fug. 4.

;RﬂJSI,




on a smooth rocksalt face. Deposits on all rocksalt (001) cleavage
faces, (110) and (111) faces, and on sylvine (001) cleavages showed
such typical besutiful refractive effects, especislly deposits

of Nall prepaved on rocksalt (110) and (111) faces.

Micrographs taken on the Viskers Projection Microscope showed
that the higher the mubstrate temperatuve, the higher the state of
Woad’th?'dmod.twnd-mlwwm
Pignres 15 end 16 shov micrographs teken of deposite prepared at
room temperature and at a substrate temperature of 100° Centigrade
respectively, The darker patches are where the aggregations of
deposit erystals ére present, both these deposits are about 2000
Angstroms thick.

Breathing on the deposit inside the microscope csused the dark
patbhes to become visibly lighter which seemed to indicate that the
deposit oxystals hod fused with the substrate surface to form a part
of the mein cxystal block.



IAPF growing with its lattice axes perallel to those of reocksalt
has a misfit of spproximately =29 percent. ( Id=F = 2.00 Angstroms,
Na=Cl = 2,81 sngstroms, ) Therefore LiF possesses the property in
common with TiBr { Ti~Br = 1l.99 Angstroms in its rocksalt type
structure) that =

J2 o (17 or fdf TBr ) = o ( Weol )

This &8 wy the preferred orientation of {001}14F parallel to (001)
Ne01,(110D 14¥ parsllel 0(200)Na0) was cbaerved as well as the
nomel two degree orientation of {001\ LAF parellel to (00L) Meol,
{28057 parellel to(100|Nell. Both these preferred second type of
two gegree orientations, for IiP and TiBr were cbseved only in speci-
fic temperature ren@es. The ordentation of ¢(1IDLAF is preferred
parellel to(200|Na0l as the misfit in this position is epproximately

At sibstrate temperatures below 105° Centigrade, the IAF grew
in rendom polycrystelline form, and st substrate temperatures
between 105° Centigrade and 230° Centigrade the growth was cbserved
to be parallel to the rocksslt substrate. Deposits prepared at
sibstrate temperefures sbove 230° mmmwum
uum<m§u<m>mmu[m3m in both cases
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the (000] Li® was parellel to (001) NeOl as Pigive 17 shows.
Deposits prepared at mibstrate temperatures higher than 260°
Centigrade were observed to become disorientated; this being
determined by sreing of the mean dffrmction pattem and spresading
from the meen spot pattermn. At 320° Oentigrade, the disorientation
is camplete, and the deposit cxystals were cbserved to be in random
polyorystalline fomation sgain. Buactly the same relatien between
structure and temperature wes cbserved vhen a deposit was heated
at or above its mibstrate deposit temperature. For example, an
initially rendom room tesperature deposit when hoated slowly to
sbout 350" Centigrade would be first chserved to grow with its
lattice axes paraliel to those of the rosksalt sibstrste and then
when the tempevature had reached 230° Centigrede, the deposit would
be cbaerved to adopt 4ts second type of two degree orlentation alsos
this being {001} 14F pereliel $o(00L)Ne0d and(TAOVLAF peraliel to
aos]c.

Pigure 17 gives an emsellent opportunity of measuring the inter-
atomic distence of LiPF by comperison with that of rosksalte ( Na=Cl =
2.81 mgstroms ). Feom this it was found that Li-F = 2,00 Angstroms,
vhich is in exvellent agreement with X-rey data and thus not
chmm-c.mi.&mu.m.nm
wmummmv.mmm«mmc
spots, ocne in divect arithmetical relation to the other tend to
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be compliceted and overlep and coincide with cach otherj this causes
confueion in determining which diffraction spots are caused by the
1i¥ and which are caused by the rocksalt substrate

‘M“%M‘-ﬂ”dﬁwm
parallel to the mibstrate surface is shown in Pigure 18, where we
have revesled the two types of two degree orientation of the LiF,
secondary scattering of the IAF primaxy diffrections, this pattem
slso shows recrystsllisstion of the rosksslt substrate, the die-
orlentation of the LAF deposit oxystals from their mesn positions
snd finally the mossic Bature of the rocksalt interface which appears
%o give the whole pattem a rotation of approximately 3 sbout the
central spote Muummmaa-
14F pattem, this is a property common to all 3iffraction pattems
where the 200, 220, 020 eta. diffractions are very intense, but of
muqmumummm”
sise to snother diffraction pattem which is not coineiflent with
the main ones



Schuls concluded that T1Br grew on rocksalt in an sbnormsl

- ryooksalt type structure instead of its nommal caesium chioride
lengths of the TAiBr in the rocksalt and in the cassium chloride type
structures differed by *15 Angstroms. The experiments carried

out not only showed thé similarity with deposits of LiF prepared
on rocksalt (001) eleavage faces but also how @ifficult it was %o
reconcile Schulz's statementswith the experiments desoribed below

At smibstrate teiperatures below 100° Centigrade, the T1Br
grew in rendom polyerystslline formation on its rocksalt substrate.
At substrate temperstures in the range 100° Centigrade to 130°
Gentigrade, the TiBr was cbserved to grow in e mixture of both
its rocksalt type and cassium chioride type structures and moreover
in two type of two degree oriemtetions ( of. III 4 ) of{ 001} TiBr
parallel o (001) Ne01, 100> TiBr parallel to(100) Naols(oo1) TiBr
parallel to (001) Netl, (110D TiBr pareliel to (100) NaCl. PFiguve
19 illustrates this complicated phenomencn end slso shows the rock=
salt substrate projections giving rise to & further &iffractiem
pattem almost coincident with the main ne

At mibstrate temperatures in the range 120° Centigrede to 380°
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Fig- 21, ains <iq. 22,
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Geatigrade, the TABr sdopts its Tosksslt type structure enly, Figure
20 shows TiBr in its rockselt type stmcture and also the rocksalt
substrate projections showing through and thus giving rise %o a
socond @iffraction pattem affording sn exvellent opportunity for
measuring the interatomic distance of TiBr in its rockselt type
structure by comparison measuremant.

mn.ManMmmutn
similar deposits of LiF on rocksslt (001) cleavages, shows that
F1Br in both rooksalt and caesium chloride type striotures have
mumfmmuwmntu
cu-xt.nqnmr-dua.dm this was confimed
by Pigare 20, and the resuilt is in excellent agreement with Xeray data
and thus not indlcative of the formation of solid selution.

Figures 21 end 22 shov deposits of TiBr on glass at Toom
semperature and at 150° Centigrade respectively, these indicste
both rocksalt and eassium chloride type structures in random
palyerystalline fomstion with orientation in (110) planes in
deposits prepared sbove 100° Cemtigrade glass substrate temperature.



6 Ha0l deposits on gless,

Schulz ( 1949 ) concluded that Nall deposits prepared om
amorphous mibstrates were (110) orientated for deposits thiaker
then 100 Angstroms, and cube face (100) orientated for deposits
thinner than 100 Angstroms. It was found @ifficult to reconcile

these statements with the experimental results described in the
section below.

All deposits were prepared and examined in the higher vacuum
of the diffraction camera without exposure to air, the microseppe
glides used as substrates afforded cpportunity of exsmination of
mummnmm&mwaﬁ.—
tine, mm\u-mﬂmmnnmt
deposition except that no orientations were visible and gll
obliquely deposited atams were observed to form large orystal
blocks in rendom polycrystalline formetion. The only difficulty
was loading the smibstrates, which were sbout 8 centimstres long
into the specimen port, and then again, all such substrates had
to be heated up very slowly before deposition to aveid breaking
the glass.

n..unm‘mmwmw
Centigrade showed randam polyorystalline fowsation of the deposit
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orystalsj tiose prepared at substrate temperatures higher than
100° Gentigrade showed cube face (100) orientation for normal in-
~gidence of the deposit atoms® path ( see Pigure 23 ), and no
ofientation at all for cblique ineldence of the deposit atoms’
peth, ( see Pignve 24 ).

Both these diffraction patterns were taken off the seme
specimen, and & mibrograph of the same specimen, i'igure 25,
showed the deposit orystals $o be aggregated into large blocks, and
also the deposit thickness to be sbout 1000 Angstroms, and thus in

 Breathing om the specimen whilst in the microsecope paused the
erystals to aggregate into larger blocks and leave quite large
spaces between themselves, u-mm‘u}m
in the ceamera gave negative resuits, snd only a faint random

polyerystalline deposit was visible.



Parallel growth was observed between the deposit and the

sibstrate for all deposits prepared within suitable specific
me\-y As concluded in IS, this is due to the first
two incident deposit atoms being endowed with sufficient energy
8o that they may take up positions of minimm potential energy
relative to the combined field of themselves and that atomicslly
smooth part of the substrate's interface. These two atoms then
detemmine the finsl orientetion of the cxystals S vhich will grow
from tids * nuclear bud " In some cases, the degree of misfit
betwoen parsllel lattice rows of the substrate and deposit wes
large enough to effoct in addition the second type of two degree
orientation of {001} Deposit parallel to (001) Na0ls {120 deposit
perallel to [100)NaCl. This was cbserved in the cases of deposits
prepared of I4¥ and TiBr ento zocksalt (001) eleavage faces.

In the present studies, the degrees of misfits between parallel
lattice rows of the sibstrate and the deposit varied from O percent
wp to 30 percent as Table ¥ shows.  Throughout these experiments,
it was noted that -‘Mﬂ‘..ﬁ;&“mﬁuhw



46.

degree of misfit, i.e varying fwem (110) orientation and twinnming
for the case of deposits of NaF prepared om rocksalt (001) cleavage
faces, (110) and (111) faces, to the aforementicned second type of
two degree orientation in the case of deposits of 14F and TiBr
prepared onto yocksalt (001) cleavage faces.

IENe
mmww
NoF on NaOl. «17.9 percent., (200) 'S
KBr on NaOl +16,7 percent (100) »
NaBr on KC1 = 5.4 peroent (100) Ce
I4F on Na0l =28, 8 perceng (200) + (110) n
TiBr on Nl «29,5 percent, (100) + (120) B

% (200) ={200> deposit peraliel to (100]Na02; {001} Deposit parallel
to (001) Netl,

A Twinning in (111) planes cbserved in 1 in 10 deposits.

B. Chemical resction sbove 150° Centigrade, Misfit of NsBr on NaGl

is 5o 5 peroent.

ammumﬁtem-m.gow

n Ii-(éfr)-m.

B [2.0(Ti8r) = a(Neo1).
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Peposits having misfits of the type (2 « 1, 3 = 1 ete. alvays
have a preferred second type of orientation to the substrate erystal.
147 and TIBr are examples of two such alkali helides having a
particular one of these preperties.

The best method of considering the mechanism of spitaxial
overgrowth of one alkali helide on another or of any ionic deposit
erystals prepared on an ionic substrate is to consider the problem
in temm of two mechanical models, one representing the deposit
atams and the other representing the substrate atoms. Both these
will be in the fomm of close packed spheres each one representing
a @ifferent ion and all packed in the fomm of the structure, i.6
simple cubis, face-centred cubic ete..

The mobility of an incident deposit ion over an atomicelly
swoth portion of the substrate surface depends an the factors
mentioned in L. 5 (1), the rate of deposition, the temperature of
the substrate, the position on which it first lands and the angle
Mwmm'-@mumwm';ﬂ

For example, let us consider a lone deposit anion landing
on a general position of an atomically smooth portion of the
mibstrate’s surface. The tendency will be, if the above four
factors are favoursbls, for this anion to take wp its position over



a cation belonging to the substrate's intexface, this being a
position of minimm potentisl energy, Therefore, the partnesfion,
.o the deposit oation which would follow after the sndom, will
came under the influsnce of the combined field of the deposit
anion and the surrounding ioms at that part of the mibstrate
surface snd cen therefore move up to a cirele, radius mindmm
@istance of approach frem its pertner anion, 30 if it too has emough
mobility, it will move into the mearest potential trough to the deposit
anione Dy the seme argusent, if the next deposit anion and cation
do exactly the same thing, then the growth would be orientated and
thus epitaxial. If, of course, these first two atoms stick in the
position on which they firet land, then the growth is determined,
end it is random,

It should be noted that this method of discussing epitaxial
mechanism only spplies to growth between iomic crystals and then

only over atomicelly smooth locations of the substrate interface.
It is simple to explain why twinning ccours by the same argument
and using the sgue models, The degree of misfit is alweys the first
thing to be taken into consideration vhen considering growth of
erystals which is foreign to that of the nommel parallel lattice



It has been observed that moisture, or more fully, the effect
of atmospheric comtact, end heating, are the two most important
factors affecting the type of growih that iomic deposit orystals
will teke up on such substrates as rocksalt, sylvine ete.. It was
noted that all NeF deposits prepared on rocksalt (001) cleavage faces
in the extemal evaporator were (110) orientated, whereas those
depomits prepared in the higher vacuum of the camera were not.

This is almost certainly dne to the fact that the deposit was
preparedat a higher residusl alr pressure snd the effect tock Jlace
while the deposition was being carried cut. The fast that the Nele
NaCl lattice was only dbserved for deposits prepared in the external
evaporator also supports the fact that deposits prepaved at
pressures of the order of 10 millimetres pressure ave lisble to
atmospheric effects.

Both¥ (110) ordentation snd superiattice effects of NaF
deposits prepared on rocksalt (00L) aleavage faces were steble when
the depesit was left in air for sbout 6 hours, and then placed back
in the camera for re-examination. This infers that the effect was
fact that vhen the camera suddenly developed a temporary leak after



a deposit of NoF was prepared the deposit wms observed to have become
disorientated from the mean, this being determined by the arcing of
the diffraction spot pattem,

This effect seamed %o do genersl for my deposit left in sy
for a considersble time ( about 24 hours ), and the moisture seemed
to get rid of such things as twinning effects and cause such sube
sidences of the deposit crystals that the substrate prfofections
showed through the deposit and all smooth refractive effects of the
deposit layer disappeared and usually two sharp spot pattems weve
dheerved, one corresponding te the substrate projections, and the
other to the rough deposit erystals. This afforded excellent oppor-
tunity for measuring the lattice constants of deposits be comparisen
with that of rocksalt.

Breathing on a fresh deposit appeared to have the same effect
as lesving it in eir for 24 hours, but the deposit cxystals become
disorientated immediately instead of taking a whole day.

Of all the four conditions forwarded for govemning oriented
overgrowths in 1.3, the temperature of the smibstrate surface is
slways the most important. Deposit crystals may only grow parallel
%o the substrate erystal within suitable specific constant temperature
orientetions and disorientations may only be cbserved at or within



suitable substrate temperatures, In addition certain deposits, such
as LiF and T1Br prepared on rocksalt (001) cleavage faces,will only
adopt their preferred orientation of 00l LiF or TiBr parsllel to
(001) Wa0l, 200 LiF or TABr pevellel to 110 NeGl , within their
suitsble substrate tempersture renges.

In all experiments where possible, the deposit was heated wp
siowly to temperatures higher than the substrate tempereture main-
tained durind deposition, andf the chehge in structure of the deposit
oxystals was observed, Usually heating to temperatures of the order
of 300° Centigrade had exactly the same effect as leaving the seme
deposit in air for 2¢ hours, and the deposit crystals were observed
to have becoms disorientated, In addition all refractive effoects
disappeared and the deposit oxystals appeared to have"mmk" a little
80 that projections of the woecksalt or aylvine substrate gave rise
to a seoond Aiffyaction pattern and thus affording emoellent
opportunity for measuring the lattice dimension of the deposit by
comparison with that of the yocksalt or sylvine substrate.

Rractly the same relation between stmoture and temperature
was obserwed for oll deposits heated et or sbove their substrate
deposit temperstures. For example, s deposit prepared at X° Cemti~
grade vhen heated up o Y Centigrade (Y grester than X ) woudd
gve the smme %ype of daposit structure as a deposit prepared st



at & mibstrate temperature of Y Centigrade.

Heating a deposit until it becomes disorientated is proof that
the mobility of the deposity ions must also bde in a certain range for
oriented overgrowth to ocour, because the growth is random if they
either have too much or not enough mobilty to lie in the potential
troughs of the substrate interface,

In several cases of depesits prepared in vacuun of ienic
materials on rocksalt or sylvine, the deposit layer was thin enough
(Mmmm)mmmmmuuh
evidences Heating of a thicker deposit camsed such subsidences that
the substrate projections became in evidence, this being indicated by
the sharp spots of the second diffrection pattern corresponding to
the substrate materials. Whatever the reason of the substrate pattem
being in evidence, exvellent opportunity was afforded of measuring
the lattice constants of the various deposited halides by comparisen
with the lattice comnstants of recksalt and sylvine. ( These being

taken as 5.83 Angstroms, and 6,28 Angstroms respectively.)

In this way no grsphite comparisons were neither made nor
were necessary. A great deal of consistuncy with X-ray date was
cbserved in sll osloulated values of lattice eonstants of NeF, Kby,



KO0l, NaBao, 14F snd 718 This inficates thal effectively no solid
solution betwoen any deposit halide and its substrate were fommed, A
1little fomation of solid solution would have no noticeshbls effect
en such measurements as they are subject to errors up %o adout §
perocent, It was very stramge that there was never any indication of
the formation of solid solution for deposits of Nal' prepared on
rocksalt cleavage, (110) and (111) faces, as this would explain the
formation of the NaF - Nall superiattice more easily.

Gbsexvations on changes in diffraction pabiteans duxing depoglbion
and ligelilps

Simul tanecus deposition and examination all carried out in
the electron 2iffrasction camera is a velatively new aspect in the
fidld of electron diffraction. It was decided that all deposits
be prepared in the higher vacuum of the camera after certain
complications were cbserved of deposits of NaF prepared on roaksalt
(001) cleavage faces. All the alkeli halides and the thallium
halides are very suluble in water and therefore it is recommended
that all such deposits of halides be carried out at as low vesidual

alr pressures as possible.

in exmaple that can De used to represent all cases may be
taken as a deposit of Nall prepared on a yocksalt (001) cleavage



face at a mibstrate temperature of 100° Centigrafie and them being
slovily heated wp to 190° Centigrade.

The substrate pattem does not change when it is heated wp
to 100° Qentigrade, this is a property common to all substrates
no matter whaot temperature they sre heated wp to prior to deposition.
The pattem corresponding to the substrate crystal is cne oumposed
of very sharp Kikuchi bands snd sharp stresky spots in the zero
order Laue aconej this indicates a very mmooth orystal but with a
few prejections on it giving rise to the observed spots in the
diffraction patterns In nearly all deposits prepared, a plate
of the mibstrete's iffrection pattern was taken to indisate the
type of surface on which deposition was taking place.

As soon as the depositor filmment wes switched om, a film
was temporarily dvewn over the diffvaction pattemn, it lasted for
sbout 2 secands for slow rates of deposition and was almost instant-
anecus in its appearance and dissppearance for faster and rapid
rates of deposition. This *filmn" is presumesbly due to the ions
of the deposit aliding about over the substrate's surface before
beooming steble or sn effect due to the depositor filsment camsing
an unstable dehaviowr of the deposit ions, However, as the effect
was only temporury end scemed to have md other effect on the cxystal



in its final growth, it was ignored although it must de a property
common to all deposits such as were prepared in the present studies.
When the film diseppears, a diffraction spot pattern was again
observed, but this time it corresponds to the deposit crystals. No
Kikuehi hands were observed and the spots were clongated into thiek
intense lines perpendicular to the shadow edge; this indicates that
the deposit exystals are in the form of large orystal blocks.

Heating up slovly csuses these lines to beoome less and less
intense wntil the spots appear as single spots anly and Kikuchd
bends are obgerved, but this time they correspend to the deposit
cxystals. This infers that the larger orystal blocks have jJoined
together and become much smoother; usuelly for deposits other than
NaCl prepared on rocksalt, the deposit subsides a little so that
the preojections of the substrate orystal are observed as a second
diffraction pattem.

Purther heating canses the deposit erystals to becume
disorientated from the mean, this was indicated by the araing of
the spot pattemn fram the main positionse Heating up all dsposits
to about 300° Centigrade completes this disorientation, and the
deposit was observed %o be random pajyexystulliine.



The Nal=NaCl superlattice unit call was the most importent
dGiscovery made in the present studies. The superlattice unit cell
was 9.24 Angstroms, which is exastly twice the unit cell dimensicas
of Na¥ ( 462 sngstrams ). A possidble eanfiguration of the ions of
Ney F and Ol inside this superiattice was suggested which gave
values of the structure amplitude corresponding with the observed
intensities,

The struocture smplitude for the hk0 and kh0 MfPfractions
ecorrespang@ing o this suggested unit cell st~

ltg(‘oﬂo’ )-.-f*( t_.u)..-%(l-t)

o?(Nto')o“lr%(hok)

.l(h’n).mﬂ(hok)i".mq mfﬁ%

The superiattice wus presumesbly due to the effect of
depositon carried out at higher pressures of the extemnal

evaporator or perhaps may be due to an instantanecous effect of the
moisture in the air whilst transferving to the cumers for exsmination,

Attempte were made to reprodice the mperiattice hy both
prepering a solution and a melt of Naf and NeCl used together in



molecular proportions but these were dnsuccessful and only produced
aiffrection patterns corresponding %o mainly NaCl with a little
faint Nal both in random polyetystalline formation.

fhe muperlattics was only cbserved in deposits prepared in the
extemal evaporator at substrate deposit temperatures varying between
150° Centigrede and 200° Centigrale but deposits of Nal prepared
within these temperatures only gave the superlattice by cemses other
then those within comtrol.

Bxamples of what were concluded to be directed disorientation
coused by a lamellar slip sbout the nowmel to the (111) planes were
cheserfed of deposits of NaF prepared on all faces of rocksalt at
substrate temperatures sbout 95° Centigrade and very low retes of
deposition. It was only obaerved in very thin deposits ebout 100
Angstroms thick as the effect is confined to the atomic layers
near to the interface and would therefore be hidden by thicker

depositse

Directed disorientation was observed by axeing of the
aiffrection spots in some agimthe snd mot in others, and the deam
asimrth in which the spots ere cbserved to arc detemine the planes
sbout vhich the lamellar rotational slip had occurred. ( or more
fully sbout the nommsl to these plames)



These two sets of experiments were undertakon together as
the chemical reactions=

EBr 4 NeCl ¢ NaBr 4 KOL
occurs above substrate temperatures of 150° Cemtigrede or wien a
deposit prepared below this tempersture is heated to or sbove this
temperature, In some cases, all four Ralides were chbserved to be
ecuslly prominent in @iffrection pattems, this not caly proves the
gbove chemicsl reaction took place but affords excellent opportumity
for meesuring the interapemic distances of three of the halides Wy
relative comparison to the fourth halide.

The mechanism of the reaction iz vexy complex as both the
mobility and the migration of all the four iocns Na, K, Br and OO
over and into the vhole surface have to be considered.

It was also concluded by the halide cbserved to be the most
prominent in diffraction pattems that as far as the above chemical
reaction is concemed the mibstrate always reacted as being in
exsess and usually cemsed the two slkali helides on the other side
of the reaction to becoms promfiment providing the temperature was
raised higher than sbout 190° Oentigrade.



PTwinning of NaCl deposits prepared on rocksalt cleavage faces
( and KOl prepared on sylvine cleavages) was one of the most important

mwnmmm NaOl deposits on rocksalt
and K61 deposits on sylvine do not actuslly come wnder the definitiom
cmwmmmwummhyuum
other depositss So the twimning of NaCl is not d@ue to sn epitaxial
mdafit or any of the usual canses.

Nafl deposits prepered at, or sbove 195° Centigrade substrate
temperature, or deposits heated to, or shove this temperature, were
dbserved to twin on (111) planes, This twimning remained when the
specimen cooled down and when the deposit was heated up until the
deposit orystals become disorientated, It is importent to note that
it was due to a temperature effect on the dejosit as the substrate
when heated alone teo, or above 195° Centigrede showed no sign of
twinning at all.

A suggested cause of this twinming is that since the rocksalt
sibstrate vas oomposed of stepelike formations, then the electrde
fumace mey have caused uneven heating st the interface sand thus
give rise to mechanicsl strains which were favourshle to twimning:
effocts.



0,
ZiBr sbnommel structures on rocksalt clesvase faces and on glast
. Mmummmumhm
statements made by Schuls (1950), TiBr is known to possess a cassium
chioride type structure, but whether it was due to the methed of
preparing this halide or to some experimental errors, TiBr was never
cbserved to possess a caesium chloride type structure by itself, In
the case of deposits propared on réoksalt (001) cleavage faces above
a substrate temperature of 125° Centigrade, TABr was cbserved to
posseas a rocksalt type structure. The same relation was observed

between structure and temperature for an indtially rendom room
wmsm,u. or above this temperature.

In all other cases, both of deposits prepared on glass at ay
temperature and on rocksalt below a suLstrate temperature of 125°
Oentigrede, the TIBr was cbserved to possess both its normal caesium
chloride type structure and its abnormal rocksalt type structure. A
preferred orimntation was taken wp, viz. I4F dejosits prepared an
rocksalt cleavege faces, and moreover secondary scettering was also
cbserveds

Values of lattice oonstants of the TiBr in both these type
stmctures vas chserved to be the same snd in agreement with Xeray dats
and infers that effectively no solid sohwtions were formeds



HeOl deposits prepared on glase.

It again found @ifficult to reconcile Samilz's (1949)

was

muwm&-mm-mmm)
for deposits thicker than 100 Angstroms, and were

orientated

orientated for deposits thinner then 100 Angstroms.

Centigrade
A @eposit of Nall prepaved on glass st 100° oy
showed cube face (100) orientation, end o microgrsp
ecimen showed that the deposit was at least 1000 Angstroms thick
ap
in places.
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