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" In photoemission, electrons- aré emitted when electromagnetic
radiation, typically in the visible or ultraviolet region is incident on
the surface.‘Photoemission phenomenon was first observed by Hertzl'
(1887) and later on, Einstein2 described it as a quantum phénomenon;
Nowadays, photoemission spectrosccpy has become a very popular probe to
know both the surface gnd the bulk electronic properties of a solid.

In Ultraviolet Photoémission Spectroscopy (UPS) and X-ray.
Photoemigsion Spectroscopy (XPS) the source of radiations are
respectively an ultraviolet lamp and an X-ray tube. The'avaiiability of
synchrotron radiation has been very important to the development of
photoemission experiment. Synchrotron radiation provides a continuous
spectrum extending from the infra-red to the X-ray region. UPS is
conceptually identical to XPS except that the incident photons are in
the energy range of 20-150 eV, It is ideally suited for the study of the
valence band electrons in the surface region. The Universal Curve of
mean free path shows that UPS photoélectrons originate from the surface
region and valence band photo cross-section is large at UPS e%citation
energies.

The vériables involved in the photoemission spectroscopy
process are the energy, polarization, and the angle of incidence of the
indident-photqn and also the energy, polarization and the emission angle
of the emitted electrons (fig 1.1). In various photoelectron
spectroscopy techniques, only a few of such variables are varied keéping‘
others to be cons£ant. In the constant final state spectroscopy (CFS);"
the energy analyzer is set to a specific energy, and the incident phofon
energy is swept. CFS provides a direct measure of both the iqitialh
density of states and the surfaée sensitivity. In constant initial state

spectroscopy (CIS), the photon energy (he®) andihe electron kinetic
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Fig 1.1 BSchemat:c representation of photoemission
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feneféy (ﬁika}e.vébiéaEgiﬁﬁitanéousif'ngéhét”Eﬁ\hﬁ’iéwkéﬁ%:conéggﬁe;‘in'
this mode of operation a direct measure of the final staterdensity is
obtained. In the vectorial photoeffect polarization pf the ihcoﬁing
photon is varied while'by analyzing the electron spin one obtsainsg spin
";gP?lériéed photoemission. |
: Photoemissibn techniques can be clggéifie&ﬁé;dordiﬁg fd tﬁe'
manner in whigh theAeﬁergy and ﬁomentum of the-incideﬁt photon and the
ejected photoelecﬁron are controlled. When the emittéd electrons are
ooilected for a specified angle ( 6,9 ) we ¢get angle-reéolved:
N éhotoemission and when all emitted electros arei collected by a
-hemisphericai Qetector we get the angle integraté& photoeﬂiSsion, Escape
length for eléctrons in the 10 eV ~100 eV range is of the orderlof 10 Ao,
-80 the process is surface sensitive. Angle integrated'photéemission
\gives Joint densitx of states while,.the angle~-resolved photoemissiqn
giyes a detailed information of band struciure, surface sénsi#iveneés
'étc. In gngle resolved photoémission spectroscopy thexdifection and.
energy of an ejectéd photoelectron is measured to determine the
photoelectron wavevector i. At the surface the wavevector cénservation
-breaks down in the direction perpendicular to the surface due to the
lack of periodicity in this direction., But, in the direction parallei to

the surface periodicity remains and the wavevector conservation still

holds as

] Ky=ky+g

where, '§ and '§ are the parallel component of the bulk electron
wavevector and reciprocal lattice vector respectively. From the energy .

conservation at the surface we may write
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Therefore, we see that if we know the energy.at the final state Ef(i)-
and the vacuum level E, we can calculate the direcfions of photoelectrons .
genefaped by a bulk transitions.
In pormél photoemission, photoelectrons are .emitted in the
direction normal to the crystalline surface and we have ;H=O‘ This
considerably simplifieé the problem as we are confined to sampling buik

states as a function of Tﬂ along &a specific line in-i space.
In the indépendent—particlé‘approximation the expreésion fdf

current density in three—sfep model of photoemission process may .be

written from Fermi Golden rule3 as
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(1.1)

where H'.is the perturbation responsible for photoemission by radiation
of frequency @, given by H'= (e/2mc)(3(}+§fﬁ), 3 being the one electron
momentum operator andlz is vector potential of the photon field.l $i> and
Eirefer to initial state wavefunction and energy and |¢f> and Ef to the
final state wavefunctions and energy, and fO(E) denotes the Fermi
occupation function. The.sum is taken over all occupied states and the
6-functions establish the energy selection rule. Therefore,' the
photoemission cross-section calculation is essentially the evaluation of
the matrix element <¢”}{|¢i> and one has to know the.initial and fina;
state wavefunctions and the photon field at the surface.

The final.state wavefunction is nonvanishing outside the solid.

and represents the electron arriving at the detector while the initial



state wavefunction describes the bocund electron before exéitation, both
the wavefunctions being the solution of Schrddinger equation of the
unperturbed system. The initial and the final stateé are modifigd from
the bulk sta;es!by the presence of the surface. The electronic statés,
in the presence of surface have been caiculatéd_seifrcbnsistently bx a
numbe;'of authofs. Thegé methods are generally baged on Linear Augmented

)8-1[.) me‘vth'ods -

 Plane Wave (LAPW)LT and Linear Muffin Tin Orbitals (LMTO
and.theée involve a substantial computatiénai effort..However, so far,
photoemission calculations have not incorporated the wavefunétioné
resulting frbm such self—consistént procédure.

There has beéen a ﬁﬁﬁber of approaches for photocurrgnt
calculation. Mahan”(1970) gave a scattering approach (first proposed
by Adawi12 (1964)) of photoemission in the free electron model and
considered the ‘angular distributions of photoelectrons. Ashcréft anﬁl-
Schaich13 (1970) devéloped a model of photoemission theory on.the basis
of quadratic responﬁe theory and independent particle apprékimaﬁion. The
cgiculated results are similar to that of Mahan. Also, they have studiedr
photoemiésion from nearly free electroh and tight binding model of a
1

solid and the photoyield from the surface states. Endriz (1973)

15,10 time dependent

developed a modified form of the Mitchell-Makinson
perturbative calculation of the surface photoeffect considering both the
electron excitation back into the metal as well as electron emission‘
into the wvacuum. The calculation was based on Bloch hydro-dynamic
equations where an improved treatment of surface polarization charge_
density variations had been considered. The results for the case of
aluminium and other nearly free electron metals agree ‘with the.
experimental data but fails to reproduce the direc£ optical excitafion,

of the surface photoelectric effect in the alkali metals.
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Kliwer (1976)17 presented both local and non local theory of
photoemission in detail in which the surface photoeffect was identified
as being exclusively_due to the presence of a longitudinal component of
the vector potential inside thé solid.

I8 (1980) were primarily concerned with the fields

Mativ & Metiu
in the immediate vicinity of the interface and developed a scheﬁe for a
general solution of Feibelman’s model. They detérmined a dielectric
function which in contrast to conventional models is continuous across
the interface. The plot of the photoyield versus photoﬁ énergy'did not

13 and Levinson et alw for

show the behaviour as obtained by Feibelman
aluminium. They found their modéi to be valid for photon energy greater
than the plasmon energy and the model was applicable only to freé‘
electron type of solids.

The photon field can also be calculated from hydrodynamical
model which considers the electron hole-spectrum and uses the dielectric
function. Using this model Kempa and others21 (1983, 1985) calculated
the véctor potential for aluminium and also had incorporated the photon‘
field in the photoyield calculation. It is shown that the frequency
dependence of the photoyield is essentially due to the behéviour of the
electric field but does not depend very much on the initial and final
state wavefuhction. Their results for photoyield agree with the
experimental data. Barberan and Inglesfield22 (1981) calculated

photoemission from aluminium considering the band structure effects but

they have neglected the screening of the photon field. Aiﬁhough their

results fail to produce the observed variation of phétoemissionl'.

intensity from a constant initial state as a function of photon energy ~-...-

it gives good agreement with the experimental data at fixed photon
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energy. Further, using the simple hydro dynamical method for non-local
screening at.a metal surface they have calculated photocurrent from both
the sgrface siate and the Fermi level of aluminiﬁm which gives good
agreement with the experimental results.

Meyers & Feudhtwang“A(1983) developed a detailed theory of‘
photoemission from g, free electron metal with a vanishingly smail
optical absorption éb0ve thé plasmon energy. Calculated photoeleétroﬁ .
energy distributioﬁ,cufves (EDC) differ significantly both'in‘magnitude
aﬂa dependence on photon energy from the conventionalvf%ee electron
results.*Lee & Schaich24 (19881 gresented a series of model calculatioﬁé
on a simple theory of photoemission yield for jellium metals considering
the spatial variation for both the éotential energy barrier and the
photon field. They have shown that a éuifable choice of the parameters
can maae the predictions to agree with éxperimental data retaining the
surface effect mechanism.

Feibelman19

(1975 calculated thg vector potential in the
neighbourhood of a flat jellium-vacuum interface, for the case of long
wavelgngth transverse electromégnetic wave 1incident form the Qacuum.
The Random Phase Approximation (RPA) to the conductivity tensor was used
and the required one electron wave functions were evaluated from the
self-consistent surface barrier potential of Lang and Khon®. Vector
potential was studied in(detail, as a function of the parameters of the
surfaqe and the photon energy which may be used for the calculation of
refraqtion effects in surfacz photoemission and 1in reflection
spectroscopy. Again for»the'jellium model, he calculated the surface
'photoéurreht.'uging the same surface potential barrier model to:evalqatgﬂa
the initial and final staté'wavefunctions and the spatial behgviour of

the photon field. The shapes of the surface photoelectron energy and the
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angular distribution are independent of the surface structure, while,
the tétal surface photoyield versus frequency is strongly depéndent on
it.

Mukhohopadhay & Lundqvist?‘6 (1978) calculated the electromagnetic
field near a semi infinite jellium surface. The solutions for the vector
potentiallin the vacuum aﬁd bulk regions are of asymptotic form and in
the surface region this form becomes modified due to the potentiél. They
concluded that the solution in the surface region depend essentially on
the_pérticle—hole excitation. They used their formulation to study the
semi classical infinite barrier (SCIB) model of the sharp metal surface
and the long wavelength limit for the electromagnetic wave incident on
a diffuse metal surface which have been coﬁsidered by Kliewer and
Feibelman.

Photoemission calculations based on LEED formalism have been
dong by several authors e.g., Liebsch“,'Pendry%, Pendry & qukiqson“.,
Lieb;Ch (1974) - presgnted "a‘' detailed theory of ahglefresolvéd'
photoemission from the localized adsorbate orbital considering“ thé
effects of final states. In some theoretical épproaches, phopoemission
process is considered as a one-step gquantum mechanical event in which an
electron, under the influence of the electromagnetic field, is rgmoved
from an .occupied state an& déposited at the detebtor. Liebsch (1976) .
expresses the initial state wavefunction as the sum of tﬁe sphgfical
waves emanating . directly from the atom at the origin and algo the
scattered waves from the spriopnding atoms, to the detector. Both"
multible and single scattering processeé are included. The aéﬁroach,is'
similar.%o LEEb but here, electron source is the spherical wave rather
than the external beam of plane ang electrons. |

A sophisticated theory of photoemission has been developed by
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Pendrym.(IQTS),fwhere,'the wavéfunctions for both théAinitigl-éhd finai
states fof“thé?semi;infinite soﬁid are constructed accurately: The:semif

infinite solid is subposed to be composed of stack of parallei’léyers of

atoms with a potential of muffin-tin form. . The. ihitiél étatef

‘wavefunction has different forms in the interstitial and;mﬁffin-tini
reéﬁénst The finai state wavefunction is represented by an eleétron
gping to the detector as in Low Energy‘Electron Diffractiop. The:vector
potential was taken to be a constant and a convenient choice of 'a gauge -
for the vector potential simplifies the mathemafical caldulations. Fof
the scattering from each layer, the reflection and transmission matrices
have been calculated and this é;ocedure is céntinued first for a pair of
layers and then pair of pairs and so on. This 1is called the  layer
doubling method to consider the finite thickness of the crystal. The
conditions for the convergence of the method is to introduce an
imaginary part of the potential (VOi <0) to consider some finite
absorption, This. is computationaly a fast method and can élso " be
extendgd to photoemission froa surfaces covered with overlaye;s. The
formalf?m has been ;pplied to both clear and adsorbate boVered
surfacesw.

Ishii & Aisaka31 (1991) presented a theoretical anélyéi; of the.
angle-resolved photoemission spectrum by using a dynamical qultiple
scatte;ing formalism for photoelectrons., Their calculated spectrgm_shpws
a different peak position compared with that of band célculation‘with
the same muffin-tin potential which may be. due to the multiglgi”
scattering effect of the photoelectrons and the mean free path'effect;
for both thé initial and final states of photoexcited elecﬁrons. .
However, the discrepancy between the calculated and the experimental

32

results’® is very small in case of A1(100) but large for Na(110).
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The wavelengths of radiation typically used for excifing the
photoelectrons are long coméared to atomic dimensions. This is tﬁe-
argument for ighpring thé spatial” variation of the“ ‘incident
eiectromagnetic field and taﬁe it to be constant. This assumption 9f 
constant field can be utilised to make the cémputation simpler by usiné
the commutation‘relation betwéen'ﬁ and‘z and choosing a convenient gaugé’
- as has been done, for example, by Pendry.

In many cases the resulté of such calculations (gave
reasonable agreement with experiment} However, in certain situations,
e.g. variation of photocurren? with photon energy, the consideration of

3 showed

spatial variation of photon field is important. Bagchi & Kar
that, even with a simple model, consideration of variation of field near
the surface gave a reasonable qualitative agreement with expe;imental
results for the photocurrent from the tungsten surface as a function of
photon[energy. Feibelman has %lso considered this problem in some detail
with his much~mope sophisticaﬁed self-consistent field calculation with
the jellium>model, and appl&ing this to the case of aluwinium showed
that the spatial variation of the photon field should not be ignored.
Feibelman's calculation is, however, applicable only to free electron
metals, and further, the sélf~consistent field calculation is an
extremély involved process and no attempt has been made so, far to
incorporéte this field variation into a LE%D type calculation.: Coe
The model of Bagchi & Kar, on the other hand, wuses
experimentally measured optical data ‘as input and -‘is therefoge;vmucﬁ'
more empirical in character. However, the expression for figl% can be
analytically aerived in the long wavelength limit for this mo&ei«and so -
it ﬂis‘ easier to inborporaté into a photoemission calculation. In-

aaditipn, this model may be a?plied to metals other than free electron

11



types. We note that being a 'local’ model - it is inadequate for the
exact description of fields - but it.is definitely an improvement on
constant field. The fields for a number of elements have been calculated
with this: model“. We have wused this moael in our photoemission
calcul;tibns and so, at this point wé give a brief descriptiog'of-the‘
fields%resulting as solutions of this model.

In this model, the z-direction is taken4t§'be perpendicular to
the nominal surface chosen as z=0 plane and the metal is assumed to
occupy all the space to the left of this plane. The response of the
electromagnetic field is bulk like everywhere except in the éurface
region defined‘as -a/2<z<a/2, In this region the model dieiectric
function is chosen to be a 'local’ one which interpolates between the-

bulk value and the vacuum value (unity) out side as

4

€ (w) +ie, (0) zs—g
e(m)_=12[1+e(w)1+[1—e(m>1—§ |25 2
1 z2=

(1.2)

Fpr a p~polarised‘light, incident on the surface plane at an angle
8, with z-axis, the magnetic field.B(z) = B (Q,0,z) (where Q=(0/c)siﬁei
is small) is in the y~direction and it obeys the following equatiqn with .
€ze(0) '

4 2 2 ,

414, , (2-Z)5=o0

This equatioﬁ may be obtained from Maxwell’s equations. TheAéomponentém
of the‘electric'field can be obtained from the magnetic field bj usingn
the relations |
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' X .;,-. N = —_
EX(Qi . 2) iwe dz

sinBiB

E* (f,w,z) = -

The solution of the above equation leads to the normal cpmpoﬁen% of the

electric<field in the limit @a/c-0

_ sin26, - a
‘J[G(w)-sinzei] +e(w) cos 8, 2
- " _ ae (w) _
Ez(Q"O:w;Z) - - . Slnzai 1"6(0) ' -gszsg
Eo JTe(0) -8inZ8,] +e(®) cos b, §+_;_ i:gz; 2"%2 .
_ €(w)sin28, 25-%

y[e(w) -8in?8,] +e(w) cos b,
(1.3)

‘In our calculation, we have made a slight change by taking the
surface region from -a to zerc., This transformation does not change the
qualitative behaviour of the field in the different regionsq

In this thesis, we have first used the free electron model for
initial and final state wavefunctions and the case of normal
photoemission from the Fermi level of aluminium for tﬁé (100) face waé
considéred as an application. For improving the free‘ electrdh
wébefuéctions, the initial (free-electron like) state was rep}aced by
that caléulated with 'a pefiodic potential in muffin-tin form. %he casé
of aluminium was considered. agein and the calculated resdlts 'werel
compared with the free electron results. Finally, the forhélism for
photqcurrent.calculation with a LEED type-final state and band initial. -
state with the field given by this model has been developed. However;
numeripal results for this case have not yet beeﬁ computed.
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In addition, we have calculated the local field near .the
surface of some dipolar lattices with hexagonal, hexagonal close—packed
and diamond structure. The méjor part of the works included in this
thesis have been publishedmﬂiﬂy

iWe may mention that the fields calculated from Bagchi &)Kaf
model, along with free elecfron wavefunctions have also been 'used'
Qubsequently by Thapa & Kar for normal photoemission from beryllium and
the results are to be published soonw. Also calcﬁlatioﬁs with Kronig-
Penneylwavefﬁnctions and fields. from this model and the dielectric’
fUnctiohs for ;.numbef of ele@ents have been performed and publishedm5
The contents of the thesis are organized as follows. In chapter?II

the Photoemission calculation u51ng free electron wavefunctlon with a
31mple model for the spatlally varying photon field and its appllcatlon
to aluminium has. been presented. The photocurrent using the same simple
form for the photon field, band wavefunctions and also aAmuffiﬁ-tin
potential for aluminium and tungsten surface are presented in chapter-
III. Chapter-IV has formalism for photocurrent calculation with time
reverséd LEED type final states, band initial states and ?he photon
field variation in the surface region. Chapter-V contains the
calculation of the dipolar fields near the surface of cry%tals with
simple hexagonal, hexagonal close~packed and diamond struéturg.'Precise
summary of the total work done in this thesis and conclusion are given
in chaﬁter VI. The details éf some involved mathematical calcglations-
and the FORTRAN programs used are given in the APPENDIX. Repyints of

publications are also included.
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