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SYNOPSIS OF Ph.D. THESIS

A THEORETICAL FORMULATION OF INITIAL STATE

WAVEFUNCTIONS FOR PHOTOEMISSION CALCULATIONS.

Introduction :

Over the last few years interests in a detailed understanding of physical
properties of condensed materials and their surfaces has grown enormously for many
reasons. Catalytic reactions, for example, which are of great technical importance,
strongly depend on the electronic and geometric structure of a solid surface.
Furthermore, the miniaturization in microelectronics has reached a point where
surface properties become dominant. Also great progress has been made in the
production of nearly two-dimensional structures like multilayers or thin films, which
have new and fascinating features. For investigating the electronic properties of clean
and adsorbate-covered surfaces and thin films, angle-resolved ultraviolet
photoelectron spectroscopy (ARUPS) has become important tools, because these
experimental techniques allows measuring the dispersion of occupied bands as well
the unoccupied bands in and around Fermi level. More detailed informations about
the ARUPS has been provided by Feuerbacher er. al.!, Inglesfield®, Willis et. al®,
Dose4, Glasser et. al.’ , Plummer and Eberhardt®, Kar’, Schattkeg, Braun’ etc.

Photoemission is concerned with the emission of electrons from the
surface/bulk of metals by the reaction of incident photon radiation with the electrons.
The high absorption coefficient of the ultra-violet (U.V.) radiation and the small

escape depth of the electrons emitted from the solid gives U.V. spectroscopy a big
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advantage over the other methods of investigating the electronic states on the surface
of solids. Basically, the understanding of the electronic structure of solids and solid
surfaces depends on the quality of the photoemission results. Therefore, a steady
improvement and growing amount of data will be necessary to put the actual ab-initio
results of electronic structure calculations into a physically realistic context. The
knowledge of the electronic energy spectrum is fundamental to many equilibrium and
transport properties and thereby photoemission deserves high interest from basic
research as well as from technical application. The interplay between band structure
calculation and photoemission measurement is controlled by the interpretation
schemes to extract the information about the electronic states and their energies from
the spectra. There are a lot of more or less heuristic methods which allow a quick
access to a part of the physical content in the experimental data. However, all of them
lack the accuracy required if the actual high quality of measurement and the actual
state of the art of ab-initio calculations should make sense. As in many other
techniques the spectra cannot be formally inverted to yield the electronic structure but
have to be brought to convergence with theory by trial and error procedures.

In its simplest version the golden rule formula contains the matrix elements
between the initial bound states and the final states which are scattering solutions of
the same hamiltonian for the dipole operator of the electromagnetic field, and the
delta function for energy conservation. The numerical evaluation of golden rule
formula yields the photocurrent at the detector which has to be compared with the
experimental value. As even ab-initio electronic structure calculations are not free of
parameters, one can only minimize the disagreement between experiment and theory

in choosing the available quantities appropriately. There may be various
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approximations in the evaluation of the wavefunctions according to the specific
intentions. In the best case one can selfconsistently construct one particle potential
adapted to the real surface. Bloch states or equivalently the Green functions for the
valence band part as well as the scattering states for conduction bands are calculated.
The latter are equivalent to the time inverse states of a low energy electron diffraction
(LEED) system representing the final states accepted by the photoemission detector.
The transfer of these ideas into a working numerical programme is far from being
trivial and has been first accomplished in a closed form by neglecting the relativistic
effects and choosing muffin-tin potential’® obtained from atomic calculations.
However, this does not guarantee that the agreement with the experiment is splendid.

11

Especially, semiconductors with their reconstructed surfaces” '’ still represent a

challenge to the theoretical photoemission.

2. Research design and Methodology :

The golden rule formula for calculating the photocurrent density is given by,

di(E) 2n
o = 2I<w Ay, > S(E~E)S(E, - E,~ha) f(E - ho)[1- f,(E)]... ()
where A is the perturbation responsible for photoemission by radiation of frequency
o and w, (y,) refers to the initial (final) state wavefunction, E,(E ) the initial
(final) state energy, f,(E) denotes the Fermi occupation function. We are

considering the photoemission to take place along z - axis which is normal to the

surface. We may therefore write A as
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e|~,.d 1d~

where A:, (2) =

is the component of vector potential along z -axis, 4, is the

4,()
A

o

amplitude of the incident beam. The model of Bagchi and Kar'? is employed for the
computation A4, (z). We assume the z-direction to be perpendicular to the surface

which is chosen as z = 0 plane. The response of the electromagnetic field is bulk-
like every where except in the surface region defined by -a<z <0 In this region,
the model dielectric function is chosen to be local one which interpolates linearly
between the bulk value inside the metal and the vacuum value (unity) outside. The

model frequency-dependent dielectric function is therefore given by,

g(w) =¢/(w)+ie,(w), z<-a
&w,2) = {1 +[1 - &(w)]=, —a<z<0 . )
a
1, z20

For the complex dielectric function £(w,z), we use the experimentally determined

values. We consider a p-polarized light to be incident on the surface plane making an

angle 0, with the z-axis. The vector potential of interest in the long wavelength

(wa/c)— 0 is givenby

( sin26,
- T s z<~a
[£(w —sin® 8,)? + &(w)cosb,
Zm(z)=J - sm.?_é?, T as(@) , a<z<0 4
[6(w—sin® 812 + &(w) cosb, [1-¢(@)]z+a
&(w) slin 26, , 250,
| [e(w—sin’ 8,1 + &(w) cosb,
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We plan in this thesis to develop formalism for calculating i, which will

describe the electron states in the surface and the bulk regions.

3. Review of works done:

The formulation of the initial state wavefunction by choosing the exact
potential model for the surface and the bulk regions of the solid is very important and
complex too. There are various approaches to surface and bulk photoemission
calculations which had been applied to real cases. Feibelman'® was perhaps the first
one to report the surface photocurrents in which the surface potential barrier was used

to solve Schrédinger’s equation for deriving y, and y ,. However, his calculations

were restricted to jellium models only and were complex too. Weng et. al."* have
done the surface studies of (100) faces of W and Mo. To explain the photoemission
spectra, they have used the Wannier type localized wavefunction to define the orbital
basis. Smith" has also presented surface state calculations from various faces of Cu
but by using a simple type of wavefunctions. Pendry' has given a detailed method of
photoemission calculations by employing multiple-scattering formalism and this has
been the most widely accepted technique. The method of Levinson ef. al.'® was
restricted to only free electron type of metals but however could explain the effect of
spatial variation of vector potential on photoemission. With their very simple
approach, Thapa ef. al. have used the free electron'’ and Kronig-Penney'® model
potentials to calculate photocurrent from metals and semiconductors. Behaviour of
photocurrent in the U.V. range for the values of photon energy below and above the

l.19

plasmon energy showed interesting features. Pachuau et. al.”” have recently used the
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sinusoidal Mathieu potential to derive the y/,, and used it to the case of photoemission
from metals.
4. Proposed work of investigation:

The purpose of the proposed Ph.D. programme is to develop a formalism for

calculating |y, > which will be calculated in such a manner that it should be able

to describe both the electronic states at the surface and the bulk regions of the
metal. For this purpose, one has to first define the crystal potential. To begin with, we
will consider at first the free electron type of potential, then a potential which will be
periodic with the periodicity of the lattice namely, the muffin-tin type of potential and
sinusoidal Mathieu potential. We propose to explore the symmetry properties of the
surface states. The LCAO procedure will be used to obtain the symmetry-adapted
surface state wavefunctions which are very convenient for visualizing the surface
state wavefunctions®, analyzing their symmetry and in interpreting the experimental
results. Our primary objective then would be to derive the atomic orbitals in terms of
appropriate basis functions. These basis functions will be deduced by using the
projection operator techniques of group theory®™ 2. By identifying the point groups to
which the metal under investigation belongs, we can then construct the atomic orbitals

which will enable one to develop appropriately the initial state wavefunction

The final state wavefunctiony , will be the scattering state'” of the step

potential existing at the surface. We can now expand the matrix element in Eq. (1) to
calculate photocurrent into a number of integrals. As these integrals cannot be solved
analytically, hence FORTRAN programs will be developed to evaluate them for

computing the photocurrent. Photocurrent will be calculated as a function of a number
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of parameters like photon energy, surface width, width of the potential, scattering

factor, potential strength etc. The behaviour of photocurrent especially near the

plasmon energy of crystals would be of our interest. The photoemission data thus

obtained will be compared with other models.
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CHAPTER 1

INTRODUCTION



Electronic structure is an important ingredient in the understanding of a solid
and the photoemission spectroscopy has been used as an investigative method for the
conceptual understanding of the behaviour of electrons in the surface and bulk of a
solid. The Ultraviolet Photoemission Spectroscopy (UPS) is a versatile and flexible
tool in the study of electronic states on the surface of a solid. The ultraviolet radiation
in the range of 10 to about 300 ¢V brings the excitation of electrons within a small
value of escape depth which can come out of solid and make photoemission a useful
technique for study of surfaces. Beside this, the variation of photon energy leads to a
variation in escape depth of the electrons by means of which its relative importance to
the surface and the bulk effects can be varied. The X-ray Photoelectron Spectroscopy
(XPS) in the range of 1000 ¢V or more has also been used to study the inner core
level of the solid due to its highly penetrating characteristic. The excitation of
electrons in deep lying level produces the collective electron oscillations (plasmon)
which involves complex type of photoemission. Both UPS and XPS are surface
sensitive techniques. However, the high absorption coefficient of ultra-violet radiation
and small escape depth of the electron photoemitted from solids gives the UPS a

greater advantage over other method of investigations of electronic structure of solids.

The measurement of energy distributions of the emitted electrons allows the
determination of the energy and momentum of the photoemitted electrons which gives
information on the electronic structure of the surface and bulk of the solids. There are
two types of energy analysers for the emitted electrons. In one method, electrons
emitted in all angles are collected in a hemispherical analyser which is known as

Angle-integrated Ultraviolet Spectroscopy. The other method, which is known as



Angle-Resolved Ultraviolet Spectroscopy (ARUPS) can analyse the energy of the
electrons emitted at a fixed angle which gives rise to the energy distribution curve. By
determining the momentum of electrons which shows maximum on the curve and by
measuring the change in energy position of the maxima on the curve with the change
of momentum, one can determine the energy-wave vector relationship. The absolute

value of the momentum (k) of the electron can be determined from the relation

Ak’
- 2m

E

. The method of ARUPS is illustrated in Fig. (1. 1). The incoming UV

radiation is incident on the solid at an angle &; with respect to normal. The electron

energy analyser can be varied between 0° and 90°. The azimuthal angle can be set to

any desired value. The energy and angular distribution of the emitted electrons can be
determined as a function of energy, polarization and angle of incidence (& ) of the

applied radiation.

The UPS serves as a bridge between photocurrent measurements and
corresponding electronic structure calculations. Therefore, it directly probes the
quality of theoretically investigated band dispersion for crystalline materials. The

experimental facts showed that the electrons with kinetic energy in the range 10 -100

eV have a very short mean free path in solids (< 10 /gx ), and the binding energy of a
core electron is a sensitive function of atomic identity. Therefore, measurements of
kinetic energy of electrons ejected from a solid after photon or electron bombardment
can provide surface-specific elemental information. But the detailed interpretation of
photoemission data requires the use of theory which should be able to incorporate

appropriately the initial and final state wavefunctions of the electrons, and also a



suitable form of the vector potential which is involved in the matrix element for
photoemission calculations. The photoemission calculation for self-consistent
wavefunctions corresponding to electron states below vacuum level has been done by
Appelbaum et. al.' and Alldrege et. al’>. Reliable techniques have been developed for
the calculation of electron wavefunctions at energy 30-300 eV above the vacuum
level. But the surface effect where the electrons have a very short mean free path
cannot be clearly mentioned at such energy since these techniques have drawbacks for
calculation of electromagnetic field which excites the photoelectrons from the surface
of solids. The inclusion of surface photoelectric effect necessitates the treatment of
variation of the electromagnetic fields near surface very carefully. The vector
potential is usually assumed to be constant to make the calculation easier. The
inclusion of photon field variation in certain conditions results in good agreement
with the experimental data.

A simple calculation of photocurrent involves the evaluation of the matrix

element (l// s |3f’ |w,> where y, and y, are the initial and final one-electron states

whose energies are related by Ef = E, -hw . The perturbation in the Hamiltonian

responsible for the photoexcitation of the electron is given by

H/= 2—;—0 (. A+A.p) 1. 1)

where p is the one electron momentum operator and 4 is the vector potential. We are
considering the photoemission to take place along z-axis which is normal to the

surface. The perturbation 3¢’ in one dimensional case may be written as

Nl-—-
&I&

=t [A ©4.143, ()} 1.2)
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Figure 1. 1:  Schematic diagram of Angle Resolved Ultraviolet
Photoemission  Spectroscopy (ARUPS), in which the
photoemission takes place along z- direction.



where 4, (z) = , AZ(z) is the z-component of vector potential along z-

axis, A, is the amplitude of the vector potential associated with the incident radiation.
In the standard photoemission calculation, the one electron states are calculated with a
high degree of accuracy but the variation of the photon field is generally neglected. In
the case where one looks at the photoemission current as a function of the photon
energy with the constant initial state, the photon field variation in the surface region
needs to be considered more carefully which is evident from Eq. (1. 2). But
calculation of the electromagnetic field in the presence of the surface is an extremely
complex problem. Hence the calculation of the vector potential in the surface region
therefore needs a detailed microscopic analysis of the surface in terms of the dielectric
response function. This is because the usual theory of refraction breaks down at a
microscopic level which therefore calls for the consideration of the factors like
surface discontinuity, non-locality, etc.

The photocurrent arising from the interaction of the electromagnetic field with
the solid has been derived by a number of authors®®. The photocurrent density

formula may be written with the help of Golden Rule formula’ as

HE) 22 Ll 5555 6 - - 6]
f

.o (L3
InEq. (1. 3), E, and E; are the initial and final state of energy, f, represents the fermi
occupation function and & - function describes the energy conservation. The formula

for photoemission cross-section can be written as



2

~ d d ~
(w, 'A"’(Z)&?L%EA”(Z)'W') .. (1.4

do _k*
aQ o
Thus we see that the calculation of photocurrent density is based on the evaluation of

the matrix element <¢// p l&f’ lw.).

Several authors have done photocurrent calculations by using various
methods. For example, Endriz® has used the modified form of the Mitchell-Makinson
time dependent perturbation calculation of the surface photo effect. He calculated the
photocurrent by using hydrodynamic approximation and applied it to the case of
aluminium and other alkali metals where the results for photon energy at plasmon

energy (7w,) agreed with the experimental data. However the model of Endriz did

not reproduce the experimental data of Petersen and Hagstrom® which showed a
maximum at 12 eV in photoemission cross-section. Schaich and Ashcroft* had also
developed a model theory of photoemission on the basis of quadratic response and
independent particle formalism but had not discussed the electrodynamics of the
dielectric response function for the surface. They used a computationally simple
model to study the electronic structure in solids and surfaces to understand
photoemission. To incorporate the band structure effects, the model of Kronig-Penney
potential was used. In this model spatial dependence of vector potential was neglected
and throughout the calculation it was assumed to be a constant. The approach of
Mahan® was to extend the wave mechanical scattering theory originally proposed by
Adawi'®which regards the emitted electron wavefunction as equivalent to the time

reversed form of an incident electron along with the scattered part.



The evaluation of matrix element (w / l&f’ {c//,) requires the knowledge of ¥/,

andy , . Liebsch'! and Pendry'®'* have recognised that the calculation of , and y 7

was similar in principle to Low Energy Electron Diffraction (LEED) calculation.
Their approach was to consider the solid to be a stack of identical layers terminated at
the surface. The final state which had an electron going into the detector was shown to
be a time-reversed LEED state. The initial state can also be constructed similarly. The
detailed computational programme developed by them was quite standard and
successful in application to real system. The photoemission calculation of Pendry'
gave accurate computational results for initial and final electronic states but the vector
potential was taken to be a constant. Pendry recognised that the vector potential would

vary in the surface region but, taking the exact account of spatial variation was a
complex problem. Again, taking 4,(z) to be constant simplified the calculation of
the matrix element by using a convenient gauge for 4, (z) .

Several model calculations have been proposed to calculate electromagnetic
fields and to interpret the photoemission experimental data. A realistic model called
Random Phase Approximation (RPA) was proposed by Feibelman'® for a model
surface assuming a jellium metal. He took care to get the correct responses of the
external field in the presence of the surface as the probing of the outer few layers of a
solid takes place. In fact, that was the motivation for constructing an RPA dielectric
tensor to study the plasmon dispersion and the microscopic refraction problems.
Feibelman gave an assumption of a smooth surface and the dielectric function was
determined by the effect of electron ‘spill-out’ in the region of the dipole layer. The

simplicity of this model includes that it has only two inputs- the electron gas radius r;



and a single—electron surface potential barrier. The potential barrier completely
determines the electronic structure of the surface. This can be taken to be the output of
a self- consistent jellium ground state calculation. But it can also be varied at will to
test the similarity of the aspect of surface responses to various features of the ground
state. The RPA model incorporates many features that are expected to be important.

The dielectric function is non-local and interpolates smoothly from unity in the
vacuum to £p in the bulk. It includes the single-electron excitation spectrum and it

gives rise to bulk and surface plasma oscillations and satisfies the requirement of
charge conservation. The prediction of RPA agrees well with the photoemission
experiments that describe the nature of electromagnetic field in the case of free

electron metal surfaces. Feibelman assumed that spatial variation parallel to surface is
negligible compared to those perpendiculars to surface. He evaluated 4_(z) within

RPA using r; =2 and calculated the photocurrent matrix using Lang-Kohn potential
for the initial and the final state. It was found that his calculated data of jellium was in
good agreement with the measured data of Levinson et. al'>. RPA applied to surface
is exact within the surface only. Mukhopadhyay and Lundqvist'® and Bagchi'’ have
also developed similar methods for calculating the electromagnetic fields near the
surfaces.

The semi-classical infinite barrier (SCIB) model of Kliewer'® describes the
surface very crudely but the phenomena of particle-hole and plasmon excitation are
included. The SCIB model apparently violates the nature of the surface from its very
assumption as the infinite barrier is not an accurate approximation to the potential

existing at the surface. In this model, the electron cannot tunnel out of the solid,
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therefore, SCIB power absorptance is assumed to represent the photocurrent emitted.

For example, the photocurrent is larger above the plasmon energy /@, and below it is

completely in disagreement with the experimental data of Levinson et.al. '3 The SCIB
model did not reproduce the Friedel oscillations that extend tens of angstroms into the
solid, but these appear to have a small effect on photoemission cross section.

The model calculation of Forstmann and Stenschke'® is based on the
hydrodynamic approximation and will therefore not take into account the particle-hole
excitations in the surface region which is a very important physical feature affecting
the absorption of the electromagnetic radiation. However, the dielectric function used
is very simple so that one can easily evaluate the photon field. The detailed
calculations of the electromagnetic field using the hydrodynamical model were
performed by Kempa and Forstmann® and had incorporated the fields in calculating
photoyields. This was applied to the case of aluminium and was found that the
frequency dependence of the surface photoemission yield is due to the behaviour of
the electric field and does not depend very much on the initial and final state
wavefunctions. Photoyield results obtained by them showed similar experimental

behaviour as found by Levinson ef.al."®

The hydrodynamical screening of photofield
was also used by Barberan and Inglesfield” for the calculation of photoemission.
They had shown that the constant vector potential and the Fresnel field are inadequate

to explain the photoemission results arising out of the screened electromagnetic field

inside the metal. They found that below plasmon frequency (@,), 4] (z) rises
rapidly near the surface due to the polarisation charge but at @, , there are plasma

oscillations. 4,(z) is almost zero inside the metal at @, which means that normal
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component of electric field E; is also zero inside the metal. These results of Barberan

and Inglesﬁeld2 ! are in good agreement with that of Feibelman et.al. 1 for the case of

aluminijum, apart from the oscillations in A4} (z) below @, . This had been attributed

to the excitations in 4] (z) below @, which has arisen due to Friedel type of

oscillations from the electron-holes excitations which were not included in the
hydrodynamic calculations. Maniv and Matieu® have also achieved a considerable
progress in the calculations of the electromagnetic field in metal-vacuum interfacial
region. They primarily considered the near fields in the immediate vicinity of the
interface. They developed a scheme for a more general solution of the Feibelman’s
model'* and were able to determine a dielectric response functions in the interfacial
region. The plot of the photofield versus the photon energy did not show the
behaviour as obtained by Feibelman'® and Levinson ef.al.'” in the case of aluminium.
They found that the model was true for photon energy larger than plasmon energy and
was applicable only to free electron type of solids.

Thapa®? using the dielectric model developed by Bagchi and Kar®® made a
detail investigation of variation of electromagnetic fields and applied to various
metals like aluminium, nickel, silver, etc. Thapa and others®*?* have also calculated
photocurrent in the case of aluminium using the dielectric model of Bagchi and Kar?
which showed good agreement with the experimental results'® . The photocurrent
calculations using the Kronig-Penney”® model in case of a number of metals and
semiconductors have been also reported by Thapa et.al**** .

Surface state calculations using Mathieu potential27 was done by Levine®.

Davison and Levine®”, Slater and Koster®® and Carver’' also used this model to

describe the energy bands in a realistic crystal. A detailed calculation of
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photoemission incorporating photon field variation and initial state wavefunction
derivation using Mathieu potential model was done by Pachuau’® and applied to
metals like Al, Be , W, Mo and Si. Pachuau et. al.> applied this potential model as
described by Davison and Steslicka® to find the photocurrent which reproduces
qualitatively the behaviour of the experimental results as reported by Bartynski et.
al.

An electronic state of a crystal is defined by a Bloch wavefunction. Hence
there may be generally two types of electron states namely , incident-reflected pair of
bulk Bloch waves which are propagating within the crystal but evanescent in the
vacuum and surface electron wave which are propagating along the boundary with &
parallel to the surface/interface. This wave is concentrated in the surface and is
evanescent both in the bulk and vacuum regions. The identification of such states
being that their energy lies in the band gap and hence has complex wave vector. These
states pertain to surface states. The formulation of initial state wavefunction defining
such states consists of the solution of Schrédinger’s equation both in the bulk and

surface region of the metal. One general approach is to calculate the wavefunction in

the two regions and make sure that it matches properly as regards y and v on the

dz

boundary plane29 z=0.

Surface electronic structures always pertain to a particular kind of symmetry,
even if it is only a mirror plane, and often there is an axis of symmetry perpendicular
to the surface. If the incident beam of the photon is made parallel to the mirror plane,
or to the axis of symmetry so that it does not spoil the symmetry, beams diffracted

from this configuration must have the same symmetry as the surface. Tinkham®® has



13

made a full exposition of the group theoretical approach of symmetry and applied to

quantum mechanics. Bertel®’

has studied the symmetry properties of surface states
and calculated the basis functions belonging to the irreducible representation of the
symmetry point group. These basis functions were generated by Projection Operator3 8
technique. Since the location of the electron in the energy band gap> of the bulk solid
was identified as the surface state, the linear combination of atomic orbital (LCAO)
represented surface state wavefunction in terms of atomic orbital centred at the lattice

sites. Bertel’’

showed that it was sufficient to consider the effect of the projection
operators on the atomic orbital to find out the symmetry of the wavefunctions of
surface states. This method is then applied to Cu (110) and a symmetrised basis
functions are obtained.

The formulation of initial state wave function in this thesis is performed under
two steps: firstly, assuming empty lattice potentials and considering the electronic
states of surface pertaining to the symmetrised basis function, an initial wavefunction
is formulated using which photocurrent from Cu (110) were calculated. Secondly,

3 is used instead of empty lattice potential and we

Kronig-Penney 6 -potential barrier
employ Green’s function technique to solve Schrédinger equation,. In both the cases,
the dielectric model is the modified version as used by Bagchi and Kar®.
Photocurrent is calculated for free electron type of metals ( Be,Al,), d-band
metals (Cu,W ) and for semiconductor material like Si and GaAs.

The material in this thesis is organised as follows: In chapter 2, we shall

discuss the basic theory involved in the deduction of vector potential of
interest Zm (w,2). Zw (w,z) versus hw and z will be calculated from metals like Ag,

Al, Cr and semiconductors like GaAs and InAs. In chapter 3, a brief description of
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the surface state photoemission calculation by using Mathieu potential model is given
with application to the case of strong potential metals like Ag, Fe, Ni, Pd and
semiconductors like GaAs and PbSe. In chapter 4, we shall deal with the theoretical
formulation of the initial state wavefunction under the following steps:

1. Deductions of the symmetrised basis functions by using Projection operator
technique of group theory. Initial state wavefunction will be formulated incorporating
the basis function and will be applied to the case of Cu to calculate the photocurrent
but with empty potential case.

2. Derivation of initial state wavefunction as the solution of Schrédinger’s
equation for ¢ - potential (Kronig-Penney potential model) by using Green function
formalism.

3. Application of the wavefunctions deduced above to photoemission calculations
from W, Cu, Be, Al, Si and GaAs, and compare the results with the previous

theoretical models and experimental results.
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CHAPTER 2

CALCULATION OF ELECTROMAGNETIC FIELDS
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The photoemission current intensity depends strongly upon the nature of the
incident radiation field in the surface region. The discontinuity in the electromagnetic
field which appears at the vacuum-solid interface in a macroscopic model of the
dielectric response becomes continuous but rapidly varying field. This spatially
varying electromagnetic field induced by the dielectric response function of the
surface region can be the major contributor to the surface photoeffect. However, for
the bulk photoemission, the bulk potential has an effect on the transition from one
state to another thereby causing either direct or indirect photoemission.

The dielectric response in the surface region considered is one of the most
important factors during photoemission and is of fundamental importance as the
dielectric behaviour of the surface region is different from that within the bulk region.
Feibelman'* using the Lang-Kohn (sinusoidal) type of potential had calculated the
photoemission intensity incorporating the initial and final wavefunctions. However,
the spatial variation of vector potential at the surface was applicable to only free
electron metals, in which dielectric response was represented only by jellium model.
Mukhopadhyay and Lundqvist*® have also derived vector potential for the surface,
bulk and vacuum regions of the solids which involved an appropriate description of
the charge density of the electron. Given a well defined charge density profile, one
can evaluate the vector potential. However this model has not yet been used in the
photoemission calculations. In this chapter, we shall give the detailed description of
the dielectric model which is a modified version of the type as used by Bagchi and

Kar® to derive the electromagnetic field. Bagchi and Kar?® defined the surface width

extending from z = —521— to z= +§ , where d is the width of the surface, and z = 0
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plane is the nominal surface plane. In this thesis, we will consider all throughout the
surface to be extending from z = 0 to z = - d, as shown in Fig. (2.1). We will discuss
the detail derivation of the vector potential in this chapter. Vector potential derived
will be used to calculate electromagnetic fields from metals and semiconductors for

regions located in the vacuum, surface and bulk portion of the solids.

2.1 Dielectric model and Calculation of Electromagnetic Fields:

For calculation of electromagnetic field the dielectric model is shown in Fig.
(2.1). The metal is assumed to occupy the space to the left of z = O plane. The
dielectric constant varies linearly over the surface region -d <z<0, whereitisa
locally varying function of z interpolating linearly between the bulk value inside the

metal and the vacuum value (unity) outside. The frequency-dependent dielectric

function is given by:

£(z) = ¢ z<—d
=1+(1—;6—.‘lz ~-d<z<0 . (2.13)
=1 z20

and

£,(z)=¢, z<-d
=_;22 ~d<z<0 ... (2.1b)
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bulk

Figure2. 1: Dielectric model used for the calculation of
vector potential. Here d is the width of the
surface.
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such that
e(w)z g (0 )+ig, (@), Sor bulk
g(m, z) 1 +[1 - s(a))]g, Jfor surface
1, Sfor vacuum

(~d<z<0)

... 2.1¢)

where d is the width of the surface, and £(w) is a complex dielectric function. The

refractive index of the bulk metal 7 is also complex such that fi=./¢, +ig, = n+ik.

The real part &,(») and imaginary part ,(w) of the dielectric constants are defined

in the following way to simplify the calculation:

1-¢
a =1; ﬂl"—‘( dl)

—&
a, =0; B, = d2

such that £1(z)= o, + Bz

£:2)= a, + B,z

... (2.2a)

... (2.2b)

The incident radiation is considered to be a light of angular frequency @ with 8, as

the angle of incidence on the metal surface which is defined by the x-y plane. A gauge

was chosen in which the scalar potential is set equal to zero i.e. ¢ (7 ,t) = 0, such that

the electromagnetic field E(K, o, z) can be expressed in terms of the vector potential

as

E(K,0:z)= -i"lA(K,a),z)
c

o . .
where K =—sin@, is the parallel component of wave vector.

c

(2. 3a)
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The magnetic field is related to vector potential by the formula

B=VxA .. (2.3b)

Let A(r,t)= A(z).e"**"*, where p = x%+ )P and K=Kfc=fc(—alsin9,)
c
Therefore, %A(r,t)=A(z).e'“‘ PT(-iw) = ~iwA(r,t)

ie 2(—-) —io . (2.42)
Ot

Also, V A(r,t)=V A(z)el[Ki(xi-i»yj;)_ml]

ALy

= (iK?c+2—a—] A(r,1)
0z
Therefore, V <« (iK?c+2§—). e (2.4b)
Z

From Maxwell’s equations

V.D =0, V.B=0
Vx E=—~l§l—g .o (2.5
c ot

vxB=125, 47,

cot c
We assume p4=1 = B=H. Also, J,, =0, i.e. there are no external currents and
charges. Since J = J,, = o E, the last of Maxwell’s equations gives
vxp=1%E 479 p

c Ot c

_10F 4nc 1 OE 0E

= — + , v —=-~iwE
c ot c (—iw) ot ( ot k)



21

1 droc i OE ¢€0FE
=—(1+ y—= 2= (2.6)
c o ot c Ot
where ¢ =l+4mo‘,
w

In terms of the vector potential, Eq. (2. 3b) can be written as

2
VXVxA =V (V.A)-v?4 =294 (2.7)
c ot?
Substituting (2. 4a) and (2. 4b) in (2. 7) we have,
2 2
(-K? +—a—2) A(z)+-892—A(z)—(iK+é—a—) [GK +5-2) A(z)]=0 . (2.8)
0z c 0z oz

Now we consider two distinct cases of polarisation.

(i) s-polarisation : Inthiscase A||y andso E || y. Thus A(z) = 4°(z)y,
con a0 (A A 0 A
such that 1Kx+25— .A(r,t)=1K(x.y)A”(z)+é;Ay(z)(z.y)=0
Z

Now Eg. (2. 8 ) becomes

2

d £’
:lz—sz(z)+(—c—2——K2)Ay(z) =0

2 2
or -j—sz(z)+

(e -sin’ )4’ (z)=0 2.9

To solve this equation, we introduce the following labels. Let k =2 , kx=K=k sing,
c

and k, =k cos@ . Then Eq. (2.9) takes different forms for different region of the
metal.

For outside the metal in the vacuum i.e. forz >0, &(w)=1 and

2
%Ay(z)+ cos 6’Ay(z) 0 (2.10a)
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The solutionis A’ (z) = 4,e™* + Ale"”, (2.10b)
where A, and A” are the amplitudes of the incident and the reflected vector potential

respectively whose ratio is related to the reflection coefficient R, through the

formula o _ g M (21
0
where R, = leosé— af +f° @2.11a)
[cos8, +a]’ + B°
and tand, = — D050 2.11b)
a”+ " ~cos" 6,
On the other hand, for z < -d , i.e. inside the metal, e=¢ +ig,.
Let  £,tigy= n*=(n?+ik)
= g=n"-K; £=2nk
We define a complex angle of refraction y through the relation
nsiny =sing, (2.12a)

therefore, 7icosy =n’>-sin’ 6, = a+if (2.12b)

where variables o and g are defined by

2
{;2}= %[(nz -k -sin’6, ) +4n’k’] %{J’}%(nz ~k*-sin’6)

Then Eq. (2. 9) for z < —d gives

2

a’iz—Ay(z)+k2(ﬁ2 -sin’ )4’ (z) =0 (2.13a)
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The solution corresponding to a single refracted wave is
A7 (2) = Aje*eosn):
= Ale "= (2.13b)
where 4, naturally is the amplitude of the refracted vector potential.

Now for the surface region i.e. —d <z <0, Eq. (2. 9) becomes

2

%A’(z) +E (e, +ia,) + (B, +iB,)z—sin’ 6,]4” (z) =0

whose solution is

y
-A—A@ =[1+R, +2R, % cos5,]" . (2.142)
0
2p _ 2 _p?
where cosd, = cos’b,—a” - p 7 (2.14b)
[(cos’ 8, —a* — B*)* +4B% cos® 6,12
(i) p - polarization: In this case, A is in the xz-plane and By ( =Bj¥).

The equation for B can be derived from Maxwell’s equations*’ as shown below:

Consider the Maxwell’s equations

vxB=2% e (2.153)
c Ot

yxE=19B . (2.15b)
c ot

For time dependence of the form E ~e™™', above take the form,

Vx B =10 OF .. (. 162)

c Ot

_iwdB
c Ot

VxE (2. 16b)



From Eq. (2. 16a),

or
or

since V-B=0,

Now using the identity

so that,

24

Vx(VxB)=—2Vx(¢E),
c

V(V-B)-V'B=-'2Vx(cE),
[5

V2B-2vx(eB)=0 . (2. 160)
C

Vx(eE)=eVXxE+(Ve)xE ,

(iwg)

Vx(¢E)=

B+—5  (Ve)x(VxB), ...(2. 16d)
WE)

using Eq. (2. 16b) for Vx E, and Eq. (2. 16a) for E.

From Egs. (2. 16¢) and (2. 16d), one then gets

, o o', 1
ViB+2 LB+ (Ve)x(VxB)=0, .. (2. 16¢)
c €

which is the required equation for B.

As an application to p-polarised radiation incident on a planar surface ( xy-plane )

consider B=B7j,and B = B(z)e'®* ™, and note that

VE(iK)?+21),and Vi=-K’+—
dz

so that in local approximation ( i.e., € = £(z,w)),

V£=2£, VxB=iKB£—fcg'£,
dz dz
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and therefore,

1(Va)x(VxB)=—[ii’fi’§]y 2.160)
£ £ dz dz
From Egs. (2.16¢) and (2.16f), one gets

2 2

i_?._k 2_2.5_[(2 B_lgfa_B=(),

0z c £0z0z

2 2

or o)1) |o K |z, SR )

0z|egdz c &

which is the required equation for B.

We must solve this equation under the boundary condition that both B and Z—B are
z

continuous. Once B is known, the electric field components can be found by using

Maxwell’s equation, i.e.

—iwE=S(VxB)
£

-< {(iﬁ+2%)x(sz)}

In terms of Cartesian components,

1B

”‘232 iy .. (218)
g --Kp__sing

ke &

To solve Eq. (2. 17), we follow the prescription of Landau and Lifshitz and use the

2

substitution  B(z) = u(z)+/£(z) and by substituting 2)2—=k2 and K = ksin6,, we
c

obtain
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2
8 1 6B 6Bl k—(é‘ —sin 9)B 0

—lgf—a—( Je)+ a a“‘/_)+k (¢ —sin” 8, Juvlz =0

The final result gives

d2
+k? 29 T (Y u=0
(¢ —sin )u+[ 452(dz) Ju

2

. (2.19)

In Eq. (2. 19), clearly Z—? = () everywhere except for z=-d and 0, where it blows
z

up.

Now substituting the values of dielectric constants for each regions in Eq.

(2. 19), we can obtain the expression for the magnetic field for the three regions of the

metal.

In the first region, z >0 (vacuum), where £=1, we have

d2
———+k2 cos’Qu=0
dz?

"
whose solutionis B = Bje™* + B, &~

In the second region,z<—d and ¢ = ¢;+ig,=n

d’u  ,.
—+k*A*cos’ yu=0

The solutionis (absorbing # into the constant coefficient)

B=R :e—lk(ﬁcosy)z

0

For the third region, ~d < z < 0 (surface),

2
5;—+k (g —sin B)u—i-l—(ig—) Ju=

(2. 20a)

(2. 20b)

Q. 21a)

... (2. 21b)

. (2. 222)
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Recalling Egs. (2. 2a) and (2. 2b), Eq.(2. 22a) becomes

2
-‘-i—l;+ k*(b +cz)u—§—1———zc2
dz 4 (b' +cz2)

u=0 ... (2. 22b)
where b’ =a, +ia, =b+sin’ @, isashort hand notation introduced purely for
convenience.

: '3 :‘V
Eq. (2. 22b) has the solution u(z)= A4z'/? + Bz’ /2

But £(z)=b'+cz=cz' .Therefore, B(z)=Cz'*+D

(o, +iary)

1 Fi1p,

=(Clz+ 7 +D,

ie. B@=Cl+lP+D, -d<z<0 .2 22
c

The constants C and D are determined by matching the boundary conditions at z = -d
and z=0.

Atz =0, from Egs. (2. 20b) and (2. 22c) we have,

B, + B = C(ﬁ)2 +D
c . ... (2. 23a)
ik cos8,[-B, + Bl] = 2C(—)
c

Atz=-d, from Egs. (2. 21b) and (2. 22c) we have,

C(-d +?_)2 +D= B(')elk(aﬂ'ﬁ)d

(l:)' ... (2. 23b)
2C(—d +—) = —ik(a + i’B)Bae—Ik(an/})(-d)

c

Calculations from Eqgs. (2. 23a) and (2. 23b) shows the results as:

v —lrcosfi—t— - oy
B, _ atip 2 .. (2.24a)

B, l+cost9,{—i.——l—kg(l+s)}
a+iff 2
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C _ & CZSQ (-£) ! o . (2.24b)
B, 1+cos@ { B¢
a+if 2
2 ) £
[m + lkd(i__—g‘)]
— = gcosb, 7 vo (2.24¢)
o 1+ cos 6 {—=- —52—(1+s)}
’ ~tkd(a+18)/2
& % _ 280089, e — .. (2.24d)
o atip 1+cosfi——— -1+ ¢)
a+iff 2
Therefore, the expression for magnetic field can be obtained as
' B(Z) - e—tkcos0,z+ _Bi_()_ exkcoso,z i z>0 (2 25&)
BO BO
=Sy p s+ 2 ~d<z<0 ... (2.25b)
B, l1-¢ B,
BI
= 0 grklanp)z z<~-d ... (2.25¢)
BO

where B, = amplitude of the magnetic field.

We now compute the electric field from Eq. (2. 25) using Eq. (2. 18). Recall

that for the incident electromagnetic wave in vacuum, the amplitude of the electric

field is the same as the amplitude of the magnetic field, ie E, = B,. We also recall our

model of linear dielectric variation,

e(z)=1, z20

=1+(1;£)z, ~d<z<0

=g =g +ig,, z<-d
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Therefore, the x-component of electric field are given as

Ex(z) = [_ e—zkcosﬂ,(z)_*_ (_B_O)etkcosﬂ,(z)] COSel , 7> 0 (2 263)
E, B,
1 C d
= (1_8) (_B—)'2[2+-—1_ ]
ikl +~—=27] o £
d
= —2¢056), : ~d<z<0 ... (2.26b)
£ dki
1+cosé, —~"(l+¢)
a+if 2
s . B’ —tk(a+18)z
= -ik (0+if) (B— )e , z<-d .. (2.26¢)

0

Notice that the x component of the electric field in the interface region
(—d £z< 0) is a constant quantity and is independent of z. On the other hand, for

the z-component of the electric field, we obtain electric field for different regions as

follows:

For vacuum region, i.e. z>0,

E.(2) _

tkcos6,(z)
e I3

0

_1+c080‘{ £ _dki(l+a)}

= —sind [e"kc"sol(Z)_*_elkcosﬂ,(z) o+ lﬂ 9
1+cosé l _dki(1+€)
“\a+ip 5
In the long wavelength limit, kd<<l,and z2>0,
gcos0,
EZ(Z)=_ . 9 1+ a+iﬂ
Eq siné £cos0, ]

1+

a+if


file:///a-/-ifi
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£sin26,

=. 1 , for z>20 ..
[g—sinza]i+gcose,
For the surface region, i.e. ~d <z<0,
. 2
EZE(Z) — —Slnex [3(24' d ) +2]’
d
d 1+¢_,
~sinfd _ ikcosé (1_8)[z+5(1_g)]
= — {- . i +£c0s6,
1+0-¢)% 7 1oL M qigy
d a+if 2
2 . £
Gvig )
x{ }

1+cos8 {5~ g, gy
a+if 2

. (2. 27a)

Let us consider when the wavelength of light is much larger than d, then kd <<1,

&

~d 2siné cosb, a+if

n

E,(2)
E, kd >0

£
a+iff

z
1+{(1-g)5 1+cosf,
Hi-e)’

sin 26, ed
(@+iB)+ecosf, d+(1-¢)z

Noting that & +if= ficosy =4/ —sin’ 6, , we obtain

E,(2) = sin 26, ed

- , for-d<z<0
Ey, kd-0 d+(1—g)z

1
[8 —sin’ 9,] 2+ g£cos 6,
Again in the bulk region, i.e., z<-d,

E —Singt B' —tk(a+1p)z
:2) _ [(2L)e @)
Ey £ B,

... (2.27b)
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_ sin@,| 2&cosé, g Harib)d pmk(avip):

£ (a+i’3)1+cost9,{ f.ﬁ_dki(12+a)}
a+i

In the long wavelength limit, k d<<1, i.e. ( ? e ), and for z< -d
c

E,(z) _ —sin2§, 1
E, (ax+ip) 14 £cosé,
(a+i,3)

= sin 26, for z<—d e (2.270).

s

1
[f:—sin2 9,]2+ £cos6,

Thus the z component of the electric field in the long wavelength limit

( od — ) is given by:
c

(
- g(a)).s1ln 26, o
s(w)~sin® 6, ] 2+ g(w).cos b,

i()=E@- ] sin 26, sw)d s
@ E - l . , < <
0 £(w)~sin” 4, ] 2+ g(w).cos O, d+[1~clo)k
—- sin 219, , s
- _6'((0)— Sinz 01 ] 2+ 8(0)) Ccos 91
(2.28)

The electromagnetic fields had been calculated as a function of photon energy for

three locations of surface plane i.e. z =0, —% and —d. The value of the dielectric

constant s(a)) is unity for vacuum region whereas for the bulk and the surface region,

we have used the experimental data as given by Weaver*? and Edwards* for metals

and semiconductors respectively. We have calculated the frequency dependence of
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A,(z) and |4, (212 for a number of cases. Zw (zrhas been plotted against photon

energy (hw) as it occurs in the matrix element for photoemission cross-section

calculation and is a quadratic function of A, (z). The solids for which fields have
been evaluated are silver, aluminium and chromium, and semiconductors like gallium

arsenide and indium arsenide. The thickness is a parameter in our calculation.

However, it has been found by Appelbaum™ that for most metals, the surface width d

0
~ 15 A with respect to the last plane of the atoms beyond which the electronic

properties are independent of the presence of the surface and hence we take the value

of d~5.292 108
2.2  Evaluation of the Electromagnetic Fields:

The plot of electromagnetic fields against the photon energy (ha)) in
the case of s-polarisation did not give any interesting features*’. This indicates that s-
polarised light do not play important role in photoemission which is also evident from
the calculation of Weng et.al* in the case of W and Mo. In this section, we show the
results of electromagnetic fields for p-polarised light calculated in the case of metals

like Ag, Al, Cr and semiconductors GaAs and InAs by using the formula given in Eq.

(2. 28). We have plotted |4, (212 as a function of photon energy (@) and distance

( %1 ) from the surface of the solids under consideration.
(a) Silver:

In Fig. (2. 2), we show for Ag the plot of the variation of Zw (z‘2 against

photon energy (ha)) for the values of z = - d ( bulk ), -0.5 d ( surface ) and z = 0.0
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( vacuum ). We note that there is a sharp peak in the curve corresponding to z = - 0.5
d at 3.5 eV photon energy followed by a minimum at Aw =4.5eV.Forz=0and -d,

we do not observe such behaviour in the field plot as seen at z = - 0.5 d. To show that

peak at hw =3.5eV for z=- 0.5 d is surface related we also plotted Zw (Z* against

z for hw=1eV,3.5¢eV and 5 eV as shown in ( Fig. 2.3 ). We find that for aiw =3.5

~ 2
eV, peak in |4, (z] is observed near z = 0.5 d. For other values of photon energies

i.e. at hwo=1 eV and 5 eV, no such peaks are observed. This implies that origin of

peak at Aw =3.5eV forz=- 0.5 d is a surface related phenomena.

(b) Aluminium:
In Fig. (2. 4) we have shown for Al the results of [Za, (212 plotted against the

photon energy (ha)) for three locations of the surface plane, for example at z=-d

(bulk ), z=- 0.5 d (surface) and z = 0 (vacuum). We find that the peak in
|Zw (zjzoccurs at hw =11 eV and decreases to a minimum at 15 eV photon energy

which is close to the plasmon energy (ha)) of Al that is, Aw,= 15.75 eV. The peak

~ 2
value in (4, (21 at ho =11 eV is due to the excitations of surface plasmon which is

related to bulk plasmon by hw, =ha, / V2.

We have also plotted IZW (212 as a function of distance (z) for values of

photon energy at iw =9 eV, 11 eV and 13 eV as shown in Fig. (2. 5). It is seen that

highest peak is obtained for Aw =11 eV at z=-0.5 d. This indicates that occurrence
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Figure 2. 2: Plot of variation of square of electromagnetic field
|Z,,, (212 against photon energy in the case of Ag for location of surface

plane at z = - d (bulk), z = - 0.5 d (surface) and z = 0 (vacuum).



35

20

—o— ho = 1eV
—a— ho = 3.5eV 1 16
—&— ho = 5eV

‘K,r(arb. units)

-1 0.5 0
Distance z/d

Figure 2. 3: Plot of variation of ‘Za, (212 against the distance z/d for Ag.
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Figure 2. 4. Varation of square of electromagnetic field plotted
against photon energy in the case of Al for location of surface
plane at z = -d (bulk), z = - 0.5 d (surface) and z = 0 (vacuum).
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Figure 2. 6: Plot of d;;, against distance from the surface for

photon energies 9 eV, 11 eV and 13 eV in Al
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of maxima in the field is a surface related phenomena. Further there is a strong
evidence' that it is the spatial variation of Km (z) which causes the occurrence of

peak in the surface region. Fig. (2. 6) shows the plot of spatial variation of

~

electromagnetic field ( d“’ ) against the location of the surface plane (z) for three
'z

o~

different values of photon energy. It is seen that dzm is maximum in the middle of

surface region for #w = 11 eV, whereas for other photon energies 9 ¢V and 13 eV

~

(]

respectively, peak values in =
4

is smaller in magnitude and is shifted away from the

middle of the surface region.

(c) Chromium:

~ 2
Fig. (2. 7) shows the plot of variation of (4, (ZX against the photon energy

(hw) for three location of surface planes of chromium. In the case of chromium, we

find that peak in Zw (zj2 was obtained at fiw ~ 8 eV for z = - 0.5d ( surface region )

which decreased to minimum at ko = 12.5 eV. It further increased and showed a

second peak at hw= 20 eV whose height was smaller than at 2w = 8 eV. The

variation in the behaviour of Zw (z‘2 for vacuum ( z = 0 ) and bulk ( z = -d ) was

completely different than in the surface region.
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Figure 2. 7:  Variation of square of electromagnetic field plotted
against photon energy in the case of Cr for location of surface
plane at z = -d (bulk), z = - 0.5 d (surface) and z = 0 (vacuum).



41

(d) Gallium Arsenide:

Semiconductors, like most metals, also have surface states which had been
proved by angle integrated photoemission techniques'’*®. However, the surface
reconstruction which is occurring in most of the semiconductors is, an exception for
metals. The calculations of field with respect to parameters like photon energy give us

first hand information about the photoemission cross-section, we therefore calculated

~ 2
'Aw (zj against the photon energy Ao in the case of GaAs.

Fig. (2. 8) shows the plot of /NIm (zj2 against the photon energy %o for the case

of gallium arsenide for the surface planes located at z = - d (bulk), z = - 0.5 d (surface)

and z=0 (vacuum ). The plot of Zw (212 forz=-0.5 d showed a broad peak at

photon energy #Aw= 16 eV and with the increase in Aw, it decreases to a

minimum at 21 eV ( the plasmon energy (Aw,) for GaAsis 15.8 eV ). The

~ 2
behaviour of |4, (21 in the bulk region and vacuum regions showed different

patterns. However, the trends obtained from the plot of field Zw (zx2 against the

photon energy %w for the surface region shows at least qualitative features as shown

by other metals like Ag or Al

(e) Indium Arsenide:
~ 2
In Fig. (2. 9) we show also the plot of |Aw (zx in the case of another
semiconductor InAs. It is seen that in the case of InAs also, for surface region

(i.e.z =-0.5d), behaviour of Zm (zj2 is similar to that obtained for GaAs at least
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Figure 2. 8: Plot of square of electromagnetic field against photon
energy for location of surface planes at z=-d (bulk ), z=-05d

(surface) and z= 0 ( vacuum) in the case of GaAs.
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qualitatively. It showed a peak in field square at photon energy Ao = 11.5 eV and
decreases with the increase in photon energy. However the difference with other
metals like Ag or Al and semiconductor GaAs is that it showed a constant minimum

4,

for values of Aw =20 eV to 25 eV. Further, for z = 0( vacuum) also, peak at

was seen at 7w = 15 eV and showed minimum for values of A® extending from 20
eV to 25 eV. Bulk side ( z = - d) of semiconductor InAs showed sudden decrease to

minimum at e~ 13 eV.
~ 2
We find from the variation of z-component of vector potential i.e. lAw (21 in
the case of several metals and semiconductors that almost in all the cases, plot of

~ 2
4, (21 against photon energy showed interesting features especially in the surface

region ( when z = -0.5d ). For example, a peak occurred for %z < hw, almost in all

the cases, and it occurred generally at hw=ho, /+J2 . With the further increase in

~ 2
photon energy the values of |4, (zj decreased and reduced to minimum at

ho=hw,, the plasmon energy of solids. For hw> hw, usuvally a small hump of

negligible height in (4, (212 is obtained. The variation of |4, (zj2 plays an important

role in normal photoemission which had been elaborately discussed by Bagchi and
Kar”® by considering a simple model for dielectric response function. They
considered a classical jellium model to define the dielectric response in the metal

side. Two conclusions from their point of view are very important. Firstly, normal

component of electric field outside the surface vanishesat @ =w,. Secondly, the
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Figure 2. 9: Plot of square of electromagnetic field against
photon energy for location of surface planes at z = - d ( bulk ),
z=-0.5d(surface) and z= 0 ( vacuum) in the case of InAs.
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electric field has a sharp peak at hw=ho, ~2. This however is contradicting the

type of results for electromagnetic fields that we have presented. In our results, we
have shown that electromagnetic fields in the surface region is maximum at

i)

ho,=haw, /2 For fields outside in the vacuum (z=0), we find that

~ 2
showed minimum at 2w =he,. In our case, peak in |4, (zj did not occur at

ho =hwp.\/§ as shown by Bagchi and Kar”.

However, we find that the dielectric model used do not seem to be applicable
to the case of semiconductors like GaAs and InAs. The reason being that the peaks

are not sharp for hw< hw, as in the case of metals. Further, a well defined

minimum is not obtained at plasmon energies. With this one may conclude that a

model suitable to these cases needs to be developed appropriately.
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CHAPTER 3

PHOTOCURRENT CALCULATIONS
USING
MATHIEU POTENTIAL MODEL
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In this chapter, we present the calculations of photocurrent from metals and
semiconductors by using the Mathieu potential which defines the crystal potential.
Mathieu potential is a sinusoidal type of potential which had been used by Davison
and Levine® for surface band calculations. They have used it to calculate the surface
band states by solving the Schrodinger’s equation. Pachuau ef.al.®® had used this

approach of Davison and Levine® for deriving the initial state wavefunctions for

evaluation of the matrix element (1// / |3€" |w,) for calculating photocurrent. The

1.3 in the case of free

calculated photocurrent results as obtained by Pachuau er.a
electron metals like Al and Be showed satisfactory behaviour especially for photon
energy below and above the plasmon energies. They have developed also formulae
for initial state wavefunction which is applicable to other metals than free electron
metals. This was applied to calculate photocurrent49 by using Eq. (1. 3) of chapter 1
from d-band metals like W, Mo, Cu and semiconductor Si. The photocurrent data in
the ultra-violet photon energy range showed interesting features comparable to
experimental results*® especially in the case of W and Mo.

However, there are two drawbacks in the method of calculation of

photoemission as discussed by Pachuau et.al®. Firstly, for example, the matrix
element <l// 7 Iélf’ |u/,> involved in scattering cross-section can be expanded as

follows:

- % (=~ nd 1d~
I=(y,|#|y,) =_:[w, My, dz =_£¢//f (Aw(Z)E+§EAw(Z))W, dz

Tt~ © .~ dy, 1% .dd, .~ dy,
__;[y/f A, y/,dz+_:[t/// Aw?dz+5:‘[t//f~;iz—y/, dz+_}[yxl A, g(a))?dz .. 3.1
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It had been found out by numerical analysis that the first and the last
integrands in the above equation do not converge due to choice of values of scattering
factor & and u. It is required that a <y for these integrals to converge. Secondly,
as discussed above, contributions from the bulk as well as from the vacuum regions to
matrix element is considered. This is essentially the case of surface resonance where
one considers photoemission to be due to surface and bulk effects. We will discuss
here the contribution from the surface region (-d <z <0) only to evaluate matrix

element in Eq. (3.1) for calculating photocurrent. For this purpose, the matrix element
<l// P I&‘f’ |¢//,> will be evaluated by using the initial state wavefunctions as used
earlier”.

3.1. Formalism used:

Rewriting49 the wavefunction, the formula for initial state wavefunction in

atomic units is given by (in one-dimension):

1 5(1 -4 +—£q2 ]e"’(z"’") surface (z<0)
v, (z,q)= 1\ 4k, 16 640 ’ = . (3.2)
l r
(2£)2 7565, vacuum (z = 0)

Here, the various constants ( in a.u. ) used are as follows:

q=1
k}=2E,
E=2 e (3.3)

,
ZO —_.Zo
a

where z, is the location of the surface state wavefunction and a is the lattice constant

which is taken as 6.
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We have calculated photocurrent for two locations of the initial state

wavefunctions in the surface region, that is, at z, =z, and z,, where z, is closer to
vacuum-surface interface and z, is closer to bulk-surface interface. Matrix element in

Eq. (3. 1) can now be represented by

¥ L 2t dl// 1 0 * d;z (Z)
I= |y Aw(z)—’.dz+— v, ——=y,dz (3.4)
! d dz 2_{ I

Eq. (1. 3) had been used to compute photocurrent from metals and

semiconductors by using integrals of Eq. (3. 4).

The final state wavefunction |¥’ f> used is the scattering state of the step

potential which is encountered by the electron. Step potential is defined by

V(z)=-V,0(z) where 6(z)is unit function such that §z)=1 (0) for z>0 (z<0). In
0

atomic units, final state wavefunction is given by

( 1
2 2 ik
1 q ] z _
A e f e a|z|, z<0
'//f(z)-'=< 1
2( —k, ) -i
qrz2 4 q rz
! e f +—f——kLe f , z20
27 +
7 1T9rrrr
3.5

2
where kf2=2Ef, a;" =2AE;-Vy) and E,=F +ho.InEq G.5), the

factor e *? is included on the surface and bulk sides to take into account the inelastic

scattering of the electrons. Now i/, for surface region is given by
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]

2
t//f(z)=( ! J 7 gt g (3.6)

2mq, 'qf+kf‘

For vector potential Zw (z), we have used the formula derived in Eq. (2. 28) of chapter

2. Eq. (1. 3) of chapter 1 had been used to calculate photocurrent from metals Ag, Fe,
Ni and Pd and from semiconductors GaAs and PbSe.

The detail expansions of Eq. (3. 4) is shown in APPENDIX-I. As these
integrals cannot be calculated analytically, FORTRAN programme were written to
evaluate them which is given in APPENDIX-II.

3.2. Results and Discussions:

We dicuss here the photocurrent results in the case of metals like Ag, Fe, Ni
and Pd, and semiconductors GaAs and PbSe. For metals, we use the experimentally
measured dielectric constants as given by Weaver 42, whereas for semiconductors, that
given by Edward ., Choice of parameter like initial state energy ( E; ), magnitude of

potential (Vy), Fermi level (Ef), were those pertaining to respective metals and

semiconductors. However, angle of incidence was 6, = 45° for p-polarised light under
consideration in all the cases. Photocurrent had been calculated for values of z, = -2
au and z, = -8 a.u. As the width of the surface is 10 a.u. in all the cases, z, = -2
a.u.is near the surface-vacuum interface and z, = -8 a.u. is towards the surface-bulk

interface. We have shown in all the cases the plot of photocurrent which had been
converted to normalized unity. This had been done in order to avoid the large
difference in numerical magnitude of the calculated photocurrent data in these two

values of z,.
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Metals:
(a) Silver:
In Fig. (3. 1), we show the plot of photocurrent against photon energy in the

case of Ag. We have plotted the results in normalised unit for two locations of surface

state wavefunctions. For location of y, near the surface-vacuum interface, i.e., in the
surface region (z, = -2 a.u.), we find that photocurrent showed a peak at ko =10 eV.

With the increase in photon energy, it decreases and attained a minimum value at

hw =22 eV. Measured value®® of plasmon energy (Ao ») of Ag is 25 eV, hence we
find that photocurrent decreased to minimum near about the bulk plasmon energy of
Ag. For further increase in photon energy beyond A ,, photocurrent attained another

maxima at Ao = 35 eV, but of smaller height than at 2@ = 10 eV. However, in the

case of z, = -8 a.u. in which the surface state wavefunction is located closer towards
the bulk, the behaviour of the photocurrent is somewhat different. There is neither a

peak nor a minimum in photocurrent as in the case of z, = -2 a.u. for values of photon

energy below and above Ao, .

(b) Irom:

Fig. (3. 2) shows the behaviour of photocurrent in the case of Fe where we
have shown the plot again for two locations of surface states wavefunctions, that is, at
z, =-2 a.u. and z, = -8 a.u. The observed value® of plasmon energy of Fe is 15. 8

eV. In the case of wavefunction located at z, = -2 a.u. plot of photocurrent showed a

maxima at 2w =9 eV and it decreased to a minima at hw = 13 eV. A second peak of
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small magnitude in height was found at 2w = 15 eV. The case of z, = -8 a.u. shows

a different trend which decreases rapidly as the photon energy increases and having a
minima also at A® = 13 eV. However, there is no proper peak in photocurrent near

plasmon energy.

(c) Nickel:
We have also considered another ferromagnetic substance Ni for which the

calculated plot of photocurrent against photon energy is shown in Fig. (3. 3). Plasmon
energyso of Ni is 19.5 eV. Interestingly, for z, = -2 a.u., photocurrent showed a
maxima at Ao = 10 eV and decreased as photon energy increased. A minimum in
photocurrent was found at o = 20 eV, which is closer to plasmon energy of Ni. For

the case of z, =-8 a.u., we find that the photocurrent showed a minimum at aw =15

eV, however, a peak was obtained at 18 eV, which is closer to plasmon energy.

(d) Palladium:
Fig. (3. 4) shows the plot of photocurrent in the case of Pd for two locations of

the surface state wavefunctions namely, z, = -2 a.u. and -8 a.u. respectively. The

experimental®® plasmon energy of Pd is 25.5 eV. For z, = -2 a.u. we find the

photocurrent increases gradually with the increase of photon energy and is maximum
at hw= 8 eV. It decreases as usual like in the other metals as photon energy is

increased, becomes minimum at A = 21 eV, which is closer to plasmon energy of

Ni. In the case of z, = -8 a.u., behaviour of photocurrent was different having a

minima at Aw =15 eV.
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Figure 3. 1:  Plot of photocurrent against photon energy with v,
defined by Mathieu potential in the case of Ag.
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Figure 3. 2:  Plot of photocurrent against photon energy with y,
defined by Mathieu potential in the case of Fe.
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Figure 3.3:  Plot of photocurrent against photon energy with
defined by Mathieu potential in the case of Ni.
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Figure 3. 4: Plot of photocurrent against photon energy with y,
defined by Mathieu potential in the case of Pd.
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(e) Semiconductors:
We have also considered the application of the formalism developed for

calculating photocurrent from semiconductors. Here we are considering only the case

of GaAs and PbSe.
(i) Gallium Arsenide:

In the case of GaAs, as shown in Fig. (3. 5), we found that for z, = -2 a.u.
photocurrent was maximum at A@w = 7 eV and decreased to a minimum at k@ = 13
eV. The plasmon®® energy for GaAs is 14.7 eV where our result is close to this value.

Again it showed the occurrence of a second peak at Aw= 16 eV which is much

smaller in height. In the case of z, = -8 a.u., the photocurrent decreases from a high

value at 2w = 13 eV to a very low value without any humps.

(ii) Lead Selenide:
In Fig. (3. 6) we show the plot of photocurrent against photon energy in the

case of PbSe for z, = -2 a.u. and z, = -8 a.u. Photocurrent increases with the
increase in hw for z, =-2 a.u. and reaches a maximum at Aw = 7.5 eV. It decreases

with the further increase in A® but showed a minimum at 2o = 10 eV. A small peak
in photocurrent is obtained at Aw = 11 eV and photocurrent decreases with further
increase in %w . For the case of z, = -8 a.u., photocurrent goes on decreasing with the
increase in hw and showed minimum at Aw= 10 eV. Beyond Aw= 10 eV,

photocurrent showed similar behaviour as shown in the case of case z; =-2 a.u.
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Figure 3. 5: Plot of Photocurrent against Photon Energy with v,
defined by Mathieu potential in the case of GaAs.
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Figure 3. 6: Plot of photocurrent against photon energy with y,
defined by Mathieu potential for the case of PbSe.
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We find that almost in all the case of metals, photocurrent showed similar
trends. For example, as photon energy increased, photocurrent reached a maximum at
around the values of photon energy equal to plasmon energy of metals. Beyond the

plasmon energy, a second peak in photocurrent was obtained whose height is smaller

in magnitude than the first one at Aw < hw,. The reason for the occurrence of peak

in photocurrent at hw< hw, is due to surface refraction effect where the z-

component of electromagnetic field becomes maximum at Ao=hw, /+/2 . This had

been also seen in the experimental®® results of W and Mo. However, in the case of
semiconductors, we do not observe the trends as exhibited by photocurrent in the

metals. For example in the case of GaAs, for both the cases of z, = -2 a.u. and -8

a.u., we find that it showed similar trends at least below the value of Aw= 13 eV.

For hiw>13 eV, in the case of z, =-2 a.u,, a peak of small height in photocurrent
occurred, whereas for z, = -8 a.u., no such peak was found. However, in the case of

PbSe, as well as in the case of PbTe>!, we find that especially in the case of z, = -2

a.u., similar trends as shown by metals were obtained.

We therefore conclude that the model used here for photocurrent calculations
especially for surface region is applicable to metals and semiconductors. However, in
the case of GaAs, we feel that such behaviour is due to abnormal variation of
dielectric constants in the surface region. We therefore feel that for semiconductor,
dielectric model used is not applicable and a model as suggested by Cappellini and
Delsole® could be a better choice. The other drawback of the model used here is that

the initial state wavefunction used for defining the surface state did not pertain to any
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symmetry points. It is known that surface state exists only in a band gap which
belongs more or less always pertaining to a particular symmetry points.

However, despite these facts, the photocurrent results showed interesting
features. In the next chapter, we will show the inclusion of symmetry of energy band
gap taken into consideration for deriving the initial state wavefunction for

photoemission calculations.
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CHAPTER 4

A THEORETICAL FORMULATION OF INITIAL
STATE WAVEFUNCTION FOR PHOTOEMISSION
CALCULATIONS BY USING PROJECTION OPERATOR

METHOD OF GROUP THEORY.
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The interpretation of electron spectroscopy relies on scattering states, because
the electron is detected, or emitted, outside the solid. For example in LEED", the
solid can be seen as a well separated scattering target, and in photoemission the target
surrounds the emitting source, the detector being separated from the solid.
Furthermore, surface band structure methods based on a supercell geometry, which
periodically repeats a volume-vacuum unit cell perpendicular to the surface are bulk-
like calculations as well, and do not permit scattering boundary conditions. Thus, the
choice of applicable methods is confined to those being able to treat half-space
systems. The intrinsic difference between the scattering and bound state boundary
conditions makes it more difficult to transfer the remaining methods.

The clarification of the electronic structure of crystalline solids and their
surfaces with respect to the ground state and low-lying excited states can be roughly
achieved and fitted to experiment by knowing the bound states. Photoemission is a
powerful experimental tool suitable to those investigations which, in the framework of
simple band mapping, yields a first, however, not very accurate, access to the
electronic structure and to many of the derived properties. Quite naturally, most of the
theoretical investigators have concentrated on the bound state regime and developed
there highly efficient and accurate methods and numerical algorithms distinctly better
than now found for scattering states.

However, the scattering states play a prominent role in electron spectroscopies
and they must also be known to a high precision, if the actual experimental resolution
is to be exploited. Ab initio methods, common to bound states are rare because of the
need of large computational resources, confined to small and simple systems.

Photoemission spectra actually bear a lot of information, which cannot always be
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understood through band mapping or more elaborately, by line profile analysis, but
must, especially in the case of valence band investigations, be extracted from direct
comparison with calculated spectra. Therefore knowledge of scattering states is very
essential.

Various approaches and models have been proposed by several workers. For
example, Pendry'? was among the first to present the detailed scattering formalism for
band structure calculations of surface and bulk of solids which is now popularly
known as Low Energy Electron Diffraction (LEED). This procedure has been also
extended to photoemission calculations.®  Schattke™ has also done a detailed
calculation by including the one-step model of photoemission and applied it to the

case of semiconductor like GaAs. Ishii et.al>

have presented the LEED-type
calculations using the KKR-scheme. The results for Al (100) and Na (110) were
found by them to agree very well with the experiment. A real space angle-resolved
photoemission formalism has been proposed by Emst et.al.’® In this approach, Ernst

et.al>®

have used the multiple scattering description within the independent-particle
approximation to develop a real-space semi-relativistic angle-resolved photoemission
code which has been successfully applied to the case of Cu. This had been also
extended®’ to ultra-thin films and interfaces to study electronic and magnetic
properties.

Some of the methods discussed above are infact, very interesting, but pose a
complex and serious mathematical and computational problem. In this chapter, we
will discuss a simple approach to photoemission calculation in which projection

operator (P.O.) method of group theory will be employed. We see from Chapter 3,

that calculation of photocurrent (given by Eq. 3.1) involves the evaluation of the
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matrix element <l// 7 |&€’ ll//,> , we will therefore use the P.O. method to derive the

initial state wavefunction y, by suitably describing the basis function involved.

Photocurrent will be calculated for the case of crystals with empty potential and a

periodic potential which is defined by Kronig-Penney & - type potential.

4.1  Application of Projection Operator method to deduce the basis function:
In this section, application of projection operator method of group theory is
presented which is used for deriving the basis functions. These basis functions are
used to formulate the initial state wavefunction for use in photoemissions for
calculating photocurrent as given by Eq. (3. 1). Atomic and molecular orbital are
represented mathematically in terms of basis functions. A group of basis functions
used to represent an orbital is called a basis set. Basis set can comprise of one or more
basis functions. Basis function may be defined therefore in such a way that a set of /-
dimensional matrices I'(T) form a representation of a group of operators, and

&,(r), 8, (r),e....... ,8,(r) are a set of linearly independent functions, such that a

transformation operator P (T") operating on it gives,
I
P(T)3,(r)=>T(T),.8,(r), n=1,2...1, .. @
m=]

then, the functions ¢,(r) are said to be partners in a set of basis functions for the

representation I, the function ¢, (r) being said to transform as the n-th row of this
representation.
Any normalizable function ¢(r) can be decomposed into linear combinations

of the irreducible representation of the group of operators G i.e.
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!

6= ¢7(r) @

p n=l

where @7 (r) is the n-th row of the unitary irreducible representation I"? andz is
P

the sum over all the non-equivalent unitary irreducible representation of §. The
decomposition of an arbitrary normalizable function into basis functions can be

carried out in a simple way by using projection operator which may be defined as’®

PP = E”ZI“’(T);M P(T) .. (4.3)

Here /, is the dimension of the unitary irreducible representation of the group G, g is

order of G and Z is the summation over all the transformation T of G.
T

If ¢7(r) transforms as the i-th row of T'? then

e, 47(r)=5,0,82(r) e (A9

From Eq. (4. 2) and (4. 4), we have

2, 4(r) =22, 3 7 (r)=0+..+6,,5,87 () + 0+ ... = 67 (¢)

p n=l1
L @5,4(r)=¢7(r) . @)
Thus from Eq. (4. 5) we see that ® projects a function ¢(r) and generates a

new functiong’ (r). This function ¢/ (r) is called the basis function. This method of

derivation of the basis function using projection operator technique has been applied
to deduce the initial state wavefunctions for electronic states in various types of

metals. Two cases are of special interest to us namely, empty potential®® > and a
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periodic potential, for which appropriate basis functions will be developed to derive

the initial state wavefunctiony, .

4.2. Formulation of initial state wavefunction by using basis functions derived

by projection operator method.

) Case of empty potential:

The calculation of initial state wavefunction is a complicated problem due to
the presence of surface state. However, the crystal states lying in the bulk band gaps
which pertain to a particular kind of surface states can be identified, and, the initial

state wavefunction , which represents the electron state can be calculated by using

projection operator  method. We have assumed an empty lattice potential as shown

in Fig. (4. 1). One can write i, as

tk,z -tz \ pz
wi(2)= {¢(2Xe +Re )e surface&bulk z<0 4. 6)

Te™** vacuum z20

where ¢(z) is the atomic orbital which is evaluated by using the projection operator.

The reflection ( R ) and transmission coefficients ( T') are evaluated by matching the

wavefunctions and its derivatives at z =0, and are given by

pe Hk)—ix+n)
A-k)-i(x+4n)
2k

EEDE T

)
T:




68

v

Figure 4.1: Model potential diagram for calculating initial

state wavefunction y/, for the case of an empty potential.
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We have derived the initial state wavefunction y, for Cu (110) surface states.

For Cu (110), surface state occurs®’ in L, — L, band gap. The linear combination of

atomic orbital (LCAO) representation for L, point is —1—3(x+ y+2z). We have

Ve

therefore considered the point L, for which the point group is C,,, and obtained the

basis function for this point group corresponding to Cu (110) surface state by using
the projection operator formula®® given by Eq. (4. 5). The detailed derivation of basis

function using projection operator technique and the derivation of , is given in

APPENDIX- III(1). The final form of y, obtained in one dimensional case then can

be written as
e’z(e""z +Re™* )e" z surface&bulk z<0

wlz)=4_ ' .. (4.8)
Te™* vacuum z20

where k’=2E,, y* =2(V,-E,), u=k, ~Z and a is the lattice constant. Initial
a

state wavefunction y, of Eq. (4.8) is used to evaluate photocurrent from Cu (110)
surface. Photocurrent had been calculated by using Eq. (1. 3) of Chapter 1. Final state
wavefunction y , is as given in Eq. (3. 5) and the photon field Za, (z) is the one given

by Eq. (2.28). FORTRAN programmes has been written to evaluate photocurrent

which is given in detail in APPENDIX- IV.

We have applied the wavefunction i, developed by using P.O. in calculating

photocurrent from Cu (110) surface, where surface states have been observed

63

expetimentally in photoemission®®®’ and inverse photoemission®® ® measurements.
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We were mainly interested to see the effect in the behaviour of photocurrent from Cu

(110) surface by inclusion of y, in the matrix element. As it is a model calculation,

we have assumed empty potential to exist in the bulk. Experimentally determined

dielectric constants*? were used for calculating the photon field vector and the lattice

0
constant for Cu was chosen to be a = 3. 61 A . We have assumed the surface state to

be located at 2. 72 eV below the Fermi level of Cu.

The variation of photocurrent against photon energy pertaining to this surface
state is shown in Fig. (4. 2). We find that photocurrent is maximum when photon
energy(Aw ) is 12 eV and it decreases to a minimum at 2@ = 14 eV. Further increase
in photon energy causes it to rise to a second maximum at around %@ = 17 eV, after
which the photocurrent decreases towards minimum. This decrease in photocurrent is
due to the presence of the term « associated in the wavefunction. We find that by
incorporating the dielectric model developed in chapter 2 into the matrix element for

photocurrent calculation which involve wavefunction i, deduced by Mathieu

potential, gives photocurrent results®® which showed similar variation as that found in
metals like® % Be, W etc. Furthermore, the photocurrent data in the case of Cu (110)

surface state showed better qualitative agreement than that obtained using Mathieu

149

potential”” model.
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Photocurrent ( arb. units )

Photon Energy (eV)

Figure 42:  Plot of photocurrent as a function of photon energy
for Cu for surface state located at 2.72 eV below Fermi level with
surface width &= 10 a.u.



72

(i)  Case of periodic potential:

We have discussed in section 4. 2(i), the model calculation of
photoemission by incorporating the basis function obtained by using projection
operator technique for an empty potential case. The case of empty potential is not
applicable to strongly bonded metals like d-band metals or semiconductors. In such
circumstances, we will define the crystal potential by ¢ - potential which represents
the Kronig-Penney potential and is periodic with the periodicity of the lattice as
shown in Fig. (4. 3). Schrodinger equation will be solved to obtain the solution in

terms of Green function®*.

Kronig-Penney model has been used in connection with surface electronic
states by several authors® %%, Schaich and Ashcroft have calculated numerically
the photoyield by using the modified form of the Kronig-Penney model. Steslicka®
had performed a detailed calculation of the surface states using the Kronig-Penney

17 has also

model both for the semi-infinite and the finite crystal model. Eldib et a
applied Kronig-Penney model to one dimensional crystal. They had calculated only
the electronic energy bands for mono and poly-atomic crystals and compared the data

with the one computed using LCAO method.

For one dimensional case, the Schrodinger equation can be written as
(Vv + k2w (2)=V @)y (2) . (4.9)
where k?=2E,. If Green function of a free particle is defined as G(zy), then the

equation for a point source is,

(V2 +k2)G(z,5)= 6 (z - y) .. (4.10)
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v

Figure 4. 3: Schematic representation of Kronig-Penney
& -potential model for calculating the initial state wave function by
using projection operator method of Group Theory.
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In terms of Green function, Schrédinger equation ( Eq 4. 9) can now be replaced by

the integral equation

w(z)= V)W ()G y)dy . @ 1D)

Considering the periodicity of the crystal gives V( y+na ) = V ( y), and the Bloch-

Floquet theorem yields

ik, na

w(y +na)=e""y(y). e (4.12)

Eq. (4. 11) can now be written as

a

w(2)=3 ¢ " [P ()5(z, v + na)dy . (413)

n=-w

Putting s =z-y and t=s- a[i]
a

2Lk ‘]»e"“'[f] e™ sink,t~sink,(t - a)

w(z)=- yMV(y)dy .. (4.14)

g cosk,a—coska

Let the Kronig-Penney potential be represented by a linear Dirac & -function i.e

V(y)=(2p) ia(y—na) .. (4.15)

a n=-w

where p =bli%1—;- zlab with y2=2(V,-E ). Here, p is the strength of the &-

Voo
function barrier and it is assumed to be positive. In the first cell of the crystal

(0<y <a),

V(y):(—zf) S(y—a) ... (4.16)
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Substituting Eq. (4. 16) in Eq. (4. 14) we have
4 ykall
w(z)= -2 1 ["] (cosk,a—coska)™ {e"‘” sink, (z— a[—z—]) —sink, (z - a[i] - a)}
a a

xy(y) 5(y—0)dy . (4.17)

Putting z' =z - a[i] , we have
a

e'*“sink, 2’ ~sink, (z' - a)

p tk(z-2')
=——y(0)e .. (4.18
vi) k,a‘//() coska—cosk,a ¢ )

where y(0) =—- It//(y)d(y—O)dy when y = 0. Setting z'=z Eq. (4. 21) takes the
0

form

ka ¢ .
e ?sink, z —sink, (z - a)

p
=y(0 .. (419
v kal//() coska—cosk,a (- 19

i

The direct matching procedure for the solution of Schrédinger equation with Kronig-

Penney model potential incorporated gives

"4 sink,z ~sink, (z - a)

w(z) =202 (4.20)
el —e !
sink,a
When z=0, y(0)=2iC——F~ . (4.21)
e ~e "’
From Egs. (4. 21) and (4. 19), we get
w(z)= .T(O) [e"“’ sink, z—sink, (z—a)] .. (4.22)
sink, a
2Cipsin’k,a
where 7(0)= . (4.23)

k a(e* —e”"")(coska-cosk, a)

]
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The initial state wavefunction y/, (z) can now be written as

v ()= {l//(z)+ Ry’ (2) bulk & surface  z <0 4.2

Te ** vacuum z20
where ° (z) is the complex conjugate of (z), R is the reflection coefficient and T

is the transmission coefficient across the boundary plane and 32 =2(V, —E,), and ¥,

is the potential at the surface which an electron encounters while transmitting through
the boundary surface. Matching the wavefunction and its derivatives at z = 0 gives the

value of coefficients R and T as

tka .
_k,e"" —k coska+ ysinka

k coska—ke™* - ysinka

... (4.25)

-tk a

T=r(0)[ 2ik, sinka ]

k,coska—ke™" — ysink,a
Now introducing the atomic orbital ¢(z) which includes the basis function derived by

P.0O. method as discussed in section (4. 1), the final form of initial state wavefunction

can be represented by

(2)= w,(0)g(z)e #*(k, cosk,z— ysink,z), bulk&surface z<0 .26)
W: 2)= —zz S vee .

v, (0)k, e **, vacuum z2>0
where . (0)= 2isin ka 7(0) . (4.27)

k coska—ke 't - ysinka
The detail derivation of initial state wavefunction y,in Eq. (4. 26) is discussed in

APPENDIX- III (2).
The initial state wavefunction given by Eq. (4. 26) had been used in

conjunction with final state wavefunction y, as defined in Eq. (3. 5) and vector

potential Zm (z) of Eq. (2. 28) to calculate photocurrent by using the formula given
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in Eq. (1. 3) of chapter 1. The matrix element I= <l//f |&f’|l//,> in Eq. (1. 3) can be

written as

~

dA,
dz

I= [:w} A v, dz+ fdw} Zwil//,d2+% de}

. 77 d
dz v, dz + f Wf Awg(a))zt//,dz

... (4.28)
We have used dielectric constants corresponding to different metals which were those

given by Weaver*? and Edwards®. The potential strength p is taken as 0.5 and the

0
lattice constant for Cu as a =3.61 A . The other data used are: the scattering factor o =

0.35, angle of incidence (8,) = 45°, The calculation of photocurrent was done for

surface width &= 10 a.u. and the narrow surface width (ie. d= 0 a.u). The detailed
FORTRAN programme for numerical evaluation of Eq. (4. 28) is given in
APPENDIX-V. A systematic photoemission studies by using the model wavefunction

for initial state y/, (z) is discussed below for metals like Al, Be, Cu, etc.

(a) Aluminium:

Fig. (4. 4) shows the plot of photocurrent versus photon energy (% ) for the
surface region defined by —d < z <0 having the surface width d= 10 a.u and narrow
surface width d = 0 a.u. We have chosen the initial state energy E, for a high lying
surface state occurring at 0.41 eV below Fermi level, the location of the Fermi level
and the work function® ¢ for Al are taken as 11.7 eV and 4.25 eV respectively. The
photocurrent profile for d =10 a.u. showed a strong photoemission at photon energy
ho =9 eV, which was followed by a decrease in photocurrent and the minimum

occurring at hw = 15 eV (the plasmon energy of Al is 7w,= 15.3 eV). There is
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another hump in the photocurrent data at 2@ = 20 eV. The behaviour of photocurrent
in the case of narrow surface width is quite different. For example, almost a flat peak
in a photon energy range 10 eV-14 eV was obtained. Although the minimum in
photocurrent was seen at 7w ~ 15 eV, contribution to photoemission was far less
important. However the photoemission results for d = 10 a.u. seems to be in
qualitative agreement with the experimental results of Levison et.al'’ (see Fig.4. 4
(inset)). For example, the experimental data of Levinson et.al '> showed a maxima in
photocurrent at hw= 13 eV with occurrence of a minima at the plasmon energy
(=15.3 V). Also, it showed similar behaviour with the calculated results of Thapa

et.al’*3,

(b) Beryllium

Photocurrent against photon energy (% ) in the case of Be was calculated for
values of surface width d= 10 a.u., and narrow surface width (d= 0) by using the
following data: Surface state energy = 0.41 eV below Fermi level, Fermi level Er =
14.3 eV , work function ¢=3.92 eV and V, = 18.22 eV. We show in Fig. (4. 5) the
plot of photocurrent with the choice of these parameters. As incident photon energy
increases, the photocurrent showed a peak in its value at o = 10 ¢V for d = 10 a.u.
The photocurrent gradually decreases and minimum occurred at Ao = 11 eV. With
further increase in photon energy, a second hump in photocurrent is observed at hw =
25 eV, whose height is only around 25 % times that of peak at hew= 10 eV. The
interesting feature in the case of Be is that it could reproduce the earlier data as
obtained by Thapa and Kar”' who had done the calculation but by using a simple free

electron model. However, the second hump was not indicated in their calculation. We
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Figure 4. 4: Plot of photocurrent variation against photon energy in

the case of Al, for surface width d = 10 a.u. and d = 0 by employing
Kronig-Penney & -potential where y, is derived by projection operator
method of Group Theory.

INSET: Experimental results for Al and Be as obtained by Levinson

etal®.
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find here that the model calculation also showed a qualitative agreement with the
experimental results of Bartynski et.al’’.
(c). Copper:

The plot of photocurrent against the photon energy A for Cu is shown in
Fig. (4. 6).The photocurrent was calculated for two values of surface widths namely
d=0 and d = 10 a.u. and for the same value of surface state energy (2. 72 eV below
Fermi level) and potential barrier height (11. 4 €V). We find that for d = 10 a.u., a
maximum in the value of photocurrent occurs at zw = 14 eV. With further increase of
photon energy, photocurrent decreases to a minimum value at zw = 19 eV and the
next hump occurs again at 4@ = 23 e¢V. But for a narrow surface width (d = 0), the
behaviour of photocurrent is quite different as shown in Fig. (4. 6). We do not find
any peak for values of photon energy below and above 19 eV. The behaviour of
photocurrent shows a qualitative agreement with those shown by other metals’ like

W, Si, etc. in which Kronig-Penney potential model was also used.

(d) Tungsten:

In Fig. (4. 7), we have shown the plot of photocurrent against the photon
energy (hw) in the case of tungsten for values of surface width d = 10 a.u. and
narrow surface width when d=0. Following Weng et.al.*® we have considered the
surface state to lie at 0. 4 eV below the Fermi level, whereas the potential barrier Vo =
14. 75 eV, Fermi level Er= 10. 25 eV and work function ¢=4. 5 eV. These data are
taken from those given by Aschcroft and Mermine’. We find that for d= 10 a.u.,

photocurrent showed a maxima at ko = 18 €V, and decreased to minimum at o = 26
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Figure 4. 5: Plot of photocurrent against photon energy for
surface widths &= 10 a.u and &= 0 in Be using Kronig-Penney § -
potential where y/, is derived by projection operator method of

Group Theory.
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Figure 4. 6:  Plot of variation of photocurrent with photon energy
for surface widths &= 10 a.u and d= 0 in Cu using Kronig-Penney
6 -potential where i/, is derived by projection operator method of

Group Theory.
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eV. With further increase of the incident photon energy, a small peak in the
photocurrent data at 2w = 130 eV was observed whose magnitude in height was
almost less than 10 % than that at o= 18 eV. For narrow surface width case,
behaviour of photocurrent is quite different which showed maximum at aw =22 eV
and did not exhibit minimum at the plasmon energy of tungsten (which is around 25.
3 eV) but instead decreased to minimum at 30 eV. The experimental data of Weng et.
al* in Fig. 4. 7 (inset) showed minimum at Aw= 25 eV, with a second peak in

photocurrent at @ =29 eV.

We find that, our model calculations of photocurrent in the case of tungsten
could reproduce what Weng et. al.* had obtained experimentally. The only exception
in our calculated data lies in the fact that first maxima in photocurrent occurred at
how = 18 eV. However, we could see that qualitatively, it agreed quite satisfactorily

with the experimental results of Weng et.al.*

(e) Semiconductors:

The presence of surface states on semiconductor surfaces was verified early by
using angle integrated photoemission*’*®. Moreover, their existence is obvious
through the pinning of the Fermi level at the surface. In bulk semiconductors the
Fermi level shifts, depending upon the doping level, from the top of the valence band
to the bottom of the conduction band. In contrast, early angle integrated
photoemission and work function measurement’® showed that the Fermi level is
pinned at the surface, almost independent of the doping level. Even though the

existence of surface states on semiconductor was confirmed relatively early, little is
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Figure 4. 7. Plot of photocurrent variation with photon energy
for two surface widths &= 10 a.u and = 0 in W using Kronig-
Penney ¢ -potential where y, is derived by projection operator
method of Group Theory.

INSET: Experimental results of photoemission intensity for W as
obtained by Weng et.al.* for high lying surface ( E; = 0. 4 eV
below Fermi level).
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known about these states compared to surface states on metals. Most semiconductor
surfaces reconstruct’'®. The best known example is the Si (111) surface. A freshly
cleaved surface shows a (2x1) super structure. Upon heating to 400° C this
irreversibly transforms into a 7x 7 reconstructed surface.The Si (111) surface is only
one example of a variety of reconstructed semiconductor surfaces. Models for these
surfaces have been developed, mostly on the basis of dynamical LEED calculations.
They clearly show the fundamental difference between a metal and semiconductor
surface. Semiconductors with their covalent ( Si, Ge, diamond) or heteropolar
bonding ( GaAs or III-V’s or VI’s) nearly always exhibit reconstructed surfaces and
the perturbation can extend into the second, third, fourth, or deeper layer’’. We shall
discuss below the photoemission calculations from the surface states of some of the

semiconductors like GaAs and Si.

@) Galium arsenide:

The plot of photocurrent against the photon energy (%o ) for a semiconductor
GaAs for the case of surface widths at = 10 a.u and narrow surface width (d =0) is
shown in Fig. (4. 8). We have assumed the surface state to occur at 0.38 eV below
Fermi level, the potential barrier value was also taken as 15 eV. For the surface width
d= 10 a.u. the photocurrent peak occurs at the photon energy 7w =8 eV and as
the photon  energy increases the minimum occurs at Aw= 15 eV which
corresponds to the plasmon energy. This value of plasmon energy obtained agrees
qualitatively with that of the result as obtained by Manzke’®. With the increase in
photon energy (hw) the next peak occurs at hw= 18 eV and after which the

photocurrent decreases to with further increase in photon energy.
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Figure 4. 8: Plot of photocurrent variation with photon energy in
GaAs for surface widths = 10 a.u. and &= 0 using Kronig-Penney 6 -

potential where y/, is derived by projection operator method of Group

Theory. Here, surface state is assumed to present at 0.34 eV below
Fermi energy and the potential strength Vo = 15 eV.
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The case of narrow surface width shows the same behaviour, but at a much
diminished magnitude in photocurrent values.
(i)  Silicon:

Fig. (4. 9) shows the plot of variation of photocurrent with the photon energy
for the two surface widths of Si namely for d= 10 a.u. and narrow surface width
(d=0). The surface state was taken as 1.2 eV below Fermi level as calculated by
Spicer”” and the potential barrier was taken as 0.662 eV. The photocurrent variation at

d = 10 a.u. shows a maximum at photon energy hw = 13.5 ¢V and the minimum

which corresponds to plasmon energy is obtained at #@,= 17 eV which agrees well

with the results obtained by Aiyama et.al.¥® There is another hump again at Ao =19
eV after which the photocurrent decreases with increase of photon energy. The reason
for this second hump can be traced to the behaviour of &(w) for silicon®" which has
the resonance in the region of photon energy hw =21 eV. The photocurrent
calculation with the narrow surface width shows the same trend but the magnitude is
greatly diminished.

We have shown in this chapter the calculations of photocurrent by using the
initial state wavefunction (y, ) deduced by applying the projection operator method
of group theory. The wavefunction was deduced for the case of empty potential and a
periodic crystal potential which was defined by Kronig -Penney ¢ - function type. In
the case of empty potential, the photocurrent was evaluated from Cu (110) surface due

to the existence of band gap atL, —L, . Photocurrent data showed behaviour

which was also indicated by other metals like Al, Be, etc. Similarly, calculations of
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photocurrent was also done by using wave function y, deduced by using the Kronig-

Penney & -type function. Reason for such calculation being to define realistically the
potentials of the metals. Photocurrent data showed interesting features conforming to
experimentally measured results. For example, in the case of tungsten, the
experimentally measured*® photoemission intensity from the high lying surface state

was reproduced by our approach of calculations.
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CHAPTER 5

CONCLUSION
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In this thesis, we have presented photoemission calculations by using a
modified form of dielectric model as given by Bagchi and Kar™. At first, we have
calculated the variation of vector potential for location of the planes in the bulk,
surface and vacuum regions. Calculations of vector potential were done for metals

like Ag, Al, Cr and semiconductors GaAs and InAs. In most of the cases, we find that

@Dp

V2

plasmon energy of metals. Interestingly, all metals showed a minimum in the value of

~ 2
plot of vector potential {4, (zj showed maxima at ho=

, where A, is the bulk

vector potential when value of incident photon energy (Aw ) was equal to Aa,,.

The calculated results of vector potential in the case of W supported the
experimental results as reported by Weng et.al'®. This is evident from the occurrence

of maxima at iw =21 eV and a minimum athw s which is equal to 26 eV in the case

of W. Further, the occurrence of maxima below plasmon energy value of incident

~

: . - ~ . dd, .
photon energy had been attributed to the spatial variation of 4, (z) ie, y, 2 in the
z

~

@

surface region of metals. This is evident from plot of against distance from the

surface in the case of Al. It is therefore seen that the vector potential Zw (z) deduced

in chapter 2 by using the modified from of dielectric model for the surface region of
metal can be employed in matrix element for photoemission calculations.

We had used in chapter 3, the Mathieu potential model to describe the lattice
potential. A Mathieu potential is a sinusoidal type of potential and it was used to solve

the Schrodinger’s equation to get appropriate initial state wavefunction (y,) for
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evaluation of matrix element <l// p l&f’ |,) for calculating photocurrent. Two cases

are of importance here namely, the empty lattice and a lattice with strong potential.
We have dealt with the case of strong lattice potential only in this thesis for which
results of photocurrent is plotted against photon energy. We have presented the
photocurrent results for Ag, Fe, Ni, Pd and semiconductors GaAs and PbSe. It is seen

that the behaviour of photocurrent as a function of photon energy (% ) for the values

Dp

V2

ho ~ho, for all metals. Therefore, it showed a qualitative agreement with the

of hw below the plasmon energy showed peak at Ao~ and also a minima at

experimental data of Weng et.al*®.
We have seen that in chapter 3 photoemission was considered to take place in

metals/semiconductors, for location of surface state below the Fermi level. We have
derived the initial state wavefunction y, pertaining to a particular surface state for
which an energy value was that corresponding to experimental data of the metal.
Symmetry state or direction to the existence of surface state in a particular band gap
was ignored. Therefore, to include band structure effect, we have applied projection
operator method of group theory in chapter 4 to derive initial state wavefunction i,
pertaining to a particular band gap. For example, we have taken the case of Cu (110)
direction in which surface state exists in the band gap L, — L,. y;, was derived for
this symmetry state and photocurrent calculated was for Cu (110) case. Photocurrent
was also calculated from other metals like Al, Be, W and semiconductors like GaAs

and Si. When calculated results were compared to experimental data and other

previous theoretical results, we find that calculated data with this approach of
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calculations seemed to agree in a better way. This is quite evident from the
photoemission results from W and Al especially for which also experimental results
are available.

Although the approach of calculations by using group theoretical method for

deducing , seems to be slightly better than other methods like, Free-electron model

of Thapa et.al **®', Kronig-Penney potential model of Thapa ez.al 2> %™ or Mathieu

potential model of Pachuau et.al %

, there are still certain drawbacks remaining for
further corrections. For example, we have paid attention only to the derivation of
initial state wavefunction; the case of final state wavefunction was ignored. Further,
we have not considered the nature and type of potentials which defines the bulk and
surface regions. This plays equally important role in the definition of dielectric
response function too. Also one can define dielectric response function £(w,z) to
include many body effects.

From all the above facts, the model employed in chapter 4 seems to be highly
simplified. However, as evidenced from the comparison with other approach of
calculations, as well as with experimental results, our method seems to be quite
appropriate. Further, we can understand the effect of the choice of a suitable kind of
initial state wavefunctions on photoemission, which usually is ignored.

Lastly, with further modification, one can also extend the use of initial state
wavefunction deduced by group theoretical method to calculation of photoemission
from superconductors like YBCO. The reason for this being that, in cuprate
superconductors like YBa;Cu307, the Cu’ and O’ ions are in two-dimensional phase

and are mainly responsible for superconductivity. Hence if initial state wavefunction

w, is derived for this system, photoemission intensity can also be calculated.



94

Presently, work with this approach is also in progress. Further, the projection operator

technique had been also applied to calculations of photofield emissions by Thapa and

others®> %,
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APPENDIX 1

SURFACE STATE PHOTOEMISSION CALCULATIONS BY
USING MATHIEU POTENTIAL MODEL

( THE CASE OF STRONG POTENTIAL).

Rewriting photocurrent density formula from Eq. (1. 3), we have

dj\E) 2rx 2
_;LQL?ZK% |3-E’ |W,)| S(E-E,)5(E,~E,~ho) f,(E-ho)l- f,(E)]
S
(L)
The initial state wavefunction® is given by (in one-dimension):
1
2 ’
L (l—l+—liq2)e’”(’°"), surface(z < 0)
w,(z,q9)=1{\ 4rk, 16 640 (1.2)
1 ,
(2£)z 7565, vacuum(z > 0)
Here, the various constants ( in a.u. ) used are as follows:
g=1
k}=2E,
¢=2 e (1L3)
, T
Zy =—.2,

a

z, is the location of the surface state wavefunction and a is the lattice constant which

is taken as 6.

The final state wavefunction y , for surface region can be written as:

I
1 2 2qf thyz —a|z
z)= . e e 1.4
v,(2) [hqf] — @.4)


file:///27tqf
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and perturbation term 3’ in one-dimension is

1 =i[2w(z)i+li@] (L5
mc dz 2 dz

The vector potential 4, (z) from Eq. (2.28) can be written as

)
s(a)).siln 20, 230
[a(a)) —sin® @, ] 2+ g(w).cosb,
~ sin 26, ew)d
A(z)= {- : d+[1(_1(w)]z , —d<z<0 ...(L6)
[e(a)) ~sin* @, ] 24 g(w).cosé,
B sin 216’, ’ s <—d
| [s(a))— sin’ @, ] 2+ g(w).cosb,

From the matrix element <z// p laf’ lw,) of Eq. (I. 1), the surface state contribution to

photocurrent calculations can be expressed as

= (y,| #|v.)

=L+1, ({Rw))]

The integrals in Eq. (1. 7)) can be expanded as :

- « 77 d'//'
I]“ [)dl//wa—E-dz

1 1 ) 2q 1
== —L 4 p1-L =g e(0)d
m\2q.k | q,+k, 16 640

2 e (L8

0
. ~az _-u(zy-z) 1
X I[cosk,z—lslnklee e W.d

-d
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sin 26,
where A4;= -

1
[g(co)— sin® 6, ]5+ g(o).cos

— L1 d‘/’i
L= fdy/fAm—;dz

2
SR R U e VR TR BN I
27\ 24,k ) q, +k, 16 640

‘ . 0 —az _-plzy-2 1-
x_:[[coskfz-zsmkfz]e e )[(1_[8(;;?2]‘!]2 dz (L9

Photocurrent is calculated by evaluating the integrals I; and I, by writing

FORTRAN programmes, details of which is given in APPENDIX- II.
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APPENDIX 11

FORTRAN PROGRAMME FOR SURFACE STATE PHOTOEMISSION
CALCULATIONS BY USING MATHIEU POTENTIAL MODEL
(STRONG POTENTIAL CASE).

NAME OF PROGRAM: RKMATHI1.FOR

SURFACE STATE CALCULATIONS, Z EXTENDS FROM -D TO O.
WRITTEN BY DR.R.K.THAPA, CMT, 18-05-2004

PROGRAM TO CALCULATE PHOTOCURRENT BY USING

MATHIEU POTENTIAL MODEL

REFER: PHYS. LETTS. A294 (2002)52-57.

ALAMB3
ALAMB3
MU=0.5, ZO'<~-->XO

(XI+MU) *0.295, Q <---> AQQ
1.275, MU <~--> AMU

XI=2.0,X0 -->IS THE LOCATION OFTHE SURFACE STATE WAVEFUNCTION.
M=3.

OM=1.,

=1,

Z0'= (PI/A)*20

A=6.

COMPLEX Al,CI,T2,T3,EPS,CMPLX,AQF,EX,TTF, TTX, TTY
COMMON AKI, AKF, AQF, CI, D, AMU, AQQ, ALPHA, XO
CI=CMPLX (0. 1.)

PI=22. /7.

OPEN (UNIT=1, FILE="RKMATH1 INAS.IN")

OPEN (UNIT=6, FILE="RKMATH1 INAS.OUT")

READ (1,*) NP, NINT

READ(1,*) EI,THETA,D,VZ,ALPHA, AMU, AQQ, XO, NE
READ (1,*) EI, THETA, D, A, MU, XI, VZ, ALPHA, NE
WRITE (NP,2) EI,THETA,D,A,MU,XI,VZ,ALPHA,NE
AKI=SQRT (2.*EI)

DO 90 IE=1, NE

READ (1,*) W, EPS1, EPS2

WEV=W*27.2

AKF=SQRT (2.* (EI+W))
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EX=EI+W-VZ

DQF=SQRT (2.*EX)

TTX=AQF~-AKF

TTY=AQF+AKF

TTF=TTX/TTY

EPS=CMPLX (EPS1, EPS2)

CALL REFRAC (W, WP, THETA, EPS, Al)

CALL TERM2 (Al, EPS, T2, NINT)

CALL TERM3 (Al, EPS, T3, NINT)

XINT=CABS (T2+T3)

XCUR=XINT*XINT

CUR= (XCUR*AKF*AKF) /W

CUR=CUR/1.83E+03

WRITE (NP, 3) WEV, EPS1, EPS2, CUR

FORMAT (2X, F8.4, 2%, 2(F15.6, 2X), 2X, E20.6, 2X)
FORMAT (2X,'W=', F7.4, 2X,'EPS=',2(F15.6,1X), 'CUR="E1l5.6)
CONTINUE

STOP

END

SUBROUTINE TERM2 (Al, EPS, T2, NINT)

COMPLEX EPS, Al, T2, R1, CI, Fl, Q, AQF
DIMENSION F1 (700),F2(700)

COMMON AKI, AKF, AQF, CI, D, AMU, AQQ, ALPHA, XO
CI=CMPLX (0., 1.)

Ql= (1.-(AQQ/16.)+ (11./640.)*AQQ**2.)
Q=A1*D*EPS*Q1*AMU

Q=Q*SQRT (1./(2.*AQF*AKI))* (RQF/ (AQF+AKF))
AG=-D

AH=0.

DD= (AH-AG)/ (NINT-1)

DO 10 I=1, NINT

X=AG+ (I-1)*DD

BMX=AMU* (XO-X)

F1 (I)= (COS(AKF*X)-CI*SIN(AKF*X))*EXP(-AMX)
F1(I)=F1(I)*EXP(-ALPHA*X)/{(1.-EPS)*X+D)
CALL SINT (AG, AH, F1, NINT, R1)
T2=R1*Q/3.1416

RETURN

END
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
SUBROUTINE TERM3 (Al, EPS, T3, NINT)
COMPLEX EPS, Al, T3, Rl, CI, F1, CMPLX, Q, AQF
DIMENSION F1(700),F2(700)
COMMON AKI, AKF, AQF, CI, D, AQQ, AMU, ALPHA, XO
CI=CMPLX (0., 1.)
Ql= (1.-(RQQ/16.)+ (11./640.)*RQQ**2.)
Q=A1*D*EPS*Q1
Q=Q*SQRT (1./(2.*AQF*AKI))* (AQF/ (AQF+AKF))
AG=-D
AH=0.
DD=(AH-AG) / (NINT~1)
DO 10 I=1, NINT
X=AG+ (I~1) *DD
AMX=AMU* (X0-X)
F1(I)=(COS (AQF*X)-CI*SIN(AQF*X))*EXP (-AMX)

10 F1(I)=F1(I)*EXP(-ALPHA*X)/((1.-EPS)*X+D)**2,

CALL SINT (AG,AH,F1,NINT,R1)
T3=R1*Q/(2.*3.1416)

RETURN

END
CCCCCCCCCCeCeeeeeceeceeeceeeeeececeecceceeceeeececece
C THIS SUBROUTINE CALCULATES THE PORTION Al OF THE FIELD.

CCCCCCCCCCCCLCCCCCLCCCCLCCcceceeeeeeeeeeceeecececeeccece
SUBROUTINE REFRAC (W, WP, THETA, EPS, Al)
COMPLEX Al, CX, CSQRT, EPS, CI, CMPLX, CY
S2=SIN (2.*THETA)

S1=SIN (THETA)

C1=COS (THETA)

Bl=1.-EPS

Bl=1. / (B1*X+D)

CY=EPS-S1+*5S1

CX=CSQRT (CY)

Al=-82/ (CX+EPS*C1)

RETURN

END
CCCCCCCCCCCCCCCCCeeeeeceeeeeeeceeceeeeecceeeceeececece
C THIS SUBROUTINE PERFORMS INTEGRATION OF TERM1 AND TERM2
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BY USING SIMPSON'S ONE THIRD RULE

CCCCCCCCCCreeeeeeeeeceeeceeceeeeeceeceecceeeeececcece

10

SUBROUTINE SINT (A, B, F, N, R)
COMPLEX F, R, S
DIMENSION F(N)
H={(B-A)/ (N-1)

$=0.0

S=S+F (1) +F (N)

M=N-1

DO 10 I=2,M,2
S=S+4.*F(I}+2.*F{I+1)
R=H*S/3.

RETURN

END
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APPENDIX- III

DERIVATION OF BASIS FUNCTION BY USING PROJECTION
OPERATOR METHOD OF GROUP THEORY FOR DEVELOPMENT OF
INITIAL STATE WAVEFUNCTION FOR PHOTOEMISSION

CALCULATIONS.

We shall show here the derivation of the basis function for the surface state
existing in Cu by using projection operator technique of group theory as described in
chapter 4. Surface state in Cu (110) is found in the energy band gap (L, — L,). We
shall try to obtain the symmetrised basis function for this band gap taking the band
L, where the point group is C,, and the linear combination of atomic orbital
(LCAO) representation for L, is (xt+y+z)/ V3. For a point group C,, the
transformation operations are E, C,, o,(xz)and o,(yz).

The group C,, has four one-dimensional irreducible representations and the

characters of these four irreducible representations can be obtained as below:

Cow E C O y(xy) O sm)
r 1 1 1 1

I? ] 1 -1 -1

r? 1 -1 1 -1

r 1 -1 -1 1 .. (L 1)



103

The matrices representing the transformations effected on C,, point group is given as:

-1
0
0

0
-1
0

Cz:

[
(=2 )
- O O

Projection operator formula was obtainedas P? =

0

For a transformation T of a point group it can also be shown that

P(D#(r)= $RIT) ' r}= ${R(T)r)

where R is the transpose conjugate of R.

The transpose conjugate for each of the representation can be written as

A

N ®

N e =

1 0 0 -1 00
0!, o,:]0 -1 Ofand 5/:|0 1 0
1 0 0 1 0 01
. (1IL. 2)
iz T)m P(T) ... (IIL3)
gr
(I1L. 4)
-x
-y
z
x
-y| and
z
-X
y . (L. 5)
z
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1

V3

transformation of the representations for this function is carried out as

Now we have the LCAO  function ®(r)=—=(x+y+2z). Therefore, the

P (B) (r) = O{R(E)} = —(x + y +2)

NG

P(C,) D(r) = DIR(C,)) = —}3—(—x —y+2)
P (0,)0(r) = 0{R (0, )r}= —}3—(x —y+2)

P(a; )CD(r) = CD{E(O':)r}= L(—x +y+2) ... (IIL 6)
V3

For the case of 1 dimensional "' operation matrix, p=1,and take m=n=1, [ = =1

g=4, FI(E);I =1, F](CZ)I.1= I, r](o-v)]‘l =1 and F](O-:)l‘] =1

Thus for the Projection Operator P},  we have

P!, o(r) =Z%[l(x+y+z)+1(—x—y+z)+1(x—y+z)+1(-—x+y+z)]

1

- ——x4z=—7

443 V3
For I’ matrix, p=1, m=n=1,1 =1, =1. g=4, T*(E);, =1, I’*(C,),,= 1, ["*(o, )}, =1
and I'’(g!);, =-1
And the Projection Operator P} operating on ®(r) gives

p? (D(r)=Z}J—g[l(x+y+z)+1(—x—y+z)—l(x—y+z)—l(——x+y+z)]
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Similarly, we have

P} (D(r)=Zlﬁ[l(x+y+z)—-l(—x—y+z)+1(x—y+z)—l(—x+y+z)]

D SV T

43 J3~ and

Pt <I)(r)=—4—1\E[1(x+y+z)-—l(—x—y+z)—1(x—y+z)+1(—x+y+z)]

1 4yt
T 43 V3

1 1 1
Thus a set of basis function can be obtained as = —\/?x * _ﬁy v 'ﬁz ' . (IIL7)

This means that the projection Operators P}, ,P7, P; and P;, projected the function

d(r)= %(x+ y+2z) to a symmetrised basis function in different direction each

7

1 1 1
equal to 7_3—x, T;y and T/";Z respectively.

Considering photoemission to take place along the z-axis which is normal to

the surface, then the basis function obtained from the atomic orbital

1
D(r)= —1—(x+ y+2z) will be T/—;Z . We take the one dimensional case of initial

NE)
wave function and this basis function in the sinusoidal form can be written as
#(z)=e'* which is incorporated in the initial state wave functions obtained for

respective cases of empty potential and periodic potential.
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APPLICATIONS:

1. Case of empty potential:
Rewriting the initial state wavefunction obtained by considering the case of an

empty potential in Eq. (4.6), we have

(z) = ¢(Z)e’” [e'k'z +Re™* ] , Ssurface & bulk z>20
v Te™™* vacuum z<0’

b

Now incorporating the value of basis function,

1z uz 1781 -tk z _>_0
v (2)= ele [e +Re ], surface & bulk z , .. (IL$)
Te ™ |, vacuum z<0
Here,
ro_G+k)-iy+p)
1—k)-i(y+u)
(=k)=ilz+m) .. (IIL9)

2k

) i)

With reference to APPENDIX-I, using Eqs. (I. 10), (I. 11) and (IIl. 8),

photocurrent is calculated by using Eq. (I. 9). The matrix element <l// P 'Jf’ lw,) can

be expanded as follows:

iy~ e~ d 1p .dA, .~ d
= wa A, v, dz+fdl//f A4, —y/,dz+§ qu/f & v, dz+f v, Amg(a));y/,dz

dz

Or I=, + L+ L +14 ... (IIL. 10)

where each of the integrals can be written as
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Il = [:l//;- Zm v, dz

1
~d, 5 2
=A1 1 qf e-lkfzeaz —d—{e(H'u)z[e‘klz+Re_’klz]}d2
A27q, ) q,+k, dz

_ \/_2- qr
() 9 ks

Ale'("‘“‘)(cos d —isin d{ (uti+ ik,) e_(k'_kf)d
(@+p)+ilt+k -k,)

o Rlu+iik) e,(k,w,)d}

. (L 11
(@+p)+ill -k —k,) (- 11)
dy,
L= [ v, 4, e ds
!
0 2
- 1 2qf e—lk/ zeaz Ag (l))d {e(,ﬂl)z[ 1k, z Re—lk,z]}dz
A2mq, ) q,+k,; [1 sa))]z+ddz
= "/—2_ q l 0)) I (l +u+ ik ) (a+y)ze'(1+k- ”‘f)z
( )qf-f-k [1 e(a)]z+d
S RO+B=1E) oy bty
arhle d .. (1L 12
[1 e(a))]z+d ‘ ( )
1 .dA,
L= — > dl//f = Ty, dz

1
_ 0 1 2 q; e Hr7 e d{ Aa(a))d }{e(,+/,)z[e1k,z+Re—1k,z]}dz
A2mq, ) gtk dz |1 -e(w)lz +a

Jz
(mg, )2 95 &5

e(a+,u) 1z e"'(" +kf)
{[1 e(o) +4} ]

a+;l lZ (I"k/)z

)]z+d}

=-0.5

9 4e(o)li- g(w]][

. (1. 13)
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Iy = f v, ng(a))%dz

1
2 © -k
) s e T
0

29k, q, +k; dz

]

1

2 -k

- |t As(o)Ty 1_ P f el 1, ... (IIL 14)
2q k, x+iqg, q,+k; x-iq,

Photocurrent was calculated by evaluating above integrals for which FORTRAN

programme was written and is given in detail in APPENDIX - IV.
2. Case of periodic crystal defined by Kronig-Penney & - potential :

The final form of initial state wavefunction derived by using periodic Kronig-
Penney & -potential whose solution was obtained in terms of Green function was

given in Eq. (4. 26) . Incorporating the basis function in this formula gives,

(0)e'* e #**(k,cosk,z— ysink,z), bulk & surface  z <0
v, (2)=1"" ORI
I v, (O)k e, vacuum z>0

2isinka 7(0)

and
k coska—ke™* — ysinka

where y,(0)=

2Cipsin’k,a

k a(e™ —e™*"")(coska—cosk, a)

1]

7(0)= (IIL. 15)
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Following the procedure as in the case empty potential by taking the same value of

v, and 3/, we can calculate the photocurrent by solving Eq. (II1.10). The integrals

involved in the matrix element can be expanded as:

d , ~
Il: [w'//f Aw W: dZ

1
—d 3 5
A _{( Zﬂqu] > szf RIS gz_{% (O)e(,_,,)z (k, cosk,z~ ysin k,z)} dz

(0) 24 (“ i [k (i—p)cosk,z—k,’sink,z

= A4
i ey

— (i - p)sink,z - y k, cosk, z]dz (I1L 16)

— L d‘//I
12- fdl//f Aw—?d';—dz

1
Y1V 29 ., Asle)d d -
= e feﬂz_— O 'ﬂszOSkZ Slnkz dz
‘{(2”‘1/} 9, +k, [1-¢(@ )]z+ddz{w et ( 4 )}
A (0\ \/-2_ gy ( )d_]i- (" /‘)Z i{i-k, )z [ ( ) k k
- AV —u)coskz—k sink z
(O TR | ) T

. (L 17)

i
0 1 2 qf e-lkfzeaz 4 6‘(a))d
“N27q, ) q,+k; dz [1 e(w)lz+d

-d
X {W, (O)e(’ 4% (k, cosk,z — ysink, z)}dz
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= ‘/_ o (o 0 pla-ul, i(1+k, )z
05 i, OelMl e [

x (k, cosk,z — ysink,z)dz ... (IIL 18)

s 7 d
I4y= ft// / Ama(a))% dz

e

=_(2q1kj 4,5y (0)k, { N/ S fJ .. (IIL 19)

x+iq, qf+kf x—iq

Jasefer st o
S

Substituting integrals I}, I, I3and I4 in Eq. (III. 10), the photocurrent were calculated
by the numerical method by writing FORTRAN programmes which is given in

APPENDIX-V.
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APPENDIX IV

FORTRAN PROGRAMME FOR CALCULATION OF PHOTOCURRENT BY
USING PROJECTION OPERATOR TECHNIQUE APPLIED TO AN EMPTY

POTENTIAL CASE.

Cc NAME OF PROGRAM : IJMPB.FOR

C BY DR. R.K.THAPA, CONDENSED MATTER THEORY RESEARCH GROUP,

C P.U.COLLEGE, AIZAWL, MIZORAM, INDIA.

C PROGRAM TO CALCULATE PHOTOCURRENT USING PROJECTION OPERATOR
C THIS IS THE CASE OF AN EMPTY POTENTIAL.

COMPLEX Al1,CI,T1,T2,T3,T4,EPS,CMPLX, AQF, EX,AMA,
COMPLEX BMA, R, T,AKP,XINT

COMMON AKI, AKF,AQF,CI,A, AKP,AMA, AMB, BMA,B1,MU,D,X,R, T, PI
CI=CMPLX(0.,1.)

PI=3.1415

OPEN (UNIT=1,FILE='ALIJMPB.IN')

READ (1, *) NINT

OPEN (UNIT=1,FILE='ALIJMPB.IN')

READ(1,*) EI,THETA,A,ALPHA,VZ,NE

READ (1,*) EI,THETA,A,VZ,NE

WRITE (NP,2) EI,THETA,D,A,MU,XI,VZ,ALPHA,NE
AKI=SQRT (2. *EI)

MU= (AKI-PI*0.5293/3.61)

AMA=MU+CI* (1.+AKI)

AMA=CABS (AMA)

AMB= (ALPHA+MU)

BMA=MU+CI* (1.-AKT)

BMA=CABS (BMA)

DO 90 IE=1,NE

OPEN (UNIT=1, FILE='ALIJMPB.IN')

READ (1,*) W,EPS1,EPS2

WEV=W*27.2

AKF=SQRT (2.* (EI+W))

EX=EI+W-VZ

AQF=SQRT (2. *EX)

AKP=SQRT (2.* (VZ-EI))
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TRANSMISSION COEFF=T, REFLECTION COEFF=R

T=-2.*AKI/((1.~AKI)-CI* (AKP+MU))
T=CABS(T)

R=~((1.+AKI)-CI* (RKP+MU))/((1.-AKI)~-CI* (AKP+MU))
R=CABS (R)

EPS=CMPLX (EPS1,EPS2)

CALL REFRAC (W,WP,THETA,EPS,Al)

CALL TERM1 (Al,EPS,T1,NINT)

CALL TERM2Z (Al,EPS,T2,NINT)

CALL TERM3 (Al,EPS,T3,NINT)

CALL TERM4 (Al,EPS,T4,NINT)

OPEN (UNIT=6,FILE='ALIJMPB1.0UT')
WRITE (6,3) W,AQF,T1,T7T2,T3,T4
XINT=CABS (T1+T2+T3+T4)

XCUR=XINT*XINT

CUR= (XCUR*AKF*AKF) /W

OPEN (UNIT=6,FILE='ALIJMPB1.OUT'")
WRITE (6,5) WEV,EPS1,EPS2,CUR

FORMAT (2X,2F8.4,2X,8(F15.6, 1X))
FORMAT (2X,'W=',F7.4,2X,'EPS=',2(F15.6,2X), '"CUR="E20.6)
FORMAT (2X,F7.4,2X,2(F15.6,2X),E20.6)
CONTINUE

STOP

END

SUBROUTINE TERM1 (Al,EPS,T1,NINT)

COMPLEX EPS,Al,T1,T11,T1A,T1B,CI,Q,AQF, AMA, AMB, BMA, CMPLX
DIMENSION F1(700),F2(700)

COMMON AKI, AKF,AQF,CI,A,AKP,AMA, AMB, BMA,BY,MU,D,X,R, T, PI
CI=CMPLX (0.,1.)

Q=A1* (AQF/ (AQF+AKF) )

Q=Q*SQRT (2./ (AQF*PI})

Q=Q*EXP (-AMB*A)

T1A=(COS (AKI-AKF) *A-CI*SIN(AKI-AKF) *A) *AMA

T1A=T1A/ (AMB+CI*{1.+AKI-AKF))

T1B=(COS (AKI+AKF) *A+CI*SIN (AKI+AKF) *A) *BMA

T1B=T1B/ (AMB+CI* (1.~AKI~AKF))
T11=(T1A+T1B*R) * (COS{A)-CI*SIN (A}))



10

113

T1=Q*T11
RETURN
END

SUBROUTINE TERM2 (Al,EPS,TZ2,NINT)

COMPLEX EPS,Al,T2,T22,R1,R2,BX,CI,CMPLX,F1,F2,Q,AQF
DIMENSION F1(700),F2(700)

COMMON AKI, AKF, AQF,CI, A, AKP, AMA, AMB, BMA, B1,MU, D, X, R, T, PI
CI=CMPLX(0.,1.)

Q=A1*A*EPS

O=Q*SQRT (2./ (AQF*PI) ) * (AQF/ (AQF+AKF))

AG=-A

AH=0.

DD= (AH-AG) / (NINT-1)

DO 10 I=1, NINT

X=AG+(I-1)*DD

Bl=1.-EPS

BX=1./(B1*X+A)

F1(I)=(EXP(AMB)*X)* (COS(X)+CI*SIN(X))
F1(I})=F1(I)*(COS(AKI-AKF)*X+CI*SIN(AKI-AKF) *X}/BX
F2(I)=(EXP(AMB)*X)* (COS(X)+CI*SIN (X))
F2(I)=F2(I)*(COS(AKI+AKF)*X~-CI*SIN{AKI+AKF) *X) /BX
CALL SINT (AG,AH, F1,NINT,R1)

CALL SINT (AG, AH,F2,NINT,R2)

T22=R1*AMA+R2*R*BMA

T2=T22*Q

RETURN

END

SUBROUTINE TERM3 (Al,EPS,T3,NINT)

COMPLEX EPS,Al,T3,T33,R1,R2,BX,CI,C1,C2,F1,F2,Bl

COMPLEX CMPLX, Q,AQF,CX,R

DIMENSION F1(700),F2(700)

COMMON AKI, AKF, AQF,CI,A,AKP,AMA, AMB, BMA, B1,MU, D, X, R, T, PI
CI=CMPLX (0.,1.)

Q=-0.5*A1*A*EPS* (1-EPS)

Q=Q*SQRT (2./ (AQF*PI) ) *AQF/ (AQF+AKF)

AG=-A

AH=0.



10

114

DD=(AH~AG) / (NINT-1)

DO 10 I=1,NINT

X=AG+ (I-1)*DD

B1=1.-EPS

BX=1./(B1l*X+A)
F1(I)=(EXP(AMB) *X)* (COS{X)+CI*SIN(X))/BX**2
F1(I)=F1{(I)*((COS(AKI~AKF) *X+CI*SIN(AKI-AKF)*X))
F2 (I)=(EXP(AMB) *X)* (COS (X)+CI*SIN(X) ) /BX**2
F2(I)=F2(I)*((COS(AKI+AKF)*X-CI*SIN(AKI+AKF) *X))
CALL SINT (AG,AH,F1,NINT,R1)

CALL SINT(AG,AH,F2,NINT,R2)

T33=R1+R2*R

T3=T33*Q

RETURN

END

SUBROUTINE TERM4 (Al,EPS,T4,NINT)

COMPLEX EPS,Al,T4,R1,CI,Q,CMPLX,AQF,T,T4A,T4B
DIMENSION F1(700),F2(700)

COMMON AKTI, AKF, AQF,CI,A,AKP,AMA, AMB, BMA,B1,MU,D,X,R, T, PI
CI=CMPLX (0.,1.)

Q=-SQRT(1./(2.*AQF*PI}))

Q=T*Al1*EPS*AKP*(Q

T4A=1./ (AKP+CI*AQF)

T4B=( (AQF~AKF) / (AQF+AKF) ) * (1./ (AKP-CI*AQF) )
T4=0* (T4A+T4B)

RETURN

END

SUBROUTINE REFRAC (W,WP, THETA,EPS,Al)
COMPLEX Al,CX,CSQRT,EPS,CI,CMPLX,CY
S2=SIN(2.*THETA)

S1=SIN(THETA)

C1=COS (THETA)

Bl=1.-EPS

Bl=1./(B1*X+A)

CY=EPS5~S1+*S1

CX=CSQRT (CY)

Al1=-S2/ (CX+EPS*C1)
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RETURN
END

SUBROUTINE SINT (A,B,F,N,R)
INTEGRATION BY SIMPSON'S ONE-THIRD RULE
COMPLEX F,R,S

DIMENSION F(N)
H=(B-A)/(N-1)

$=0.0

S=S+F (1) +F(N)

M=N-1

DO 10 I=2,M,2
S=S+4.*F(I)+2.*F(I+1)
R=H*S/3.

RETURN

END
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APPENDIX V

FORTRAN PROGRAMME TO CALCULATE PHOTOCURRENT BY USING
PROJECTION OPERATOR TECHNIQUE APPLIED TO CRYSTAL
DEFINED BY KRONIG-PENNEY DELTA POTENTIAL

a o Q0

NAME OF PROGRAM: BZPROJ3.FOR WRITTEN ON 19.07.2003.
WRITTEN BY B.ZOLIANA GOVT.ZIRTIRI RESIDENTIAL SCIENCE
COLLEGE.AIZAWL.MIZORAM, INDIA.

PROGRAM TO CALCULATE PHOTOCURRENT USING PROJECTION OPERATOR
COMPLEX Al,CI,T1,T2,T3,T4,EPS,CMPLX, AQF, EX, BNUM, DEN, PSI
COMMON AKF,AQF,CI,A,AKI,AKP,ALPHA, POT, BNUM, DEN, PSI
CI=CMPLX (0.,1.)

PI=3.1415

ALPHA=0.35

OPEN (UNIT=1, FILE='W.IN')

READ (1,*) NINT

OPEN (UNIT=1, FILE='W.IN')

READ (1,*) EI, THETA, A, ALPBA, MU, VZ, NE

READ (1,*) EI, THETA, A, ALPHA, POT, VZ, NE

WRITE (NP, 2) EI, THETA, D, A, MU, XI, VZ, ALPHA, NE
AKI=SQRT (2.*EI)

AMU=AKI-PI*0.5293/3.61

DO 90 IE=1, NE

OPEN (UNIT=1, FILE='W,IN')

READ (1,*) W, EPS1, EPS2

WEV=W*27.2

AKF=SQRT (2.* (EI+W))

EX=EI+W-VZ

AQF=SQRT (2.*EX)

AKP=SQRT (2.*(VZ-EI))

EPS=CMPLX (EPS1, EPS2)

CALL REFRAC (W, WP, THETA, EPS, Al)

CALL TERM1 (Al, EPS, T1, NINT)

CALL TERM2 (Al, EPS, T2, NINT)

CALL TERM3 (Al, EPS, T3, NINT)

CALL TERM4 (Al, EPS, T4, NINT)
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WRITE (NP, 3) W, AQF, T1l, T2, T3, T4
XINT=CABS (T1+T2+T3+T4)

XCUR=XINT*XINT

CUR= (XCUR*AKF*AKF) /W

CUR=ALOG (CUR)

OPEN (UNIT=6, FILE='WBZPROJ4.OUT')

WRITE (6, 5) WEV, EPS1, EPS2, CUR

FORMAT (2X, 2F8.4, 2X, 4(F15.6, 1lX})
FORMAT (2X,'W=', F7.4, 2X,'EPS=', 2(F15.6, 2X),'CUR='E20.6)
FORMAT (2X, F7.4, 2X, 2{(Fl15.6, 2X), E20.6)
CONTINUE

STOP

END

SUBROUTINE TERM1 (Al, EPS, T1l, NINT)

COMPLEX EPS,Al1,T1,T11,F1,R1,CI,C1,C2,C3,Q,AQF, BNUM, DEN, PST
DIMENSION F1 (700), F2 (700)

COMMON AKF, AQF,CI,A,AKI,AKP,ALPHA, POT, BNUM, DEN, PSI
CI=CMPLX (0., 1.)

PI=3.1415

ALPHA=0.35

AMU=AKI-PI*0.5293/3.61

BNUM=~4 . *PI*POT*SIN (AKI*A)*SIN (AKI*A)
DEN=A*AKI* (AKI*COS (AKI*A) +AKI-AKP*SIN (AKI*A))
DEN=DEN*SQRT (2.*PI*AKI)* (1. +COS (AKI*A))
DEN=DEN* (1. +COS (AKI*A)-CI*SIN (AKI*A))
PSI=BNUM/DEN

Q=Al* (AQF/ (AQF+AKF))

Q0=0*SORT (2. / (AQF*PI))

AG=-10.*A

AH=-A

DD= (AH-AG)/ (NINT-1)

DO 10 1I=1, NINT

X=AG+ (I-1)*DD
C1=(CI-AMU) *COS (AKI*X) -AKI*SIN(AKI*X)

C2=-AKP* (CI-AMU) *SIN (AKI*X)-AKP*AKI*COS (AKI*X)
C3=C1i+C2

F1 (I) =C3*EXP ((ALPHA-AMU) *X)

F1 (I) =F1 (I)*EXP (CI*{(1.-AKF)*X)
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CALL SINT (AG, AH, F1l, NINT, R1l)
T11=R1

T1=T11*Q*PSI

RETURN

END

SUBROUTINE TERM2 (Al, EPS, T2, NINT)

COMPLEX EPS, Al, T2, T22, R1l, B2

COMPLEX CI,CMPLX,F1,Q,AQF,Cl,C2,C3,BNUM, DEN, PSI
DIMENSION F1 (700), F2 (700)

COMMON AKF, AQF,CI,A,AKI,AKP,ALPHA, POT, BNUM, DEN, PST
CI=CMPLX (0., 1.)

PI=3.1415

ALPHA=0.35

MMU=AKI-PI*0.5293/3.61

BNUM=-4 ,*PI*POT*SIN (AKI*A)*SIN (AKI*A)
DEN=A*AKI* (AKI*COS (AKI*A) +AKI-AKP*SIN (AKI*Aa})
DEN=DEN*SQRT (2.*PI*AKI)* (1. +COS (AKI*A))
DEN=DEN* (1. +COS (AKI*A)-CI*SIN (AKI*A))
PSI=BNUM/DEN

Q=A1*A*EPS

QO=Q*SQRT (2. / (AQF*PI))*(AQF/ (AQF+AKF))
AG=-A

AH=0.

DD= (AH-AG)/ (NINT-1)

DO 10 I=1, NINT

X=AG+ (I-1)*DD

BZ=(1.-EPS) *X+A
Cl=(CI-AMU) *COS (AKI*X) -AKI*SIN (AKI*X)

C2=-AKP* (CI-AMU) *SIN (AKI*X)-AKP*AKI*COS (AKI*X)
C3= Cl+C2

F1(I)=C3*EXP((ALPHA-AMU) *X)/B2Z
F1(I)=F1(I)*EXP(CI*(1l.-AKF)*X)

CALL SINT(AG,AH,F1,NINT,R1)

T22=R1

T2=T22*Q*PSI

RETURN

END
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SUBROUTINE TERM3 (Al,EPS,T3,NINT)
COMPLEX EPS,Al,T3,T33,R1,BZ,CI,Cl,Fl
COMPLEX CMPLX, Q, AQF, BNUM, DEN, PST
DIMENSION F1(700),F2(700)

COMMON AKF, AQF,CI,A,AKI,AKP,ALPHA, POT, BNUM, DEN, PST
CI=CMPLX (0.,1.)

PI=3.1415

ALPHA=0.35

AMU=AKI-PI*0.5293/3.61

BNUM=-4 . *PI*POT*SIN (AKI*A) *SIN (AKI*A)
DEN=A*AKI* (AKI*COS (AKI*A) +AKI-AKP*SIN (AKI*A) )
DEN=DEN*SQRT (2. *PT*AKI) * (1.+COS (AKI*A} )
DEN=DEN* (1.+COS (AKI*A)-CI*SIN (AKI*A) )
PSI=BNUM/DEN

Q=-0.5*A1*A*EPS* (1, ~EPS)

Q=0*SQRT (2./ (RQF*PI) ) *AQF/ (AQF+AKF)
AG=-A

AH=0.

DD= (AH-AG) / (NINT-1)

DO 10 I=1,NINT

X=AG+ (I-1)*DD

BZ=(1.-EPS) *X+A

C1=COS (AKI*X) - (AKP*SIN (AKI*X) )
F1(I)=C1l*EXP{ (ALPHA-AMU) *X) / (BZ*BZ)
F1(I)=F1(I)*EXP(CI* (1.+AKF)*X)

CALL SINT (AG,AH, F1,NINT,R1)

T33=R1

T3=T33*Q*PSI

RETURN

END

SUBROUTINE TERM4 (Al,EPS,T4,NINT)

COMPLEX EPS,Al,T4,R1,R2,C1,CI,Q,CMPLX,AQF,C2,BNUM, DEN, PSI
DIMENSION F1(700),F2(700)

COMMON AKF, AQF,CI,A,AKI,AKP,ALPHA, POT, BNUM, DEN, PSI
CI=CMPLX(0.,1.)

PI=3.1415

ALPHA=0.35

AMU=AKI-PI*(0.5293/3.61
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BNUM=-4 . *PI*POT*SIN (AKI*A) *SIN (AKI*A)
DEN=A*AKI* (AKI*COS (AKI*A) +AKI~-AKP*SIN (AKI*A))
DEN=DEN*SQRT (2. *PI*AKI)* (1.+COS (AKI*A))
DEN=DEN* (1.+COS (AKI*A)-CI*SIN(AKI*A))
PSI=BNUM/DEN

Q=~A1*EPS*SQRT (1./(2.*AQF*PI) ) *AKP*AKI
Cl=1./ (AKP+CI*AQF)
C2=(AQF-AKF) / (AQF+AKF)

C2=C2/ (ARKP~-CI*AQF)

T4=Q*PSI* (C1+C2)

RETURN

END

SUBROUTINE REFRAC (W,WP, THETA,EPS,Al)
COMPLEX Al,CX,CSQRT,EPS,CI,CMPLX,CY
S2=SIN(2.*THETA)

S1=SIN(THETA)

C1=COS (THETA)

Bl=1.~EPS

Bl=1./(B1*X+D)

CY=EPS-S1*S1

CX=CSQRT (CY)

Al=-52/ (CX+EPS*C1)

RETURN

END

SUBROUTINE SINT (A,B,F,N,R)
INTEGRATION BY SIMPSON'S ONE~THIRD RULE
COMPLEX F,R,S

DIMENSION F(N)

H=(B-A)/ (N-1)

$=0.0

S=S+F(1)+F(N)

M=N-1

DO 10 I=2,M,2
S=S+4.*F(I)+2.*F(I+1)
R=H*S/3.

RETURN

END
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Abstract

The Mathicu potential is used to define the crystal potential from which the initial state wavefunction for the surface state
is derived. The wavefunction is used for photoemission calculations in the case of fiee electron metals like Al and Be.
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Over the last few decades interests in the detailed
understanding of the physical properties of con-
densed materials and their surfaces have grown
enormously. Further the miniaturization in microelec-
tronics have reached a point where surface proper-
ties have become very much dominant. Sufficient
progress has been made in the production of two-di-
mensional structures like multilayers or thin films,
which have new and fascinating features. For investi-
gating the electronic properties of clean and adsor-
bate covered surfaces and thin films, angle-resolved
ultraviolet photoemission spectroscopy (ARUPS) has
become one of the important tools as it allows
measuring the dispersion of the bands for both occu-
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pied and unoccupied bands and therefore reveals the
structure around the Fermi level with a high level of
accuracy [1-4]. In order to interpret the experimental
spectra, it is useful to have a quantitative comparison
between the theoretical and experimental photoemis-
sion data. This demand has led to the developments
of various approaches for calculating the photocur-
rent which ranges from sophisticated but tractable
many-body theories [5] to one-electron formulations.
Experimental data from ARUPS have been exten-
sively useful in surface physics, and to analyze the
data, methods for photoemission calculations have,
been developed where the wavefunctions for the
semi-infinite solid are constructed accurately. How-
ever the spatial variations of the electromagnetic
fields is generally neglected in such type of calcula-
tions. The reason for this being that it is a complex
problem and ab initio calculations are available only
for jellium [6—9). On the other hand, empirical calcu-
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lations of the fields near surfaces with the local
dielectric functions have been used to interpret the
qualitative features in photoemission data from met-
als and semiconductors. Free electron [10] and Kro-
nig-Penney (11,12] models have been used-in such
cases for developing the initial state wavefunctions
which were then employed to calculate the matrix
elements for evaluating the photocurrent.

We report here a simple formalism developed for
photoemission calculations in which the free-electron
states are derived by using the Mathieu potential
[13,14]. The Mathieu potential has been at first used
by Statz [15] for surface state calculations. Levine
[16] had also used the Mathieu potential for calculat-
ing the condition for arbitrary surface terminations.
We have used in this formalism the model as de-
scribed by Davison and Steslicka [13,14] for describ-
ing the crystal potential which was then used for
deriving the initial state wavefunctions.

The photocurrent density formula [17] from the
golden rule approximation can be written as

dj(£)
dn

2
= =% LKy Al Po(E - )

X8(E~ £ ~ho)[l-f(E)], (1)

where ¢, (¢) refers to the initial (final) state wave-
function and A =(e/2m,cXA-p+p-A4) where m,
is the mass of the electron, p the one-electron mo-
mentum operator and A is the vector potential of the
incident photon field. To compute the photon field,
we have used the simple model of Bagchi and Kar
[17] which has been used earlier also [10-12]. With
simple modification the photon field used in our
calculation can be written as

A4, x< —d

= Ae(w)d

A,(x) = = e(w)|s+4d -d<x<0 (2)
A e( w), x>0

where A, is a constant depending on the dielectric
function &£(w), photon energy # w and the angle of
incidence 6,. To determine (x) in Eq. (1) we have
included a surface of width d in the crystal potential
as shown in Fig. 1. We have considered a nearly

vacuum

V

/

bulk /

-d 0

Fig. 1. Model potential used for calculating the initial state wave-
function ¢, and the photon field.

empty lattice with a finite step potential [13,14]. The
initial state wavefunction is given by (in au)

¥(x.9)

1 V2
- d(x9,q)e "M%~ %) (forn>0) x <0
= 4k 9

Q7)) e {t—x0), (for>0) x>0

(3)

where x, is the crystal surface location. For a nearly
empty lattice with a height of the step potential as ¢,
we have since g ~ 0, a hybridization parameter A =
tanm'(x, — {7'). Also  ¢(xy,9) = Acosm'x —
sinm'x such that » = ma/ 7 where m is the band
index and a is the period of the potential. We have
chosen the following data both for the case of Al and
Be: x,= a/2, {= 12/a and m = 1. The matrix ele-
ment in Eq. (1) for calculating the photocurrent now
reduces to the following:

-d - dy,
1=j;w ¥/ A,(x) E;dx

o ., ~ %
+f_dcpf (x) Aw(x) dx
2]‘ dAw(x) ,dx
+j0 tp;Aw(x)de. (4)

The photocurrent was calculated as a function of
photon energy (% w) by evaluating the integrals in
Eq. (4). The formalism was then applied to the case
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of metals Al and Be as they are free electron type of
metals. For these metals we have used the experi-
mentally determined dielectric function [18] for cal-
culating the photon fields through a subroutine of the
main FORTRAN programme.

The plot of the photocurrent as a function of
(% w) for normal photoemission is shown in Fig. 2.
We have shown here the photoemission for a con-
stant initial state for which the energy was located at
the Fermi level. As it is a model calculation, we have
chosen the location of the Fermi level for both Al
and Be to be at 0.43 Hartrees. The photocurrent
profile for Al showed a strong photoemission at
photon energy iw = 10 eV. This was followed by
a suppressed photoemission and therefore the pho-
tocurrent was minimum at iw = 15 eV (the plas-
mon energy of Al is fiw,=153 eV). There is
another hump in photocurrent data at iw = 18 eV,
We find that there is a qualitative agreement between
the experimental data [19] and the previously calcu-
lated results [10]. The experimental data of Levinson
et al. [19] showed a maxima in photocurrent at
fiw= 13 eV with the occurrence of a minima at the
plasmon energy. However in the case of Be the
behaviour of the photocurrent is similar to that of Al

Surface State Photoemission
1.2

—t— Al
—0—Be

Photocurrent (a.u.)

8 12 16 20 24
Photon Energy (eV)

Fig.2. Plot of photocurrent (normalized to unity) against the
photon energy (—eV) for Al and Be.

For example it showed a maximum at iw= 10 eV
followed by a minimum but not occurring at Aw =
fiw, (the plasmon energy of Be is 19.5 eV) like in
the previously calculated results [20]. It showed a
minimum in the photocurrent within the photon en-
ergy range of 18 eV to 20 eV. There was an en-
hancement in the photocurrent value for fw > fiw,.
We see from the variation of the photocurrent data
that even in the case of Be, it showed a qualitative
behaviour as seen earlier in the theoretical [20] and
experimental data [21].

The features seen in the behaviour of the pho-
tocurrent in Al and Be can be attributed to the fact
that in the free electron metals the change in bulk
potential is too weak to impart sufficient momentum
for photoexcitation. The surface photo-effect is due
to the rapid variation of photon fields in the surface
region. This is evident from the matrix element in
Eq. (1) where dffw/ dx is directly dependent on
photocurrent as the photon energy passes through the
threshold for photoexcitation. Moreover we have
considered a low photon energy photoemission, hence
the incident radiation is too weak to photoexcite
electrons from the bulk bands. The origin of the peak
in the photocurrent data in the case of Be for fiw <
% w, has been explained by Karlsson et al. [22] from
the band picture. He attributed this to the existence
of the surface state at I" with energy 2.8 ¢V in the
bulk energy band gap Iy — I .

Though the model presented in this report is very
simple, however, the inclusion of the initial state
wavefunction (derived by using the Mathieu poten-
tial) into the matrix element appears to reproduce the
qualitative features as observed earlier in photocur-
rent data of Al and Be. There are however shortcom-
ings in the formalism developed. For example, we
have used the same ¢, both for the surface and the
bulk regions of the solids. Further it is the spatial
variation of the photon fields which is monitoring
the change in the photocurrent. However it is a
simple type of calculations which enables one to see
the effect of inclusion of the Mathieu potential also
in the photoemission calculations. It would be still
appropriate and realistic if one can extend such type
of calculations to other metals like d-band or transi-
tion type by appropriately incorporating the sine and
cosine elliptic functions to the initial state wavefunc-
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tions [13,14]). One should also take into consideration
the band structure to widen the scope of such studies
to electronic structure calculations.
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Abstract
potenial had been used o evaluate the relevant matrix elements
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We have apphied the Kromg- Penney model potential to calculate photocurient from metals Mo and Cu. Spatially dependent vector
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In this note, a simple study of the behavior of photocurrent data
is presented for mofybdenum and copper metals in the low
phaton encrgy range. Photocurrent is calculated by using the
golden vule formula (1]

(/j—_27f , 2
E—*,}-Zk v |, >| S(E~E,)S(E, - E, -ho)

X [o (I =hw)ll— [, ()], n

where /7"1s the perturbation responsible for photoemission due
to ncident 1adiation of frequency @ 1y, >0W, >) refers to
the initiad (final) state wavelurctions, £, (E/ ) arc initial (final)
state energy, f,(£) denotes the Fermi occupation function. We
are consudering the photoemission 1o take place along z — axis
which is normal to the surface. H'can be written as

c |~ 1 d

d ~
Ho=— A (2)—+——
m('li o )(I: 2dz /\m(z):’, @

e T Allz : :
whete A )= _/\i_'_ with A7 (z) as the component of vector
)

potential along z-axis, A, is the amplitude of the incident beam.
We assume the z-direction to be perpendicular to the surface
which is chosen as 2 = 0. The metal is assumed {2] to occupy all
spuce to the left of the z = O plane. The response of the
clectromagnetic ficld is bulk-like every where cxcept in the

b Cortesponding Authm

surface region defined by —g < 7z < (0. In this region, the model
dielectric function is chosen to be a local one which interpolates
linearly between the bulk value inside the metal and the vacuum
value (unity) outside. The model frequency-dependent dielectric
function used for calculating A, (z) is given by

e(w)= g (w)+iey(w) for z<-a,
Z
E(w,z)=l+[l—e(w)]~;- for —a<z<0,
=1 for 2>0. 3)

We consider [2] a p-polarised light 10 be incident on the
surface plane making an angle 0, with the z-axis. The vector

potential of interest /Tw(z) in the long wavelength
(walc)— 0 is given by

~ sin 26;
A (Z): - 1
’ [E(m)_smzei]2 + £(w)cos b, for  z<-a,
- sin 20, ag(w)

[E(w)—sinz 0‘]‘1l +£(CU)C056, []—s(w)]z+‘¢1

for —a<$z50,

©20021IACS
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() s 2-@*

L
[l((u)~x1112 (),] +e(w)cosb, for

>0 “@

his il st wavelunction y, used ineq (1) 1s the one
deduccd By Thapand Kar |31 by employing Kronig — Penney
potcntial mode! nd had been applicd to various cases [4 7]
1 \perimentally measured values of dielectric constants [8] were
used for calculating the photon fields Photocurrent was
calculated form these metals for two values of the surface widths,
nmeh « =0 (narrow surface widthyand a = 10a u for the same
v ilues of surlace state energy (10 24 V) potennal barrier height
(1399V)and 0, =45° Higute | shows the plot of photocurrent
1 1 lunction of photon energy (i ) in the case of Mo We find

Mt for ¢ — 10 vu a moaxomum in the value of photocutrent

ocawms Al fjm 10 ¢V With the further mcacase of photon

cnurgy photocurtent decreases to a minumum value at hoo =12

v nd shows a small hump at fie = 14 meV But for a narrow

surf e width (a = 0y the behavior of photocurrent 1s quite

dittcrent s shown m Figwie T We do not find any peak tor
itucs of photon cnergy below and above 12 ¢V

Molybdenum

17
w o8
IS
=}
.P
n
b
3
£
I
2 04
a

0

? [¢) 10 14 18

Photon Enargy (eV)

Figure 1 Plot of photocutint {rom Mo as a function of photon encrgy

<\ for narrow surface width (¢ = 0) (open crcles) and surface width
=10 e (trangle)

Figuie 2 shows the plot of varation of photocurrent as a
function of photon encrgy 1 the case of Cu Tor the suiface
widtha=10au the peak in the value of photocurrent occurs at
frn =20¢V and decreases to ammimum at 26 ¢V photon cnergy
A second peak as also seen i the case of Cu at i =30 ¢V
Copper shows totally ditferent behavior {or the narrow suiface
width (¢ = 0) which s evident from Figure 2

B Zoliana Z Pachuau P K Patra, S S1vastava, R C Tewart and R K Thapa

We find that both the metals Mo and Cu have shown atlcast
a qualtative agreement with the behavior of photocurrent as

Copper

t2

o
@

04

Photocurrent (arb units)

10 18 20
Photon Energy (eV)

Figure 2 Plot of photocurrent from Cu as a function of photon energy
(cV) for narrow surface width (¢ =0) (open circles) and surface width
a =10 au (tnangle)

indicated also by other metals like Pd*, W5, Si° erc 1n which we
have also used the Kronig-Penney potential model However,
we see that the model employed do not exactly reproduce the
earher reported results For example, n the case of Mo, Weng et
al [9] have shown that in the case of high lying surlace state
case photoemission tntensity which 1s maximum at a photon
energy of 15 eV, tends towards a mimimum at 25 eV photon
cnergy followed by a hump at fiw = 30 eV It does show a
minsmum in photocurrent at plasmon energy of Mot e 24 4¢V
The reasons {or not exactly conforming to other models and the
expenimentally measured data [ 10] may be attributed to the fact
that our model 15 a rather approximate one For example, 1t does
not consider the detatls of the band structure effects Also the
matrix clement s mainly dependent on the varation of the vector
potential as evidenced 1n previous cases [4,5] In fact, 1t 1s the
variation of the vector potential which mainly moduiates the
matrix clement thereby bringing in the changes in photocurrent
This fact had been also argued by Weng er al [9) that the
occurrence of a peak 1n photoemission intensity 1n the case of
Mo is caused by the excitation of elcctrons by the A component
of the vector potential He further pointed out that the initial
states with A, symmetry can only be photoexcited by the A,
component of the incident photon field Though the model used
here 1s simple, 1t gives first-hand information with regard o the
cffect of changes m surface width, as well as the location of
initial state energy on photocurrent data
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W huve apphied the Mathieu potential model to photoemission calculations from metals The case of a strong potential 15
msidercd to descuibe the wavetunctions which 1s used for the evaluation of photocurrent from tungsten, molybdenum, copper
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. Introduction

We 1eport here a sumple formahism developed for
hotoemission studies by using the Mathieu potential
» descuibe the bulk and the sutface regions of metals
his ¢ 1se had been alieady 1epoited [1] but 1n the case
fadumimum and beryllium  Though the photocuitent
at11n these metals showed good behaviour conform-
12 to some extent to the theotetical and experimen-
ihresults published carthier howeves, the nearly empty
otential model (¢ ~ 0) had its own Iimtations For
vample 1t could be apphied only to the fiee election

Conuspondimg authot
Eomail addicys 1unkum w_th p1@yihoo com (R K Thapa)

type of metals In order that the model could be ex-
tended to the case of metals which has strong poten-
tials (¢ > 0), one can therefore make use of Mathieu
potential model to stiong and finite type of potentials
to deduce the wavefunctions for the bulk and suiface
regions Wavefunctions so deduced can be then used
to calculate the photocutient by evaluating the matiix
element as a function of photon eneigy and suiface
width

Mathieu potential has been used at first by Statz [2]
fot surface state calculations Levime [3] had also used
the Mathieu potential for calculating the condttions
for arbittary surface termunations We have used in
this formahism the model as desciibed by Davison and
Steslicha {4], as shown in Fiag 1 The simplest way
to 1epresent a peniodic potential in a one-dimensional

* 3 960HO2/S — se hiont matter © 2002 Pubhished by Elsevier Science B V
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wonclm bion iy,

ciystal 1 by a sinusotdal wave For such type of po
tential Schirodimger cquation reduces o well-known
Muathicu cquation Hhe amplitude V,, of the siusordal
ware 15 a measure of the crystal potential strength
If V,, 15 small (large). the Mathieu potential model ap-
proaches the nearly tiee election (ught binding ap-
proximation) limit and hence this model acts as a
biidge between these two extreme cases Two cases
arrses due to the effects of empty lattice and strong pe-
nodic lattice potential on the electronic states for de-
1ving the electon wavefunctions The case of empty
lattice (¢ ~ 0) had been alieady tepotted [1], hence in
this T etter we will focus our attention to the case of
strong penodic lattice potential (¢ > ()

2. Formalism

The photocurient density formula fiom golden 1ule
approximation can be written as

d, 1y  2n . 2
he = 2Ll )]
X(5([,~E,)(5(E/ — E, — hw)
X folF —=ho)[1 = JolF)]. (N

where W, () 1efer to the mmtal (final) state wave-
tuncoions and perturbation ' can be wiitten as

/1:( ¢ )(A p+p A

2«

where s, 1y the mass of the election p s the one-
clecion momentum operator and A 15 the vector

potential of the mcwdent photon field To compute the
photon field we have used the sumple dielecttic model
of Bagehr and Kar [5] which has been used catlier also
16,7] With simple modifications the photon field used
1n our calculations for three 1egions can be wiitten as

Ay, v < —d,

¥ A v)d
Aslw. ) = iT:le}:T())])\t—‘Fﬁ‘ ~d < v <0, (2)
Are(w), x > 0,

wheie A) 15 a constant depending on the dielectic
function € (@), photon encigy fiw and angle of mci-
dence 0,

€ onsrdenmg one dimensional arystab s potential s
epresented by V(1) = V, cos(2my fa), whee a s the
period of the potential and maximum (tepulsive) value
18 V, at v =0 The one-dimensional Schiodinget’s
cquation can now be wiitten as

¥"(2) + (a — 2g cos22) ¥ (z) =0, (3)

wheie 29 = V,/a, z = axjfa, T = (n/a)l, a =
E/T Here g 1s the magnutude of the potential which
measures s strength Eq (3) can be solved for
obtaimng 1mual state wavefunction v, (1) for the bulk
and surface regions (x < 0), and also for the vacuum
regions (x > () These wavefunctions as derived are
given as follows (1in atomic units)

(r]’[l\_’)l/qu(X(/,‘q)e—u(\",~\)
ot pp ~0), <0, )
(2{)1/28—“\—‘0)

(for¢z > 0),

where \(') =7 /avg, and xq 15 the location of the ciystal
sutface plane The other constants like u, ¢, etc have
been already described eatlier [1] It 1s, therefoie,
necessary to find an explicit form of atomic orbitals
b \(’,. ¢) to derive the mitial state wavetunction v, ()
The most general form 1s a himear combination of all
the bulk standing states se,, (x,, ¢) and Ce,,,(x(’,, g) for
all the Fermi energy gap m Thus the surface states will
be laigely a hybnd of sine and cosine elliptic functions
which 1s given by the expiession

‘/’1(\-(1):—

x>0,

¢ (19 q) = hucen(ry. q) — sem (xg, ). (5)

wheie A, 1s the hybridization patameter which can be
wiitten as

_sen(3y, ) = (E+ ) sel, (1), g)
" (Cm(\(lb(l)_(s +Il)—lrpllll(\(/)‘q)

{6)
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he sine and costne elliptre functions m Eg (5) 1 ex-
panded form can be witten as

\(’,”(\(,) (/)
=nimn
g [sm@m 420 singm — 2)\(’)]
I{ m+ 1 a m—1
g [ s 44y sin(m — 4y
7{(111+ 1y +2) (i — I)(/nLZ)]
+ (7

and

cem(rg.q)
=Cosmny
g [eostm + 2)\(’) costm — 2)\
- i{*m +1 ]
g [ costm 44y cos(m — 4)y,
_":[(/114— YO +2) (m - l)(m——2)]
-+ (8)

m— 1

For fimite suiface potential, sutface state existence
condiion imphes that

12
E=—,
4

m—3 5 (9)

)= A>0, and

to]

We aie considering surface state occurting for m =3
and hence from Eqs (7) and (8) we can write

(cz(\(/).q) =0.

ceifuin) =31+ - L),

16 640
, q L
’ =—l4+———yq",
(o ) o~ 640"
sei(Vy.q) =0 (10)
The hybndization constant A1 now reduces to
&+ [l = &+ d5a’
L= [ ic T 09 ] (an

2([4_%__‘1..)

610

Stace g (9 s the condtion for the sutface state exis-
tence, with the help of Egs. (10) and (11), theretore the
initial state wavetunctions cotresponding to electronic
states 1 the surface and bulk, and vacuum tegions can

be written as
1/2 1! L2
] (47:k,) (1‘\_/6*‘6'&6‘17)

1//,(x‘q)=l (12)

x e M x L xg,,

(2{)‘/26_5(‘—‘(”, x> X

The derivation of ¥, (x,q) is discussed in detail by
Pachuau {8].

The final state wavefunction y; uvsed is the scat-
teting state [9] of the step potential which is encoun-
teted by the electron. Step potential is defined by
V(v) = —Vuyf(x), where @(1) is unit function such
that 0(v) = 1 () for 2 > 0 (x < 0). The tinal state
wavefunction which is the solution of the step poten-
tial is given by (in atomic units)

] 1/2 2qy Sk ,—alz]
(2714/) q,+k,( e ’

z <0 (bulk and surface),

1/2 - -~k -
(anq[) / [e“”k +(3;+/\;)€ ”I‘]’
z2>0

where k} =2E;, q% =2E;-—W)and E; =E, +
hw. In Eq. (13), the factor ¢~ is included on the
sutiace and bulk side to take into account the inelastic
scattering of the electrons.

Photocurrent was calculated as a function of photon
encigy (fiw) in the case of d-band metals Itke molybde-
num, tungsten, copper and senuconducton silicon. For
each of these metals, the experimentally determined
dielectric function [10,11] were used for calculating
the photon fields but the same surface parameters were
used for all of these solids as it is a model calculation.

V() = (13)

{vacuum),

3. Results and discussion
3.1. Tungsten and molybdenum

The plot of photocurrent as a function of photon en-
ergy (fiw) tor W and Mo is shown in Figs 2 and 3 both
for surtace width d = 10 a.u. and narrow surface width
(d = 0). We have considered the case of high lying sur-
face state as was done by Weng ct al [12] The high
fying surtace state hres at =04 (=0 3¢V for W (Mo)
The peak n photocurtent occurred at hw = 15 eV in
the case of both W and Mo. But as the value of pho-
ton energy increased, the photocuirent decreased and

»
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Fin 2 Plot ot photocurtient (in atbitraty units) agamst the photon
ana sy (V) Tor W for the surhwe width o = 10 au and now
sihwee width o 0

<howed minum at the photon eneigies 20 (21 eV)
m the case of W (Mo) The plasmon energies of W
and Mo are respectively 253 and 24 4 eV Both of
these metals showed a shoulder 1in photocurient again
at fiy =23 eV followed by a peak of smaller height at
Iy =27 ¢V The 1atio between the two peaks i pho-
tocutient o photon encigies 15 and 23 ¢Voas appron-
matcly 1397 (49% ) 1w the case ol W (Mo) However,
the case of nartow sutiace width did not exhibit such
bch wiow m photocrent for both the metals W oand
Mo

The expertmental data of Weng et al [12] showed
that the ratio between the two peaks n photocurrent
i the case of W oand Mo are approximately 45% and
5+ This has a close approximation to owr calculated
dat v Ao e occunience of sceond peak i photo-
cuttent moout caleulated data m both W oand Mo 15
closely related to the expernimental data of Weng et
ab P12 Howevar the munmmum n photocunient tor W
(Mo) iid not occur at the plasmon energies which
was cleatly displayed by the experimental data We
thus find that the Mathicu potential model used m this
 deulatton tor defunng the mtual state wavetunction
Is auscelul model as the data caleulated showed at least
the quahitinve behaviow with the cxpenimental tesuhts

Photoemission from Mo

0

+d 10au
25 —-d Oau

Photocurrent {au)

Photon Energy (eV)

Mg 3 Plot of photocurrent (o arhitr iy units) yzanst the photon
encrgy OV Tor Mo for the swfwe wdthe d 10 0 md nmown
s width d =0

Surtace State Photoemission from Cu
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Lig 4 Plot of photocurnient (i arhstrany unis) gamst the photon
enetgy (eV) for Cu for the suttace width = 10 au and ninow
sl e width o =0

32 Copper

‘We have plotted the behaviour of photocuttent as
a function ot photon energy both for suiface width
d =10 au and nattow surface width for Cu (lig 4)
For the surface width d = 0 au, the photocutient
showed a4 maximum at fiw = [0 eV and decreased
to nunmmum at 20 eV, the plasmon energy of Cu At
photon eneigy fiw = 30 eV, 1t showed a second peak
mn cusrent but of lower height than at hw = 10 eV

It has been reported by Himpsel and Ortega [13]
that for Cu(100), Fernu level photoemisston mtensity
when plotted as a function of photon energy, the data
showed maximaat ficw = 10 S eV Similar reports were
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suthiccwidithd O

also given by T astman ¢t al [ 14] but with maximum
miensity occurnmg at fieo = 106 ¢V In our case out
modc! calculations has shown pe ki photocurrent at
fiw =10V The occurience of such peak 1n photocut-
tent m the band stiucture had been attiibuted to transt
tion 1 energy between the lower and upper s—p bands
cither at the Fermi level o1 neat 1t and has As symme-
1y The case of photocunient for nairow surtace width
just produced a linear line of veiy negligible magni-
tude m photocurient We find that Cu has shown at
least the qualitative feature with the behaviow of pho
tocuttent as indicated also by other metals like W [5]
Pd [6] Si1]4] ctc which were calculated earlier

1y Silicon

W have also used this model for calculating pho-
tocurrant from senuconductor Stowhich s shown
g 5 tarswlace widith = [0 au - we find that pho-
tocuitent showed a maximum height at hw = 10 eV
followed by a mimmimumat iw = 15 eV A second peak
of small magnitude was found at hw = 17 eV and de
ceased again to mimumum at 21 eV with further 1n
c1ease 1 photon energy This can be attuibuted to the
behaviour of ¢ (w) for silicon [15] which has a reso
nance at 21 ¢V In the case ot St also for the case of
nattow sutface width the magnutude of photocurient 1s
neghaible for ali the values of photon energy

We also have calculated the wavefunction given 1n
Fq (12) 1o see whether this can teproduce the re-
sults caleulated cathier in the case ol empty poten-
tial (¢ ~ 0) and for surface state condiion m = |
When this was apphied to the case of aluminium (Al)
and beryllium (Be), 1espectively, it was seen that the
photocuiient data matched exactly the eailier 1eported
data [11] both for Al and Be Further, the origin of the
occunience of the peak 1 photocurient for the values
of photon encigies below the plasmon encrgies ol met-
als has been attributable o the spatial vanation of the
photon fields in the sutface region This has been ind1-
cated [6] by the plot of dA,,/dx aganst x tor values of
photon energy at which peak m photocutient oceuried

A study of these cases show that one can also make
use of Mathieu type of potential in photoemission cal-
culations Though the model used is very sumple, how-
ever the imclusion of imtial state wavetunction imto the
matx element appeais to produce the qualitative lea-
tures as observed earlier in the experimentally mea-
suted data of photocurient The main drawback of the
model used 18 that the same mitial state wavefunction
Y, 15 used o desciibe both the surface and bulk 1e-
gions of the solids under study We have used the con-
stant 1nitial state enetgy for all the cases and also kept
constant other parameteis as 1t 1s a model calculation
However, 1t 1s 1nteresting to note that the wavefunc-
tions formulated for stiong periodic potential easily re-
produces the wavefunctions for empty potential (fiee
clection) cases It was also found that bulk potential
had very hittle effect on photoemission This fact had
been explained by Levinson and others [16,17] as seen
i the case of aluminium Further the large drop n the
value of photocurtent as photon energy approached the

plasmon eneigy 1s due to the deciease 1 the value of
dA,/dx
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We have shown n this report the application of projection operator method of group
theory 1n deniving the wavefunctions for the surface state in Cu(110) which had been
used 1n calculating photocurrent This approach gives a qualitative characterization of
surface states simply on the basis of existing bulk-band structure calculations.

1. Introduction

Photoemission involved the interaction of radiation with electron of the solid. The
clectrons which we in the valence band or lying at the Fermi level or below it
are perturbed and photoexcited. Some of these photoexcited electrons which gains
sufficient kinetic energy are able to overcome the work function and hence are
excited to the vacuum. They in fact contribute to the photocurrent which are
measured by the detector. Theoretically photocurrent is calculated by evaluating
the matrix element (¥;|H’|¥,) involved in the photocurrent density formula as
given by Ferini golden rule. Due to the presence of the surface, the calculations
of clectionic states [W,) is a complicated problemn. Ordinarily, a crystal state of
an clectron is defined by a Bloch wavefunction. Hence there may be generally two
types of electron states which are of importance namely,

(1) Inadent-reflected pair of bulk Bloch waves which are propagating within the

crystal but evanescent in the vacuum. Such states have the same energy as that
of the bulk.

*Author for correspondence
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(ii) A surface electron wave which propagates along the boundary with k parallel to
the surface/interface. This wave is concentrated in the surface and is evanescent
both in the bulk and the vacuum regions,

The identification of such states to those lying in the bulk band gaps leads to
complex wavevector. These states pertain to surface states. In this report, we are
presenting a model calculation of electronic state defined by ¥; which represents
the surface electronic states and is calculated by employing the projector operator
technique of group theory. This had been applied! to calculate photocurrent from
the Cu(110) surface states.

2. Formalism

The photocurrent, density formula from golden rule approximation can be written as

%(Qi) = % > s H W) *8(E ~ Ef)3(Eg — E; ~ hw) fo(E — hw)[1 - fo(E)] (1)

where W,(¥y) refer to the initial (final) state wavefunctions and the perturbation
H' can be written as

’— e . . .
H _<2mec> (A-p+p-A)

with m, the mass of the electron, p the one-electron momentum operator and A
the vector potential of the incident photon field. To compute the photon field we
have used the simple dielectric model, which has also been used earlier.3* With

simple modifications the photon field used in our calculations for three regions can
be written as

Ay z2< —d (bulk)

7 Aje(w)e

Au(w, z) = [1——__61—&(}—)]—)211—5 —d £ z <0 (surface) (2)
Are(w) 220 (vacuum)

where A; is a constant depending on the dielectric function €(w), photon energy
fw and angle of incidence ;.

The final state wavelunction [¥) used is the scattering state of the step po-

tential which is encountered by the clectron. Step potential is defined by V(z) =
V0(z) where 0(z) is unit function such that 0(z) = 10) for 2 >0 (2 < 0).

The final state wavelunction which is the solution of the step potential is given

by (in atomic units):
1 b 2q
f krz ,—alz|
e'rZe 2<0
(27F<Jf> ar +ky

1
1 \? qr — kg
— etdrz 4 24 7 —1grz
(27”1f) ( Qf+kf)e z>0
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A\ Elinenc
VACUUM

v

ho

BULK -

Ly | Model potential diagram for calculating ¥, defining the bulk, surface (of wadth d) and
vacuum regions

where
k% =2E;, q; =2Ef—~Vo) and Ef=E, +hw.

In Eq (3), the factor e=2l*l is included on the surface and bulk to take into account
of the inclastic scattering of the electrons. To calculate initial state wavefunction
¥,, we have assumed empty lattice potential as shown in Fig. 1. In one dimension,
one can write ¥, as

{ P(z)(e**** + Re~tks2)enz surface & bulk z <0

Vi(2) = (4)

Te—x* vacuum z2>0
where ¢(z) is the atomic orbitals which is caleulated using projection operator
tmethod of group theory, The cocfficients R and T are evaluated by matching the
wavefunctions and its derivative at z = Q and are given by

pe_Uthk)—ulx+p
(1—k) —x+up)’

B 2%,
B (1“1‘71)‘1()(‘*‘“).

For Cu(110), surface state occurs? in the Lo — Ly band gap. The LCAO repre-
sentation for Ly point is (z+y+2) /\/5. We have therefore considered the point Lo/
for which the point group is Cz, We have obtained the basis function for the Cy,
pomt group cortesponding to Cu(110) sutface state using the projection operator
formula®

()

Py, = ‘3 ST (T) P(T). (6)
T
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Cu (110) Surtace
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Fig. 2. Plot of photocurrent as a function of photon energy for surface state located at 2.72 eV
below Fermi level (surface width d = 10 a.u.)

Here lp is the dimension of the unitary irreducible representation of the group G
of Schrodinger equation, g is the order of G and ) is the summation over all
transformation of T on G. The final form of ¥; obtained in one dimension can be
written as

lI/i(z) - s 7
TeikllR\\e‘Xz ( )

where k2 = 2E;, x% = 2(Vy ~ Ei), p = ki — m/a and a is the lattice constant.
Evaluation of photocurrent density given by Eq. (1) now reduces to the evalu-
ation of the integral

- 0
1:/ \I/}Aw\ll,-dz+/ \I/}flwa—d—\l/;dz
—00 —a 2
10 dA, o
+§/ \D,T\I/i(lz+/ ViAve(w)Widz. (8)
-a e Q

Integrals in Eq. (8) are evaluated numerically.

3. Results and Discussions

We have applied the model wavefunction developed for calculating photocurrent
from Cu(110) surface, where two surface states have been observed experimentally
in photoemission®” and inverse photoemission®? measurements. Surface states?
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were found to exist in the band gap Ly — L1 and we have considered in our cal-
culations only the surface state occurring at symmetry point Lo As it is a model
calenintion and also we are interested in the effect of wavefunction ¥; on the ma-
trix element for photocurrent evaluation, hence an empty potential was assumed to
exist for Cu. Experimentally determined dielectric constants were used to calculate
the photon field vector in Eq. (2), and the lattice constant for Cu was chosen to be
a = 3.61 A. We have assumed the surface state to be located at 2.72 eV below the
Fermi level of Cu. The variation of photocurrent against photon energy pertaining
to this surface state is shown in Fig. 2. We find that photocurrent is maximum
when photon energy (Aw) is 12 eV, and it decreases to a minimum at fiw = 14 eV.
Further increase in photon energy causes it to rise to a second maximum at around
hw = 17 eV, after which the photocurrent decreases towards minimum. This de-
crease in the photocurrent is due to the presence of the term a associated with
the wavefunction. We find that the dielectric model used in this calculation, which
incorporates the wavefunction ¥; in the matrix element, gives photocurrent results
which showed similar variation as that found in metals like?® Be, W etc. Further-
more, the photocurrent data in the case of the Cu(110) surface state showed better
qualitative agreement than that obtained using the Mathicu potential'® model.
However the wavefunction W; used in the model calculation defines both the bulk
and the surface clectronic states which in fact is not appropriate. We need a specific
type of wavelunetion separately for the surface and the bulk regions. Furthermore
we have not considered the effect of crystal potential and it had been assumed to
be an empty potential type which is not correct as Cu belongs to d-band type met-
als where the potential is very strong. However, as shown by Bertel,* we find that
projection operator technique can be used to obtain a symmetry analysis of surface

states to generate symmetry-adapted surface state wavefunctions which can also be
used for photoemission calculations.
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Abstract

Photocurrent results from ferromagnetic matenals Fe and Ny and d-band metals Pd and Cr 15 discussed which 15 calculated

by using the Mathieu potential for the crystal A local dielectric functions have been used to calculate the electromagnetic field for the bulk,

surface and vacuum regions of the metals
Keywords Photociission, metals, Mathieu potential

PPACS Nos 7960 Bim 7722 Ch

Mathieu potential had been applied to photoemission
calculations by Pachuau et al [1] in the case of empty
potential and a strong potential [2] These cases had been
applied to free-electron type metals like Al and Be for empty
potentials and d-band type metals Cu, W, Mo and also S1
It has been seen that surface photoeffect had been exhibited
in these metals for values of incident photon energies below
and above the plasmon encrgy but within low photon encrgy
range With this view in mind, we present in this Note, the
cxtenston of Mathicu potential model developed to the
calculations of photocurrent from ferromagnetic metals Ni
and Fe and tansttion metals Pd and Cr

The photocurrent density formula [1] from golden rule
approximation can be written as

d(E) _2n ,
PT9) :TZIWfl”Iw.)IZ(S(E—E,)

XO(E; —E ~hw) fo(E-ho)l}~ fo(E)}, (D)

-
Corresponding Author

where ¥, (W) refer to the imitial {final) state wavetunctions,
perturbation H' can be written as

’_ e
H —(——MCJ (4 p+p A),

where m, 1s the mass of the electron, p the one-electron
momentum operator and A 1s the vector potential of the
incident photon ficld With simple modifications, the photon
ficld used m our calculations for three regions can be

wrilten as
A, x<—d (bulk),
< _] A.gw)yd
Ay(w,x)= T—e(@)r+d’ —d<x<0 (surface), (2)
A g(w), x20 (vacuum),

where Ay 15 a constant depending on the dielectiic funcuon
&(w), photon encrgy fiw and angle ol incidence 8, €(w)
1s defined locally and interpolates hincarly between the bulk

© 2003 IACS
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and the vacuum values Considering onc-dimensional crystal,
1ts potenual 15 1epresented by V() = V, cos2mxf/a, where
a,1s the pertod of the arystal potential and maximum
(epulsive) value s V, at a = 0. The one dimensional
Schroedinger’s equation can now be written as

([2\]/
5+ (a2qcos22)¥V =0, 3)
az
2
where 2q=y" ,Z=E,T=(E—) ,a=—E,. Heie, g 1s the
a a a Vi

magnitude of the potenual which measured its strength.
Eq (3) can be solved for obtaining imitial state wavefunction
Y¥,(x) for the bulk and surface regions (x<0) and also
for the vacuum regions These wavefunctions as derived
arc given by (in atomic units) :

1/2
(_l_)/ 1~1+L 2)6‘”(“"—")v 1< xp,
l]/l(k’q): 47[/(: 16640

(25)V2 g=8Cx—0) |

C))

x> xq.

The denvation of ¥, (x,q) had been discussed in detail by
Pachuau 2,3}

The step potential at the surface encountered by an
clection s defimed by V() =-V,0(1), where 6(x) is vnit
funcuion such that 0(x) = 1()) tot x > 0 (x < 0). The [inal
state wavefunction which 1s the solution of this step potential
and 15 given by (in alomic units) :

1

1 2 2(11 elk JRPR Y

27 q, +k ’
Ay ) 94 7hy

(bulk and
surface),

2, q, —h .
(—]——} [e"f‘+-’———i}e %, x>0 (vacuum),

V/f(/\)=
2y, ‘1/+kj

whete A7 =217, q7 =28, ~Vyyand Ify) = E, 4+ hw

In cq. (5), the factor e~ 15 included on the surlace

and bulk side to take into account the inclastic scattering of

the clections

Photocutient was calculated fiom metals Fe, Ni, Pd and
Cri as a tunctton ol meident photon cneigy (hw) for two
dilferent values of sutface width = 10 au. and d = 0.0,
The teal and magiary parts ol diclectite constants were
calculated for cach of these metals by using the
cxpenimentally determined values [4]) of refractive indices
and absorption cocfhicients (extinction constant). However,
we have used the same surface paramcters £,,8, .., forall
the metals as was used tn the case of Cu

Relciing to Figuie 1, we have plotted photocurrent as
a {unction ol photon cnetgy (fiw) n the case of Fe. It 1s

observed that maximum in photocurrent is obtaned at
fiw =15 eV for d = 10 a.u. For further increase in photon
cnetgy, photocurrent decreases and becomes minimum at
hw =19 ¢V. A sccond peak of small height in photocurient
1s obtained at hw =24 eV. Similarly in the case of Ni also,

Fe

5 DOE+05

—a—d= 10au
—o—d=0.0a.u.

4 S0E+05 |
4 00E+05 |
3 506405 |
3 00E+05 1

2 50E+05 i

Photocurrent (arb umts)

2 00E+05

1 S50E+05 4

1.00E+05 v T T T
10 14 18 22 28 30

Photon cenergy (¢V)

Figure 1. Vanation of photocurrent against photon energy for surface
width 4 = 100 au and narrow surface width (d = 0 0 ay) in the case
of Fe

we have plotied (Figure 2) photocurrent as a function of
photon energy for d = 10 a.u. For Ni, we find a maximum
in photocurrent at photon energy hw=15eV, but it
decreases towards zero as photon energy is further increased.

Ni
3 50E+05

3.00E+05
250E405 |
2008408
150405 |

1 00E+05

Photocurrent (arb units)

S 00E+04

0 00E+00

8 12 16 20 24 8
Photon enaigy (¢V)

Figure 2. Same as in Figure | in the case of Nt

Besides these two magnetic metals, photocurrent was
also calculated in the case of Pd and Cr with the samc
initial parameters as was used in the case of Fe and Ni. The
behaviour of photocurrent is shown in Figure 3. For surface
width ¢ = 10 a.u., we find that a maximum in photocurrent

occurred at hAw=8eV, decreased to minimum at
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ho =15 ¢V It showed a small hump mn photocurrent for
hw =17 ¢V and decieased to mimumum agamn for further
increase of photon cnergy Photocurrent data of Pd showed
behaviour exactly similar to that obtained by Thapa [5] but
by using the Kromg-Penney potential model For narrow
suiface width, photocurrent data showed a constant value
also for Pd when plotted against photon energy.

Pd

1200

—d—ds 10au

1000 —mgx OBy

800
600

400 |

Photocurrent (arb units)

200 A

04 L

Photon encrgy (¢V)

Igure 3 Same as in Figure | 1n the case of Pd

We show n Figure 4, the plot of photocurrent as a
function of photon encrgy n the case of Cr Ford =10 a.u.,
there 15 a peak in photocurrent obtained at A =14 ¢V,
Again, photocurrent decreased to minimum at Ao =19 eV
and showed a sccond hump of lower magnitude at
hw =27 cV. Cr also showed similar behaviour for narrow
surface width as scen 1n the case of Fe, Nt and Pd.

Cr
3 00E+05
~a—dsi0ruy
2 506405 { ~o—d=00av
z
5 200E+05 {
0
8 3
o 1506405
g
2
g 100408
=
a.
5 ODE+04
0 DOEAID 6-0-0-0-0-0-0-9-0-0-0-0-0-0-0-0-0-0-0-¢
10 12 14 16 18 20 22 24 26 28 X
Photon cnergy (cV)
Pigure 4 Snue as w Fguie | the case ol Cr

We tind tront our results that in the low photon cenergy
range all the metals showed similar trends 1n the behaviour
of photocunicnt {or both the sutface widths The origin of
fist peak at o =8 ¢V 1n the case ol Pd s atiributed to
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surlace photoetiect as explamned by Thapa |5} This had
been evidenced by the plot of field for photon energy below
and above 8 eV. The decrease in photocurrent to minimum
after the first peak in all the metals is due to loss of photon
energy by excitations of bulk plasmons. Plasmons in metals
and semiconductors play a significant role in transport and
optical properties. Surface plasmons and in general, the
dynamical screen properties at the surface attracted therefore
considerable attention [6,7]. Surface plasmons in particular,
are of importance as it is linked to the position of the centroid
of the screening charge [8] at the surface plasmon frequency.
We assume the surface plasmon frequency (wgs) to be the
value of photon frequency at which photocurrent is
maximum and this is rclated to bulk plasmon frequency
(wg) by wg =wp V2. Further, it had been already shown
from electrodynamics of surface phenomena [9] that at
frequency @ = wp, the component of electromagnetic field
(vector potential) tends towards minimum which causes the
photocurrent to be also minimum. We find that the metals
under study, satisfy this condition although bulk plasmon
frequency (energy) is not a well-defined quantity. Here, we
have considered it to be equal to the value at which g, — 0.

We have also plotted photocurrent as a function of hw
for narrow surface width i.e. d = 0 a.u. by including Fresnel
fields for all the metals under study. The behaviour of
photocurrent in this case, was found to be quite diflerent.
There is no peak in photocurrent found as in the case for d
= {0 au. The photocurrent in this case, is constant and
remains parallel with the x-axis. This indicates that inclusion
of field is important in photoemission calculations

We have tried in this report to see the effect of Mathieu
type of potential on photoemission calculations. We find
that photocurrent results from these metals showed similar
behaviour as had been obtained by Thapa et al (10] in the
case of other metals and semiconductors {11]. However, the
main drawback of the model presented here is that the same
initial state wavefunction is used both for the surface and
the bulk regions of the metal to caleulate the photocurient,
We are working to represent the initial state wavelunction
accurately for these regions by applying the projection
operator method of group theory [12].
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ABSTRACT

We have applied the Kronig - Penney model potential to calculate photocurrent
from ferromagnetic metals Ni and Fe. Spatially dependent vector potential had been used
to evaluate the relevant matrix elements for calculating photocurrents.
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Magnetic materials are very important as they play key role in the generation and
distribution of electric power, and in communication it finds use in the data storage and
retrieving mechanism, This application in information technology has made therefore, the
thin film technology as the center of primary interest in Solid State Physics. In order to
therefore comprehend the microscopic origin of the novel magnetic effects of thin film
and multilayers, the electronic structure, in particular that of surfaces and interfaces needs
to be studied. Theoretical study of the electronic structure along with the experiment is
important in understanding the properties of magnetic materials. Angle-resolved
photoemission technique is now one of the most widely used experimental tools for
studying the band structure of metals, semiconductors as well as that of superconductors.
In this brief report a simple study of the behavior of photocurrent data is presented for
ferromagnetic metals Ni and Fe in the low photon energy range.

In this report, we present a simple treatment of photoemission in which
photocurrent is calculated by using the golden rule formula given by

di(E) 2n
_J;Q) =72|< w Ay, >P S(E-E;)S(E, - E —ho) f,(E-ho)[1- f£,(E)] (1)
where A is the perturbation responsible for photoemission by radiation of frequency @

and Y, (v ; ) refers to the initial (final) state wavefunction, E,(E ;) the initial (final)

state energy, f,(E) denotes the Fermi occupation function. We are considering the

photoemission to take place along z — axis which is normal to the surface. We may

therefore write A in one-dimension as



e |~ d 1d~
A LAl 2L] 2
2mc[ 0 (2) dz 2dz “'(z):l @

where Zw (z) = ACZD (z)/A,, is the component of vector potential along z -axis, A, is the

amplitude of the incident beam. We assume z-direction to be perpendicular to the surface
which is chosen as z = 0 plane. The metal is assumed to occupy all space to the left of
the z=0 plane. The response of the electromagnetic field is bulk-like everywhere except

in the surface region defined by -« <z <0. In this region, the model dielectric

function is chosen to be local one, which interpolates linearly between the bulk value
inside the metal (z < - a) and the vacuum value (unity) outside (z > 0). The model

frequency-dependent dielectric function used is therefore given by,

s(m)sel(m)+is2(m), z < —-a
e(o, z) = 1-+{1-e(w)](z/ a), -~-a<z<0
1, z 20

3

We consider a p - polarized light to be incident on the surface plane making an angle 8,
with the z - axis. The vector potential of interest in the long wavelength (wa/c)— 0 is
given by

B, z<-a
Zw(z)= Bae(w)/{[l-e(w) ]z + a}, —a<z<(0 4)
Be(w), z20.



sin26,
[ee( —sin’6 ] +e(w)cosb

where B =-—

The initial state wavefunction y, used in Eq. (1) is the one deduced by Thapa

and Kar' by employing Kronig - Penney potential model and had been applied to
various cases >~ *. Photocurrent was calculated form these metals for two values of the
surface widths, namely a = 0 (narrow surface width) and a = 10 a.u. for the same values
of surface state energy (11.1 eV), potential barrier height = 15.75 eV, 0i= 45°, scattering
factor a = 0.5 and phase shift (8) = - 0.5055. The dielectric constants were calculated
from the experimental values® of refractive index (n) and absorption coefficient (k). For
each of the metal under study we have plotted the values of photocurrent as a function of
incident photon energy (Ao ) for two different values of surface widths namely a = 10 a.

u.and a=0.0 a.u. (narrow surface width.)

Fig.1 shows the plot of photocurrent® in the case of ferromagnet Ni. For a = 10
a.u. photocurrent showed a maximum at Aw ~ 10eV and decreased to minimum at 14

eV photon energy. A second hump in photocurrent was obtained at iw = 20 eV and

decreased with the further increase of photon energy.

We have also plotted the variation of photocurrent against the incident photon
energy in the case of narrow surface width (a =0.0). As the magnitude of photocurrent
was too small compared to the values for a = 10 a.u., photocurrent values for each photon
energy was multiplied by S times to get it magnified and significant too. However the
behavior of photocurrent for this case is quite different and did not exhibit any minima at

hw, or maxima below hw, (the plasmon energy of Ni).



In Fig. 2 we show the plots of photocurrent in the case of Fe. In this case we find
maxima in photocurrent at Aw = 10 eV followed by a minimum at Zzw =12 ¢V fora=
10 a. u. Another hump in photocurrent is seen at o = 15 eV. The photocurrent data for
narrow surface width is also plotted but its behavior is similar as in the case of Ni.

Ni is the best understood of the magnetic transition metals, certainly the
most studied, and is believed to be an itinerant-electron ferromagnet. The experimental
optical density of states (DOS) of ferromagnet Ni consists of high density’ d-bands
extending from Er to about 5.6 eV. Keeping this in mind, photocurrent in the case of Ni
was calculated from its Fermi level. The plasmon energy of Ni as experimentally found is
~ 21 eV and at this photon energy, photocurrent is normally expected to be minimum as
also exhibited by other metals like AL, W3, Pd*, Be® etc. However in our case, we get
minimum in photocurrent at ~14eV photon energy. The deviation in the occurrence of
minimum from 21 eV to 14 eV in the case of Ni can be attributed mainly due to
refraction effects in which the electromagnetic field plays the vital role. At plasmon
frequency, the component of electromagnetic field perpendicular to the surface is zero
due to which photocurrent decreases to minimum. Similar explanations can be attributed
to the case of behavior of photocurrent in Fe. However in the case of these two metals,
we have assumed plasmon energy to be 12 eV at which photocurrent tends towards a

minimum value.

The occurrence of maxima in photocurrent at Aw < hw, is due to surface effect.

This fact had been explained already in the case of other metals’ "¢ by considering the

location of the surface state wavefunction in and around the surface plane.



We have attempted in this report to present the dependence of photocurrent on the
frequency of the incident photon field and the surface thickness. Photocurrent had been
calculated in low photon energy range in order not to photoexcite the bulk oscillation.

The reason for this being that the excitations are basically due to surface photo effect and
the photocurrent peak therefore occurs at hw s= ha, / V2 which is the surface plasmons

value.
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FIGURE CAPTIONS:

Figure 1 : Variation of photocurrent (in arb. units) against photon energy
(eV) for narrow surface width (a=0.0) and for surface of width
=10.0 a. u. in the case of Ni.
Figure 2 : Variation of photocurrent (in arb. units) against photon energy
(eV) for narrow surface width ( a = 0.0) and for surface of width

a=10.0 a.u. in the case of Fe.
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