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ABSTRACT

A brief review of characteristic electron energy losses in solids
is given and experimental methods of identifying those energy losses
due to the excitation of plasma oscillations are discussed. A novel
and simple method of identifying these energy losses is described,
vwhich depends upon the intensity variation of the energy losses with
the incidence and reflection angles of a slow primary electron beam
against the specimen surface,

Various electron guns and electron analysers investigated
during the development of the low energy spectrometer are described.

Freshly evaporated specimens of Al, Ge, Au and Cu were
investigated using 200ev primary electrons, The specimens werse
deposited on a Eureka substrate maintained at 400°C to prevent
contamination of the specimen by the incident electron beam. The
results obtained showed that energy losses found for Al at 10.1 and
15,0ev are due to surface and volume plasme oscillations respectivelye
Similar conclusions were drawn concerning the 11l.2 and 16.4ev energy
losses found for Ges. For Au and Cu none of the energy losses
observed could definitively be attributed to volume plasma
oscillations, but the energy loss found at 3.6ev for Cu was
identified as the surface plasma loss. No energy loss could be
identified as the surface plasma loss for Au, bub it is tentatively

assumed to be the loss found at 3.0ev because of the time-dependence



of its intensity. Purther losses found for Ge, Au and Cu are
attributed to interbaﬁd transitionse.

The time-dependence of the spectra obtained was investigated
and it was found that in all cases the specimens became
contaminated as they aged. The nature of this contamination remains

unidentified.
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CHAPTER 1.

INTRODUCTION

When a monocnergetic clectron beom is reflected from the surface of
o soligd, or transmitted through a thin film, the cnergy spoetrum of the
reflected or transmittod electrons is found to comboin some groups of
electrons vhich have suffered reasonably well defincd encrgy losses in
the range of about 0-50ev. These encrgy losses are called characteristic
energy lossces because they are charactoristic for the solid involved and
their magnitude (but not intonsity) is independent of the cnergy of the
incident electron beam and of the thickness of the material traversed
(the thickness independence has an excepbion which is discussced later in
this chaptor).

The first quantitative investigation of characteristic energy losses
was made by Rudberg (193%0a) who observed them in the spectra of 40-900ev
primory electrons reflected from various metals and metallic oxides.
Rudberg'!s findings were confirmed by other workers also using the
reflection tochnique with primery clectrons of less than 100ev (sce e.g.
Haworth, 1931, and Turnbull and Farnsworth 19%8). Proof that the charac-
teristic energy losscs were not just o surface cffect,came vhen Ruthe-
monn (1941, 1942) observed them in 2-8kev elcctron beams transmitted
through thin films of various materials. Since these early measurements
much rescorch has bcen carricd out on the energy losscs and various

theories have been proposcd to account for them. It is not proposed to
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survey oll the literature concerncd, sinco this has becn donc adequately
in a number of reviews (Morton, Leder and Mendlowitz 1955 a3 Marton 19563
Pines 1955, 19563 Klempercr and Shepherd 1963; Pradal, Gout and Fabre
1965; Roether 1965) which deal with all aspects of the problems involved,
both experimental and theorctiéal;a

The carliest thcory put forward to explain characteristic enecrgy
losses was the interband theory of Rudberg and Slater (1936)- In this
theory the energy losses are assumcd t0 arise from single electron-
electron interactions. The primory clectron is considcred to cxcite a
valcence or conduction electron from an occupied cncrgy level in the
material to a higher unoccupicd cnergy level, which may lie in the samec
encrgy band or o higher energy band; these two processes leading to
intraband and interband transitions respectively. Using this theory
Rudberg and Slater calculated an energy loss curve for copper which was
in fair agrecment with Rudberg's cxperimental curve for cnergy losses
<10ov. Viatskin (1958) has doveloped the interband theory for weakly
coupied lattice clectrons and arrived at the conclusion that the
incident clectron can losc cnergy in quanta defined by

Bo'm B B e (1)

n - .
where 5= is a reciproesl lattice vector, h is Planck's constant divided

n
by 27 and m is the electronic mass. Viatskin found some measure of
agreement between the predicted cncrgy losses and the measurcd cnergy
logses of other authors for a number of metals. Gornyi (1957, 1961 for
examples) using tho reflection method with 30-260 ev primary clectrons,

has interpreted almost all the encrgy losses vwhich he found for various
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metallic oxides and gernoniw: by using Viatckin's theory. . A phenonenon

closely associated with the interband theory is the fine-structure found
on the short-wavelength side of the x-ray absorption edges of solids.
This sbtructure is also duc to excitation of electrons (in this case bound
electrons) from one energy level to higher allowed encrgy levels lying
above the Fermi cnergy (sce c.g. Mott and Jones 1958). Several investi-
gators have attempted to correlate the characteristic encrgy losses of a
material with the distances, in ev, between an absorption ecdge and the
following absorption maxima in the fine structure (sco c.g. Leder et al.
1956) with some degree of success. Gauthf (1958), however, has pointed
out that the zero from vhich the absorption mexima should be measured is
not the absorption edge but the peak}of the corresponding x~ray emission
band. Gouth€ has identified a number of energy losses in metals using
this procedure.

Sterngloss (1956) put forword o theory that the characteristic
energy losscs were due to individual atomic ionisation and excitation
processes. Leder (1957),following o suggestion by Sternglass, carried
out electron energy loss experiments in metal vapours but found only
energy losses corresponding to tho known spectroscopic energy levels of
the atoms and not to the characteristic encrgy losses found in the solid
state, and thus did not confirm Sternglags! theory. Boersch et al.
(1962) carried out similar experiments on Hg in the vapour, liquid and
solid state and on Ag in the vapour and solid statc. They found for
both materials that there is,in particular;an energy loss in each state

corresponding to the resonance line of the single atoms (Hg,6/7ev;Ag,3.7e



- 12 -

and thot the spectra in the different states are very similar, bub
Leder's (1957) results show that this is not gonerally truc. Howvever,
some energy losses in metals and compounds have approximately the same
values as ionisation energics of atomic energy levels (see ¢.g. Robins
and Swon 1960 and Best 1962).

The experimental investigation of characteristic encrgy losses
received a great stimulus in the 1950's due to the theoretical work of
Bohm and Pines (1951, 1952, 1953), who considercd o metal to be a solid
state plasma consisting of the Fermi electron gas ond the smeared out,
fixed, positive ion charge. They showed that due to the long-range
Coulomb interaction between electrons in the gas, the gas can execute
collective longitudinal oscillations if the charge cquilibrium of the
plasma is disturbed. Thereforc on incident electron beam can excite
such oscillations, the electrons in the beam losing energy to the Fermi
gas as o whole., The energy transfer in such on excitation can only take
place in multiples of an elementary quantum of energy, qu, vhich is
called a plasmon, where wp is the angular frequency of the oscillatioﬁs.
Using Causgion units, : \ 1

. =(mc_§\2 NN -
p \ o/ :
Here n is the freec elcctron density in the metal, ¢ is the electronic
charge and m is the elecctronic mass. Pines (1955) accounted for many
characteristic encrgy losses in metals on this basis by assuming that
all the valence clectrons could be used to cvaluate n in equn.(1.2).

In general the agreement between the theoreticel and experimental results

is good for metals cxhibiting shorp cnergy loss lines (Al, Mg, Be, Ge, etc)



but is bad for those having broad energy loss lines (Cu, Au, Ag, otc.).
Here a sharp cnergy loss line may be defined as one hoving an exporimental
half-width of up to about three times the half-width of the energy
distribution of the elastically scattered electron beqm, vhich usually
has a finite energy distribution of 1-2c¢v. In the cases of aluminium
and germanium, assﬁming 3 and 4 valence electrons respectively,
E(np==l5.80vx The present outhor has measured these energy losses as
15.0£ 0.2¢ev and 16.4% 0.2ev. The broadening and shift of the energy
losses in the noble metals and transition metals has been attributed by
Wolff (1953) to coupling of the s-electron plasma oscillations with the
clectrons in the d-band. Both s and d electrons can undergo interband
transitions. Whether the plasmon energy is shifted to higher or lower
energies depends on whether the inberband transitions have a lowerlor
higher energy than the plasmon respectively (Pines 1956) .

The Bohm-Pines theory also predicts an anguloar dispersion for the
plasma energy losscs of the form

2 .2
AE=h(1)p+%gE£PQ
mh wp

a.O“OBDuu«O...o.o-.’...lb...ﬁ..(l.5)

vhere AE is the cnergy loss, Ef is the energy of an clectron at the top
of the Fermi distribution, P is the momentum of the incident clectron
and © is the angle through which the incident electron is scattered in
exciting the plasmon. There is also a threshold for a maximum possible

gc — ;..aaQ'qoo.uuD..nuoonlﬂnb°°°°ﬂ.u60¢ﬂ°.°( . )

where k, is the maximum wave vector of the plasmon (cut-off wave vector)
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beyond vhich a plasmon comnot be excited. k. is given by Pines (1956) as
Ko wn 0:355 T Koeooornanranoesaasoansanncnmancnnnn (1.5)
where rg is the average interelectronic spacing measured in Bohr radii
and ko is the wave vector of an electron at the top of the Fermi distrib-
ution. Watanabe (1956), by means of a high energy transmission experiment,
showed thot the main energy losses in Be, Mg and Al, of 19, 10.3 and 14.8ev
respectively, obey a dispersiom relationship of the form given in equn.(l.3)
and that the maximum scattering angle, 6¢, exists. He found that the
corresponding loss in Ge(l6.4ev) showed an angular dependence but was not
in such good agreement with theory as for the other materials mentioned.
He also found that the broad encrgy losses of 25ev in Au and Ag were not
a function of © and attributed them to single electron excitations. The
dispersion of the energy losses in a number of materials has now been
confirmed (sec e.g. Schmiiser 1964 and the review by Klemperer and Shepherd
1963).

Unfortunately the dispersion rclation, equn.(1.3), ddes not offer a
decigive test for determining which losses in o spectrum are causced by
plasma oscillations. Viatskin (1958) derived a dispersion relationship of
the form of equn.(1.3) for intorband transitions and Creuzburg and Raether
(19642) have found that single electron tromsitions in the alkali halides
do in fact exhibit such o dispersion.

Ferrell (1956, 1957) predicted that the differential scattering cross
section, dg/dn, per valence electron, for scottering of an incident

clectron into a solid angle dR due to excitation of a plasmon, is given
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by - -1
QE- l -_‘—Q_E‘-__G(Q,GC) w.QoO......DovOQOOODUQI(1.6)

_ ——— ot e

aQ 27T aon GELGEE

where OF = AE/2E,, vwherclE= E“b and B, is the incident elcetron energy,
ao is the Bohr radius and n is the free electron demsity. The factor
G(G,Oc)-l decreases with © and becomes zero at ©g. Ferrcll points out
that the differential cross section for interband transitions will not
differ greatly from that given in equn.(1.6). However, no cut-off angle,
B¢y has been predicted for interband tremsitions, therefore the facfor
G(G,Gc)-l would not be expected in this case. Early transmission
experiments by Morton et al.(1955b) and Watenmabe (1961) showed that the
intensity of the 15ev loss in Al and the 24ev loss in Au decreased
ropidly with scattering angle, 6. Kunz (1962) and Schmiiser (1964)
later verified equn.(1.6) for the main energy losses in Al, Mg and Si.
Creuzburg and Raether (1964b) showed that for single electron excita-
tions in the alkali halides the angulor dependence of the intensity of
the energy losses could also be expressed as o function ofl/(Qéa 921
thus confirming Ferrell's (loc.cit.) prediction. Therefore the
intensity distribution of the energy losses in a spectrum cannot be
depended on to differentiate between plasma ond interband encrgy losses.

Ritehic (1957) zhowed theoretically that in the rcgion of thce surface
of a metal the frequency of the plasma oscillations should be modified.
In the case of the metal specimen being o thin plane foil, the angular
frequency of the plasma oscillations should be reduccd from Wy to
wP/Z% 2t the surface of the foil and if the specimen is an agglomera-

2
tion of spheres it should be reduced totup/32. Powell and Swan (1959a,b),
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using the electron reflection technique to determine the characteristic
losses of freshly evaporated planme films of Al and Mg, verified the
cxistance of the energy loss at approximately Ewp/2%; this loss will
be called a surface loss, or surface plasmon, in distincetion to Ewp
vhich will now be called a volume loss or volume plasmon. Powell and
Swon (loc.cit.) olso observed that the surface loss in Al fell below
ﬁwp/ 3% for very thin films (<20 3&) vhere agglomeration of the film was
eipected, but the substrate may have influenced these resulis. In
addition they verified another of Ritchie's predictions, namely that
the ratio of the intensity of the surface plasma loss to that of the
volume plasma loss increascs as the thickness of the film decrcases.
The surface plasma energy loss was investigoted further theo-
retically by Stern and Ferrell (1960), who showed that the presence of
contamination on the surface of a metal £ilm would modify Ritchie's
surface loss to twy/(T+e )%‘, where € is the dielectric constant of the
contaminating loyer; if e=1 (the bounding layer being a vacuum) then
this expression is identical to Ritchie's. This was verified experi-
mentally by Powell and Swen (1960) vwhen they obscrved that surface
oxidation of Al and Mgv specimeng results in the rapid disappearance
of Ritchie's surface loss (10.3ev in Al and 7.lev in Mg) and the
appearance of Stern and Forrell's modified surface loss (7.lev in Al
and 4.9ev in Mg). This experiment of Powell and Swan solved the
problen of the identity of the Tev cnergy loss which is usuvally
observed, in addition to the 1%ev loss and its multiples, in electron

transmission experiments on Al (sec Mendlowitz 1959). In most
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transmission experiments the thin film specimens are prepared in &
separate vacuum system and then transforred to the speetrometer for
the cnergy loss measurements. The specimens thus oxidise when exposed
to air during the transfer process and may also be contaminated by the
substrate onto which thoy have been evaporated and vhich has subsequently
been solved off, Wagner ot 2l1.(1960) performed a transmission experi-
ment on oxide-free Al films and observed the 10ev surface loss vhich
wos superceded by the modifiecd loss of Tev on oxidation of the film.
No gradual transition is observed between the two surface loss

values; as the Ritchic loss disappears the Stern and Ferrell loss
appears at its proper value,.

Ritchie (1957) also showed that in a thin film of thickness d the
surfaoce plasma woves of the two opposite surfacecs can interact with one
another and cause a splitting of the surface wave frequency after the
manﬁer of coupled oscillators. The frequencies he obtained are

" = Wp (1ie"Kd-)'%’ toosenesecssnsoscassconsennss (LaT)

+ "%
- 2
vhere K is the wave number of the surface wave. For Kd < 1 there should

be a measurable splitting. This is the exception, mentioned at the
beginning of this chapter, to the independence of the energy loss values
on the thickness of the matcrial traversed. In transmission experiments
K can be determined from the scattering angle, ©, of the primory electron
after it has passed through the foil, by means of the relationsghip

K= K510, vwhere Kg1 is the wave vector of the incident electron.

Schmiiser (1964) has modified equn.(1.7) %o toke into account the effect

of surface contamination and has confirmed that such splitting of the
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modified surface loss of Al does in fact toke place as Kd is decreased.
Schmiiser used 40kev clectrons transmitted through films of 30 to about
lSOX thick.

Stern ond Ferrell (1960) give the differential probability for
the excitation of surface waves on o single surfoce (this corresponds

to Kd< 1) as
dap _e® 2

6,9 f§
T2 v L B “‘E -ooo.uuo-a.tco.oe'u..(loa
a9 mhv 1+ (eg%e?)? )

whore @ in this case isAE/ZEouEwp/ 2Bo(l+e %, ¢ is the electronic
charge and v is the velocity of the incident electran.‘§ is a correction
factor for the case of non-normelly incident electrons and is a function
of @, a and ¢ , vhere © is the scattering angle (polar angle), a is

the angle between the incident electron and the normal to the surface
and ¢ is the azimuthal angle. There are several difforences between
equn.(1.8) and the corresponding equn.(1l.6) for volume oscillations.
Equn.(1.8) is dependent on ¢ and ¢ whercas equne.(1l.6) is not. If

a=0 (normal incidence) then:§==l and it is secn that p= O for 6=0,
therefore an electron passing normally through the foil without devia-
tion canmot excite surface waves. Also, for 6,>6-6p equn.(1.8) becomes
a function of 63, vherens equn.{1.6) becomes o function of 62 in the
corresponding region. Therefore the intensity of the surface loss
should decrease more rapidly with increasing © than the volume loss.
Geiger (1961) found that the intensity of the 3.6ev energy loss in Ag
was a function of 9"5; this has also been found for the modified surface
logs in Al (Kunz 1962, 1964), for the low-lying losses (w5ev) in Ge and

Si (Crouzburg 1963) and for the modified surface loss in Mg (Schmiiser
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1964). Such measurements can only be made using high energy trans-
mission experiments. Due to the fact tha¢‘§ is o function of ¢ ,
vhen @ # O the intensity distribution of transmitted electrons which
have cxcited surface plasma woves is not symuetrical with respect to
the incident electron beam. Hence for a beam scattered through o fixed
angle ©, the intensity of such clectrons is not equal in the opposite
azimuths, ¢~=O° and @:lBOO, vwhere ¢= 0° is defined by the plane con-
taining the normal to the film and the direction of the incident
elecetron. This has been confirmed for the low-lying losses of 6.3ev
in Al and 3.6ev in Ag by Kunz and Roether (1963) and by Kunz (1964),
also for the low-lying losses in Si and Ge by Creuzburg (1963) and for
the 5.5¢v modified surface loss in Mg by Schmiiser (1964).

A further method of identifying the surface and volume plasma
 losses in solids is to perform high energy transmission oxperiments on
speeinens of varying thickness, due to its nature the intensity of the
surface loss should remain constant for different film thickness but
that of the volume loss should increase with thicknesse This has been
demonstrated by Kunz (1962)for the 6ev and 15ev energy losses in Al,

He also showed that the 3.6ev loss in Ag was independent of film thick-
ness. The study of the low-lying losses in solids, i.e. thosc energy
losses less thon about 12¢v, has shown therefore thot many of them
behave in a manner characteristic of surface plasma losses.

1t wos found by Rudberg and Slater (1936) that when the oxcitation
energy (energy loss) is small compared with the cnergy of the incident

electrons, the tronsition probabilities approach those for excitation
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oby electromagnetic radiation which lead to optical absorption. There-
fore maxima in the optical absorption curves for solids sheuld corres-
pond to energy losses suffered by incident electrons. Optical
absorption frequently corrcsponds to single electron interband trans-
itiong. If the solid is treated as a dielectric with complex refractive
index n-ik ond with a complex dielectric constant e=g3 +iey, vhere all
quantities are frequency dependent, the rate of loss of emergy to the
solid due to optical absorption is proportional to €2(= - 2nk), (sce
e.g. Seitz 1940). However, due to the fact that incident electrons
Polarise the solid they are traversing, while photons do not, Hubbard
(1955a,b) and Frdhlich and Pelzer (1955) showed that the rate of energy

loss, dW/dt, to the solid from incident electrons is proportional to
EZ/(F.L2+€22) or,

2nk
%“f oC -Im(1/e) =

(nz_kz) 2 +4n2k2

Caiu‘lgﬂi.cIl@“oconol‘(1l9).

They also find that the condition. for plasma oscillations to occur is

£ 2 0  seseocsceivcasossasascsssnsssessanas{lel0),
remembering that € is frequency dependent. Now the denominator of
equn.(l.9) is equal to 15!2, thus vhen plasma oscillations occur there
is a moximum in the energy loss function, -Im(1l/e); also it can be seen
that the nuncrator simply corresponds to the optical absorption (or
intorband) encrgzy loss function. The dieloctric formalism naturally
accounts for both plasma and intocrband types of characteristic encrgy
losses. The dielectric constant of the solid is assumed here to be the

same for the electromagnetic radiation (transverse phenonenon) and for
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the electron bema (longitudinal phenomenon). The condition for the
cxistance of surface plasma oscillations to occur at the interface of
a material with dielectric constont £) and one with dieloctric constant
€p, is given by Stern and Ferrell (1960) as
€ +ER =0 .oreersieireriecasevaasansesonceo(1.11),

which reduces to €A+4 1=0 for a surface bounded by o vacuum (€p=1).
Moroovef,Hubbard (1955b) has derived an expression for the differential
scattering cross section for either interband or plasma onergy losses
which is of the form A.Im(1/e).0p/(6%+6g2), vhore A is a constant.
This has the same dependence on the angle © as equn.(1.6) #nd verifies
that this is the same for both interbond and plasma losses. Using the
dielectric theory, Wilson (1960) has shotmn that the presence of an
absorption bond may shift the plasma frequency to either higher or
lower frequencies or muy completely scrcen out the plasme cnergy loss.

Measuremcnts of tho optical constants of Al in the ultra-violet
region by Ehrenrcich ct al.(1963) fully confirm that the 15ev loss |
in Al is due to volume plasma oscillations. Similar measurements by
Philipp and Ehrenrcich (1963%c) cstablish that the energy losses in Si
and Ge at 16-1T7ev are due to volume plasma oscillations. Energy loss
curves of 50kev clectrons transmitted through lOOOX filns of KC1 and
KBr obtained by Creuzburg end Racther (1964b) show remarvkable similarity
to the curves calculated from the optical data of Ehrenrcich et al.
(1963) and Philipp and Fhrenreich (1963b), showing the prescnce of
exciton excitations and plasma oscillations. The corrcctness of the

dielectric approach now seems to be established, but quantitative
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comparisons between the theory and experiment have been made for only
a few materials (sec the roviews by Rocther 1965 and Pradal et al.
1965) because there are, as yet, insufficient optical data available.
Ferrell (1956) pointed out that solids should become transparent to
electromagnetic radiation at the plasma frequency and he discusscd
this for the case of the alkali metals, while the experiments of
Ehrenrcich et al.(1963) verify this fact for Al.

Therc arc nov several nethods of identifying plasma oscillations
as the cause of cnergy losscs in solids but it should be mentioned
that thc experimental verification of the cxistance of surface
plasma losses provided one of the most convincing arguments for the
validity of the plasma theory of the characteristic energy losses.

Some results on the mean frece path for the production of a given
cnergy loss, as obtained in high cnergy electron transmission
experincnts, could be interprcted in terms of either the plasna or
interband theorics (see the revicw by Klcmperer and Shepherd 1963).
However, Pines (1956) showed that for a sharp cnergy loss caused by
interband tronsitions, the mean frece path should be greater than that
predicted by the plasma thecory for a logs of the sane magnitude.
Creuzburg and Racther (1964a) have verified this for the 13.6ev loss
in LiF, which they found to have a mean free path for excitation about
one hundred times that predicted by the plasma theory at a primary
bean energy of 50kov.

High encrgy tronsmission cxperiments have been used almost

exclusively in recent years for the investigation of characteristiec



energy losses. In these cxperinmcnts electron beams of 10-100kev are
tronsnmitted through specimens of thickness from about 30 to 1000X-
As mentioned corlier, the specinmcens are usually contaminated on their
surface because they cannot be prepared "in gitu" in the vacuum of
the spectromcter., The apparatus required for such experinments,
vhere the dispersion and angular intensity distribution of the energy
losscs is measured, is highly refined. A specific encrgy resolution
oi the order of 1 part in lO5 ig required for the higher encrgy beams.
Morcover, an angular resolution of botter then 6 of cqun.(1.8) is
required for the measurcment of anguloar dispersion curves, sincc ©f
determines the shape of these curves (equns. 1.6 and 1.8)° For
instance, for the investigation of the Tev modified surface loss in
Al; using 20kev electrons, ©p =0.2 milliradians, thereforc the primary
besam cperture must be less than 0.2 milliradians and as the orimary
energy is increcased so the angular resolution must be improved upon.
Brief surveys of such spectrometers arc to be found in the papers by
Klomperer and Shepherd (1963) and Klemperer (1965). The experimental
and design problems are thus difficult and the experiments themselves,
such as the measurcment of the asymmetry of the surfacc loss intensity
vith scattering ongle, or the splitting of the surface plasma frequency
with decreasing speciment thiclmess (equn.l.7), are lengthy and diffi-
cult to perform.

The transmission experiments provide quentitative data which con
be compared directly with theory. The results obtained by Powell and

Swan (1959a,b), however, have shown that the low cnergy reflection
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tyoe of noasuremont offers a simple, direct, method of identifying the
surface and volume plasma ecnergy losses. In Powell and Swan's method
lov encrzy electrons (20200v-7500v) are rcflected from specimens
freshly evaporated onto & tantalum substrate. FElectrons scattered
through a fixed angle of 900 arc analysed by an electrostatic
deflection method. Powell and Swan showed that as the primary encrgy
we.s decreased, the ratio of the surfacc plagma loss intensity to the
volume plasma losg intensity increased. Theoy attributed this to the
fact that the penctration depth of the incident electrons decreases‘
as the primary cnergy decreases, thus reducing the probability of
excitation of volume plasme oscillations.

The experiments performed by the present author make usce of the
fact that the penetration depth of an electron beam incident on a
specimen varies with the angle of incidence of the becam. This avoids
the necegsity of varying the primary energy of the beam, vwhich affects
the complete recorded cnergy spectrum and not just the losses in which
the interest lies. The penetration depth of the incident boam de-
creases as its angle of incidence (measured with respect to the normal
of the specimen surface) increases. One would expect the intensity of
the surface plasma energy loss to increase with increasing angle of
incidence and that of the volume plasme loss to decrcasce. The reflce-
tion angle at vhich the scattered clectrons are collected is kept
approximately equal to the incidence angle. The effect on interband
transitions of varying the incidence and reflection angles of the

primary beam is not known cxactly. The intcrband transitions will
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take place irrespective of the incidence angle and should be expeqted
to appear with about equal intensity, with respect to the zero encrgy
loss intcnsity, at all angles. MAny variation in intensity will only be
due to variation of the effective distance travelled in the specimen by
the primory beam as the incidence angle is varied. But since the
primary energy is kopt constant in the present experiments one would
not expect this distance to change appreciably. Also keeping the
primary encrgy constant means that the mean free path for production
of any type of energy loss remains constant throughout. It is thus
anticipated that the intensity of interband transitions should not vary
approciably with variotion of the incidence angle of the primary beam.

The oxperiments described here in later chapters were performed
with 200ev primary electrons. The materials investigated were Al, Ge,
Au and Cue By using a low primary cnergy the surface plasma losses of
the investigoted nmaterials were expected to appear strongly in their
encrgy loss spectrs. gince the incident electrons penetrate very small
distances into the specinmon surface. By extrapolation of the data of
Young (1956) for Al, the r%%e of 200ev electrons in this material is
fomd to be only 522. Since in the present experiments the recorded
electrons must be reflected in order to leave the specimen agein, the
penetration depth for the recorded clectrons nust be about 25X, ise. of
the order of ton atomic layers on average. Thereforc surface effects
would be expected to be prominent.

Using the reflection method of measurcmcent allows freshly cvapor-

ated speeimens to be investigated, vwhich is an advantage over the
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trensmission method. However, the dispersion and intensity relation-
ships, equns.(1.3) and (1.6 and 1.8) cannot be verified by this nmethod.
At a primary cnergy of 200ev the maximum angle, ©¢ (equn.l.d), through
which an incident electron can be scattered aftcr exeiting a volune
plasmon in Al is about 7°, therefore such an electron rust suffer at
least onc additional scattering collision in the specimen before it
can escape from the specimen surface again. The plasna energy losses
thus rieasured are the average values of the loss given by equn-(1-5)
integrated over all scattering angles up to 6. For such a low
priiary encrgy the energy analyser nceds a specific encrgy resolution
of the order of only 1 part in 100 to be able %o resolve the charac-
teristic energy losses.

Very little previous work has been done on the effect of the
angles of incidence and reflection of the primary beanm on the
characteristic cnergy loss speetra. Rudberg (1950&), in his original
low encrgy rcflection measurements on characteristic losses, found that
the encrgy loss values for Cu, Ag, Au and Pt were independent of the
scattering angle and of the orientation of the target, bub he made no
measurencnts on the intensitics of the cnergy losscs. Turnbull and
Farnsworth (1938) discovercd that the intensity of the characteristic
encrgy losses and of the inelastically scattered background, increased
in the region of diffraction maxima observed for slow clectrons
reflected fron an Ag single crystal. This occurs also in transmission
as shown by the exporiments of Marton ot al.(1955b) on polycrystalline

Au films, Creouzburg and Racther (1963) performed 50kev reflection
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experinents on 8i(111) cleavage surfaces and analysced the cnergies of
the clectrons scatbtered into the Bragg reflection spots. They ‘found
$hat the intensity of the surface plasma cnergy loss (w1Oev) vas
dependent on the order (nmn) of the reflection spot investigateds
decreasing os n increased. The surface plasma loss was thus nore
intense for smaller scattoring anglcs, the incidence angle being about
1°, They also foumd, by etching the surface of the crystal, that the
intensitics of the volune and surfacce losses were dependent on tho
surface roughness of the erystal. The volume loss becoming predom-
inont at alllscattoring angles as the surface roughness increascd and
the angular dependence of the surfacc loss becoming much less pronoun-
ced. Klempercr and Thirlwell (1966) have published some preliminary
results of the presont investigation. They showed that the intensitics
of the surface and volurie plasma losses observed in a 200cv elcetron
bearn reflected from freshly cvaporated Al specimens were strongly
dependent on the angles of incidence and reflection of the electron
bearr. With incidence and reflection angles ofh*igz(i.c.20° scattering)
the cnergy loss spectrun wies found to consist entirely of surface plasma
losscs, while at 45° incidence and refloction angles (i.e.90° scattering)
both the surface and volume losses were presente. Independently and
almost sirmltancously, Powell (1965a,b) reported similar reflection
experiments with 8kev electrons. He investigated Al and Bi, rcflecting
the elctrons from the molten metals and froa the solid me%als, ag
frozen from the molten stote. He mecsured the reflected energy loss

spectrun for o ronge of total scattering angles between 2° and 70°.
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At large scattering angles he fouud that the volume plasme loss
predominated the spectrun, vhile ot suall angles the oxeitation of

the surfoce loss was bredominent. He also found that if he evapornted
a layer of the metnl on top of the frozen solid then the volume loss
vas predominont at all scattering angles. The explenation for this
being that the surfoce of the evaporated layer is not ns smooth as the
molten mctal surface or that of the solid frozen from the molien siote.
This is in agreement with Crcuzburg ond Recther's (1963) findings
nentioned above. The reason that Klempercr and Thirlwell (loc.cit.)
observe a strong intonsity offect using freshly evaporabted Al layers
while Powell (19652) does not, is duc to the much grecter wovelength
and smaller penetration depth of the 200cv clectrons employed in the
present experiments compared vith the 8kev clectrons used by Powell.
Specimen surface roughness is thus much less importont as o factor in
the excitation probabilitics of the plasma losses. Therefore, for the
identification of plasma cnergy losses by the investigation of the
reflected intensities of encrgy losses with scattering angle, the low
energy method of Klemperer and Thirlwell offers the advanioge, over the
high energy methods, of ecase of preparation of thoe specimen.

Finally, it should be moentioned thnt Ferrell (1958) predicted that
plasno oscillations in metal films can decay by cmission of a photon
of energy cqual to the plasmon encrgy. The intensity of the emitted
rodiation is an oscillatory function of the film thickness and o
function of the angle of cmission of the photon with respect to the

foil normel. This was verified by Steinmomn (1960) and Brown ct al.
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(1960) for Az foils bomborded normally with 22 and 25kev electrons.
Steinmenn found a peak at 3BOOX in the cmitted roadiation intensity
(Browm ¢t.al. found a value of 34008) vhich corresponds well with the
energy of the volume plasmon in Ag, vhich is 3.75ev (52903) os

obtained from the optical measurcmonts of Ehrenrcich and Philipp
(1962). It was latcr shown thoorctically by Stern (1962) and Ritchie
ond Eldridge (1962) that the peak in the radiation at the plasma
frequency could be accomnted for by tronsition radiation, but Stern
(loc.cit.) pointed out that Ferrell's (1958) calculation is correct
but the tronsition radiation treatment includes all radiation from

the metal f£ilm ond is thus more general. Ritchic and Eldricge (loc.
cit.) show that the genernlised transition rndiation theory produces
the same results as Forrell's theory if the dielectric constont of the
metal film s token as the frce electron gos value. The peak in the
transition radiation and the plasma radiation peck are thus identicel.
Experiments by Arakawa et al.(1964) on o 6603 thick Ag film with 40kev
clectrons showed that the radiation spectrum in the region of photon wave-
lengths 2,500—5,6OOX could be interpretod entircly on the basis of
transition radiafion, whercas for o 19BOK filn the radiation was moinly
due to bremsstrahlung. Bocrsch ct al.(l965) carried out similor
experinents with 6-40kev electrons on Ag films 20,000 to 50,000K thick
and concluded thot for nommal incidence of thb clectron beam the
radiation spectrum could be scporated into transition radiation and
bremsstrohlung. However, they also found thot for obligue incidence

on the specimen (0.5° asninst the specimen surface) o new peak appears



in the radiation spectrua ot 3,5002 vhich ie 100x groater than the
transition rodiation peck for normal incidencc. This corresponds to
an cnergy of 3.55ev which agrecs well with the surface plasno energy
loss value of 3.600v (scc the roview by Racther 1965, for om account
of the onergy loss spectrum of Ag). Jones et al.(1966) have confirmed
these results using Az foils several thousond angstroms thick. Henee
it secms we now have enother method of detormining the volume ond
plosma cnergy losscs of o solid by means of variation of the ineci-
dence angle of the primary clectron beam on the specimén.

It seems thot in the future, vhen the exporimental difficultics
of measuring the optical constants and radiation from electron
bombarded specimens in the far ultra-violet are overcome, thesc tvo
technigues, vhich were greatly stimulated by the original clectron
cnergy loss cxpcriments, will provide effcetive complemontary

methods in the study of elcetronic transitions in solids.
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CHAPTER 2.

BASIC APPARATUS AND PRECAUTIONS

2.1 YVacuum Apparatus

The vacuum systom used in the folloﬁing experiments was set up
by the author and was of o standard demountoble type. The work
chamber was a 12" glass bell-jar vacuum sealed to an alumium alloy
basc platc by means of on L-shaped neoprenc rubber gasket. It was
evacunted by means of a 2" glass-mercury diffusion pump, of the type
described by Bull and Klempercr (1943), vhich wos backed by o gos-
ballest rotary pump. In the neck of the Jiffusion pump, between the
pump and the work chember, wos situated o ligquid nitrogen trap which
is shown in Fig. 2.1. It can be seen there that it is impossible
for any backstrcaming mercury vapour to pass through the trap to the
work chamber without striking o cooled surface, thercfore, assuming
100% condensation, no morcufy should reach the work chamber. The
liquid nitrogen trap also increnscs the pumping speed of the systen,
since it condenscs out wnter vapour and also hydrocarbons which may
reoch it from the rotory pump oil or from the rubber seals used in
the systom. The fore-vacuum pressure wos measurcd by means of o
nichrome-eureka thermocouple gauge, which was calibrated against a
Pironi gouge. The high-vacuum in the work-chamber was measured with

o mognetic ion gouge of the type deseribed by Klemperer (1943). The
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mognetic field for this gouge was produced by a solenoid so that it
could be switched off while experiments werc being porformed in the
work chamber. Rotory shofts and clectrical connections required in
the vork chamber vere led in through the base plate.

In order to accomodate the large number of electrical leads
required in the work chomber o vacuum lead-in capable of carrying
up to nine leads was designed and is shovm in Fig.2.2.

The vacuum oﬁtained in the work chamber under normal conditions

was 2-~3x 10'6mm of ncrecury.

2.2 Eveporation Equipment

To produce the freshly cvaporated specimens of matcrial required
for the electronrefleetion éxperiments to be desceribed, an cvaporo-
tion source wos required inside the work chamber. Materials to be
investigated were evaporated cither from % ma tungston tri-stend,
V-shoped, filaments or from % ma tungsten conicel basket filaments
as described by Holland (1960)° The specinmen evaporation filament,
F1, is shown in Figs. 5.5(2) and (b), where o second evaporation
filament, Fp, can also be scen vhich was used for firing a getter
before cvoporation of the specimen onto the target, T. ¥ was
pogitioned so that the gotter covered o large azca of the work
chomber vhen it was fired but did not reach the region in vhich the
experiments vere performed. Fq was shiclded by the curska nask, M,
containing an aperturc vhich could be covered by the moveablce shields
MS. In this way the torget, T, was only exposed to the filoament F,

during the actual evaporation of & specimens
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2.3 Degnussing Colils

It was necessory to compensate for the magnetic field in the
laboratory over the volume in vhich the experiments were perforned.
For this purpose o pair of concentric circular coils was designed
according to data given by Croig (1947). Eech coil was of 52 em
diomctor and consisted of 100 turns of enamelled copper wire
(5.%.G.24). The coils were separated by an axial distonce of 25cm,
vhich is just smoller than the separation required for Helmholtz
coils (sec Fig.2.3). Using this scparation the coils can produce
an alnost uniform mosnctic ficld over on arca of redius T.6 em in
the mid-plane at the contre of symmetry of the coils. According to
Craig's caleculations, for two ideal curront loops the deviation from
field wniformity is 0.1% at the edge of the region and the field
vproduced is umiform to about 1% for distances up to approximately
1.5 cm on cither side of the mid-plane of the coils over this region.

The coils werce mownted as showm in Fig. 2.3 so that the axis of
the coils was lined up in the direcction of the magnetic ficld
Present in the laboratory; this direction was measured with a dip-
circle and the ongle of dip was found to be 75°59' at the centre of
the work chamber. The calibration of the coils, with a search coil
and sensitive golvanometer, showed that the magnetic field present
in the work chamber could be compensated to less than 1% over the
mid-plane of the coils up to a rodius of 7.5 em from the axis. The
residunl mognetic field was calculated to be 4::10'3 ocrsted.

In the following experiments the elcetron orbits never devioated
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more than 0.5 cm from the nid-planc of the coils and ncver morc thon
740 em from the axis,

In somc of the preliminary cxperiments (Ch.5) the dogaussing
coils were mounted in o horizbntal position and only the vertical
component of the mognetic field »resent in the loboratory was

compensated.

2.4 Elomentary Precautions

In order to avoid disturbances of the slow clectrons used in
the exporiments, all moterials used in the vicinity of the work
chamber werce surrounded by earthed shiclds. The leads themselves
were either P.T.7.E. covered or insulatcd with ceramic beadse All
clectrical lead-ins through the vork chamber base plate were shiclded
by earthed cops. The inside of the glass bell-jar wos electrosta-
tically shielded by meons of an carthed stainless stosl govze cage
which fitted the bell-jar.

The usunl cleanliness precautions required for vacuum work werc
obscrved. Articles for use in the work chamber were cleaned and

degreased in acctone and thercafter only handled with rubber gloves on.



CHAPTER 3.

ELECTRON GUNS INVESTIGATED

3«1 Introductory Remarks concerming Spectrometor Components.

The essential equipment necded for the clectron reflection
experiments which were carried out consists of an electron gun, a
specimen from vwhich the electron beam projected from the gun is
scattoered, an clectron encrgy anclyser to measure the enerzy spect-
run of tho reflected clcctrons'and an electron detector to measure
the amount of current tronsmitted by the analyser. This complete
arrangement is called & spectrometer. In this chapter the electron

guns vwhich werc investignted will be discussed.

3,2 Requirements o be fulfilled by the Elcobron Gun

The clectrancurrcnt required in the beam projected by the gun
depends on the geonctry and type of spectromecter used and on the
sensitivity of the clectron detector. Order of magnitude calculations
indicated that in this casc 2 minimum current of 10RA, contained in
a beam of totol divergonce of about 6° or less, was required. Also
the beam energy vas required to be variable between about 100 to

500 OV

3.3 Evaluation of Low Encrzy Electron Beans. A Post~acceleration Target

To make observations on the size and shape of the low energy electron
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beans used, a willemite phosphor screen vns cmployed. Owing to the fact
that the light oatpyut from the phosphor is dependent on the cnergy of the
incident clectrons striking it end is weak for electron energics of the
order of 100ev, a post-acceleration tcchnique (see e.g. Bubterworth
1964) wos used to moke the eleetron beam visible on the screen. The
type of post-ncceleration target constructed is shown in Fig.3.1l. The
tillemite phosphor wos deposited on the front surface of the circular
glags ploate, P, with o surfacc density of 1 mgo/sq.cmo Gy and Gy are
gouzes of non-magnetic stoinless steel with pitch 0.5 ma ond wire
diometer 0.1 mm. Gp is in contoct with P but insulated from Gy and

the brogs annulus supporting P by amnular laycrs of mica, M , about

0.5 mm thick. Thrce clomps, C, of which one is showm, held the asscmbly
Pogether. Gy wos situated 1 mm in front of G,. S is a curcka elect-
rostatic shield connected to the copper gouze lining, D, of the

vacuwa chamber, W, by the contact spring, K. L is the electrical
conncetion to Go.

When observing an clectron beanm with the terget, the gauze D, and
hence Gy and S, is connected to the final accelerating anode of the
electron gun producing the beam, thus maintaining a ficld-free space
between the gun and the target. An accelerating potential is applicd
between Gy and G2 such thot electrons passing through Gy are acccler-
ated up to on cenergy of cbout 1lkev before they strike the phosphor.
Thus low cnerzy electron beoms can be rendercd visible on the screon.
The distortion to the beem shape duc to the field between Gy and Go

was neglected in measurements made using this target.
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An estimote of the total current carried by an electron beom can be
mode by conmnccting the gouzes G ond Go together ond isolating the target
from D. The current to the torget is then approximately that of the
incident clectron beam. In this case a small accelerating potential,

dv, apnlicd betweén the last anode of the gun and the target prevents
escape of secondary clectrons from the target. dV varics with the
primary encrgy of the beanm being investigated and was found to be + 30V
for a 450 ev beam and +10V for a 200 ev bean. By keeping the distance
between the gun and target large, of the order of 10 cm, the ficld
produced by aV had little effect on the current produced by the guns
investignted, since these were of the diaphrasm type with anode aperturcs

of the order of 1 mm diameter.

%+4 A Tetrode Gun

Two tetrode guns were built based on a design by Bland (1961). The
second of these is showm in Fig. 3.2. The gun contained three circular
diaphragm electrodes vhich were the grid, U, and thc two mnodes, A and
Ap, each with a 1.0mn dicmeter contral aperturc and made from non-
magnetic stainless steel. These electrodes werc supported in a tubular
insulator, B, made from pyrophillite. The leads, L, to the clectrodes
were spot-welded to them and passed through holes in B. The source of
clectrons was o tungsten hairpin filament, F, of O.1m diameter tung-
sten wire, vhich was spot welded to two lmm diameter eurcka supports,
Wy held in the pyrophillite base, P. A shield, S, connected to the grid,
U, attenuated any stray fields which could have reached the filament, F,

and also prevented clectrostatic charging up of the Dyrophillite around
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tho filoament. B slotted into 2 cylindriccl copper collar, C, and was
held in position by two copper cnd plates, D and E, which fitted onto
three threaded rods, R, passing throuzh ¢ and were clamped by nubs. The
- bose, P, was held in a siailar fashion and could be moved to adjust the
filament to grid separation cnd to align the filament with the holes in
the eclectrodes. The diaphrogns ond the supports, W, wore cemented to
the pyrophillitec by gun cement.

The separation of the eletrodes was as follows:-

Filament tip to U = 0.5 mm.
U to Ay = 2.3 mm.
A3 to Ap = 1.4 mm.

vhere all the measurcments worc with respect to the sides of the elect-

rotce furthest fron the filament

3.5 The Performonce of the Tetrodc Gun

The gun was tested using the post~acceleration target described in
Secte3-3. The filoment of the gun was a.c. heated. The voltages required
on the electrodes to focus the thermionic emission from the cathode into
an electrén beam were provided by the nccessory d.c. power supplies.

The grid could be at filement potential or biased with a voltage, Vi,
with respect to the filament.

Therc ore two possible methods of producing & focussed beam of low
voltaze. The first method nses a saddle-ficld (scc Simpson and Kuyatt

1963) whercby the electrons arc accelerated between the filament and the

first anode, Ay, ond then decclerated to the final encrgy between A and
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the sccond anodc, Ap. In the second method the elcctrons are acceler-
ated between.the filament ond A1 and then further accelerated between
Al and Ao to the final cnergy; both of these methods werce investbigatod.
The gun was always operated with the filament at a negative potentioal
and Ao at earth potential.

It wos found in the case of saddle-field operation that the gun
produced o very divergent beam unless the grid, U, wos highly negative
with respect to the filament. For beam encrgics between 106 ev and
300 ev, with U ot zero volts with respect to the filemont (v =0V), of
opbimun focussing,the beam had o divergencc of 1’20. The emission
current was pA under thesc conditions and was bemperaturce limited due
to the strong field between Ay and the filament. The focussing

conditions weres~

i
' Electrode r U Ay A2

Voltage Ve Ve ~3.9V¢p 0

where Vi is negative and WfT is the finnl beam voltaze. The divergence
could be rcduced by putting a negative bias on U, but at 300ev the
divergonce was only reduced to 10° by o negative bias of -13.6V, whoreas
the emission current wos reduced from 30pA to 20pA. At 100ev the beon
divergence was reduced from 12° to 5° by applying o grid bias of Vg= =127
but the cmission current was reduced from 30pi to SyA. This mode of
operation was not considered satisfactory.

At o bean enorgy of 20ev the beanm currcnt was found to be approx-

irotely O.THA and the beam divergence 7°%.
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The second method of operation was then investigoted. There the

bean could be foecussed with the following conditions:-—

Electrode F U A Ay

Voltage Ve | Ve | 0u8Vp | O

The beam divergence wos 4.40 and these conditions held for the whole of
the energy range investigoated betwcen 25 and 450 ev. In this case the
enission current from the filament was space charge controlled. The
current in the beam, iy, was measured. This 1s shown in Fig.%3.% as a
pPlot ogoinst benm cnergy and as o function of the zrid bias voltage,vs.
The minimum useful working energy with vg==OV vas of the order of 200c¢v.
These conditions werc considercd preferable to the saddle-field condit-
ions and were normally used‘when beams of 200 to 500 ev were required.

Normally, if a well focussed bean is obiainable with the saddle-
field conditions, it is preferable to the conditions used, since a
higher electric field is present between the first anode and the
filamort and hence o larger beam current can be obtoined.

The gun wos uscd for some of the experiments described in Chapter 5,
but was finnlly discarded because of instabilities which occurred in the
beam current after it had beon in use for some time. This may have been
due to clectrostatic charging up of the pyrophillite of the body of the

gun, or to formation of contomination on the electrodes (Sect.5.10).

3.6 A Scven Electrode Gun

This sun wos built to replacc the fctrode gun. It was based on o

desisn given by Hort and Weber (1961) and wns o scaled-down version of
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a2 g used by Butterworth (1964). It is shom in Fig.3.4(a). Thore ore
six anodes, Aj......lgy supported on threc steatite rods, R, and separ-
ated by 1mm thick pyrophillite washers, P. Az is shown in deteail in
Fiz.3.4(b) (lettors denoting parts apply to both of Figs.3.4). The
anodes were made of eurekn, os were the flanges, C, which prevented, to
some cxtent, charging up of the pyrophillite washers by stroy clectrons
and penctration of stray fields to the electron beam. The anodes
Apee..oBy wore 1mm thick with central aperturcs of 6mm diameter. Mg
was lmm thick with a central aperturc of l.2mm and Ag was 2mm thick
with a central aperturc of 2mm. The filament, F, was supporited on two
lmm  tungsten wires, W, sealed into the gloss boad, G, one of which was
clamped to the copper basc, B. The gun was supported by the amular
rinzs Y7 ond Yo inside the copper tube, T, which was closed by copper
cnd-caps E and Eo. The leods, L, to the clectrodes were spot-welded on
and passed throusch stecatite rods, S), inside the gun ond left the gun
through similer rods, So, clamped into Ese The filoment to Ay separa-

tion was 1lmm measurcd from the side of Aq nearcst to the filament.

3,7 The Performance of the Seven Elcetrode Gun din the Ronce 0-100 ev.

In the hope of beins able to perform some very low energy experiments
~ the gun was first tested in the rangc of 0-100cev using a O.lmm tungsten
hairpin cathodec. The voltages for 21l the electrodes were pfovided by a

single power supply vis o resistonce chain. The filoament was d.c. heated.

The following focussing conditions werc obtained:-
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Electrode | P A A A ’ A A A
1 2 3 4 5 6

Voltage Ve |0.92V5 -9 .65Vf ~9.65V¢ -1-69Vf ~4.5Ve 1 O

where V¢ is negative.

The filoment ocmission current had to be kept below o critical value
to obtoin o focussed beam. TUsing the conditions above, if an cmission
current of greater valuc than 40pA was used with Vp ==T6V the beam went
completely out of focus, but providing this value was not excceded the
beam coulcl' be focussed in the cnergy range 30 - 80 ev. The beom diver-
gence in this range wos of the order of 0.5°. Below 30 ev the bean |
expanded uwntil ot 8ev the divergence was about 8° and the boam was not
woll-defined. The current in the beam, iy, was smeller thon expected
and is shown in Fig.3.5 as o function of beam voltage, Vi. The rapid
cut-off of iy wos almost certainly duc to olectrostatic charging up
inside the gun, since gold plating the clectrodes removed the effect.
However, the gun would only operate for about an hour after gzold plating
before the effect reappearcd. Therefore the cut-off wos o result of a

timo-dopondent factor within the sun (sce Sect.5.10).

3.8 DPerformance of the Seven Eloctrode Gun in the Ronge 200-800 ev.

The focussing conditions giver in Sect. 3.7 were not suitable for
use ot higher cnergics than 100 ev because the voltacges on anodes Ao and
Az became too large. Also, in order to cchiove o higher bean current,
the 0.1mm tungsten filoment was replaced by a tontalun strip filament,
shomm in Fig.3.6, from vhich & much larger emission currcnt wos objain-

able. The following focussing conditions were found:-
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' Electrode| F Ai A2 A3 A4 A5 A6

Voltog Ve | 0.97V¢

———— o]

-0.13V¢ | 0.317p | O | 0.31V¢ | O

With these conditions the beam divergence was 8° at 800ev and gradually
increcsed to aboutb 14O at 200cev. A beam currcnt of severnal hundred
microamps was obtained in this encroy range as shown in Fige 3.7.

After the initial tests on the 127° deflection clectron velocity
onclyser (Sect. 4.9), the tontalum strip cathode vas replaced by a |
O0.2mn diameter tungsten hoirpin cathode. This wWas nccessary becouse
of overheating in the gun due to the large power dissipation of the
strip cathode. Thé finnl charactcristic encrgy loss experiments werc
carried out using the gun with the 0.2mn tungsten hoirpin cathode.

The gun was opereted wnder similar conditions as for the tantalum strip
cathode ;nd, although no accurate measurements werce made on the bean
characteristics, an experiment deseribed in Sccte 5.13 indicatcd that
the beam divergence was only 6° ot o primary cnerpy of 200ev. Also
there was sufficiont current corricd by the beanm for the cheracteristic

cnergzy loss cxperiments to be carried outb.
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CHAPTER 4.

THE ELECTRON ENERGY ANALYSERS INVESTIGATED

4.1 Choice of Elcciron Enersy Analyscr and the Electron Detector

For the present research only clectrostatic anolysers were consid-
ered. Those were preforred to magnetic analysers since the electric
field requircd con be completely confined within the analyser by
surromding it with on carthed shield, lecving only one small cntrance
aperture for thc electron beam.

Electrostatic analysers can be divided into the retarding field
type, Simpson (1961), and the deflection type, Hushes and Rojansky (1929).
Both types werce investigated. A rostriction on the type of retarding
fiecld annlyscer used vas that the clectron beam current collecting
eleetrode of the analyser hrd to be at earth potential; this was in order

that o sensitive vibrating reed clectrometer could be used to detect the
current. This confined this type of analyser to the clectron filter
lens type described in Sect.4.4, and o specinl type vhich will be
described in Section 4.6.

The vibrating reed c¢lectrometer was an Ekeo N572 type and vwas
capable of detecting clectron currcents betweon 1078 and 107154 by

suitable choice of the input resistonce, which could be 108, 1010 or

12

107" ohms, corrcsponding to the threc ranges, 33(10-8 to 5.10‘10A),

Rp(10-10 to0 3,10124), and R1(20~12 to 3.10~344).



4.2 The Enerzy Resolution of a Spectrometer. Definitions and Reouirements

The overall cnersy resolution of a spectromcter (sce Sccte3.1), vhich
can be experimentally determincd, noy be defined as AVb/VO, where ¢V, is
the mean cnergy, in elecctron volts, of the elcctron beam incident on the
torpet end ¢V may be taken here as the half-width, in elcctron volis,
of the encrgsy distribution of those clectrons which have suffored zero
cnergy loss in roflection froa the target, after having passed through
the onalyscr. eAVy ineludes the cnergy spread present in the beom from
the zun due to finitc thermionic emission velocitics of the clectrons
from the pgun eathode and also the encrsy spread duc to the imperfect
clectron optics of the oun ond analyser. The finite entrance and exit
aperturcs required for the clectron beam in the analyser also contribute
to cAVye |

The specific energy resolution, ﬁVa/Vo, of the analyser is the
theoretically determined cnergy resolution of a beam entering the
annlyser with perfeetly homogencous cnergy eV, and eiVg is the total
energy spread of the beam after having passed throush the analyscr.

For a given analyser AVa/No is usually o constont, thus decrensing
Vo results in a decreasc of AV, and thereforc the ability of fthe analyser
to resolve clectron energics improves as V, decrcases.

For the characteristic cnergy loss experiments vhich were carried
out, it was nccessory to be nble to resolve cnersy dilstributions differing
by scveral clecetron volts ($'3ev) in the region of the primary clectron
beam oncrsy, eVo, wherc eVo was of the order of 100-500 ev. An overall

energy resolution of about 1% was thus requirced.
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4.3 The Encersy Resolution of the Retbarding Ficld Analyser

The theory of the retording field analyscer has becn dealt with by
Simpson (1961) and therefore only a brief account will be given here.

If a perfectly collimated and homogeneous bean of c¢lectrons of
cnergy oVo, travelling in a ficld-free space (sec Fig.4.la), is incident
at right-ongles to the equipotentials of an opposing (retarding) elecet-
rostatic ficld, Vr/xo, localised between the plonces Pp and Po, the beam
will only be cble to surmount the potentisl difference, Vy, if lVbl>W5|.
Herice, if a current collecting plate is placed in the plane Pp, and the
retarding potential, -Vy, is placed on this plate, then no current, I,
is collected by the plate if lVr|>]Vo| and fhe total beam current, I,
is collected if |V l<|v,l, as shom in Fig.ﬁ...l(.b).

The linit on the specific cnersy resolution of this type of analyser
is fixed by the divergence of the incoming clectron beam. It con be
shom (see e.g. Simpson loc.cit.) that if the bean has a divergence of
20, then the specific energy resolution is given by

(AVa/7,) = Sin% (202, for small 8) ......... N )
This is a2 result of the fact that it is the momentum of the electronms
perpendicular to the equipotentials vhich is analysed and not the encrgy
of the electrons. The effect of @ is showm in Pig.4.1(b), where first
of all only those eleetrons travelling along the axis of the analyser,
e =0, c&nvsurmount the retarding potential and then, as the retarding
potential is gradually decreased, the electrons with ©>0 are collected,
wtil finally the retarding potontial is small enoush to allow those

electrons travelling ot the maximum value of © to overcome it and be
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collected.

In the practical casc, vherc the plane Pi(sec Fig.4.2) is kept at
zero potential by placing on oarthéd notallic diophrasm therce, the
introduction of an aperture in this diaphrasm, throush vwhich the beam
has to pass, causes an increase in the specific cnergy resolution.
This is duc to the elect:on—optioal lons cffect ot the aperture. In
this case, Simpson (loc.cit.) has showm that for smell © the specific

encrgy resolution is

2 2
A}r_o; Sers _Iig‘.(p+4_'f9_)_ .,,,,,,....gaoauteonooee.n.eboo(4'2)
Vo 16x2 2

X5 P

vhere (sce Fig.4.2) r, is thc radius of the aperture, x, is the distance
between the planes Py and Pp, betveen vhich the retording potential is
applied, aﬁd p is the distance between plonc Py and the voint from which
the extreme roys of the electron beam cntering the analyscr apyear to
diverge.

For an clectron beam containing eleetrons of all energies from zero
to eVy, only those electrons with sufficicnt longitudinal momentwi will
surnmouwnt the retarding potontial borrier, -Vp, and hence by varying Vi
the energy distribution of the electrons in the bean ean be obtained in

the form of an intesral collected current versus Gnorgy Curve.

4.4 The Elcetron Filter Lens

The clectron filter lens (Simpson 1961) is a retarding ficld
analyser in which the electrons which hove surmounted the retording

potentinl are reaccclerated to their origsinal energzy before being
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collected. A simple filter lens anclyser is shown in Fig.4.3. There

the retarding potential, -V, is applied between tho gauze, G, and the
earthed diaphrasm D. Those electrons in the incoming beam vhich surmount
the retarding potential are reaccelerated between G and the earthed
diaphragm Dy before being collected in the carthed collcctor cage, C.

The main advantege of this type of analysor over the normal retording
fiold analyser, is that the collector, C, is at earth potential, thus
moking the measurement of the collected current, Is, simpler.

Filter lens analyscers have the adventage that secondary electrons
produced at the current collecting cleetrode are automatically returned
to this electrode by the accelerating potential between the filter lens
and the collector. However, when a gauze is used in the lens, as shown
in Pig.4.3, this some effect gives rise to a disadvatage, in that second-

ary clectrons produced at the gauze arc accelerated into the collector.

4.5 A Pilter Lens Analyser

A simple version of this type of onalyser was built end is shown in
Pigede4. Diaphragms Dy and Do are collimating diaphragms, with_D2 also
beinz the first olement of the filter leons which consisted of the
diaphrasms Do, D3 and D4. The size of the apertures and their separation
is ziven in the diagrom. With the cxcepiion of D3, the dicphrasms
nentioned were O.4mm thick. D3 consisted of two diaphrogms, of O.4mm
thickness, in between which o piece of copper gauze, G, with 24 meshes
per mm and 55% tronsmissivity, was clamped to cover the centrol aperture.

Dz was isolated from Dp and Dgq by P.T.F.E. washers, P . The current
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collecting coge, Cy, was situnted inside on earthed shielding cege, Coy
and inswlated from it by P.T.F.E. The cap, K, completed the shielding
of C). Dg and Dg are the front diaphragms of C2 and C) respectively.
The diaphra;ms and coges were mounted on three steatite rods, S, of
vhich one is showvm and the whole asscmbly, supported on the rings, R,
fitted inside the tube, T. The steatite rods viere shiclded by the caps,
B, and thc tubes, U. The whole construction was of brass and was sold
plated to prevent the possibility of clectrostatic charsing up.

The retardins potential was appliocd to D3 with Do and Dy being
earthed. Electrons which entored the analyser throuch the aperturesin
D1 and Do and surmounted the potential barrier were thus reaccclerated
to their original energics before collection in Cp, which was earthed via
the clectromcter, V.R.E.

The speeific cnergy resolution of the analyser was determined by
considering the retarding potential plane, defined by the gouze, G, as
an equipotential, thus ignoring lens effects ot the apertures of the
ganzes Application of equn.(4.2) then gave o specific energy resolution
of 1.6%.

In testing the analyser the overall cnergy resolution of the analyser
and the tetrode gun. (Sect.3.4) was mcasured for an 800 ev electron beam
Projected direcctly into the analyser. The reosult is showm in Fig.4.5.
The half-width of the differential curve, D, obtained from the integral
curve by numericol differentiation,was 3.7 ev, giving an overall encrgy
resolution of 0.5%. This was smaller thon the specific encrygy resolu-

tion of 1.6% becouse, in this case, the divergence of the electron beam
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entering the analyser was fixed by the angle subtended by the aperture
of redius ry, in diaphrasm Dp; at the last anode aperture of the gun.
This divergence was only about an cighth of that set by the collimating
apertures in Dy and Do. If, in cqun.{4.2), we allow p to become very
much greater thon Xy, thon AV,/V, becomes rs2/16x,2, which gives a
specific encrgy rosolution of 0.7%, vhich agreos quite well with the

measured value of 0.5% mentioned above.

4.6 An Inverse Retarding Ficld Analyser

This analyscr was based on o design by Boersch and Schweda (1962)
and a schematic diagram explaining its operation is shown in Figs.4.6(a)
and (b). An electron beam of encrgy ¢V, enters the analyser throuzh the
collimating aperture in the diaphrasm D. It passes through the earthed
cage, R, and meets a retarding potential, -Vy, vhich is applied botween
R and the second cage, S. The retarding field acts an an clectron mirror,
returning those clectrons vhich do not have sufficient encrgy to over-
come the retarding potential to cage R, where they arc collected and
registered as the inverse current, Ip. Thus by varying the retarding
potential, -V, and measuring the current, I,, to R, the energy distri-
bution of the electrons in the beom is obtained, as shown in Fige4.6(b).
The current I, is complemcntary to the currcnt, Ig, collected by the
cage S. I, is the current which would be collected in a normal retarding
ficld analyser. By measuring the inverse current, I, instead of Ig, one
tekes advoentage of the fact that R is at earth potential throughout,
whereas S is ot o negative potential which is varied in the region of

the cathode voltage of the gun producing the electron beam.
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The sum of the currents Ip and Ig, which is denoted by I, is
always the total current corried by the beam (see Fig.4.6b). As showm
in Fig.4.7, a group of electrons in the beam being analysed which has
suffered a characteristic energy loss, eAV, appears as o current step,
Iy, in both the curves for Iy and Ig. Boersch and Schweda (loc.cit.)
point out that the signal to nolse ratio (whore the noise is due to
short term fluctuations in Iy over the time required to sweep through
the enersy spectrum of the bean) of the current vhich has suffered the
energy loss, is increased in the inverse current curve, Ir(Vr), by a
factor of (I4-Iy)/Iy compared with the normal current curve Ig(Vy).

The analyser which was built eventually is showm in Fiz.4.8. It
wos developed from a first version with which preliminary tests were
carried out. The electron beam was collimated by dicphrogms Dy and D3.
Diaphresns Do,separated by brass spacers, B, suppressed secondary
electrons produced at the aperture in D) by tﬁe electron becam entering
the analyser. All of these diaphragms werc earthed. Diophragms Dj and
D6 were held at a potential of ~50V with respect to earth, when analy-
sing beams of several hundred cv, in order to prevent secondary elec-
trons entering the cage R and also to prevent cscape of secondary
electrons which were produced inside R. Dy and Dg were isolated from
their neighbouringz diaphragms by P.T.F.E. insulator, P. D5 and D7 are
the end diaphragms of cage R, which ﬁas completely isolated from cage S
by the earthed diaphresm Dg, which occupied the whole of the internal
diameter of the cylinder, T, in which the cages were supported on the

rings, 0. The shielding of S uns completed by the cap, C. Cage R and
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the diaphragms which preceded it wore mounted on three steatite rods,

E,, of vhich one is showm. These verec shieldedkby the bross caps, K,

at the front. Cage S wos also mounted on threc steatite rods, Ep. The
vasher, A, shielded the insulator P from stray clectron currcent. The
whole construction was of brass and all the diaphragms were O.4ma thick.

The specific cnergy resolution of the analyser was cstimated by
application of cqun. (4.1). The angle of entry of the electron beam into
the onalyser wos limited by diaphragms D3 and Dz, which limited © to
0.04 rad., and therefore gave a specific energy resolution of 0.16%,
neglecting the curvature of the retarding field equipotentials.

The analyser was tested by projecting olectron beams of 400 ev from
the tetrode gun (Scct.3.4) into the snnlyser alony its axis. An cnergy
anclysis curve of such a beom is showm in Fige4.9, together with the
differential curve obtained from it by numerical differentiation. The
half-width of the beam was only 0.75ev, which yielded an overall encrgy
resolution under these conditions of 0.27;

The deep minimum, M, to the right of the beam current stop in Fig.4.9,
was due to the fact that vhen the retarding field between the two coges,
R and S, wos varied, the focal length of\the electron mirror formed
between them also varied, and for a p&rticuiar field the electrons re-
flected from the mirror were focussed back throuszh the aperturc in D5
(Piz.4.8) and thus escaped detection in caze R. This was verified
experimentally. The minimum, M, does not offect energy distribution

measurements made with the analyser since its abscisso corresponds to an
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energy greater than that pf the beam being investigated. This is true
irrespective of the becam enersy.

The curve shown in Fig.4.9 was the best of several obtoined. It
was found that the shape of the curve on the high enerzy side of the
beam current step depended on the anglc of entry of the beam into the
analyser, indicating that stricter collimation of the beam was necessary.
However, the important part of the curve, which is that on the low energy
side of the beam current step, was not affected by this and therefore,
in the present onalyser, the collimation was not improved, since it

would have reduced the collected current intensity to an umacceptable

figure.

4.7 The Principle and Resolution of the 127° Electrostatic

Deflection Analyser

Huzhes and Rojansky (1929) showed theoretically thot o divergent
beem of monoenergsetic electrons entering a radial.electrostatic field at
right angles, is refocussed after it has traversed o distance defined by
the angle n/Q%'rad,(l27°17‘). This was verified experimentally by Hughes
and McMillen (1929). The principle of the analyser is shown in Figs.4.10
(2) and (B). There Aand B represent the cylindrical condenser plates, of
rodii r, ond rp, between vhich the radial electrostatic field is produced
by the applicotion of symmetrical voltoses, +V and -V, to A and B
respectively. The entrance and exit slits of the analyser, in plates C
and D, lie mid-way betweon A ond B. They are on a radius ry and are
perpendicular to the plane of the diasram. 0, 1 and 2 rcpresent the

principal and marzinal rays of a homogeneous electron beom, of energy eV,
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entering the analyser with convergonce 2 arad. The principal ray, O,
satisfies the condition,

Vg =2Vo 1oz a(xh/Ta)eeccecercenseacnscasoncocoaasssaeas(he3)
where Vg =2V and is the voltage differcnce between A and B. This oy
travels on o circular orbit of rodius roe The rays; 1 and 2, are
refocussed ot the exit slit in D as shown in Fig.4.10(2). Therefore a
line image of thc entrance slit is formed at the exit slit. Equation
(4-3) shows there is a linear rclationship between the energy of the
focussed electrons and Vg. An inhomogeneous beam of electrons entering
the analyser is thus disborsod by the clectric field; elcctrons of
hisher cnergy striking the end plate, D, at larger radii than those of
lower enerzy. Therefore, by varying V and measurings the current trans-
mitted by the exit slit, the encrgy spectrum of the beam of clectrons is
obtained.

Fize4.10(b) illustrates the fact that rays 0, 1 and 2, corresponding
t0 electrons with the same velocity, vo, are not perfectly refocussed in
the plane of D. The departure from perfect refocussing is the distance

s, given by Hughes and Rojansky (loc.cit.) as

s = % a2ro taceescaeccansesnacncssasosscosscssnes(ded),
vhere highcr powvers of a are nezlected.
The electrons cntering the analyser with velocity v <v, and at
a = 0, shown by the dotted line in Fig.4.10(b), strike platc D at o
distance d from ray 0, where d is given by Hushes and Rojansky as
I B L F S PP - 1) ¥

where g =(vo -v)/vo and higher powers of § have been neglected. Now by
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converting equn.(4.5) into its equivalent cnergy form, it can be shown
that /o =4V/V, or, by putting &= Ar,

E = AY_ oo.oo.nno.oa.-.g.n.c'o.o.q.-.ooo.locto'(4l6)
o Vo .

where eV, and ¢V are the cnergies, in electron volts, of the electrons
with velocities vy and v respectively, &V=V -V and higher orders of
AV/Vo have been neglected. Thorefore, using equn.(4.4), we scc that the
departure from perfect refocussin~z of a homogeneous beam cntering the

analyser leads to an cffective energy spread of AVy in the beam, given

by
AV 2
__]-_=—_-s—= ﬂa OGQD..ﬂ‘ﬁﬁa".Q'!0.0‘....0.".0.‘.(4‘7),
Vo Yo 3

which is just the specific energy resolution of the perfect analyser
with infinitely small entrance and exit slits. If the analyser has
finite entrance ond exit slits of cqual width, w, then according to

equn.(4.6) cn encrsy spread of AVs is introduced, where

-é—v—zﬂ = —-—“’—— -!.0o.0.l....I....Q.e...l...‘l...""."(4.8)Q
V0 T,

Lastly, duc to the divergence, 6, in the plane defined by the length of
the entronce slit and the direction &= 0, of the beam entering the

analyser, an energy spread of AVB is introduced, vwhere
9!:-’ gz(for Small g).'o.e..DQ.Q.'Q.O.‘.‘.I.(4.9>’

as given by Rudbers (1950b). 0 is limited by the peometry of the
analyser and the spectrometcr as a vhole vhen it is being used in

¢lectron reflection experiments. The specific energy resolution of a
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spectrometer incorporating such an cnalyser is therefore

N, _ 1+ No+ AV5 - % a2 + W +.Tan29 o..e.-,,._,.,“.,_o,(4.1o)o
Vo Vo 3 T

The fact that the T&nze term overlaps, to some extent, vith the sum of
the other two terms has been neglected. Note that, as in the case of
retarding field analysers, &Va/V, is o constont and is therefore inde-
pendent of V,y(sec Sect.4.2).

The 127° deflection analyser yields the differential curve of the
encrgy distribution of the beam passing throuszh it, as opposed to the

integzral curve obtained with rotarding field analysers.

4.8 Detnils of the 127O Electrostotic Deflection Analyser

The analyser used in the present rosearch is shom in Figs.4.11(2),
(b) and (c). It was mode of brass. The condenser plates, Cy ond Cp,
were each supported on the base, B, by three pyrophillite pillars, P, in
the monner showm in Fig.4.11(e). C; and Cp were surrounded by an earthed
case, the importent parts of vhich are B and the ehd plates, E; and Ep.
The entrance and collimator slits, S; and 83’ were both mounted in the
sane fashion, vhich is showm in PFigs. 4.11(a) and (b) for Sz. The slit,
53, was machined on the tapered plate, To, which fitted into the corres-
pOnding tapered slot in the plate E3' E3 vas supported on the three
spacers, A, located on Ej. The exit slit S, v machined in the end
plate E2. 51it S4 was introduccd to prevent secondary electrons produced
at the edges of Sp from entcring the collector cage, Ky, which vas
surrounded by the earthed cage, Ko. X; and Ko were insulated from each

other by the P.T.F.E., ringzs, G.
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Cy and Cp viere of 5.0 cm and 6.0 ca radius of curvature respectively
and they recached to within 0.05cm of the end plates Ej and E2. The
vertical height of Cj and Cop was 4.0cm and the slits S; and Sp were only
of 1.0cn lenzth and symmetrically situated about the mid-plone, M, shown

in Fig.4.11(c). The slit widths and lengths were as follows.

51 = 0,22 mm 3 longth 1.0 ca
S0 = 0,30 mm ; 1length 1.0 cn
Sz = 0,97 1 3 length 0.4 cm
84 = 1,00 rm ; length 1.1 cm

The seporation of Sy and Sz was 1.3 cm, which limited the angle of entry
of electrons into the omnlyser toa=f2° 40'(sec Fiz.4.10). S4 was l.5mn
behind S» and 1.0mm in front of the entrance aperture of Kj which was-
2.0m wide and l.2cm long.

Since there were no adjustments provided for the slits and deflection
condensef plates, the important parts of the analyser (the vase, B,
condenser plates Cy and Cp, the end plates, Ej, Ep and Ez and the slits)
were all made to an accuracy of 10.003 em and were held tozether by
accurately countersunk screws. On assenbly the separation of Cq and Co
was neasured to be 1.014 £ 0.003cm and the slits 57 and 8, were acccurately
central between Cy and Cy to £0.005 cn, whefe the neasuremonts were nade
with a travelling nicroscope.

The whole of the insidc of the analyser was covered with a thin
layer of soot from a benzene flame before assembly to reduce second&ry

exission cffects.
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4.9 The Performance of the Deflection Analyser

The specific enerzy resolution of the analyser was best calculated
by considering the analyser incorporated in the spectrometer in which it
wirs eventually used, described in Sect. 5.8, because the term involving
© in cqun.(4.10) was governed by the size of the clectron bean at the
target, and not by the length of the collimating slit. The size of the
beam at the terget was about 3ma diameter (Sect.5.13) and the slit
lensth was 4.0mn. The specific enerzy rosolution of the spectrometer was
then calculated to be 0.9%. The finite slit-width term, &Vp, in equm.
(4.10) accounted for half of this figure.

The analyser, with the collimating slit, Sz, removed, was tested by
accelqrating electrons into it from a O.lmm diameter tungsten hairpin
filament cathode situated 0.5 cm in front of the entrance slit, Sj.

Using & circuit similar to that shown in Fig.4.12(a); curves such as that

shown in Fig.4.13 were obinined for clectrons tronsmitted by the analyser

and rccorded as the collected current, I,, by the vibrating reed elect-

romcter, V.R.E., These curves showed that the overall encergy rcsolution

of the analyser and filament was just less than 1% under these conditions,

which, in fact, werc almost equivalent to those present in the spectro-

meter incorporating this analyser (Sect.5.8).

Substituting for ry and 1, in equn.(4.3) goave the focussing condition

Vi = 003657V 0e0ecsassasssnasccnssescsnconacnsassee(doll)

for the analyser. With the analyscer mounted in the spectrometer described

in Sect.5.8, equn.(4.11) was tested experimentally. Bleetron beams of

knomn energies were reflected from the toarget into the analyser and,
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using the circuit shown in Fig.4.12(a), the deflection voltaze, Vg, was
adjusted so that those electronsrwhich hod lost zero encrgy on roflec-
tion at the target werc transmitted by the spectrometer. The deflection
voltage was then measured on the Tinsley potentiometer, which was
connected into the circuit throughout the adjusitnents. These measure-
ments (see Figz.4.12b) yielded the following focussing condition :-

Va= (0.366 X 0.002)Vg vevasenrescsssscsncncnnaces(4.12),
where the error is due to the accuracy with which the calibrated
voltmeter, used for measuring the beam energies, could be read.

Equation (4.12) is in excellent agrcement with equn.(4.11). Measurements
with two uncalibrated meters showed that a linear relationship between

Vg and V, existed over a renge investigated from Vo =50-800ev.



CBAPTER 5.

THE DEVELOPMENT OF THE SPECTROMETER

51 The Arrangement of the Spectrometors

For the experiments described in this chaptqr involving the retard-
ing field analysers (Ch.4) the degaussing coils (Sec.2.3) wore set to
compensate the vertical component of the masnetic field present in the
laboratory. As shom in Figs.5.1(a) and 5.1(b), the gum, G, target, T,
and analyser, A, vere made to lie in the mid-plane of the coils. The
gu and onalyser were supported on extension arms attached to collars
vhich fitted around the 9.5 mu Jdiameter central shaft, S; on vwhich the
target wos supported. The toarset was o 2cem diometer disc of 0.25mm
eureka sheet. The gun and tarsget could both be rotated about thé axis,
Ax, by means of pulleys operated via the rotary shafts,; Ry and Ro. The
anclyser was fixed. The target was situnted 2.5cm off the centre~line
of the work chamber, so that the analysers used always loy within the
region over which the vervical component of the mogmetic field in the
laboratory was compensated by the degaussing coils (sce Sect.2.3). The
last anode of the electron gun was always situated about 3.6cm from the
target and the entrance aperture of the analyser lay betiween 3.0 and 4.0 cm
from the target. The analysers were lined-up in the direction of the
horizontal component of the mammetic field present in the laboratory,

thus electrons rceflected from the target into the analyser suffered no
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magnetic deflection once they had left the target-

5.2 The Effect of the Uncompensated Horizontal Megmetic Field.

The clectron beam trovelling between the gun and the target was
acted upon by the uncompensated horizontal component of the masmetic
field present in the laboratory. This effect being greatest when the
beam trovelled perpendicular to the field. The uncompensated field was
apyroximately 0,09 oersted, as calculated from the known angle of dip
(Sect.2.3) and the value of the verticoal component of the magmetic field
calculated from the knowmn current in the degaussing coils when this
component was compensated. Thus, as the electron beam travelled a
distance of 3.6 cm from the gun to the target, the maximun possible
deflection of the beam before it struck the target could be calculated.
It vas found that a beam of 100 ev energy suffered a vertical deflection
of only O«s3mm at the target. Such o deflection was not considered

serious for the preliminary experiments which were to be performed.

5¢3 The Tegtin~ of the Spectrometers

The spectrometers were tested by coarrying out electron reflection
experiments, usually on freshly evaporated aluminium specimens. Alumin-
ium was chosen because its characteristic energy losses are very
discrcte ond pronounced, for example sec Powell and Swan (1959a), there-
fore aluminium provided a standard by which the performonce of the
spectrometers could be evalunted. The specimens were cvaporated onte the
target by rotating the tarset, T, (Fig.S.lb) to face the evaporation

filament, F1, and, after deposition of the specimen, the terget wes
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immediotely rotated back into the reflection position and the reflection
measurcments made. Details of the evaporation technique will be given
later (Sect.6.1). The overall enerry resolutions of the spectromecters

were wvaluated from the curves obtained.

5¢4 Note on Contamination of Specimens

It wos found later thot, in spite of using freshly cvaporated
specimens, the specimen surfacces were nlmost certainly contaminated by
residual pgogses ond vapours in the vacuum system. The specimens which
were used for evaluating the performences of the retarding field spect-
romters will thus be termed contaminated aluminiun(see Sects.5.10 -5.12

and Sect T.7).

5.5 The Inverse Retarding Field Spectrometer

A spectrometer was congtructed using the inverse retarding field
analyser (Sect.4.6) and the tetrode gun (Sect.3.4). The arrangenent was
as showmn in Figs.5.1(a) and (b). The clectrical circuit employed is
shown schemntically in Fige5.2. The retarding potential, -V,., required
on the cage 8 of the analyser, wos derived from the beam accelerating
voltaze, -V,, applicd to the cathode of the gun, and the H.T. battery
shown. Vo, was varied by means of the potentiometer, P. edV=e(Vo-Vy)
is the minimunm energy, in ev, which an electron in the reflected bean
must have lost in order to be collected in cage R. The current collected
by R;Ip, was measured with the vibroating recd electrometer, V.R.E. The
gun wes operated wnder the second set of conditions given in Sect.3.5.

Fige543 shows port of the energy spectrum of a 400 ev beam scattered
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throush approximately %0° from a contaminated aluminium evaporated

layer (correspondent conditions were later found to be cxcellent for the
excitation of the surface plasma oscillations in aluminium, see Sect.7.3).
The differential curve, D, of the zero enersy loss step was obtained

from the integral curve, A, of Fig.5.% by numerical diffecrentiation. It
is in arbitrary wnits ond ite half-width is 1.3ev, giving an overall
energy rosolution for the spectrometer of 0.3%, which is in reasonable
agrecement with the calculated specific energy resolution of 0.16%
(Secte4d6).,

No characteristic enersy losses arc apparent in Fig.5.5 but the greét
disadvantoge of this type of analyser con be seon. This is the presence
of the larze background current ond is due to the fact that the cage R
of the analyser collected not only the high energy electrons which had
been returned to it by the retarding ficld, but also the slow and second-
ary electrons in the selected beam and these were not of interest in the
present experimnents. The size of the signal compared with the background
prohibited the detection of any enersy losses. Therefore, in order to
make thc maximum ugse of a spectrometer utilising this type of analyser,
it would be necessary to precede the analyscr by an electron filter which
would romove all elecctrons with cnergies up to the lowest enersy of
interest from the beam contering the analyser. This was not considered to
be a practical proposition and the analyscr was discarded for the
measurcnent of characteristic encrzy lossos.

A final discussion on the use of retardinz field anolysers for

neasuring cncrgy losses is given in Scct.5.7.
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5.6 The Filter Lens Spectromcter

The ordinary retarding field analyser and the filter lens analyser
do not suffer from the background problem described in Sect.5.5. A
spectrometer was constructed usinz the filter lens analyscr described in
Sect.4.5 and the totrode sun (Sccte3e4). The layout was as shown in
Figs.5.1(a) and (b) and the clectrical circuit similar to that in Fiz.5.2,
where tﬂe-retarding potential, -V, in this casc was applicd to the
gouze, G, of the analyser and the current, I, to the cage, G, was
measured (sce Fig.4.4).

Figurc 5.4 shows part of the cnersy spectrum of 400ev clectrons
reflected from o contaminated aluminium specimen using this spectrometor.
The half-width of the zero encrgy loss step obtained from the differ-
ential curve, D, was 3.5ev, giving an overall energy rcsolution for the
spectromcter of aboup 1%, vhich was smallor then the calculated specific
energy resolution of 1.6% given in Sect.4.5. Once again it was impossible
to distinguish any characteristic 1oéscs in the enersy spectrum. See

Sect. 57

5.7 The Usefulncss of Retording Field Spectromcters in

neasuring Charscteristic Enerey Losscs

It was found that the retarding field spectrometers were unsuitable
for the observation of characteristic energy losscs in low energy
electron beams reflected from evaporatod specimens. The major foultd
beings that the enercy losses were of insufficient intensity to be

detected, as compared with the zero eneray loss step in the reflected
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energy spectrum. It wos obvious thot if a spectrometor of this type
were to be used, then automatic clectrical difforentiation of the
intogral collected current curves obtoined with the spectrometer would
be nccessary, in a similar manncr to that described by Leder and Simpson
(1958). The advantoge of obtaining the reflected electron encrgy
spectrun in the differential formy rather then the integral form, is
that any encrgy losses show up as peoaks and not as steps in the spectrum,
thorefore the sensitivity of the recording equipment can be adjusted to
accomodate each peak if nccessary, whercas this is not possible in the
case of the integral curve.

The actual energy resolutions of the spectrometers investizoted
were sood and, in particular, that of the inverse retarding field
spectrometer was outstanding, but the problem mentioned in Sccte5.5,
together with that mentioned above, ruled it out as far as charaqteristic
energy loss measurcments were concerned. |

Retarding field eanalyscrs hove been used in spectrometers by
Hoberstroh (1956) and Meyer (1957) to observe characteristic energy ™
losses in 30-40 kev electron beans tronsmitted through thin films of
aluinium and germonium. In both of these cases the intensities of the
plasna enerzy losses vere approximately equal to the intonsity of the
group of electrons tronsmitted with zero cnersy loss, therefore the
losses were easily obscrved. However, this was not true of gold and
silver, vherc the cnerzy losses appeared with only about %% of the
intensity of the zero energy loss, see Hoberstroh (loc.cit.). Therefore

it seems that, cven under these conditions, in order to make full use of
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the retording field analyscr, automatic electrical differontiation of
the integral collected current curve is required.

In order to obtein the energy loss spectra in tho differential form,
the deflection spectrometer described in the followinz section was
constructed. This was considered preferable to the developmont of the
necessory clectronic circuits-.to differentiante the integral curves
obtained with the retarding field spectrometers.

Finally, it should be mentioncd that, for a siven specific energy
resolution, o retordinz field analyser can probably always be made
dimensionally smoller than a deflection analyser, this is because its
cnergy resolution is virtually indopendent of its sizc. This, and the
relatively simple mechanical construction of such analysers, form the
basic advantages of the retarding field analyser vhon comparcd with

deflection analysers.

5.8 The Iinal Spectirometer

The spectrometer used in the final experiments consisted of the
seven=-electrode gun described in Sect.3.6 and the 127° deflection
analyser described in Scct.4.8. The arrangenent of the spectrometer is
shovm in Figs.5.5(a) end (b). The torget, T, wos situated 6.5cm from
the axis, 0x, of the degaussing coils and 2.0 cm from the collimating
slit of the analyser, A. The gun, G, wos l.8cm from the target. In
this case the degnussing coils were arranzed to cancel the total magnetic
field present over the resion in vhich the experiments were carried out

(sec Sect.2.3). Therefore the plate, P, on which the spectrometer was
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supported was arranged as shown in Fig.5.5(b). The gun and target could
both be rotated about the axis, Ax, of the sheft, S, supporting the
target, by moans of pulleys operated by the rotary shafts, R, and Rp

Also showm arc the specimen evaporation filamont, Fy, and the getter
evaporation filament, Fp, as described in Sect.2.2. 11 and MS, showm in
Fiz.5.5(a), are tho curcka nask and moveable shield described in Sect.2.2.
The target initially was of eureka, as deseribed in Sect.5.1, but see

Sect. 5.11 for modifications to the target.

5.9 Preliminary Experiments with the Final Spectrometer

Using o cirecuit like that showm in Fig.4.12(a) and operating the gun
under the conditions given in Sect.3.8, experiments were carried out to
try to observe the characteristic onergy losses in approximately 800 ev
electron becns reflected througsh 90° from freshly evaporated aluminium
films, deposited as described briefly in Sect.5.3. The curroent, Ig,
transnitted by the analyser, was measured with the vibrating reed
electrometer, V.R.E.(Fiz.4.12 ) « Curves such as that shown in Fig.5.6
were obtained, showing only one broad cnergy loss of about 23 ev and
none of the well-lmown charactoristic chorgy losses of aluminiwa., It
was also found that exactly the same cenergy loss spectrun was obtained
if the electrons were reflected from the eurcka tarset before the
evaporation of aluminium onto it., It was thus decided that the spectrum
obtained wog neithor that of aluninium nor eurceka, but was in fact the
spectrum of some form of contamination present on the target surface.

The overall energy resolution of the spectrometer estimated from

the curve in Fiz.5.6 was 0.8%, as shown, and was found to be constant
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down to primary encrgies of less than 200 ev. This figure varied
slightly with the operating conditions used in tho sun for a fixed
primary energy, but was in good agrecrent with the estimated specific

energy resolubtion of the analyser, given in Sect.4.9 as 0.9%.

5.10 Specinen Contamination

Rudberg (1930a) had observed during his original experimemts on
characteristic ocncrgy losses that wmless he heated his specimens to
incandescence they all exhibited the same energy spectrum with one broad
energy loss of 25cvwe  Rudberg used solid specimens and not freshly‘evap—
orated specimens as in the experimonts deseribed in Seet.5.9-. However,
the present author was foreced t2 the conclusion that the loss mentioned
in Sect.5.9 was identical with thot mentioned by Rudbersg.

Observation of the targof vhile it wos under bombardment by a beanm
from the electron gun showed that a noticeable stain appeared on the
target after o period of a fow minutes at the point where it was struck
by the beam. This effect has been studied in detail by Emnos (1953,
1954) and is duc %o carbonaccous contamination of the specimen as o
result of intcraction of the clectron beam with hydrocarbons at its
surface. These hydrocarbons are present in the residual atmosphero of
the vacuum chember and arise from the backing punp oil, rubber gaskcts
and other sources, as mentioned by Ermos (1954).

Frnos (1953) claimed that this contomination could be preventoed by
heating the specimen to about 250°C. However, Powiell et al. (1958)
found that the specimen nceded to be heated to about 400°C. Both Emos

and Povell ¢t al. carricd out their experimonts in vacua of the order of
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6mm of

10 ma of mercury, os compared with the normal vecuun of 3 x 107
mercury used in the present exporiments.

A second form of contomination, which is more difficult to remove
but is less serious, is the adsorption of gas by the spocimen. Accord-
ing to Harrower (1956a) the monolayer adsorption time for this form of
6

contamination is of the order of one sccond at a prossure of 107°mm of
mercury. Herrower (1956b) studied the effcct of this contoamination on
the electron reflectivity of tungsten at pressures of the order of 10 8
of mercury and found that the refleetivity cither increased or decrcased
during the formetion of the monolaycr, depending on the DPrimary cenergy
of the electrons in the range 3-1000 ev. Powell et al.(loc.cit.),
working at about 102 mm of morcury, found thet this form of contamin-
ation could be removed from a tungsten specimen by heating it to 1500°C,

Oxidation of some specimons con occur and this was discussed
Chapter 1,

The first type of conbtamination mentioned is a possible cxplanation
for the irresulerities, mentioned in Ch.3, in the performances of the
electron guns ot low cnergics, since it forms on the electrodes of the
sguns, and thick laycrs of contamination can build up after prolonged
operation. In fact after operation of the seven electrode gun, under the
conditions described in Sect.3.8, for a number of weeks, the contamina-
tion formed on some of the electrodes was thick encough to be peeled off.
Althoush the carbonacoous contomination is not insulating, silicecous

contamination nizht also be expected to be formed from the vapour of

siliconc vacuum grease used on seals in the vacuum systen and this is
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insulating (Ennos 1954).

A tarzet capable of being hented to over 400°C was constructed in
order to vorify the assumptions made concerning the conbamination of the
specimen in the present cxporiments.

It should be noted that these romorks on contamination do not
invalidate the comments made in Sect«H.7 about the uscfulncss of the
retarding field spectromoters since the contanmination layer has a
characteristic encrzy loss spectrum (Figs.T.10 and T.13) which was not

observed in the energy spectra obtained using these spectrometors.

5.11 The Heated Tarret

The target is shown in Fige. 5.7. Tho heating element was 2lcm of
0.2 x 1.6mm nichrome strip, of 3.5 ohms/m resistonce, non-inductively
woumd on the mice former shown in Fig. 5.7(a). This fitted inside the
tantalum box showm in Fig.5.7(b) and was insulated from it by thin sheets
of mica. The tantalum box was constructed from O.lmm sheete The whole
target assembly was thon clamped between two stainless steel, L-shaped
brackets, L, onc of which can be seen in Fig.5.7(e), which were then
clomped into a slot in the top of the supporting shaft, 8, (sce also
Fisze5.5b). The actual swrface onto which the specimens were evaporttoed
was the cureka surface showm in Fig.5°7(d), which was clipped onto the
front of the tantalun box by the flanges, F.. This surface was thus
replaceable.

The hcating clement was a.c. heated so that any magnetic disturbance
to the ecleetron bean ineident on the target due to the heating current

was avergged out. The teompernture of the target was measurcd with a



-83-

A L0y

Ic
(x1072A) 30-

20+

104

40 30 20 10 0
energy loss(ev)

' thermocouple
\j leads

(d)




= 84 -

nichrome-constantan thormocouple vhich wos pinched into onc of the top
corners of the rcplaceable curcks surface, os showm in Fiz.5.7(d). The
output of the thermocouple ws measured with a nicroammctor, and it was
calibrated up to 400°C ageinst o nitrogen filled mercury thermometer.

The tenperaturc moasurcments obtoined with the thermocouple were accurate

to ts%o

5:.12 The Effect of the Specimen Temperature

The target was incorporated in the deflection spectromcter (Firz.5.5).
Using the circuit shown in Fig.12(a), 800 and 267 ev clcctron beans were
reflected throush approximately 90° from freshly cvaporated aluminium
layers maintained at 400°C. The cnergy spectra of the reflected clectrons
obtained in the two cascs arc shown in Fign.5.8 and 5.9 respecjively.

The well-known characteristic cnorgy losses of aluminium were éfeﬁent

in both of thesc curves, as can be scen, although at the hicher enéfgy
the resolution of the spectroncter wos not sufficient to resolve the 10.ev
and 15ev loss peaks vhich arc apparent in Fig.5.9 for the lower enorgyn'
of the primary clectron beam. This is o direet consequence of the
spocific cnergy resolution of the analyser being o constant (Sect.4.7).

The expcriment proved, beyond doubt, that,wnless the precaution of
heating the target was taken, cven freshly evaporated specimens were
contaminated so rapidly by electron bombardment and by the surrounding
residunl gas, that their enerzy loss spectra werc completely nasked by
that of the contaminating layef within o minutc or so after thei; evap-

oration. FPFurther oxperiments showed that if the target temper&tufe,waé
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lowered to 200°C good spectra could still be obtained but at 100°C the
energy losses in the speetrun were only just visible on top of them
spectrun of the contominating laycr. Hercafter, all of the cnergy loss
spectra were taken with the target at 400°C and with primary clectron
beans of 200 6v, in order to make the bost use of the analysgr's

resolution.

513 The Size of the Primary Elcciron Bean

By bombording the target at room temperature with various cnergy
primary beans from the gun for twenty to thirty minutes, the well-
defined layer of contanination formed on the torget was cleorly visible.
The cxtent of this contemination wes taken as o measure of the size of
the cleetron beam at the specimen. At 200cv primary enersy, the encrgy
at which the finol experiments vwere performed, the diameter of the beam
at the spociﬁenvwas about 3mm. No nmeasurcrcnts on the amount of current
carried by the bean werc undertaken, but an estimate of the divergence
of the bean from the gun was nmade using the above method and this was

found to be about 6° at 200 av.

5.14 The Final Spectrometer Circuits

In order to reducc the time necessary to sweep through the encrgy
spectrun of the electrons entering the analyser, the monually operated
circuit with which the spectrometor was tested (Fige4.120) wos discarded
and was replaced by the circuit shown in Fig.5.10(a). There, a
synchronous-notor-driven potentiometer, P, revolving at 20 revs/hour

and with o dead-time of 30 seconds per revolution, produced o saw~tooth
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voltage. This was applied to the grid of o triode valve, V (vhich was a
double triode, type CV4024, of which only one half was uscd). The anode
and cathode loads on the valve were equal, thus, by the change of the
impedance of thc valve, symnetrical positive ond negative saw-tooth
voltages were generated at the cathode and anode. Those werc superim-
posed over o constant voltaze which wos dependent on the load in scries
with the valve and the voltage of the stabilised power supply. The
anplitude of the smwr~tooth waveforms, AV,q and AV,p, Was controlled by
the magmitude of the resistonces X and Y (increasing as X and Y vere
decreased) ond by the adjustment of the potentiometer T. The constont
deflection voltage, Vaoy applied across the analyser deflector plates,
€y and Cp, was tapped fron the potentiometers R and 8, the voltage on
oach platc being made equal and opposite. The voltage wavoforas thus
produced on C1 and Co are showm in Fig.5.10(b). Tho total, time-

dependent, defloction voltage, Vg(t), over one cycle of the swoep was,

Vd('b) = Vdo+vso(-];%;;b-) l.-o--oooon::.oo.00.!:0000-‘(5.1)

wherc + is the time in scconds, Vgo is the sweep volitoge amplitude 24V,
(AVe being the amplitude of the saw-tooth voltage on either Cp or 02)

and 150 was the active~time, in secconds, of the motor-driven potentiometer
per throe minutc rovolution. Referrins again to Fig.5.10(a), Va(t) wos
the difforence in tho readings showm by the voltmeters M; and Mp, ond
V4o(150~t) /150, which is called the sweep voltage, Vg(t), was iﬁdicated
by the voltmeter M§, from which Vi, was backed-off by the H.T. battery

showm. Voltneter Mg was a calibration moter (sce Sccte6.3); it wos
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disconnected vhen the circuit wos in operction. The SM-ohm resistance,
in parallel vwith M4, served to prevent the grid of the valve from
floating and cousing the valve to be cub-off whbn the wiper of P lefy
the resictance track at the cnd of a revolution. The two 1K-ohm
resistances were included wheon it was found that the voltaze ripple on
the deflection voltoge, Vg(t), could be roduced by increasing the
current drain on the power supply. A sccond precaution token to romove
spurious ripple on Vg(t), wos the heating of the valve filament with
accunulators in place of the original a.c. supply used. With these
precautions the ripple was reduced to 0.2V peak to peak on C1 and Co.
The effect of this ripple is discussed in Sect.6.3.

An analysis of the circuit, assunming that the current drain throush
the R~S branch was small compared to the current, In, passing through
the valve, shoved thatby means of R and 8, the maximun veluc of Va(+=0)
could be varicd between 100V and 33V. The moximum values of the sweep
voltase, Vgoy corresponding to these valucs of Vg werc 22V and 7.3V, In
this case, the saw-tooth voltage across the valve was produced by a
change in the grid bias, vy, from -1.07V fo -0.5V 0.5V volts chonge in
the grid bias corresponds to & change in the absolute grid voltase of
10.3V, duc to the cathode follower action of the cathode load). In
practice, it was found that bthe moximum value of Vd(t=0) could bc varicd
between 96V and 32V, and that the maximum values of Vg at these
voltoges were 19.4V and 6.5V, giving good agreement with the calculated
values alloving for tolerances in the values of componcnts and the

assunption made. Deflection volbtores of 96V and 32V applied to the
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analyser would focus 262ev and 87.4ev electron beams respectively
(equn.4.12), thus these arc the exbreme primary boam cnergies which can
be made use of with the prosent circuit for driving the analyser.

A disadvantoge of the‘circuit, is that the sweep volbase anplitude
Vaos is linearly dependent on the constant deflection voltage, Vdo, 28 a
result of the potential drop across the R=S branch (Fig.5.10a). Therc-
forc it is advantogeous to moke Vgo as lafgé as possible at the moximum
value of V3(4=0). This con be donc by decreasing X and Y in Fig.5.10(a),
but o limitation is sct by the lincarity of the characteristics of the
valye which affeet the linearity of the saw-tooth waveforms. In foct,
if the differential anode resistonce of the valve, rg =(8Va/8Ia)vgs ond
the mutunl conductonce, gy =(81a/0va)yas wére constont, then the sweep
voltage would be perfectly linear. It is because these two quantitics
are not constant thot the amplitude of the swecp voltase, Vg,, had to be
limited if good linearity of the sweep was to be obtained (sce also
Sect.6.3)° The final characteristic cnersgy loss experiments were carried
out with 200 ev primory eclectrons, and by setting X and Y to the values
shown in Fig.5.10(a), a sweep voltage of amplitude Vgo =13.7V was
obtained, superimposed on the required constont deflection voltage, Vi,
of 60.%V. Vdo-PVSO==74V is the moximum value of the deflection voltase,
Va(t), and is sufficient to focus 202 ev clectrons through the analyscr.
The maximua deflection voltage was always arranged slightly greater than
that required to focus the primary electronss this was in order to obtain
the complete distribution of the clastically reflccted electrons on the

neasured spectra. In the region in vhich the valve was operating Ty
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and g, as given by the monufacturers, werc 16.7 K~chm and 3.8wA/V
respectively.

The voltnmeters, My, Mo, M3 and My, wero all converted microammeters
and thus had high resistances (400—500 K~ohm) so that they did not
serjously affcct the circuit, and all had been calibroated against o
Tinsley potentiomecter.

Using the circuit describod above to drive the analyser, the beam
currcnt, I, transmitted by the analyser, was now automatically plotted
as o function of the deflcetion volitage by means of o pen~recorder, which
was driven by the vibrating rced electrometer used to measure Ige The
pen-rcecorder had two possible chart speeds, of 1"/min. and 6"/min.
Knowing the amplitudc of the swecp voltage, Vgoy it was o simple matter
to express distances measurcd alony the length (x—axis) of the chart in
terms of an cnergy loss scale. The enorzy loss corresponding to one

inch of the chart wos given by,

(o 226\/(__.B)Vol‘ts............n.,.-................(5 .2)

where S is the chart speed in inches per minute and cqun.(4.12) has been
used. The factor 5/2 accounts for the active~time per revolution of the
motor-driven potentiometer in minutes. As mentioned earlier, for the
final experimonts Vg, was 13.TV. The chart specd was 6"/min. The enorgy
logs scale on tho'charts, calculated from equn.(5.2), was thercfore
2.5 Volts/inch or 0.25 Volts/scc.

The circuit used for the sun is shown in Fize5.11 and is straight-~
forward.

In Fiz.5.12 a schemotic diagran of the complete spectrometer is given.
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CHAPTER 6.

EXPERIMENTAL TECHNIQUES AND PRECAUTIONS

Some basic cxperimental precautions hove already been mentioned

in Section 2.4.

6.1 Specimen Preparation and Purity.

The specimen metals end the getters were evaporated from tungsten
filanments (Sect.2.2)- Those filaneonts were first cleaned electroly-
tically in 20%'w/w KOH solution in order to remove o layer of graphite
present on tho tungston surface. After rinsing in distilled water they
were degassed at progressively higher temperatures, in a vacuum of about
107%m of mercury, wtil they could be flashed to white heat for several
seconds without causing the pressurc in the vacuum chamber to foll below
10=4mm of mercury. These precautions were taken to aveid, as far as
possible, contemination of the evaporant and honce the specimen by the
evaporation filament.

The specimen material itself had also to be degossed prior to
evaporation onto the targzet. For this purpose it was loaded onto the
specinen covaporating filament, Py, shom in Fig.5.5. It was degassed for
several minutes just below its molting point and wos then melited and
degassed for a further period of a minube or so, depending on the
material being evaporated. During this period it was shielded from the

target, T, by the movenble shicld, MS, as shown in Fig.5.5(a), which
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covered the aperture in the mask, M. The torget, T, which was kopt at
400°C, was rotated to facc F, which woas then heated wntil the specimen
metal was scen to be freely cvaporating; this could be seen from the
deposition of the metal vapour on the glass bell-jar which formed the
vacuum chamber. The moveable shield, MS, was then drawm away from the
aperture in M, allowing evaporation onto the torget.

No estimatc of the thickness of the specimens evaporated was made,
nor was the evaporation rate chocked for successive evaporation.
However, expericnce showed that the best characteristic cnergy loss
spectra were obtainced from specimens which had beon evaporeted rapidlys
that is the evaporant was heated to the stage where it was freely evap-
| orating, as described above, and was then flashed to a much highcr
temperature for a few seconds. Up to ten or more evaporations could be
achieved from one loading of the filament Fp, depending on the material
being eveporated.

In the cases of evaporating aluminium and germanium, it vas found
advantogzeous to getter the chamber before the specimen cevaporation,
otherwise the first two or three evaporations were wasted due to what
was thousht to be oxidation of the specimen; this was achieved by firing
an aluminium getter twice ot o three minute intervael from the filament
Fo, shown in Fig.5.5 and then waiting a further three minutes before
evaporating the specimene. By using this method the first specimen evap-
oration gave o specimen whose characteristic energy loss spectrun was
typical of the fresh material. This precaution wos not neccssary when

evaporoting fold and coppere.
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When specimens hod oxidised, orhed othorwise been contaninated, a
fresh specimen was evaporated on top of tho old onc, but diffceront metals
were never evaporated on top of cach other. A fresh target surfoce
(Sect.s.ll) was alwvays used when the type of specimen being investigated
was altercd.

Rapid evaporation of the evoporant onto the target has the advant-
ages that the specimen produced is purer ond suffers from less azslom-
eration than one formed by slow evaporation, see for cxample Holland,

(1960).

6.2 Encrzy Loss Measurcment Procedurc

The speecimen, having been cvaporated onto the target, was irmed-
iately rotated into the reflection position to be bombarded by the
prinary elect;on beam from the ~sun. Tho specimens investigated were
usuelly about 30 seconds old before thelr encerxy loss specitra begen to
be recordeds Due to the 3 minute period of the sweep voltage circuit,
the specimen was about 3 minutes o0ld at the completion of the first
sweep through the cnergy loss spoctrum.

For all the materials investisated the energy loss spoctra were
recorded for two scottering angles. These vere approximately 90° and
20° rospectively (Sect.7.1). In both cases, the angles of incidence of
the primary beom on the target and of reflection of the selected ray

scottered from the target werc made approximately cqual.

6.3 Stability of the Spectrometer Circuits and Accuracy of Results

A check on the stability of the primory electron beaa voltage could



- 96 -

be kept throughout the experiments, since the zero energy lossfpeaks of
consecutively recorded spectra, should always have boen separafed by
18 inches on the recbrding chart when it was running at 6 inches per
minute. It was found that the beam volbtage of 200V was constant to
within £ 0.2V over the three minute cycle; giving a stability ratio of
one part in 10J. This veriation accounts for the major part of the
statistical fluctuation in the accuracy of the measured energy loss
values. Voltaze ripple on the gun filament amounted to 0.08V peak to
peak with a frequency of 50 c/s and this contributed to the energy
spread. present in the primary electron beam.

The stabilised power supply vhich supplied the sweep voltage circuit
(Fig.5.10a) was stable to within £0.1V at 300V over a period 5f an hour
and this corresponded to 10.02v fluctuations in the deflection voltagze,
Va(t), appearing across the condenser plates C1 and Co of the analyser;
or a stability ratio of about one part in 3 x 103 at the deflection
voltages used (V3= 73V for the analyser to focus a 200 ev electron beam) .
The ripple on the deflector plates of the analyser amounted to 0.2V
peak to peak andwas 50 c/s. Although this figure seemed large, it was
found that the resolution of the spectrometer (0.8%) wes unaltered when E
the ripple wos reduced to 0.015V peak to peak. The resolution of the
spectrometer was not worse than 1.9% with 10V peak to peak ripple on
both defléctor plates; however, in this case the recorded energy loss
peaks on each spectrum were visibly distorted.

The stebility of the voltage supplies was measured by a compensation

method, a voltmeter being comnected to the output terminals and backed-off
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by means of H.T. batteries, so that only the last few volts of the out-
put showed up on the meter. In this manner variations of less than a
tenth of a volt in the output voltage of the supplies were easily
detected. The ripple on the output of the supplies was measured directly
with an oscilloscope.

The linearity of the sweep voltage waveform produced by the circuit
showvn in Fig.S.lO(a), depended on the linearity of the motor-driven
potentiometer and on the properties of the valve used. The effect of
the valve was measured by means of the volimeters Mz and My, showm in
Fig.5.10(a). The variation of the sweep voliage, Vg, across the analyser
deflection plates was plotted as a function of the variation of the
absolute grid voltage, Vg, on the valve (not the grid bias), with the
reference point being the negative end of the motor-driven potentiometer
P, The Vg versus Vg graph thus obtained, thdugh glightly curved, was
found to be linear to within*0.1V in Vge The motor-driven potentiometer
was linear to 0.1%. However, due t0 the 5M-ohm shunt between its nega-
tive terminal and its wiper contact (Fig.5.10a) (and possibly due to
grid current in the valve), the saw-tooth voltage, Vg(t), which it gen-
erated on the grid of the valve, was found to be linear to only 0.5%
This non-linearity was thus also present.in the actual sweep voltage,
Vg(%), applied to the analyser. By good fortune, the distortion in the
sweep voltage curve, due to this non-linearity of the potentiometer out-
put, was such that it slightly corrected for the non-linearity of the Vg
versus'Vg curve. This can be seen from Fig.6.l(a), which represents an

exaggerated example of the VS(Vg) curve, and Fig.6.1(b), which is a
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similar example of the absolute grid voltage, Vg, on the valve plotted
as a function of the time of the sweep. Now we wish to know Vg(t),
rather than Vg(Vg); this involves plotting time, %, as the ordinate in
Fig.6.1(a) in place of Vg. Since Vg(t) is not linear, the Vg scale in
Fig.6.1(a) must be adjusted in order to accomodate a linear time scale.
After this adjustment Vg at a given time, t,, will be lower by:SVg than
it was on the previously linear Vg scale; this is shovm on Pigs.6.1.
Therefore, when the ordinate axis of Fig.é.l(a) is converted from a

© linear Vg scale to a linear time scale, the Vg curve is moved slightly
to the right as shown by the dotted curve in Fig.6.1(a); e.g. at time
t, it is shifted from P; to Ppe The amount of the shift, Vgo - Vg 1=6Vy,
depends on;GVg, vhich is zero at the ends of the Vg(t) curve and has a
maximun of 0.03V in the central region; this corresponds to a maximum
value of &Vg of 0.04V. The Vg(t) distortion therefore opposes the
Vg(Vg) distortion. The V4(t) curve therefore remains linesr +o vithin
Yo.1v.

The nature of the non-linearity in Vg(t) meant that energy losses
recorded would be slightly larger than their true values. This effect
being most pronounced for losses falling in the central region of the
sweep (#12- 23 ev) vhere it was estimated to be of the order of O.lev.
It was not really feasible to correct for this, since the point on the
Vs(t) curve corresponding to the zero energy loss peak on the recorder
chart (from which all the other losses were measured) could not be
determined exactly. The measured energy loss values were therefore

4

considered to be correct to 1%
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Another possible source of error in the deflection voltage across
the analyser is due to the current which reaches the deflector plates
from the beam entcring the analyser. This current goes to earth via the
external sweep voltage circuit (Fig.5.10a) and produces a change in the
deflection voltage. The main effect is produced at the positive deflec-
tor plate, Cj, since slow electrons entering the analyser, and secondary
electrons produced in the analyser, proceed to Cj under the influence
of the deflection voltage. MNMeasurements showed that the currents to
the deflector plate Cy were of the order of 1078 Amp. and therefore
negligible, since they would only produce a change of about 1lmV in the

voltage on Cj vwhen the analyser was used with the circuit of Fig.5.10(a).

6.4 Evaluation of the Recorded Spectra

A procedure for determining the values of the energy losses from
the curves registered by the recorder has been viorked out by Shepherd
(1962). His procedure was adopted essentially in the present investiga-
“tions.

The recorder used utilised a chart on which the y-axis (current~
axis) was curved with a radius of 6 inches, therefore a template of
radius 6 inches (accurate to 0.0l") was used todraywlines along the y-axis
through relevant points in the spectrum, in order to find their
obscissae. The zero of the abscissa exis (energy-loss axis) vas always
taken to correspond to the maximum of the elastically-scattered electron
distribution peak, vhich is called the zero energy loss. From the
distances measured along the abscissa from the zero energy loss, the

enerzy losses were evaluated with the aid of equn.(5.2). However the
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following corrections have to be considered before the losees can be
measured. The sloping background, on which the energy loss peaks are
invariably situvated, shifts the maximum of a loss distribubtion to

either a higher or lower value, depending on the sign of its slope.

This error becomes more serious as the half-width of the energy loss
distribution . involved becomes larger. The method used for finding the
true mexima of the energy loss distributions is shown in Fig.6.2, where
two such distributions, 1 and 2 are shown on the sloping background OB.
The apparent meximum of the loss distribution 1 is Pj, but the true
maximum, Mj, of the loss, lies at the point where the tangent, O'B'
(drawn parallel to OB), touches the distribution. The correct half-
width of the distribution is now found by drawing a line parallel to OB
through the mid-point of MjXj, vhich is perpendicular to OA. The horiz-
ontal separation of the points C; and Cp,where this line intersects the
loss distribution, is the half-width, ﬁV%, of the curve. M;X; is called
the intensity of the loss distribution., The true background underncath
the loss distribution 2 is uncertain, duve to the close neighbourhood of
the other intensity maximum, 1. In such a case the background has to be
estimated from the general shape of the complete spectrum. If the peaks
of the distribution are reasonably well scparated, as in Fig.6.2, the
background is draim as a tangent to the two minima on either side of the
peak. APplying this method to the energy loss distribution 2, the back-
ground YV is found. The true meximum, My, and the half-width, AV% , are
then found in the same wey as for the distribution 1. The background

drasm was alvways assumed 0 be linear. All energy losses were measured
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on the recorder chart to an accuracy of *0.01". This corresponds to an
error of about $0.03ev in the valuec of the measured loss (see Sect.5.14).
This error, however, is relatively small as compared with the fluctuation
in the beam voltage supply mentioned in Sect.6.3, but both of these

errors will be averaged out over a large number of measurements.

6.5 The Effect of the Time Constant of the Recording System

The finite time constant of the system used for recording the charac-
teristic energy loss spectra introduces distortion on the recorded spectra.
This time constant is defined as the time taken for the output of the
recording system to fall by a factor of 1/e(=1/2.72) of an initial steady
value vhen the input to the system is suddenly switched off. All the
spectra obtained were recorded on one particular range (Rg) of a vibra-
ting reed electromefer (Sect«4.1) and therefore the time constant of the
combined electrometer and pen-recorder system was only determined for
this range. It was measured directly from recorded spectra as follows.

L% the end of each sweep through an energy loss spectrum, taken in the
direction of decreasing energy, the dispersed electron beam in the
analyser was swept instantaneously back across the exit slit of the
analyser. This happened as the wiper of the motor-driven potentiometer

of the sweep voltage circuit (Fig.5.108) left the end of its track and
became stabilised at the voltage of the negative end of the track. Vhen
this occurred the current collected by the electrometer dropped immed-
iately to zero. The reading indicated by the pen-recorder, however, fell
exponentially to zero and a measurement of the time constant of this decay

yielded directly the overall time constant of the electrometer and pen-



- 10% w

recorder. The time constant thus measured was 0.7 sec. and it was mainly
due to the inertia of the pon-recorder for which the manufacturers state
a time constant of 0.6 sec.

In order to calculate the effect of the time constant, v, on the
recorded spectra,Shepherd (1962) represented the recording system as a
resistance, R; in parallel with a condenser, C, where R and C are
constants of the recording system. One end of this circuit is earthed,
and the input current puise, i(t), representing an energy loss distri-
bution, is applied to the opposite end, from which also the output
voltage pulse, Vo(t), is taken, where t represents time. The equation
representing the circuit is

iV 4+ Vo =R i(%)
at 7 T

.0.9QQOOICUOOOQIG"0‘.'.9'..‘..".(6.1)

where 1% RC = the time constant of the circuit.

In order to solve this equation Shepherd assumed an input current
pulse, corresponding to an energy loss distribution, of the form

i(%) =c~d{t-(c/d)%lz.,............g.,...........(6.2)

vhere ¢ and d are constants. Equati&n (6.2) represents the parabola
shown in Fig.6.3 vhose meximum value is ¢, at time (c/d)%, and vhose
half-width is (2c/d)%'secs. A more accurate form for i(t) would be the
Gaussian distribution shown in Fig.6.3 but Shepherd chose the distri-
bution given in equn.(6.2) in order %o simplify the solution of equn.
(6.1).

Without quoting the solution to equn.(6.1), it will be stated that
the relationship between the time, t!', at which the maximum of the out-

1
put pulse, Vo(t), is registercd and the time, t= (¢/d)Z, at which the
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maximum of the input pulse occurs is given by

5= (o/)Fe A i (6.3).
T T (l_e«-t'/f.)

The output meximum is thus delayed by t' - (c/d)% secs. vhich is a

function of (c/d)%'and ©. TIn the present case it is the (c/d)® depend-
ence which is important since (c/d)®=2-% x (the input pulse half-width),
vhile ¢ is a constant. Using equn.(6.3) and remembering that 1 sec. is
cquivalent to 0.25ev (Scct.5.14), the time delay, $' - (c/d)%, expressed
in ev, has been plotted in Fig.6.4 against the input pulse half-width,
(2c/d)%} expressed in ev, for 7=0.7 sec. It can be seen there that the
delay reaches a limiting value of 0.18 ev for an input pulse half-width
of 4.0ev. The smallest half-width (output pulse) measured experiment-
ally was of the order of 1l.3ev, thereforc it can be anticipated that

no correction greater than -0.05ev is required for any of the measured
encrgy losses. However, before one can be certain of this it is neces-
gary to determine the effect of the time constant, T, on the half-widths
of the loss peaks in the recorded spectra. In order to do this and to
calculate the recorded intensity as a function of t, Shepherd (loc.cit.)
assumed a rectangular input current pulse of amplitude A and width b secs.
Thé prescnt author considers that a triangular input current pulse should
be a more realistic approximation upon which to base the calculation.
This is shown in Fig.6.5, whore the two pulses mentioned are shown in
comparison with a Gaussian pulse. Therefore the problem is novw to solve

equation (6.1) with a curremt pulse of the form
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0 "for £<0
kt " O<stgto

$(1)= ! K(tg=t) " B <TG 2y envecrrecaracasanasoccnrecceses(6ed)
0 "2to<t

vhere tk=the slope of the two sides of the pulse. It will be useful in
the following to introduce
kty, =a= the intensity of the pulse 6.5)
to =b= the half-width of the pulse rereesse(63
The solution of equation (6.1) can now be obtained by splitting the
problem into three parts, as shom in Fig.6.6, corresponding to the
regions 1, 2 and 3 shown on the time axis there. Bamnner (1966) has
carried out the analagous problem to this for a triangular voltage pulse,
v(%), applied to a serics resistance and capacitence, the output, Vo(t),
being measured across the capacitancé. The solution to equation (6.1)
is straightforward for ecach region and the results are:-
Region 1 Vi(t) = (Ra/b)ft- (1 - t/“‘ﬂ
Region 2 Vy(t) = (Ra/b)[_b+1: -t -7(2- 'b/'n)e t/"_J eeeso(6.6)
Region 3 Vz(t) = (Ra/b) ¢ (1- b/1)2 -t/
vhere t, in each region, is measured from the beginning of that region.
These solutions have been plotted for 7= 0.7 sec. and for various values
of b in Fig.6.6.
In order to find the reccorded intensity as a function of b it is
first necéssary to find the time at vhich the recorded maximum occurs.

This is achieved by finding the condition for dVy(t)/dt = O, which gives

td = fln(z—e-b/.‘) c..bl'..lnﬂbato.'oooono.coo.'.(6.7)



-107 -

(a); Gaussnan. .

A
il ilt)=a

it - o)

0 for t<0

0 for <0
(b) i(t)-[ﬂ.("c) Osts b}
_ 0 o bt} kt n Ostst,

0 - 2%t
= b
§ i \.‘
t=0 =0 =0 Yo t i’
forlc) forla) for(b) .
_ Fig6.5
A b=12se
AN =12sec.
N |
. b=6sec. T =0-7s5¢€c.
b=1sec.




- 108 -

where tg represents the delay time betwoen the maximum of the input
pulsc and that of the oufput pulsc since the origin of t in region 2 is
at the input pulse maximum. Equation (6.7) has been plotted on Fig.6.4
to give a comparison with Shepherd's theory using the parabolic input
pulse. It can be seen that the limiting shift of the output pulse is
here only Osllev comparcd with 0.18cv in Shepherd!s case and that
pulses with half-widths >0.6ev are all shifted by the same amount. To
find the maximum recorded intensity it is necessary to substitute t3 in
V,(t) vhich gives Vo(%3)-

Voltg) = Vom(l=ta/b) eeecevseverrsasasssosscascas(6.8)
vhere Vop = Ra = the intensity of the output pulse for t= O (perfect
response). In Fig.6.7 Vz(td) is plotted as a percentage of V,, against
b, expressed in ev, for 1= 0.7 secs. It can be secen that at a half-width
of l.5ev the recorded intensity has already reached 92% of the true
intensity and at Sev has risen to 98%. Also plotted on Fig.6.7 is the
corresponding curve obtained from the rectangular input pulse used by
Shepherd, vhich rises to 100% at ahalf+width of l.5¢v. In either case
the corrections to the intensitics recorded are small and in the present
experiments, where the intensity of the energy losses are expressed as &
fraction of the zero energy loss intensity and the ratios compared for a
given loss at 90° scattering and 20° scattering, Sect.T.l, no correction
need be applied.

In order to calculate the half-width, b', of the output pulse it is
required to calculate the times %7 and ¢, at which the half meximum

intensity points occur. 47 falls in region 1 (Fig.6.6), but to may fall
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in region 2 or region 3. t, falls in region 2 if Vo(tg)/2 > Vo(t,)
since V5(t,) is the minimum value of Vo(t). It can bo seen from Fig.6.6
that to falls in region 2 if b is » 2 gecs. Therefore ) and tp are
defined by Vi(t1)=Va($3)/2 =Vo(t's), where $'g = By~ 1, since the
origin of region 2 is at to. Thereforc, using equns. (6.6), one obtains:-

[’01 -1~ e-—-l-.l/‘ﬂi] - %E - ©ln(2 - e-b/{)] R, veeees.(6.9)

B+t - bry- (2~ e"b/")e't'Z/'ﬂ: A — n(2- e"b/‘):[ verrs(6410)
In order o solve these equations it was assumed that o=t/ and o=t 2/
were amall comparcd ‘to wnity; e"-t/":= 0.01 for t= 3.7 sec. andt = 0.7 sec.
In this case only the second decimal of the calculation is affected.
Similely if ty and t, are of the order of 3.7 sec. then b must be of the
order of 7 seconds, therefore e"b/ Tis negligible. In making these
approximations the results of equations (6.9) and 6.10) are therefore
only valid for b 7 secy corresponding to 2ev in the prescent case.
Equation (6.9) yields t1= b/2 +0.7¢ and (6.10), t'o=b/2+ ludr,
therefore to= 3b/2 +1.4 ¢ (since to=b). The half-width of the oubtput
pulse is therefore

b'= to=t;= b+ 0Ty = b+ 0.49, fort =0.7 vecosenasssse(6411)
For b< T sec. the half-widths of the curves shown in Fig.6.6 were measured
and plotted against the input pulse half-width. The resulting graph is
shown in Fig.6.8. The straight line dram through the pumints plotted
for b= 1,2 and 6 seconds was found to obey the equation b'-b = 0.44,
which shows that equation (6.11) can be considered to hold dom to

=1 sec. (0.250v) with reasonable accuracy. Therefore, cxpressed in

ev, equn. (6.11) can be written as, b'~b= 0.13ev for all the half-
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widths measured in the prosent experiments. Also plotted in Fig.6.8
is the curve obtained with a rectangular input pulse as used by
Shepherd (loc.cit.). There is a significant difference between the two
curves, since using the triangular input pulse all measured half-widths
require a correction -0.13ev, whereas wvith the rectangular pulse only
measured half-widths up to about 0.5ev require correction. With ¢= 0.7
sec. and a chart speed of 0.25ev/sec. there is not a great difference
~ betweon the rectangular pulse and triangular pulse results, but there is
a significant difference for larger values of ¢ and chart speed; for
example, for 7= 3.0 secs. and a chart speed of 0.4v/sec, which are
realistic values, the rectangular pulse théory gives zero half-width
correction for pulses of measured halfewidth 97ev, whereas the trian-
guldr pulse theory would give a correctionof -0.84ev for these pulses.
In evaluating the spectra obtained, the triangular input pulse
theory was used 4o find the correct half-width of a recorded loss
distribution from Fig.6.8, and, using the value obtained, the shift in
the output maximum was found from Pig.6.4 vsing Shepherd's parabolic
approximation to the Gaussion input pulse. The smallest half-width
measured was l.3ev which corresponds to an input pulse half-width of
l.2ev. Thus the largest correction needed for the spectra recorded was
only -0.06ev and in the majority of cases was smaeller than this. The
carrechions involved therefore were small but were applied to the results,
since in some cases the first decimal place of a mgasured energy loss

value could be affected.
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6.6 The effect of the Specific Enerzy Resolution on the Intensities

of the Recorded Spectra

Although, as mentioned in Sect.6.5, only ratios of intensities of
energy loss distributions were compared with one another and therefore
distortion in the recorded intensities is not important, it is as well
to note that since the specific energy resolution, &Vg/Vyy of the 1270
electrostatic analyser is a constant (Equn.4.10), AVg varies throughout
the sweep through the spectrum. Therefore as the energy eV , of the
electrons focussed by the analyser decreases, (V, also decreases and the
recorded intensity of electrons decreases. In order to correct for this
it would be necessary to multiply the recorded intensity at each point
of the spectrum by‘Vo/VJ » where Vg, is the voltage of the primary
electrongs. For 200ev primary electrons this correction leads, for
instance, to an increase of 11% in the recorded intensity for electrons

which have lost 20ev in energy (V) = 180V).



CHAPTER 7.

EXPERIMENTAL RESULTS AND THEIR INTERPRETATION *

7-1 The Purpose of the Measurements and the Method Used.

The experiments were performed in an attempt to identify the origin
of some of the energy losses of various selected materials, in particular
to find out whether these losses were due to plasma oscillations. The
variation in intensity of the plasma energy losses with penetration
depth of the primary electron beam, described in Chapter 1, was used.

For each material investigated the energy loss spectrum was recorded for
w459 incidence and reflection of the 200ev primary electron beam and for
«80° incidence and reflection, the angles being with respect to the nor-
mal of the specimen surface. Angles greater then 80° were not used in
order to maintain a reasonable intensity of the recorded spectra. In the
present experiments the incidence at an angle of »80° will be termed
"grazing' incidence. In each case the intensities of the recorded energy
losses were expressed as fractions of the intensity of the zero energy
loss peak. The ratios thus obtained were compared for given energy
losses in the two cases. As mentioned in Chapter 1, it is expected that
the intensity of surface plasma oscillations should increase with increas-

ing angles of incidence and reflection and that the opposite should be

#(Throughout this chapter the error associated with any set of readings

is the standard deviation of that set.)
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true for the volume plasma oscillations.

T.2 The Materials Investlzated

The materials investigated were aluminium, germanium, gold and
copper. Aluminium was chosen to test the present experimental method
because it hos an experimentally well estoblished characteristic energy
loss spectrum of narrow spectral lines and the various energy losses
have been successfully identified with the predictions of the plasma
oscillation theory as mentioned in Chapter 1. ‘The expected intensity
dependence of the energy losses on the angles of incidence and reflec-
tion of the primary electron beam should thus show up strongly in
aluminium. Germanium, although being a semiconductor, also has an energy
loss gpectrum which has been interpreted by a simple plasme theory and
its energy losses should exhibit the intensity effect. Gold and copper,
however, have spectra which do not agree with the predictions of a
simple plasma theory and it is not clear which energy losses in their
spectra are due to the excitation of plasma oscillations. These two
materials were thue included here to see if any conclusions could be

drawn regarding the origin of their characteristic energy loss spectra.

T+3 The Characteristic Fnergy Lossges in Aluminium

The aluminium used for the preparation of the evaporated specimens
was spectroscopically standardised and was supplied by Johnson, Matthey
and Co. Ltd. Typical spectra obtained, recorded at & chart speed of
1"/min. for convenience, are shown in Figs.l(a) and (b) for 200 ev

electrons reflected from freshly evaporated layers at 400°C and using
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wA59 incidence and reflection of the primary beam and grazing incidence
and reflection respectively. The multiplication factors shown indicate
the relative intensities of those parts of the curves. The peak marked
A in Figs. 7.1 is the zero energy loss peak, corresponding to elasti-
cally scattered electrons, and the mexima B~T are some of the well-
kmown characteristic cnergy losses of aluminium, which were measured in

these experiments for the 45° case as:~

Table 7.1
Notation B C D E P
Ene‘(fg)l“’ss 10,1%0.2 | 15.0%£0.2 | 20.8£0.2 {25.3%0.2 | 30.9£0.4
“Wo. of 30 0 | 16 17 22
Recordings .

As mentioned in Chapter 1, the 15ev and 10ev energy losses are consid-
ered to be due to the excitation of volume and surface plasma oscilla-
tions respectively. D, E and F are interpreted as a double surface

loss (2xB), a surface plus a volume loss (B+C) and o double volume
loss (2xC) respectively.

In Fig.7.1(b), for grazing incidence and reflection, it can by seen
that the volume plasma loss maximum at C has disappeared togebther with
small maximum at E. A weak loss at F is still visible, which in this
case must be interpreted as a triple surface plasma loss (3xB). There-
fore, in going from 45° incidence and reflection to grazing incidence
and reflection, cnergy losses involving the excitation of volume plasma
oscillations have all disappeared from the recérded spectrum, leaving

only the energy losses involving the excitation of surface plasma
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oscillations.

The experiment thus confirms that the 0ev and 15 ev energy losses
in aluminiuﬁ are due to excitation of surface and volume plasma
oseillations respectively.

The energy losses measured in the grazing angle experiments weres-

Table 7.2

Notation B C D P

Energy Loss(ev) | 10.0 *0.2|?14.8 ¥0.2?{ 20.8 0.4 | 31.1 *0.4

No. of Recordings 14 T 14 T

It can be seen that the volume plasma loss, C, was present on some
of the spectra obtained, but in all cases it was extremely weak in
intensity and difficult to locate accurately.

The intensity of the 10ev energy loss, Ijg, as o fraction of the
zoro energy loss intensity, I, in the two cascs was,

0.138 £0.039 (’450 incidence and reflection. )

\, 11 recordings )

(T10/To)ss50

0.320 £0.063 /" grazing incidence and reflection. \
( 12 recordings. /,’ ,

i

and (I30/To)g00

which corresponds to an increase of 132% in the intensity of the energy
logs. Such a difference is not covered by the errors associoted with
the readings. A co;nparison of the two spectra was not feasible for the
20 ev encrgy loss since its intensity was very small in the first case,
see Fig."{.l(a.), and its position over the background uncertain. It is
however, clear that in Fig.7.1(b) its intensity has inereased along with

that of the 1l0ev energy loss.
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Only freshly evaporated aluminium films were taken into consider-
ation for the interisity measurements since it was found that the spectra
were time-dependent; probably due to contamination of the surface of the
specimen. The intensities of the losses decrcased gradually with time
and after 15 ~20 minutes had disappearcd completely. The positions of
the losses, however, remained unchanged throughout this transition.

Over a period of about 10 minutes after the evaporation of the fresh
film the energy losses F, E and D shovn on Fig.?.l(a) were gradually
replaced by a single very broad energy loss of 21 -22evand simultan-
eously a weak energy loss of 5-6ev appeared in the spectrum. The 15ev
and 10 ev losses then disappeared leaving the spectrum containing only
the 5~66v and 21 -22¢v energy losses. This time-dependence of the
spectra accounts for the relatively large errors in the above ;ntensity
ratio measurements, since, as mentioned in Sect.6.2, the "fresh"
specimens were approximately 30 seconds old before their spectra began
to be recorded and this time delay varied between 20 to 40 seconds for
different specimens. The time variation of (I30/Io)450 and (I15/T0)450
(where Iyg is the intensity of the 15ev energy loss) was plotted for
one of the series of spectra obtained and is shown in Fig.T7.2. There it
can be seen that (I30/Io)s50 and (I15/1,) 450 decrease most rapidly in
the region of t+ ( time) =0 which, together with slightly different
initial conditions for each specimen produced (e.g. variation in the
pressure in the vacuum chamber), substantiates the remarks made above
concerning the errors in the intensity ratio measureﬁents. It should

be noted that I, increased gradually with time and contributed to the
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decay of (110/10)450 and (I15/I)450 vith times
The residual spectrum remaining after the disappearance of the
aluminium characteristic energy losses is discussed in Sect.7.8.

The apparent half-widths of the aluminium energy losses were:-

Table 7.3

Energy Loss | Half-Width (ev) | No. of Recordings
10ev50 4.5%0.2 11
10evgpo 3.9%0.5 12

' st
15ev45o 2.2L20.2 11
20evgqo 5.8%0.7 10

These half-widths are not the natural half-widths of the spectral lines
since part of the energy spread is caused by the finite velocity distri-
bution in the primary beam for which a correction must be applied.

Shepherd (1962) treated the energy loss distributions as error
functions and, assuming that they combined as such, obtained the follow-
ing relationship between the measured and the correct half-widths of a
given energy lossi-

2

‘1 m o
where A= the half-width of the energy loss distribution,
A _ =the measured half-width,
8 o =the half-width of the zero energy logs.

Shepherd also states that in this case the following relationship,

L X1
A1=A2/22 =A3/32 nlliooaaonooeoo'vivolvt-GOIQot.O-o(T-z),

should exist between the half-widths, B4, A2, A3,....a.., of energy loss
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distributions corresponding to the loss of 1,2,3;.....quanta of energy
respectively.

In the present experiments Ao was of the order of l.5ev. Applica-
tion of equn.(7.1) to the present results yielded the following corrected

half-widths of the energy loss distributions:-

Toble 7.4
wEnergy Loss ; Halgsgizzze?evij No. of Recordings
1Oe;450 | 4.2 % 0.4 11
10evyz04¢° 3.6 £ 0.5 - 12
15ev 450 1.6 X 0.3 11
20evgyo 5.6 £ 0.7 10

The difference in the half-width of the 10ev losssmeasured at 45° and
80° incidence and reflection of the primary beam respectively,was
thought to be due to differences in the background dravm under the loss
distribution in the two cases and not due to a genuine ohange in the
half-width. HoWever, since this loss is more intense in the 80° case
and also there the 15ev loss has disappeared, it was considered that the
results in this case were to be preferred.

According to equn.(7.2) the ratio of the corrected half-width of the
20ev and 10ev enery losses measured in the grazing angle experiments
should be 25(21.4). This ratio was in fact found $o be 1.6+0.2 (10
recordings), which is in reasonable agreement with the predicted value.
Errors in estimating the background under the loss distributions,

together with the time-dependence of the spectra, probably account for
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the relatively large error in the measured value.

In Fig. T7.% is éhown the energy loss spectrum of 200ev electrons
scattered through 90° from a freshly evaporated aluminium film with the
incident primary beam striking the target at w80° to the normal of the
target surface. It can be seen that all the energy losses, B-F,
apporent in Fig. 7.1(a) are also present in this case. This was also
found to be so for approximately 10° incidence of the primary Beam and

90° scattering. These results imply that for the effect observed at
grazing angle incidence, i.e. that for the disappearance of energy
losses involving the excitation of volume plasmsa oscillations, a large
angle of incidence is not a necessary condition. However, to avoid
excitation of the volume plasma oscillations,the scattering angle must
be small enough so that the beam will not penetrate much below the
surface of the specimen.

Figure T.4 shows the spectrum of 200ev electrons reflected from &
fresh aluminiun £ilm with approximately 60° incidence and reflection
angles. It ocan be seen that this spectrum is intermediate between those
showm in Figs. 7-1(&) and (b). The energy losses involving the
excitation of volume plasme oscillations, C,E and F, are still present
but with a reduced intensity as compared with Fig.7.1(a).

The overall values of all the energy loss measurements made at

all scattering angles were:-

Table 7.5
En 1
[ Toss (ev) [1001£0.2115.0£0.2 | 20,8+0.3 | 25.3£ 044 | 30,8£0.4

No. of
Recordings

58 38 36 25 30
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No significant differences were observed in any of the energy loss values
when the scattering angle or the incidence and reflection angles of the

primary beam were varied.

T.4 The Characteristic Fnergy Losses in Germanium

The germenium used for the production of the evaporated specimens
was spectrosc~pically standardiscd and was supplied by Johnson, Matthey
and Co. Ltd. A typical energy loss spectrum for 200ev electrons
scattered from a fresh germanium film af 400°C withw45° angles of
incidence and reflection is shown in Fig.7.5(a). As in the case of
aluminium, the peak A represents the elastically reflected clectrons and
B~F are the recorded energy losses. The energy losses in this case

were measured as:~

Table 7.6
Notation B C D B ¥
Eﬁiiiy(ev> 5.2£0,2| 11.2£0.2] 16.,4%0.2 | 25.8% 1.0 31.7%0.3
No. of
Recordings 9 2 2 ° =

Spectra up to and including those of films six minutes old were used in
compiling the sbove table. The spectrum of & six minute old film is

shown in Fig.7.5(b) where it can be seen that the 5.2év logs and the

25.8ev loss have disappeared and the 1l.2ev loss has decreased in intensity,
The 5.2 and 25.8ev energy losses were normally only observed on films

up to 3 minutes old. It can be seen from Fig.7.5(a) that they are of

very weak intensity even on the fresh films. The decrease in intensity

of the 1l.2ev energy loss with time enabled the 16.4ev loss to be
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fixed with more accuracy then was possible with the fresh films; where
it was more difficult to draw in a realistic background for this loss.

The time dependence of the germanium spectrum for 45° incidence and
reflection of the primary beam (see also SectsT.8) is shown in Figs.7.6
(a) and (v). These Figures show the spectrum of a different film to
that used for Figs.T.5(a) and (b), at 27 and 57 minutes after the
deposition of the fresh film respectively. It can be seen that the
spectrun changed considerably with time. The loss, C, corresponding to
the 1l.2ev loss in the fresh films, decreased in value, half-width and
intensity with time, until it reached a value of about 7 ev after an
hour and the loss, D, corresponding to the 16.4ev loss in the fresh
film gradually increased in value to sbout 18ev in this time. The loss
D also seemed to increase in intensity and half-width over the firsit
half-hour or so, but it was thought that this was due to an inability to
draw the correct background under this loss in the fresher spectra.
There was no definite transition period over which the changes in the
spectrum occurred. The changes took place gradually over tho period of
about an hour. The strong dependence of the 11l,2ev loss on time
(surface contamination of the specimen) is an indication that it corres-
ponds to surface plasma oscillations.

The grazing angle experiments performed produced spectra of the type
shown in Fig.7.7. This spectrum differs considerably to that shown in
Fig.7.5(a) for 45° incidence and rcflection and it was thought that the
spectra obtained were not characteristic of the fresh material, however,

no amount of gettering of the work chamber (Sect.6ul) cnabled different
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spectra to be obtained. It was then found that the weak 5.2¢v energy
loss, vhich wes only obtained with the recently evaporated films at 45°
incidence and reflection of the primery beam, wasalgo present on several
of the spectra taken at grazing engle. It was therefore decided that
the spectra in question did in fact represent the loss spectrum charac-
teristic of o clean surfoce. The energy loss values measured at grazing

angle werc:=-

Table 7.1
Notation B ¢ D E F
Energy 25.420.12| 10.320.3{ 216.5%0.3? | 25.5%1.2 | 31,2£0.3
Loss (ev)
No. of 4 24 | 3 | 18 9
Recordings

where only freshly evaporaked films haeve been considered.

The 16.5ev loss reported above appeared only very weakly on three
of the curves taken and is assumed on this basis t0 be the volume plasms
loss; it does not appear on the spectrum shown in Fig.7.7. Drawing a
realistic background beneafh the energy loss C proved to be difficult
and it is thought that this is the reason for the loss being measured
as 10.3ev in this case as compared with the value of 1l.2ev quoted in
Tablé 7.6 for the 45° case. The ratio of the intensity of the 10.3ev
loss, Ijgs compared with the zero energy loss intensity at grazing
incidence (™80°) and reflection was,

(I10/T0)gg0 = 0.125 £0.009 (24 recordings)
This is 1o be compared with the ratio of the intensity of the 1l.2ev loés,

I,1, to the zero energy loss intensity in the 45° case, which was,
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(111/T0) 50 = 0.084% 0.003 (10 recordings)
Assuming that the two losses mentioned are in fact tho same loss, this
represents an increase of the intensity ratio of 49% in going from 45°
to grazing incidence and reflection. However, the background problem
rentioned makes this result very dubious, but it seems likely that the
1l.2ev loss given In table 7.6 represents an excitation of surface plasma
oscillations in germanium.

On the basis of the 1l.2ev loss being the surface plasma loss and
the 16.4ev loss being the volume plasma loss,all the losses except the
5.2ev loss observed ot 45° incidence and reflection of the primary beam,
can be accounted for. The 25.8ev loss either corresponds to the excita-
tion of a volume plasmon plus a surface plasmon or to a double surface
plasmon excitation (see below) and the 3l.7ev loss corresponds to the
excitation of two volume plasmons. It is thought that the 5.2¢v loss
is duc to an interband transition and this is discussed in Chapter 8.

The 25.5ev and 31l.2¢v losses obscrved at grazing incidence and
reflection pose a problem, since if they are of the same origin as the
25.8¢v and 31.Tev losses rcspectively observed in the 45° case, they
should not be present at all because they involve the excitationosof
volume plasma oscillations. The following tentative explanation is put
forward for these two encrgy losses. It was observed that the 25.5¢v
logs observed at grazing angle was more prominent thén than observed at
25.8¢v in the 45° case, as can be seen from Figs.T.7 and 7.5(a)

respectively. This behaviour is analogous with that of the double
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surface plasmon excitation observed in sluminium (see Figa.7.1 o and b).
In the present cese it is therefore suggested that the 25.5ev loss
corresponds to the excitation of two surface plasmons. This loss would
be expected to have a half-width of the order of lbev (sce below) where-
as 1lts measured half-width was of the order of 9ev. Therefore it is
thought that a considerable portion of the energy loss distribution
contributing to this loss in fact lies in the background and is not
separable from it. This loss would then be expected to be more intense
than it actually appears and this may also account for the remarkable
difference in the background between the spectra obtained ot 45O and at
grazing angle. It could hlso explain the difference in the loss values
for thewllev loss in the two cases and why the double surface loss
appears ot 25.5ev instead of 22ev. The 3l.,2ev loss measured at grazing
angle is less prominent than the 31l.8cv loss measured at 45° and may be
due to a weak triple surfacc loss.

The halfe-vidths of the 1l.2ev and 1l6.4ev losses considering only

freshly evaporated films and 45° incidence and reflection weres-

Table 7.8
Energy Loss (ev) 11.2 16.4

Half-Tidth (ev) | 11.5% 0.6 3.3%£ 0.5

No. of Recordings { 10 10

where these values have been corrected according to equn-(7.l). Using
the relationship expressed in equn.(7.2) the expected half-width of an

energy loss involving the creation of two surface plasmons is about lbev,



which is the value quoted eerlier.

The evaporated germenium films used in these expeirimoents were
considered to be erystalline ond not amorphous. Thether an evaporated
germonium film is deposited in the amorphous or crystalline state depends
upon the temperature of the substrate and the degree of vacuum in the
work chamber, as reported by Kurov (1964) At given pressures there is
a transition temperaturec above which the amorphous germanium is converted
to the crystalline form. Xurov states that Semiletov (1956), working in
the pressure range of 5:{10'5 to 1x 10~4mm of mercury, found the trons-
ition temperature to be 370G, whercan Kurov, himsclf, found that at
pressures< 10~6mm of mercury the evaporatced germenium was always deposi-
ted in the crystalline form, irrcspective of the substrate temperature.
Therefore in the present experiments, in which the pressure was <10~5mm
and the substratc temperaturc was 400°C, it must be essumed thet the
evaporated'films consisted of crystalline germanium. This is mentioned
because Richter and Ruckwicd (1960), in a high energy electron trans-
mission experiment, found that the volume plaéma loss in amorphous Ge
was 15.90 ev, while in crystallinc Ge it was 16.49 ev, both measurcments
being taken at room temperature. Such a change is in agreement with the
plasma theory, since the valence electron density is greater in the
crystallinc state than in the amorphous state. Equn.(l.2) thus predicts

different valucs for the volumc plasma loss in the two states.

7.5 The Characteristic Energy Losses in Gold

The specimens used in these exporiments werc evaporated from gold

wire, which was described as fine gold by tho supplicrs, Johnson,
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Matthey and Co. Ltd.

In Pigs. 7.8(a) and (b) are shovmn typical examples of the spectra
obtained for 200ev electrons reflected from freshly evaporated gold
films with 45° incidence and reflection angles of the primary beam and
80° respectively. The two spectra are very similar; both show the same
number of energy losses, denoted by B,C, and D, having about the same
intensities in the two cases. The energy loss values measured for 459

incidence and reflection were:-

Teble 7.9
Notation B ¢ D
Energy Loss(ev) 3.0%0.1| 5.9%0.2 2§.7io.5
No. ovaecordings 35 39 %9

The corresponding values at grazing angle were:-

Teble 7.10
| Notation B C D
Energy Loss (ev) 3.13:0.2 6.0 X0.2 | 22.6%0.4
No. of Recordings 25 27 18

The difference in the values of the D loss in the two cases was. thought
to be due to the fact that the voltage sweep cut-off occurred before the
whole of this loss had been recorded on the spectrum. An unknown differ-
ence in the background in such an event would account for the difference
in the measured energy loss values. The values recorded for the D loss
are thus not regarded as very accurate. Attention was focussed mainly

on the two smaller energy losses.
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The intensity ratios of the 3ev and 6ev energy losses to the zero

energy loss in the two cases were:-

Tsble 7.11
13/1, I16/1o

459 0.007* 0.002 0.027%0.002

80° 0.008% 0.002 0.032% 0.006

No. of Recordings =9 in all cases

where only freshly evaporated specimens have been considered. The values
(I3/I,) and (Ig/Iy)have thus increased by 14% and 19% respectively in
going from 45° to 800, however, both of these increases are covered by
the errors quoted. Therefore neither of these losses could be definitely
associated with plasma oscillations. The 6ev loss is not a muliiple of
the 3ev loss because its intensity is much greater than that of the Jev
loss and also its half-width is much greater (see below).

The hélf-wid'bh of the 3ev loss (uncorrected for the width of the
zero energzy loss peak) vas 1.4 £0.1ev (18 recordings). The average value
of the zero loss half-width was also l.4ev. Therefore it can be seen
that the half-width of the 3ev loss is due almost entirely to the
energy spread in the primary electron beam, The half-width of the 6ev
loss was fond to be 4.7 *0.6ev, which, corrected aé-ébrding 10 equn.
(7.1), became 4.5 ¥0.6 ev (18 vecordings). The half-width of the 24 ev
loss was of the order of l4ev, but it may be larger than f}}is for the
reason given earlier. |

Once again it was found that the spectra obtained were 'biﬁie dependent,

but the effect was far less severe than in the cases of a.luminiﬁm and
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germanium mentioned earlier. In fact, this may not have been noticed,
had it not been for the disappearance of the weak 3ev loss after a
period of about ten minutes subsequent to the deposition of a fresh
specimen and 2lso a chenge in slope of the background beneath the 6ev
loss over a similar period of about six minutes (see Sect 7.7). The
value of (Ig/To) remained constant throughout this transition. The
dependence of the 3ev loss on time suggests that it is dependent on
surface conditionm of the specimen, since it is assumed that surface
contamination is the cause of its disappearance. Purely on this basis
the 3ev loss was tentatively associated with the excitation of surface
plasme oscillations. Neither the 6ev nor the 24 ev loss could be
associated with volume plasma oscillations, but the 24ev loss requires
further investigation applying a greater amplitude of the voltage sweep.
The voltage sweep was not extended in the present experiments in order
to meintain its linearity (Sec‘b.5.14). The overall values of the energy
losses measured in all the experiments werc:-

Table 7.12

Energy Loss (ev) | 3.0 0.2( 5.9%0.2 | 23.4% 0.7

No. of Recordings 60 66 5T

7.6 The Characteristic Energy Losses in Copper

The copper used for the preparation of the evaporated specimens was
commercial copper wire, which was thought to be more than 99% pure. The
work of Shepherd (1962) on alloys showed that the presence of small
amounts (several percent) of bulk impurities in copper specimens had

little effect on the energy loss spectra obtained.
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The characteristic energy losses measured for copper with 45°

incidence and reflection of the primary electron beam were:-

Table 7.13
Notation | B ¢ D | E P

Fnergy Loss(ev) | 3.6%0.1 [6.6%0.2 21.4%0.7|27.1%0.6

No. of Recordings 35 35 - 35 34

The notation refers to Fig.7.9(a) which shows a typical spectrum. The
energy loss D was not apparent on the spectra taken for 45° incidence

and reflection but appeared weakly on the spectra taken in the grazing
angle experiments for which the recorded energy logses were:-—

Table 7.14
Notation B C D B F

Energy Loss(ev) | 3.6%0.1} 6,5%0.2| ?13.4+0.1? | 22.8%0.9| 27.9%0.8

No.of Recordings 36 36 . 9 36 6

as shown in Fig.7.9(b) » Spectra up to and including those six minutes

0ld were used in compiling the above tables, It can be seen that the

27 ev loss appeared less frequently at grazing angle than at 459, although
at grazing angle the 22ev loss often had a flattish appearance, indica-
ting that the 27 ev loss was in fact present but it was difficult to
locate; this is confirmed, to some extent, by the grazing angle 22.8 ev
loss lying in between the 21.4 and 27.lev losses measured at 45°, As

in the case of gold, it is thought that a more extensive voliage sweep
would be of use in obtaining more accurate data on the 22 and 27 ev energy

losses. Intcrest was focussed mainly on the smaller energy losses.
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The 6.6ev loss was not considered to be a multiple of the 3.6ev loss,
for similar reasons given for the corresponding losses in gold (Sect.
7.5). |
The relative intensities of the losses, to the intensity of the

zero energdy ioss, in the twé cases of 45° and grazing (‘"800) incidence
and reflection of the primary beam weres=

Table 7.1
I3.6/10 16.5/1o
459 0.009 £ 0.001 0.0%3% % 0.003%

80° | 0.014X0.002 | 0.,036%0.005

No.-of Recordings = 12 in all cases

The value of (Is,g/Io) therefore increased by 56% in going from 45° to
80° and this difference is not covered by the errors associated with the
readings. (Ig,5/Io), however, remained almost constant; the difference
in the two cases being 9% and this is easily covered by the associated
errors. On this bagis the 3.6ev energy loss was interpreted as being
due to the excitation of surface plasma oscillations. The 15ev loss,
observed at grazing angle and not in the 45° case, also behaved in the
expected manner of a surface loss, but it is very weak indeed and it
would be wrong to speculate about this loss before carrying out experi-
ments at different primary energies, in order to see if further informa-
tion could be obtained about it. No loss could be definitely associated
with volume plasma oscillations.

The half-widtls of the energy losses were also measured and found %o
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bes-
Table 7.16
Energy Loss (ev) 3.6 6.6

Half-Width (ev) | 1.4%0.3 | 4.3%0.3

No. of Recordings 24 24

Where readings obtained for freshly evaporated specimens have been
included for both 45° and grazing incidence and reflection of the
primary beam. The half-widths have been corrected for the zero energy
loss distribution according to equn.(7.1).

The spectra were time-dependent in a manner similar to that
described for the gold curves. About 12 minutes after the evaporation
of a fresh specimen the slope of the background beneath the 6.6ev loss
had changed sign and the 3.6ev energy loss had disappeared. Also
during this time the 6.6ev loss graduslly shifted to 6.0 ev (see Sect.
T.7)s

The overall values of the energy losses observed in copper for both

.cases of incidence and reflection of the primary beam were:-

Table ‘ol‘
Energy
Loss(ev) |3+6%£0.1]6.6%0.21?13.420.17 | 22.121.1 | 27.520.7
Recordings

7.7 The Time Dependence of the Energy Loss Spectra
All the spectra obtained were time dependent, this was not surprising

in tho cases of aluminium, germanium and copper, all of which oxidise
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readily, but the fact that the gold spectrum was also time-dependent,
indicated that oxidation was not the only type of contamination-present.
It was thought that, perhaps, heating the specimen to 400°C did not
completely suppress the formétion of carbonaceous contamination (Sect.
5.12). The final spectra obtained in each case, when the contamination
seemed to be complete, were all somewhat similar, consisting of energy
losses of about 6ev and 20ev; the 6ev loss being sharp and distinct
and the 20ev loss being broad and diffuse but much more intense than
the 6ev loss. The spectrum of a contaminated germanium film is shown
in Fig.7.6(b) and that of an aluminium film thought to be completely
contaminated, in Fig.7.10. The low energy loss part of the correspond-
ing spectra for copper and gold (both recorded at a chart speed of 6"
per min.) are shown in Figs.7.11 and 7.12 respectively. The similarity
between the curves is clear. The germanium curve is the only curve which
differs in the shape of the background beneath the energy lossese

To test the theory that the contamination may be carbonaceous, the
target was left at room temperature and bombarded by 200 ev electrons
for half an hour, At the end of this time a black stain, assumed to be
carbonaceous contamination (Sect.5.10), had formed on the target. The
low energy loss part of the spectrum of this contamination, taken with
45° incidence and reflection of the 200 ev primary beam, is shown in
Fig.T.1%3., The spectrum is different to those mentioned above, in that
there are two small energy losses, of 4.1@&'(Weak) and 6.1lev, in place
of the single small energy loss, and the background below these losses

slopes in the opposite direction to that in the other curves (except



._t.s a.d [Ro 3:(,10:':A_ i

Intensity ——=-

energ). Loss {ev) .

Fig. 7.10 ' |

Fig.in

- - —
energy foss fev) g



f.s.d.=1x107™"A

L

intensity ——s

R |

| /
9 cnergy loss foev) 0

fsdsTnit™t A

intensit

Fie, 713

' . . Lo l
& energy loss(ev) 0

-1y

>



- 142 -

germenium). Also the main broad loss secms to lie 2t a lower value, but
the voltage sweep would have to be extended to confirm this fully. The
germenium curve differs from the contamination spectrum in that the
T+«2ev loss in the germanium case, is greator than the 6.1 ev contamina-
tion loss and the half~width of this loss isww5.0 ev compared withwA3.5ev
for the contamination loss. It can therefore be said that the time-
dependence of the spectra of the elements investigated was not due to
carbonaceous contamination. Oxidation is an important factor in each
case, except for gold. The time-dependence of the gold spectra shows
that there is a further, wnknown, source of contamination. Adsorption
of gas by the specimens is a possible, bubt unlikely, explanation (Sect.
5.10), but contamination by deposits from the primary electron beam

could not yet be fully ruled out,

The spectrum of aluminium oxide has been measured by a number of
investigators in high energy electron transmission experiments and by
Powell and Swan (1960) in a low energy reflection experiment. None of
the investigators reported an energy loss of 6ev, but all obsecrved a
bread loss of 22~23ev. It is unlikely therefore that the 6ev loss
observed in the case of aluminium is due to oxidation, which substantiates

the remarks made previously concerning a further source of contamination.

T-8 Enersy Loss Measurements on Magnesium

Megnesium like aluminium behaves in accordance with the plasma,
oscillation theory, see for example Powell and Swan (1959b and 1960).
Several actempts were made to observe the characteristic energy loss

spectrum of magnesium but were unsuccessful. Only on two of the spectra
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obtained did the energy losses appear and then they were very weak in
intensity. There are two possible explanations for this failure, either
the magnesium contaminated so rapidly that the losses were quenched, or
little, if any, magnesium was deposited onto the target during evapora-
tion. Magnesium sublimates at a low temperature (443°C, Holland,1960)
from the evaporation filament and normally the target was at 400°C. It
is unlikely, under these conditions, that any megnesium would stick to

. the target and no losses were observed under these conditions. It was
attempted to observe the losses by cvaporating magnesium onto the target
at temperatures between room temperature and 200°C and then heating it
rapidly to 300°C to prevent contamination by the electron beam. In

this way onc spectrum was obtained which differed from that of the sub-
strate; this showed a weak loss at w8ev, vwhich was thought to be a
combination of the plasma and surface plasma losses. By very rapidly
evaporating the magnesium onto the target at 3000C one spectrum was
obtained whiéh showed weak energy losses of 6.7, 10.7, 16.9cv and an
intense broad loss of 24.2ev, but this could not be repeated. The
first threec losses correspond to a surface plasma loss, a volume plasma
loss, and a surface plus a volume plasme loss (after Powell and Swan
1959b). The fourth loss almost certainly belonged to the substrate.

A method by which magnesium might be investigated, is to evaporate
gold or silver onto the substrate at 200- 300°C and then to evaporate
magnesium onto this immediately afterwards. The first evaporation
would provide a substrate for the magnesium vhich would be relatively

free from adsorbed gases and contamination to vwhich the magnesium would
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stick (sec Holland 1960).

T-9 The Background in the Spectrum of the Characteristic Fnergy Losses

The general background which is always present beneath the energy
loss peaksvis due to small inelastic collisions of the primary elcctrons
with tho atomic and conduction electrons of the specimen, producing energy
losses of the Bohr-Bethe type (sce for example Birkhoff 1958) and sccond-
ary elections. There, the energy of the primary electrons must be high
enough to0 consider the atomic or conduction electrons respectively, to
be quasi-free of binding forces. Energy losses of these types differ
from the characteristic cnergy losses in that the primary clectron does
not lose a well-defined quantum of energy in such a colligion; instead, a
broad spectrum of cnergy losses is produced and it is this spectrum upon
which the characteristic ecncrgy losses are superimposed. The most
probable energy loss iﬁ such a broad spoctrum (i.c. the maximum of tho
energy spectrum) arising from multiple collisions, is a function of the
thickness of material traveréed by the primary electron beam. |

In the present cxperiments the primary electron beam penetrates
deeper into the specimen when its incidonce and reflection angles are 45°
than when they arev80°, It is thereforc expected that the background
bencath the characteristic energy losses should be different in the two
cases. For all tho materials investigatod the background intensity,
compared with the zero energy loss intensity, was greater in the grazing
angle condition than im the 45° incidence and reflection case. This may

be explained qualitatively on the basis that at grazing smgle an incident
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primary electron mey experience many acts of multiple scattering and
still escape from the specimen surface, while at 45° incidence if the
clectron is to leave the surface agein it must be scattercd essentially

by a single scattering act which is an elastic collision with a nucleus.
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CHAPTER 8.

DISCUSSION OF RESULTS AND TECHNIQUE

8.1 Aluminium

The characteristic energy loss spectrum of this element has been
investigated by many authors (see Ch.l) and there is much agrecment
about its interpretation. The present experiments confirmed that the
10.1 and 15,0 ev energy losses are due to excitation of surface cnd
volume plauma oscillations reopectively.

The ratio of the volume plasma energy loss to the surface plasma
energy loss was (15.0/10.1)= 1.49, which is identical with the value
found by Powell and Swan (1959a), but is slightly different to the
value of 2%:(21.41)prcdicted by Ritchie (1957) for a specimen with a
plane surface (see Gh.l). However, agglomeration of the aluminium
specimen would be expected to raise the predicted value, since Ritchie
points éut that for a specimen film consisting of an agglomeration of
spheres the expected ratio would be 3%(”1.75X Therefore, if the
specimen surface were not perfectly flat and smooth, one would anticipate
an inqrease in the ratio, to a valuc between l.41 and l.73. The value
of 1.49 obtained is therefore considered to be. in rcasonable agrecment
with Ritchie's prediction,

Although aluminium has been studied by many authors (see Klemperer

and Shepherd 1963) almost all of the experiments have been of the high
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energy transmission type, in which the surface plasma loss either doos
noé appear, or appears as a weak modificd surfacc loss due to oxidation
of the surface of the specimen, as mentioned in Ch.l. The only work
with which the present results can be directly compared is that of
Powell and Swan (1959&), vho uscd o similar system to the present
author's and investigated freshly evaporated aluminium specimens with
760 - 2020 ev primary electrons reflocted through 90° by the specimen,
The following tabie gives a comparison of the resultsi:-

Table 8.1

Powell and Swan (1959a) | 10.3 | 15.3 | 20.5 | 2546 | 30.5

Present Work * 10,1 | 15.0 | 20.8 | 25.3 | 30.8

*overall rosults from Table 7.5

The agrecement between the two scts of results is quite good. It is to
be expected that the presont loss values should be slightly less than
Powell and Swan's values since the present éxpcriments were carried out
at 400°C vhile Powell and Swan's werc carried out at 200°C. Moyer
(1957) has measured the tomperature dependence of the 15evenergy loss,
in a high cnergy clectron trensmission experiment, over the range 20°C -
400°C and found that the loss decreascd at the rate of 5.8 20,7 x 10-4
ev/°C as the tomperature increased. This is due to the thormal
cxpansion of the aluminium and the accompanying drop in the clectron
dcnsity; This would account for a difference of approximately O.lev in
the 15ev loss values given above and a slightly smaller difference of

sbout (0.1/2%) ev in the 10ev loss valucs.



- 148 ~

Povell and Swan quote a value of 1.4%0.1lev for the half-width of
the 15 ev cnergy loss, but this was obtained by subtracting the zero
energy loss half-width from the measured value of the amergy loss half-
width. Shepherd (1962) pointed out that if the correction given in
equn.(7.1) is applied o thesec results a half-width of 2.6%+0.2ev is
obtained. Shcphoerd in a transmission experiment obtained a value of
2.07X0.46 cv, vhich is in reasomble agrecment with the value found in
‘the present experiments of 1.6%0.3ev (Table 7.4). Recent work by
Hart1(1964, 1966), using highly monochromatic primery clectron bcams
\half-width 0.03-0.12ev ) in transmission experiments, gives a half-
width for the 15ev loss of only 0,9%0.lev, which agrees with the
value of approximately 1.0ev predicted by the dielectric model of
electron cnergy losses from the optical data of Ehrenreich et al.(1963).

The modified surface plasma cnergy loss predicted by Stermn and
Perrell (1960) and found by Powell and Swen (1960) at 7.lev (see Ch.1)
for oxidised Al specimens, was not observed on any of the spectra
obtained for the Al specimens which were allowed to age in the vacuum
chamber, It is not thought that the loss found at about 6ev on old
Al specimens (Sec.7.7) is the modified surface loss. Powell and Swan -
(loc.cit.) showed that the modified surface loss reached its maximum
intensity when the 10 ev surface loss was almost quenched by specimen
surface oxidation. Further oxidation resulted in the gradual disappcar-
ance of the modified surface loss. This behaviour is not characteristic
of the 6ev loss found in the present experiments. The 6ev loss

mentioned here was discussed in Sect.7.7. However, it is surprising
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that no modified surface losg appeared, for irrespective of the nature
of the surface contamination such a loss would be expocted at some
period in the ageing of a specimen. DPerhaps the answer lics in the low
. primary cnergy used. Powell and Swan used 750 ¢v primarics compared
vith 200 ev in the present experiments.

As far as the prosent author is a#rare, energy loss measurements on
Al have not previously been performod for primary cncrgies as lovw as
200eve The previous lowest encrzy was that of 750 ev used by Powell
and Swan (1960). The intensitics of the volume and surface losses follow
the trend of Powell and Swan's (1959a) results. At 2020 ev they found
that the volume loss was much more intense than the surface loss and at
T60 ev the losses were of approximately equal intensity, while in the
present 200ev experiments, the surface loss is much more intense than

the volume loss.

8.2 Germenium

The interprotation of the 1l.2ev loss as the surface plasma loss
and the 16.4ev loss as the volume plasma loss is in agreement with the
simple plasms thoory and with the interpretation of Povell (1960) using
the method of variation of the energy loss intensities with primary
electron energy described in Ch.l. Gornyi (1961) has also carried out
low cnergy reflection measurements on Ge using primary energies of
30 - 140 ev. The following table gives a summary of the present resulis,
for 45° incidence and reflection of the primary beam (Table 7.6) compered
with Powell's {primary enersy 1500 cv, specimen at room temperature)

and Gornyi's results for a primary onergy of 140 ev (specimen at 400°C).
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All wvalues are in ev.

Table 8.2
Present Work | 542 ‘ 11.2 16.4 25.8 | 31.7
Powell (1960) 11.1 16.4 27.1 | 32.5
Gornyi (1961) | 2.0 5.0¥] 9.4 13,4 1 16 | 19.2 23

¥ Observed using a primary enexgy of 40 ev.
As in the case of Al onc would expect the present results to be slightly
smaller in value than Powell's,‘since Moyer (1957) has shom that therc
is a temperature dependence of the 16 ev volume plasma loss, which he
states is <5x 1074 ev/°C. This is not apparent in the results quoted
here. Therc is reasonable agreemont between the present results and
Powell's,but Gornyi's results differ considerably from thesc. Gornyi
interprets his l6ev loss as a volume plasma ioss, but he accounts for
21l the other losses using the interband theory of Viatskin(1958). He
used a spherical retarding field energy analyser which analysed tho
encrgics of all the scattered electrons and not just one scattered ray
as in Powell's and the present case.

The 5.2ev loss found in thé present work is attributed to an inter-
band transition. It corresponds to a maximum in the optical absorptién
coefficient of Ge at 4.4ev observed by Philipp and Taft (1959). They
'in fact obsecrve three peoks of 2.5, 4.4 andm+5.9 cv situated on a back-
ground which has a maximum at about 5ev. The 4.4ev maximum is the most
intense of the threo peaks. All the peaks are assoclated with valence
-band to conduction band transitions according to Ehrenreich et al.(1962).

This loss is not associated with the 5ev loss observed when 15-50”kev
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electrons arc transmitted through Ge films of the order of lOOX thick,
since Creuzburg (1963) identificd this as a modified surfacc loss (see
Ch.l). Also if high encrgy electrons arc reflected from a Ge crystal
surface, the surface loss, which is not present in the transmission
experiments, appears at 10.7 ev (sec e.g. Creuzburg and Raether, 1963)
in reasonable agrecement with Powell's and the present results. The
5{2eV' loss was only present for newly cvaporated specimens; as the
specimen aged the loss quickly disappeared vwhile the surface loss was
still strong in intensity and this behaviour is not characteristic of a
modified surface loss.

The optical constants of Ge have been measured by Philipp and
Ehrenreich (1963a) in the photon energy range of 1l.5-25ev. They found
that the energy loss function, given in equn.(1.9), has an intense peak
at 16.0cev, of half~width-~7cev, corresponding to volume plasma oscilla-
tions and a weak structure at aboub 5 ev corresponding to the iInterband
transitions mentioned above. The corrected half-width of the 16.4 ev
loss in the present experiments was 3.3 0.5ev, wvhich is less than half
the value predicted above. Raecther (1965) points out that Zeppenfeld
(unpubliéhed work) has measured the half-width of the l6ev loss in mono-
and polyofystalline Ge as %.,2 and 3.5 ev respectively, and suggests that
the difference between the measured values and the value predicted by
the dielectric theory, is that the measurements of the optical constants
are performed on crystal surfaces which have been polished and etched.
The optical properties of such surfees may be different from the bulk

material and evaporated films.
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It is intoresting that Powell (loc.cit.) observed the 27.lev loss
given in Teble 8.2 using a primary energy of 1500ev but not when he used
a primary cnergy of 750 ev. This is in favour of the 25.8ev loss obser-
ved in the present experiments being a double surface loss and not a
volume plus o. surface loss (sec Sect.7.4). The 25.8ev loss is of
very small intensity and appears on a sloping background and its position
is very uncertain. This strengthens the suggestion made in Sect.7-4b
that the 25.5ev loss observed in the grazing angle condition (see Table
7.7) is a double surface loss.

As in the case of Al no modified surface loss was observed as the
specimens aged in the vacuum system. Powell (1960) does not repori a
modified surfecc loss for Ge. The loss at about 7ev observed for old
Ge films in the present work (see Sects. T.4 and 7.7) is not thought to
be a modified surface loss because the change in loss value with time
(increasing surface contamination) was gradual end not abrupt. This is
not characteristic of the modified surface loss, as mentioned in Ch.l.

Apart from the Sev loss reported by Gornyi (Teble 8.2), which
disappeared for primary energics greater than 40ev, no previous report

of an energy loss at about 5¢v in Ge has been found.

8.3 Gold

The present results arc compared in Table 8.3 with the low energy
reflection experiment results of Rudberg (1930a, 1936) and Robins (1961).
Also included arc the hizh encrgy trensmission results of Sucoka and
Fujimoto (1965); these arc the only authors to report, in a transmission

experiment, an energy loss of about 3ev.
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Table 8,7
Primar - .
Enorgy{ov)
Presont Worlk'™ 200 3,0 | 5.9 23.4
Robins (1961) |1500 & 800 6.3 16.0 | 25.8
Rudborg (1930a)] 40 - 900 7.3 | 10.1 2549
{Rudberg (1936) 50 - 4001 3.05] 5.8 24
Sueoka and
2.6 .8 111.1 | 16.2] 24.1
Pujimoto (1965) 30,000 ’1 2

¥0Overall values from Table T.12

Due to the overlapping of the s and 4 energy bands in Au there is
coupling between the bands, and the simple plasma theory does not apply.
If the single 6s electron is assumed to be free to take part in plasma
oscillations, then equn.(1.2) predicts a volume plasma loss of 8.9ev,
vhereas if the eleven 5d and 6s electrons are considered as free this is
calculated to be 29.6ev. There is no prominent loss in the reflection or
transmission experiments at either of these values. The energy loss
vhich has most often been associated with volume plasma oscillations is
the intense broad loss observed at 24 ~25ev, which is the most promins
ent loss in the Au spectrum (see e.g. Ferrell, 1956).

Of the results given in Table 3.3 those of the presont author, and
those of Rudberg (19%6) and of Sueoka and Fujimoto (1965) are in rcason-
able agrecement. Budberg's (1930&) earlier results are not considered

 represontative of a well-defined surface according to Rudberg (1936).

Robins (1961) intcrprets the 6.3 ev loss vhich he find as the

surface plasma loss on the basis of its intensity variation with primry

energy. In the present experiments it was not definitely possible to
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identify the surface loss (Sect.7.5) but this was tentatively suggested
to be the 3.0 ev loss, not because of any angular dcpendence bub

because of its time dependence. Sucoka and Fujimoto (loc.cit.) have
interpretcd their 2.65ev loss as the surface plasma loss on the basis
of measurements on the optical constants of evaporated Au films by
Fukutani and Sucoka (1965). These authors showed that the condition
for surface plasma oscillations, given in equn.(1.11), is satisfied for
a photon encrgy of 2.53% ev. These optical mcasurcments, however, extend
to only 4.5 ev and the volume plasma loss vas not identified.

Canficld et al. (1964) have measured the optical properties of
evaporated Au films in the region 6~ 60ev. They found that the energy
loss function, -Im(%), showsbmaxima at 6.7, 16.3, 25.8 and 32.6cv. The
most intense of these peaks is at 25.8c¢v. Thesc values agrec quite well
with the experimental results given in Table 8.3.

The 5.9 cv loss found in the present case is thought to be due to an
interband transition corresponding to the 6.7 ev loss mentioned above.
Canfield et al. (loc.cit,), however, did not identify the maxima they
found with the energy transitions responsible for them. Simons (1943)
has observed optical absorption maxima at 3.7Tev and 9.lev in Au and
associates them with 6s - 6p and 54 - 6p interband transitions respectively
with a possibility of a 5d - 6s contribution to the 3.7ev loss. He states
that the 5d - 6s transition would be about Sev, such a transition may
account for the present observed cnergy loss of 5.9 ¢v. This corresponds
té an original suggestion by Gauthé'(l958) according to which this loss

is produced by transitions from the d-band to the Fermi level.
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Thc half-widths (2esumcd to be uncorrected for the zero lcss
distribution) of the 2.65 and 5.8ev Llosses observed by Suecka and
FuJimoto (1965) are 0.95%0.1 nd 3.3t 0.5 ov respectively, which are
in reasonable agreement vith the present (uncorrected) values of
1.4%0.1 and 4.7%t0.6cv. There is however, a large discrepancy for the
half-vidth of the loss at about 24 ev vhich Sucoka and Fujimoto have
measured as 6.3X 0.8 cev compared to the present value of about 14 ev,
but it must ioe remembered the experiments were carried out under widely
differing conditions and that the overall shape of the spectra obtained
is different.

The losses at about 10 and 16ev reported by various authors seem
to require a primary clectron cnergy of the order of 1lkev beforc they
are excited with sufficient intensity to be observed, since neither the
prosent author nor Rudberg (19%6) observe them. The 1l6ev loss is
almost invariably present in high energy trensmission experiments (sce
the summary by Robins, 1961).

Sueoka and Fujimoto (1965) explain the value of the surface plasma
loss in terms of Wilson's (1960) dielectric theory. For the free elec-
tron model (assuming onc electron per atom)the surface loss in Au shou;l.d
be 6.3 ev, according to Wilson's theory this value can be shifted to a
higher or lower value by tho presence of a narrow optical absorpiion
band in its vicinity, such that the surfacc loss lies cither above or
below the absorption band. They assume that the loss is depressed in
this case by 5d - 6s and 6s - 6p interband transitions of the type assumed

to account for the 5.9 cev loss in the present experiments. However,
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more optical data orc required for a better understanding of the gold
cnergy loss spectrum and in particular for the identification of the
volume plasma 1losse

It should be mentioned that ncither Viatskin's (1958) interband
theory nor correlation with x~ray absorption energy spectra (Gauths,
1958) can accoumt for the 5.9 ev energy loss found in Au.

Some remerks relevant to Au are also made in the following scetion.

8.4 Copper

The present results are compared in Teble 8.4 below with the results
of other authors from low cnergy reflection measurements of the charac-
teristic energy losses. The high energy measurcments at grazing angle

reflection by Klcimn (1954) are also included.

Table 8.4

Primary

Energy(ov)
’;rosont Tork * 200 3.6 6.6 1713.47] 22.1] 27.5
Powell (1960) &’?80& 444 (T2 1 19.9] 27.1
Robins & Swan(1960)| 1200 4.5 7.6 19.1 | 27.3
Rudberg (1930a) 40-900 |3.4 6.9 | 12.3 25.5
Rudberg (1936) 50-400 4.2 1 73
g:;;};;ﬁ:ha?‘ll%)) 82;}?5& 3.0 6.0 1 12.3 | 20.0
Kleimm (1954) 35,000 13.1|4.3 6.4 21.0

xOverall values from Tablc T.17

Copper, like gold, terminates a series of transition elements, both



have a completed outcrmost d-shell and 6ne s—-clectron. The binding
cnorgy of the d~electrons is however not high enough to prevent over-
lapping of the s- and d-encrgy bands in the solid state and coupling
ocours between the two bands. Onc might therefore expect some similarity
between the cnergy loss spectra of Cu and Au. This is in fact the case,
ns con be scon from Figs. 7-9(a) and 7.8(a) respectively. The general
shape of the two curves is very simiiar but there is a larger number

of cnergy losses for Cu than for Au (sec Tables 8.4 and 8.3).

The volume plasma loss of Cu, calculated using cqun.(1.2), is
10.8¢ev if the 4s electron is considered to be frec, but if the ton 3d
clectrons are also able to take part in collective oscillations, the
loss is calculated to be 35,9 ev. Neither of thesc values correspond to
prominent,sharp, energy losses. The present experiments werc not
capable of detecting an energy loss as high as 35,9 ev, but the rosults
of Gauth8 (1958)amd of Robins and Swan (1960) for high cnergy transmis-
sion and low cnorgy reflection measurcments respectively verify the
above statement. Pines (1956) is of the opirion that the encrgy loss at
about 20 cv is the volume plasma loss which has been depressed from 35.9
¢v by high energy interband transitions. Beaglchole (1966), using his
own measured values of the optical constants of Cu, has showm that inter-
band transitions from the s and d bands don't saturate until cncrgies
substantially highor then 50 ev arc reached. Pincs {loc.cit.) based his
decision on the fact that the 20cv loss was the most intense loss in
the spectrum and in some transmission experiments (soe CeZ. Shepherd,

1962) it is the only loss observed.
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Povicll (1960), by varying the cnergy of‘his primawy beam and cbserv-
ing the change in intensity of the cnergy losses {sce Ch.l), identificd
the surface and volume plasma losses as the 7.2 and 19.9 ev losses
which he observed, 2s shown in Teble 8.4. He also found that slight
oxidation of the specimen caused the T.2ev loss to disappear and be
roplaced by & 3.7 ov modificd lowered loss. Robins and Swanv(l960)
adopt Powell's interpretation ofthe losses and attribute their 4.5ev
loss to ionisation of the Mj5 atomic energy level. However, in the
present investigation the 3.6cev loss was identified as the surface
plasma loss. This is almost identical in value with Powell's modified
surface loss mentioned above, but the present author is not of the
opinion that the freshly evaporated specimens used in the present invest-
igation verc oxidised. Apart from the shift in the two losses below
10 ev the gencral shape éf Powoll's wnoxidised spectrun and the present
spectrum is similar.

The 6.6ev loss in the prescnt experiments is thought to be duc to
34 -~ 4p interband transitions analogous to thosc causing the 5.9 ev loss
in Au, since the intensity of this loss was indcpendent of the scatter-
ing angle of the primary beam. Beaglchole {1966) has proposed that
such transitions may account for low encrgy optical absorption poaks at
sbout 2.5cv and 5ev vhich he measurcd (Beaglehole, 1965) for electro-
polished Cu spccimens. A similar explanotion for both the losscs
observed by Budberg (1936) below 10 ev was put forward by Rudberg and
Slater (1936).

The two remaining cnergy losses to be identified are the very weak
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loss al 134 ev, which was only observed in the grazing angle condition,
and the 27.5ev loss. Gauth§ (1958) and Robins and Swen (1960) have
associated the 27.5ev loss with the fine structurc on the high energy
sidec of the x-ray K-absorption edge of Cu (see Ch.l). Robins and Swen
(loc.cit.), using the x-ray data of Becmon and Fricdmann (1939), show
that cnergy losses of 18.1ev and 27.5ev might be expectcd. The
sccond of these losses would correspond to the 27.5ev observed here,
but the 18.1cv loss was not observed in the present eXpei‘imentsa Yo
alternative to this explanation of the 27.5cev loss can be offered here.
The present author sug:ests that the 13.4 cv loss may be explained by a
similar process using the x-ray data for the L-absorption edge as given
by Cauchois (1953)- Cauchols shows that the onergy difference between
the L qemission linc and the L,,, absorption limit is 3.0cv(=3E). The
absorption maxime ( AE) on the high encrgy side of the Lyiy limit.are
at 1.0, 5.0 and 9.0cev. According to the discussion inCh.l, the energy
losses predicted using these data are, 8E+ AE = 4.0, 8.0 and 12.0ev
respectively. The 12,0 ev loss may correspond to the 13.4cv observed
here. These dota also offer an altornative interpretation of the 3.6cv
loss observed as duc to an interband transition,but the earlicr explana-
tion, ziven here in terms of surface plasma oscillations, must be
accepted because of the observed intensity variation with scattering
angle.

Ehrenreich and Philipp (,1962) have measurcd the optical constants of
electrolytically polished bulk Cu in the ulbraviolet and from their data
have plotted the encrgy loss function, -Im(1/), up to 25ev. Maxima arc

found in this function at 4.1, 7.5 and 20 ev, vhich agrce rcasonably well
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with some of the losses given in Table 8.4. The condition for plasma
oscillations, e=0, was not found to occur, but the maximum at T.5ev
is o frece-clectron-like resonance in that both €1 and ep arc small in
this region and €7 is increasing while €5 is decrcasing with increasing
energy, as in a frece electron gas. The present experiments did not
indieate a volume plasma loss behaviour for the 6.6ev cnergy loss found,
vhich in thie case was associated with the 7.5ov loss of Ehrenrceich
and Phili.pp (loc.cit.).

Ehrenrcich and Philipp admit that their specimen was conceivably
subject to atmospheric contamination. Beaglehole (1965) strcsses
this and criticises their method of determining €7 and €p, his results
differ somewhat from Ehrenreich and Philipp's but the gencral agrcement
is rcasonablc. The frce~electron—like resonance would occur at about 9Ycv
on the basis of Beaglehole's rcsults. This indicates that, as yet, the
optical measurcments should be treated with some caution. This is not
to say that the clectron beam studics can be trustcd explicitly, since a
glance at Table 8.4 roveals large discrepancics botween the results of
differcnt workers. Such variation in results has becn discussed in
previous litcrature (Marton, 1956; Klempercr and Shepherd, 1963). The
rosults given in Table 8.4 arc all for reflcction type experiments and the
surfacc condition of the speéimens used has a significant effect on the
results. It may be reclcevant that the prescnt mecasurements werc made at
400°C, Rudberg's (19302) with the specimen hcated to incandescence and
Kleinn's (1954) at 200°C. Also Rcichertz and Famsworth (1949) heated

their single crystal spocimen to dull red heat to degas it before taking
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measurements. In all these cascs the first loss is in the region 3.0 to
3.60v. Tho rosulds of Powell (1960), Robins and Swan (1960) and
Rudberg (1936) were all taken using ffeShly evaporatod specimens, as in
the present experiments, but at room temperaturc, and the first loss
appears at 4.2 to 4.5¢ev. It might be possible that the heat treatment
/of the difforent spccimens is responsible for the variation in the energy
losscs recorded. Pradal and Saporte (1958) have reflected 40 kev cloc-
trons at grazing anglce from polycrystalline Cu and single crystal Cu
surfaccs but they give little information concorning the ¢nergy losses
observed. Their published curves show that the reflected electron
encrgy spectrum depends stronzly on the orientetion of the crystal, and
the polycrystalline sample gave o spectrum similar to those observed in
normal higzh cnergy transmission experiments using evapordted films. A1l
these factors may contribute to the variation in the losses as observed
by diffcrent authors. It should be mentioned that for Cu, as in the
case of Au, Rudberg (1936) gives preference to his later rosults (see
Tablc 8.4).

It con be scen from the resulds that Ritchic's (1957) thoofy of
the surface plasma loss does not scom to predict the correct values for
the losses in Au and Cu. Of coursc the volume plasma loss may be
incorrcectly assigncd. The present author has had to accopt the ovidence
of othor authors to identify this loss in both cases. Even allowing
that tho loss of T.5ev predicted by Ehrenrcich and Phillip's (1962)
optical measurcments on Cu is the volumc plasma loss, thero is no loss

corresponding to Ritchie's (loc.cit.) predicted surface loss value. If
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the present losses in Cu are coriectly assigncd the ratic of the volume
loss to thc surfacc loss is aboubt 6.1 comparcd with Riitchic's valuc of
about l.4. The behaviour of Au and Cu thus indicate the cnormous
influcnce which intorband transitions can have upon the simple free-

elcctron plasma theory of characteristic encrgy losscs.

8.5 Bummary of Recsults

Table 8.5
Giving thc encrgy losscs obscrved in, the presont investigation

and their proposcd interprotation.

Al lOol,L' 15.0,P. 2068,2XLO 2515,P‘+L 3008,2XP

Ge | 5.2,B.| 11.2,5L. | 16.4,P. 25.8,(2xL 31.7,2% P
(or P+1L

.A-U. p 3.031}0 5'99:8« 2304—,?0

Cu 506,La 6076,:8- 15047}{ 22-1,P0 27'57X°

Here P = Volume plasma loss

L

Lowercd, or surfacc, plasma loss

td
It

Intcrband transition

]

Transition involving an excitation to & moximum

in an x-ray absorption spectrum.

8.6 Discussion of Tochnique and Purther Work

The grazing angle tochnique deseribed in Ch.l was found to work
viell for Al but was not quite as effcetive for Go, probably because of
the large half-width of the surface loss in this casce In the cases of

Au and Cu vhich, wnlike the above mentioned mctals, do not obey a simple



plasma thecory, a positive result was obitained for Cu in that onc of the
low lying losscs shovied an intensity variation with scattering angle of
the primary beam, but no such cffcct was obscrved for any of the losses
in Au. The assignment of the surface plasma loss for Cu differs from
that detormincd using the method of Powell and Swan (1959a,b) which is
described here in Chel. The present author feels thét the mothod uscd
herc should cortainly be worth pursuing ond combining with the method of
Powell and Swan (loc.cit.), so that grazing angle cxperiments can be
carricd out at various primary cnergics. In this way the two techniques
can be comparcd dirccetly using identical specimens, and the idontifica~
tion of the plasmn losscs should be made more easy.

It is obvious, from the results for Au and Cu, that only small
changes occur in the intensity of plasma losscs with scatitering angle of
the primary beam for metals whose free-clcoctron bohaviour is influcnced
strongly by intcerband cffects. It is thus impértant to have a‘consistent
method for preparation of the specimens so that variations in intensity
of the losscs from specimen to specimen is renderod unimportant. This
was not the casc in all of the present cxperiments, as can be scen from
the intensity ratio valucs quofed in Ch.7. Contimuous evaporation of
the specimen onto the target during the cnergy loss measurcments would
be the ideal method to be employed. In this way oxidation of the
spceimen and contamination from other sources could be reduced to a
minimum and, at the moment, those scem to be the greatest dravbacks of
the technique used.

The great advantoge of the present technique over other methods of
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identifying the plasma losses, as mentioned in Ch.l, is ibs simplicity.
It is poerhaps, a little surprising that the present intcrpretation
of the surface plasma loss in Cu differs from that given by Powell (1960).
It would be intcresting to investigate the cncrgy loss spectra of all
the metals in the first transition serics and to sce if the identifica-
tion of the lowcred plasma loss in thesc metals agrecs with that given
by Robins and Swan (1960). Thesc authors attributc the lowest encrgy
loss in all these metals (excopt.Mn) to ionisation of the My5 atomic
cnergy level, whereas, in analogy to the rcsults for Cu in the »srescnt
cxperiments, these losses may be due to surface plasma oscillations.
Also, the fact that optical monsurcments sometimes predict plasma losscs
differoent to the losses identified in clectron reflection cxperiments os
plasma losses, requircs investigation. For cxample, Robins (1961)
identificd the surface and volumec plasma losses in Ag as the 7.3 and
25cv losses which he observed, while the optical measurcments of
Ehrenreich and Philipp (1962) predict these losses at 3.6 and 3.75ev.
The lattor values arc supported by recent transmission and radiation
cmission experiments (sec Ch.l and Racther 1965). Thus further work
must be carried out before the truec origins of all the cnergy losscs

can be accounted for.
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CAPTIONS -

2.1 The Liquid nitrogen trap.
2.2 A vecuum lead~in for nine leads.
2.3 The degaussing coils,
3l The post~acceleration target.
3.2 The tetrode gun.
3.3 The beam characteristics of the tetrode gun.
2.4 The seven electrode guns-
a) general diagram,

b) detail of an anode A3.

2+5 Beam current characteristic (0 - TOev) of the seven elsctrode
gun, using a 0.1 mm tungsten hairpin cathode.

3.6 The tantalum strip cathode.

3.7 Beam current characteristic (200 - 800ev) of the seven
electrode gun, using the tantalum strip cathode.

4.1 The principle of the retarding field analyser:-
a) schematic diagram,
b) energy analysis and the beam divergance effect on the

regolution.
4.2 The aperture effect on the resolution of a retarding field
analyser.
443 A schematic electron filter lens.
4.4 Tie filter lens analyser.
4.5 in analysis of BOOev electrons using the filter lens analyser.
4.6 The principle'of the inverse retarding field analyser:-

a) schematic diagram,
b) an ideal energy snalysis curve for electrons of energy &V,e

4.7 Illugstrating the prosence of an cnergy loss of eAV in en inverse
retarding field energy analysis curve. :

4.8 The inverse retarding field analyser.



4.10

4.11

4,12

5.1

5.2

5.3

5.4
5.5

5.8

59
5.10

5.11
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ltnalysis of a 400ev electron beam with the inverse retarding
field snalyser.

The principle of the 127° electrostatic deflection analyser :-
a) schematic diagram,
b) illustrating the imperfect refocussing.

The 127° deflection analysers:-
a) plan,
b) front view,
¢) vertical section.

a) The calibration circuit for the deflection analyser,
b) deflection voltage, V3, versus beam voltage, Vge

The layout of the retarding field spectrometers:-
a) elevation,
b) plan.

Schematic circuit diagram for the retarding field spectrometers.

The energy spectrum of 400ev electrons reflected from a con~
taminated layer of Al, using the inverse reterding field
spectrometer.

As for Pig. 5.3, using the filter lens spectrometer.

The final spectrometer:-—
a) elevation,
b) plan.

The energy spectrum of 800ev clectrons reflected from a con-
taminated layer of Al, using the final spectrometer.

The heated target:-
a) the heating element,
b) the tantalun box,
¢) the complete assembly,
d) the replaceable front surface.

The energy spectrum of 800ev electrons reflected from Al ab 400°¢,
As for Pig. 5.8, using 267ev elecirons.

The sweep voltage circuit:-

ag the cireuit,

b) the waveforms produced.

The electron gun circuit.



Fig.
5.12

6.

6.2

6.3
6-4

6.5

6.6

6.7
6.8

Ts1

Te2
743
Tod

Te5

7.6

TeT

- 167 -~

The final spectrometer. Schematic circuit diagram.

Illustrating the partial compensation of distortions in the sweep
voltage circuits~
a) exaggerated sweep voltage, VS, versus grid voliage, Vg, curve,
b) exasggerated grid voltage versus time, 4, curve,

Corrections for the errors introduced into the recorded spectra
due to a sloping background.

Parabolic approximation to a Geussian curve (after Shepherd, 1962).

The shift ofvan energy loés peak due to the time constant of the
recording system.

Triangular and rectangular approximations to a Gaussian curve.

- Recording system output pulses for triangular input pulses of

half-width b=t, scconds.

The recorded intensity versus the input pulse half-width.

The output pulse half-width versus the input pulse half-width.
Energy loss spectra of Al:=-

ag 90° scattering,

b) 20° scattering.

The time-dependence of the intensity of the 10 and 15ev energy
losses in Al (90° scattering).

The energy loss spectrum of Al for grazing incidence and 90°
scattering of the primary electron heam.

The energy loss spectrum of Al for 600 incidence and reflece
tion of the primary beam.

The energy loss spectrum of Ge (90° scattering):-
ag fresh Ge specimen,
b) six minute old specimen.

The time~dependence of the Ge spectrums-
ag 27 minutes o0ld specimen,
b) 57 minute old specimen (90° scattering).

The erergy loss spectrum of Ge for 200 scattering.
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7.8 The energy loss spectrum of Aui-
a) 90° geattering,
b) 20° scattering.

T«9 The encrgy loss spectrun of Cus-
ag 90° scattering,
b) 20° scattering.

7.10 The energy loss gpectrum of a contaminated Al specimen
(90° scattering).

T7+11 The energy loss spectrum of a contaminated Cu specimen
(90° scattering).

7.12 The energy loss spectrum of a contaminated Au specimen
(90° scattering).

T.13 The energy loss spectrum of a carbonaceous contamination
layer (900 scattering).
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