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CHAPTER 1 

INTRODUCTION 

Pbotoemission is basically concerned with the emission of electrons 

from the surface/bulk of metals by the incident electromagnetic radiation in the 

ultra-violet (UV) region. Pbotoemission spectroscopy has now been widely used as a 

method for studying the electronic properties of solids. But the detailed interpretation 

of the pbotoemission data requires the use of a theory of pbotoemission which should 

in its simplest form be able to calculate the initial and final state electronic wave 

functions, as well as the spatial form of the vector potential which is involved in 

pbotoemission matrix element i.e. < ^f Iffly/i > Except Feibehnan, veiy few authors 

have taken care to evaluate the initial state wave function ^, involved in the formula 

for photocurrent in pbotoemission. However, the method of Feibelman could be 

extended only to free electron metals. In this thesis, we will be interested mainly in the 

formulation of initial state wavefunction by suitably choosing a model potential vMch 

would be equally applicable to free electron metals, d-band metals as well as 

semiconductors. This would enable one to interpret the measured photocurrent data in 

a more realistic approach. 

Electronic properties of solids are found to be different in the surface 

region than in the bulk region. The reason for this being that the presence of surface 

modifies the electronic properties due to loss of the periodicity in the direction normal 

to the surface. The electronic distribution may differ quite significantly from that in the 



bulk, although the region important for this departure from bulk value is only a few 

lattice parameters. There may be new types of states, surface states or resonances 

which are spatially located in the surface region, and the case of pure surface states are 

forbidden in the bulk. Experimental techniques like angle-resolved photoemission, 

field-emissions, photo-field emissions, inverse photoemissions etc. can well be used to 

probe these states in the surface region. However, while angle-resolved 

photoemissions can also be used to study these states, the variations of the 

electromagnetic fields associated with photon in the surface presents an additional 

problem. Due to complex problem created by the presence of the surface in 

photoemission studies, many authors have neglected the effect of the variation of the 

electromagnetic fields with photon energy. 

As aZ> miYio treatment ofthe variation of fields near surfaces is extremely a 

complex situation involving tremendously a large computational effort, we will be 

using simple dielectric model to compute these fields. The dielectric model in which 

the dielectric function is assumed to vary linearly as a function ofthe distance from the 

surface region, can be solved to get the electromagnetic fields in the region of interest. 

The important thing with this model being that the dielectric function is a function of 

both frequency and spatial co-ordinate. The dielectric function interpolates linearly 

between the bulk value inside the metal and the vacuum value (unity) outside. In this 

model, the complex dielectric constant of metals is evaluated by using the 

experimentally determined frequency-dependent dielectric functions. We have used 

this model or its modified form for calculations of electromagnetic fields in the 



metals and semiconductors. The fields so determined will be used tor calculating tiie 

photoemission cross-sections tor det^mining tiie i^otocurrent as a function of 

I^oton energy by e^^uating the matrix element < ^y \ff |^, >. The bdmviour of 

I^tocurreat especially near the plasmon ^ergy of metals under study would be of 

particular int^est. 

The exact formulation of the initial state wavefunction by choosing the 

aip-oi^iate pot^tial model tor the surface and tiie bulk regions of the solid is v ^ 

important and complex too in i^toemission study. There are various ai^oaches to 

sur&ce and bulk f^oto^nission calculations vMch. had been ai^lied to real cases. In 

this proposal, we are considering as a first step, the applications of 

Kronig-Penney(KP) model potential as applied by Thapaand others to metals and 

s^niconductors. We have formulated the initial state wavefunction y/^ in such a 

way that it ̂ e s into account botii the surface and tiie bulk potential using the Mathieu 

potential model. A realistic type ofcalculations tor the surface state in i^to^nission 

has been done by Levine using this model which was proposed at first by Statz. In this 

type of potential given by V=V^cos( - ^ X the amplitude V^ is a measure of the ciystal 

potential strength in a mono-atomic crystal, and the ionicity in a di- atomic one. When 

V^ is small (large), the Mathieu potential model approaches the Nearly Free 

EIectron(Tight Binding Apim>ximation) limit, and thus acts as a bridge between these 

two extreme conditions. Davison and Levine, Slater and Carver have used the Mathieu 

potential to describe the energy bands in a realistic crystal. We, therefore, find that no 

such calculations have been done in photoemission which incorporates both the 



photon field variation and the initial state derived by using the Mathieu potential model. 

This potential would be used to solve Schroedinger's equation, the wavefimction 

and its derivative being evaluated at z = 0 plane. The formulated w^ would be then 

used to calculate the photocurrent from metals and semiconductors. The final state 

wavefimction y/f will be the scattering final state of the step like potential existing 

at the surface defined by F(z) = -Vod(z), v^^ch an electron encounters when it is 

being transmitted through the surface. The Golden Rule formula for calculating the 

photocurrent density is given by 

^^^i:\<y,0\yft>\^6iE-Efymf-^i-f^)W-fKon\-Um (11) 

where ff is the perturbation responsible for photoemission by radiation of 

frequency, |^,>and |^y> refers to the initial(final) state wavefunction,E;(E^) refers 

to the initial(final) state energy, f„(E) denotes the Fermi occupation function. We are 

considering the photoemission to take place along z-axis v^ch is normal to the 

surface. We may therefore write //* as 

H' = MAa>{z)i + \iA^{z)\ (1.2) 

where Aco(z) = " ^ — vvith Ai^(z) as the component of vector potential along 

z-axis,/4o is the amplitude of the incident beam. The formula for photoemision 

cross-section can be written as 



In this thesis, we have developed a simple formalism for photoemission 

calculation in which the free electron states are derived by using the Mathieu potential. 

The Mathieu potential has been at first used by Statz for surface state calculatioiL 

Levine had also used Mathieu potential for calculating the condition for arbitrary 

surface terminatioa We have used in this formalism the model as described by Davison 

and Steslicka for describing the crystal potential which was then used for deriving the 

initial state wavefimction for photocurrent calculations. 

To compute the photon field, we have used the simple model of 

Bagchi and Kar which has been used earlier also. To determine the inital state 

wavefimction ^ , , we have considered, at first an empty lattice with a finite step 

potential. The photocurrent was calculated as a fimction of photon energy (/tco). 

The formalism was then applied to the case of free electron metals like aluminium and 

berylixrai. For these metals, we have used the experimentally determined dielectric 

function for calculating the photocurrent through the subroutine of the main 

FORTRAN program. We find that in the case of Al and Be, there is a qualitative 

agreement between the theoretical and experimental data. We then extend this model 

for a finite surface potential with strong periodic lattice and apply it to solids like 

tungsten, molybdenum and semiconductor silicon. Using the initial state wavefimction 

derived with this model, we used the field obtained from the experimental data of 

dielectric fimctions and discuss the photocurrent calculations. 

The topics in this thesis are arranged as follows: In Chapter 2, we shall discuss 

the model of dielectric response function used for the calculation of the 

electromagnetic field (photon field vector) for the vacuum, surface and bulk region of 

the solids. This photon field vector was then used to calculate the field for solids like 



beryllium, molybdenum, tungsten and silicon. In Chapter 3, photoemission 

calculations using the Kronig-Penney model will be discussed. The dielectric model 

of Bagchi and Kar and also Lorentz-Drude dielectric model will be used to calculate 

the field which were then applied to calculate the photocurrent in the case of metals 

like molybdenum, copper, tungsten and semiconductors silicon and gallium arsenide. 

The relativistic effect in the band state calculation of photoemission is also briefly 

discussed in Chapter 3. In Chapter 4, we shall discuss the formulation of the initial 

state wavefunction by using the Mathieu potential model and discuss a number of 

applications. 



CHAPTER 2 

DIELECTRIC MODEL AND ELECTROMAGNETIC FIELD 

In this chapter, we shall discuss the dielectric model used and the calculation of 

electromagnetic field in a solid vydien electromagnetic radiation is incident on it. The 

calculation of the fields near a sur^ce is a complex problem and ab initio calculations 

have been done only for jellium. However, these calculations have not been exentended 

to other metals where the jellium model is not applicable. Further, if one wants to 

consider the field variation in the presence of surface for metals, e.g. d-band metals 

like tungsten, molybdemmi, palladium,etc., one has to use simpler models. The 

dielectric model used by Bagchi and Kar for the case of tungsten has been used for the 

calculation of the electromagnetic field in the surface region. This model involves the 

linear interpolation in the surface region between the bulk dielectric fimction and the 

vacuum value. Though it has some deficiencies, it is important to note that it is a local 

response fimction and can be traced as shown by the application to tungsten and 

aluminium. It also gives good results in agreement with the experimentally 

determined value. Since the bulk dielectric value required for this model is obtained 

experimentally, the field calculation can be extended to the case of 

semiconductors. We will briefly describe the dielectric model used and the calculation 

of the electromagnetic fields fi-om it. 

2.1 Calculation of Dielectric Model and Electromagnetic Field : 

The dielectric model used is the one given by Bagchi and Kar w^ch is shown 

in Fig. (2.1). The metal is assumed to occupy the space to the left of the z-plane. In the 

region-o ^ r < 0 , the dielectric constant is chosen to be a local fimction which 



interpolates linearly between the bulk value inside the metal and the vacuum value(imity) 

outside. The model frequency-dependent dielectric function is, therefore, given by 

e 1 (Q>) + /e2 (ft>), for z<-a 

e(ctj,z)= l + [ l - e ( t » ) ] 7 for -a<z<0 

1, for z > 0 . (2.1) 

The incident radiation is taken to be p-polarised of frequency QJ and incident 

on the surface at an angle of incidence 0/. A gauge was chosen in which the scalar 

potential A is set equal to zero and the electromagnetic field E(Q,co,z) is expressed 

in terms of the vector potential as 

E(Q,co,z)--^AiQ,co,z) (2.2) 

where Q = ^sinO^. The magnetic field B(z) = yi(jQ^ co^ z) points in the y-direction 

and it follows that: 

i<if)^(^-^)-°. 
where e = ^co, z)- The electric field component can be obtained from the magnetic 

field as 

E'(Q.,(0,z)--^^^ (2.4) 



To solve Eq. (2.3), a new variable u(z) was introduced according to the discission of 

Landau and Lifshitz which is given by B(z) = u(z)ye. Then u(z) satisfies the 

equation: 

^ - f ( e - sm^e.)u.lj^ - l ^ f ) ^ ] u = 0 (2.5) 

For the dielectric model used, ^ is finite only in the region -a^z^O and ^-^ 

vanishes everywhere except for singularities at z = + a. The vector potential 

Acoiz) = 'pS-^ in the long wavelength limit (co^) -* 0 is then given by: 

sin2 /̂ 

\e(coy^m^ 6i] 2 -^€(co) cos 0/ Z<-a 

siaWj acjco) 

s((o)sm26i 

[E(ot)}-sm'^Oi] 2 +E(CO) cos 9 i 

The electromagnetic fields have been calculated for photon energy below and 

above the plasmon energy of the metals and semiconductors. The electromagnetic 

fields have been for beryllium, molybdenum, tungsten and silicon. We have plotted 

M 0(2)1 as a fimction of photon energy {fjco) and the distance (z) firom the surface of 

the solids and the results are discussed. 



CHAPTERS 

PHOTOCURRENT CALCULATIONS USING 

KRONIG-PENNEY MODEL 

We have used the Kronig-Penney model potential to find the initial state 

wavefunction. The initial state wavefunction ^ , was formulated by the method of 

normal matching of the wavefunctions at the boundary surface of the solid. The 

photocurrent was then calculated by using the electromagnetic fields developed by 

Bagchi and Kar. The free electron(FE) model has been successful in explaining the 

photoemission phenomena from free electron metals. But it has drawback in 

explaining the band structure effects of solid. Kronig-Penney(K-P) model has then been 

used for the calculations of surface electronic states by several authors. Schaich and 

Ashcrofl have calculated numerically the photoyield by iising the modified form of the 

Kronig-Penney model. Steslicka had done a detailed calculations of the surface states 

using the Kronig-Penney model both for the semi-infinite and infinite crystals. Eldib 

et. al. has also applied the Kronig-Penney model to one dimensional crystal. 

3.1 Kronl̂ -Penney potential model: 

In this section, we shall discuss the Kronig-Penney(K-P) model as developed 

by Thapa et. al. for the calculation of photocurrent from metals and semiconductors. 

The Kronig-Penney model was used to represent the crystal potential field by a linear 

array of rectangular well (Fig. 3.1), which was later transformed into a chain of ^-

function potential well such that the area of each well remains constant. The initial 

state wavefunction was obtained by matching at the surface. 
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To evaluate the initial state wavefunction ^/(z), one can solve the 

one-dimensional Schroedinger's equation given by: 

^+/f?{z)=-2M[zMz), (31) 

where kf = 2EiSaid \/(z) isthe ^-function potential of the K-P model. 

Let ^(2) doiote the Bloch wavefunction ^ p inside the metal and ^*(z) the time reversal 

of ^(z)- The eigenfuction in the semi-infinite solid (z < 0) was chosen to have the 

form as : 

y/i(z) = iKz)-Priz) (3-2) 

where P is the reflection coefficient obtained by matching the wavefunction and 

its derivative at z-0. The potential y(z) was considered to be one-dimensional 

Kronig-Permey type given by: 

V{z) ==l8d[z-{2n+\)j-] (3.3) 

One can then showthat the initial state wavefunction for the bulk, surface and vacuum 

regions may be written as 

(1 - iPe-^ smS)e*'"' -(P- ie^ sin^e'^'^ z^ 0 

(bulk & sur&ce) 

y/i = 

Te~'^' z<0 (vacuum) (3.4) 
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where cot^ = - ^ , d is the phase shift inttoduced in the transmitted wave, g is the 

strength of the S - potential which describes the bulk potential, 7 being the 

transmission coefficient across the boundary plane and K^ = 2(1̂ 0 - ^/)i where \/Q 

is the potential at the surface which an electron encoimters while transmitting 

through the boimdary surface. From the matching conditions at z = 0, one can 

easily deduce the values of P and T in Eq. (3.4) which is given by: 

ijc- iki) - (ki - iK)e-^ sin J ^̂ -̂ ^ 

^ ^ (K: - iki) + {ki - iK)e-^ smd ^^'^^ 

The proper evaluation of/* and Twith the correct numerical values for other factors 

enables one to write the most explicit form of initial state wavefunction |^/ >. 

The photo emission cross-section was obtained by using the formula 

^ = - g - Z | < H H V / > l ' (3.7) 

The matrix element given in Eq. (3.7) can be written as 

/ = f l l \lf}Aa,{z)rtdz+\^_^ y/}Aa>^dz 

rO ^(U, 
- 4 f^ ¥}^¥idz + Jo ¥}AUzrS-dz. (3.8) 
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In Eq. (3.8), the final state wavefunction y/fz) is &e scattering state of the 

step potential V(z) given by V(z) = - Vod{z)- Here FO = £ F "^^' ^®** EF ^^ 

the Fermi level and ^ is die work function. The final state wavefunction can be 

written as (in atomic imits): 

C - ^ ) ^ ^ © * ' ' ® " ^ ^ ' ' Z:S 0 (bulk & surfece) 

(â Q P ^ [ ® ' ' ' ' + ( ^ ) ® " ' ' ' ' ' ] . z> 0 (vacuum) (3.9) 

where /(̂  = 2Ef. q^ = 2{Ef-Vo) and E f = £ / + ^ . In Eq. (3.9),thefector g-̂ "̂  

(a is the scattering &ctor) is included on the surface and bulk side to take into accoum 

the inelastic scattering of the electrons. The photocurrent was calculated numerically 

by evaluating (3.8). The FORTRAN program used is given in Appendix-E. In our 

calculations, we have used the respective dielectric functions corresponding to 

different solids as given by Weaver and Edwards. The solids which we have used are 

molybdenum, copper, tungsten and silicon. 

3.2 Kron^-Penney model calculations using Lorentz-Drude dielectric model: 

In this section, we show the behaviour of photocunent calculated by using the 

Lorentz-Drude model for the dielectric constant in the case of semiconductors. As 

discussed in the previous chapter, the existence of suiface states on semiconductor 

surfaces was experiment^ly verified by using the angle integrated }Aotoemission. The 

semiconductor surfaces are more complex than metal surfaces for the reason that 

semiconductor surfaces reconstruct. The presence of these reconstructed ions and atomic 

displacements on semiconductor surfaces makes the studies of electronic structure a 
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very interesting topic. Of the various tools and techniques, angle resolved 

photoemission studies has also been widely used in understanding the surface states of 

semiconductors. But in this section, we will be mainly concerned with the 

photoemission studies by adopting a simple procedure \s4iich will be applied to the 

case of silicon and gallium arsenide. 

The Drude-Lorentz model tor calculating the frequency dependent dielectric 

constants >^ch is given by: 

In Eq. (3.10) above, gg and £„ are the static and high frequency dielectric 

constants. By using the appropriate values of constants eo > e«. yi, yz ̂ ^- respectively 

for silicon and gallium arsenide, the real atid imaginary parts of g(co) were calculated. 

Using the electromagnetic fields for p>polarized radiation, we calculate the 

photoemission cross-section by evaluating the matrix element in Eq. (3.9). and 

applied to the case of silicon and gallium arsenide. Tn our calculations though we have 

not taken into consideration tiie effect of type of semiconductor, density, etc., we find 

that the spatial dependence of vector potential is an essential ingredient in 

photoemission calculations. It would be more realistic if OIK can employ the method 

as developed by Cappellini et. al. which is specifically defined only for the 

semiconductors. Further, the inclusion of crystal structure into this type of calculations 

will enable one to compare the data with experiment in a more realistic v/zy. For 

example, a detailed study of photoemission from gallium arsenide by using the 

one-step model of photoemission had been done by Schattke. The photoemission 

data for the ideal gallium arsenide surface agreed well with the experimental data. 

file:///s4iich
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3.3 Relathistic Kron^-Penney potential model calculation of photoemission: 

In the above treatments of photoemission calculations both in the case of 

metals and seminconductors, the spin of the electrons in the formulations of the initial 

state wavefitnctlons were not taken into considerations. This implied that the 

relativistic effects were omitted and it was purely a non-rclativistic type of 

calculations. We have considered in the same way the variations of the dielectric 

functions for the calculations of the photon fields but adopted the waveftmctions for 

the initial state of the electrons as developed by Davison and Steslicka. We have 

introdiK^edthe surface of width 'cT into the potential model and used the wavefimctions 

tor the evaluation of the matrix elements for photocuirent calculations. The model 

was applied to the case of heavy atomic solids like tungsten and silicon. 

The crystal potential model as used by DS tor deriving ^, has a surface 

width d- The crystal potential is given by LtVjb^ao with ^ as the width of 

the potential barrier and (a+b) the period of the potential, QO being a positive 

quantity. On solving the one-dimensional time-independent Dirac equation, we get 

ihc^ = (e.-V,)^f> (311) 

, , (2) 

and / A c ^ = { ( e , - r , ) + 2m.c2}^f (3.12) 
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Decoupling Eqs. (3.11) and (3.12) leads to 

ihc^-pUf, J =12 (3.13) 

where wave vector pj = (go - VkMSo - Vk) + InioC^yh^c^-

The plane wave solutionof Eq. (3.13)for bulk (x>0) and vacuum (x<0) regions 

can be written as: 

(2) Mx) = ar] 
-72 

LV 1 J 
e'p^^'+X -V2X x>0 

^/(Jf) 

0i(x) = ^fe'^\ x < 0 (3.14) 

wiiere /j = -ip j > Q and is real. The constants in Eq. (3.14) are defined as 

n = 7;^' ^ ^ 
o 

^ is the wave number and is given by fi = '^ + j ^ where ^ is real and ^ > 0. 

The final state wavefunction y/j \ ^ c h is correctly normalized in energy will 

be the scattering state of the step potential Vi = -Vo6(pc), ^ e r e 0(x) is a unit 

function. The vector potential A is assumed to be a constant in the bulk and vacuum 
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regions but in the surface region, it is a function of x as the solution of 

Maxwell's equation for dielectric function g(x). The formula for the vector potential 

in one-dimension following Bagchi and Kar is given by 

Ai, x<0(bulk) 

AM = [^cohlVc^' -d ^ x ^ 0 (surface) 

Axeicoy ^^^ (vacuum) (3.15) 

\^ilere ^j isa constant depending on dielectric function ^(co), photon energy ho) 

and angle of incidence Oi. 

We have calculated photocurrent against the incident photon energy (hca) as a 

function of the band number («) in the case of W and Si for n = 2,4,6,8,10. The 

photoemission calculations in the case of W and Si using the non-relativistic 

Kromg-Pcimcy(NR-KP) model have been done earlier. Howrcver, the behaviour of 

photocurent data in RKP case is completely diflferent from that of NR-KP model. 

The interesting feature which is seen in both the case of W and Si is that for 

the increase in band numbers the peak in photocurrent also goes on increasing. The 

only difiference is that in the case of W, the highest peak on photocurrent is observed at 

hcu ~fkup (plasmon energy of tungsten which is 26 e V), x^ereas for Si it is obtained at 

photon energy 20 e V which is greater than its plasmon energy. This can be attributed to 

the fact that the band width / ^ ^ goes on decreasing for the increase in band number. 

In oAer words, the relativistic correction reduces AEt which causes the electrons to 

gain sufficient momenta due to rapid spatial variation of the incident radiation to be 

photoexcited. This causes the enhancement of photocurrent with the increase in n in 
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both the cases of W and Si. In both Ihe NR-KP and RKP treatment of photoemission, 

we find that only in the low frequency region photoemission is dominant due to 

spatial variation of the photon field vector. But the occurrence of peaks in 

photoemission by using the RKP model may be described as the manifestation of band 

structure effects in i^otoemission which has not been observed in the NR-KP cases. 

However, the occurrence of peaks in photocurrent data in the case of the relativistic 

treatm^it is attributed mainly due to inclusion of relativistic effects in photoemission. 

The main drawback of including the initial state wavefrmction ^ , as derived 

by DS is that it does not take into account the surface width. It has been well defined 

for both the vacuum and bulk regions. Further, we have not done any detailed 

calculations to derive the initial state wavefrmction ^, . We also conclude from this 

stucfy that the incorporation of the spatially variant vector potential is not sufficient. 

Further, the measured ultraviolet photoemission spectra(UPS) data have shown that 

effects due to spin-oibit coupling cannot be omitted in photoemissin spectra. Also the 

solution of Schrodinger's equation without the inclusion of spin-orbit interaction will 

become more and more inadequatein photoemission spectral measurements. One has 

to also modify the calculation for vector potential keeping in view the relativistic 

effects. There is, therefore, a need for relativistic theory of photoemission for accurate 

presentation of the UPS data. 



CHAPTER 4 

PHOTOCURRENT CALCULATIONS USING 
MATHIEU POTENTIAL MODEL 

In the previous chapters, we have seen that photociurent calculations 

was done by using various potential models in the case of metals and semiconductors. 

For example, free electron and Kronig-Penney potential models were used in the case 

of beryllium, tungsten, copper, silicon, etc. Photoemission studies were also carried 

out in the case of tungsten and silicon by using the relativistic Kronig-Penney model. 

We found that in the case of copper, Kronig-Penney model did not fit well since the 

plot did not show peak in photocurrent below the plasmon energy. With the increase of 

photon energy, the photocurrent also did not show a minimum at the plasmon eneigy. 

In the case of copper, maxima in photocurrent was measured at tico =20eV with 

a minimum at ^ =26eV. Also, the application of relativistic Kronig-Penney 

model to W and Si showed too many peaks in photocurrent with the increase of 

photon energy. This is quite a different trend in the behaviour of photocurrent. These 

results do not conform to the calculated and measured data in photoemission when one 

is usually concerned with the variation of photocurrent against photon energy 

especially from the surface of metals. For this reason, we have applied Mathieu 

potential model to evaluate the initial state wavefunction to calculate the matrix 

element in photocurrent by using the same dielectric model as used in the earlier 

chapters. The photocurrent data obtained in this formalism could explain the behaviour 

of photocurrent also in the case of copper. 
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In this chapter, we shall iise the Mathieu Potential model to represent the 

crystal potential. In this model, the potential is represented by a periodic sinusoidal 

wave in one-dimensional crystal. For such a potential, the Schrodinger equation 

reduces to the Mathieu equation whose solutions have been discussed in detail by 

McLachlan. The Mathieu potential had been used early by Brillouin and Morse. 

Brillouin had used this model as an appropriate model for developing the energy band 

theory ofsolids, while Morse used it in his study of electron dif&action. Slater used 

the Mathieu potential problem in one, two and three dimensions to describe the energy 

bands in a realistic crystal. Then Carver has discusssed the synmietries of Mathieu 

functions, and the relations between the functions and the electron wave functions at 

the centres and edges of the ciystal bands. The Mathieu potential has been at first used 

by Statz for surface state calculation. Levine has used Mathieu potential for 

calculating the condition for arbitrary surface termination. In this chapter, we will 

discuss a formalism developed for photoemission calculations in which the electron 

states are derived by using the Mathieu potential. Two cases will be discussed namely, 

the effects of the empty lattice and strong periodic lattice potential on the electronic 

states for deriving the initial state wavefimctions as described by Davison and Steslicka. 

4.1 Empty Potential with Finite Surface: 

Let us consider a one-dimensional crystal whose potential is represented by a 

sinusoidal potential given by 

V{x)=VoCOs(^) (4.1) 

where 'a' is the period of the potential having a maximum value p̂„ at x = 0. 
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The one-dimensional Schrodinger equation can be written as 

/ ( z ) + (a-2^cos22M2) = 0 (4.2) 

where z = ^,T=^,a^^ and 2q= - ^ 

Eq. (4.2) is the Mathieu equation and its solution is derived for free electron or 

empty potential ( q ~ 0) when the crystal potential is flat as shown in Fig. (4.1). To 

determine the initial state wavefunction ^,(jc) in Eq. (4.2), we have included a surface 

of width (d) in the crystal potential. The initial state wavefunction for the bulk and 

surface and for the vacuum regions is given by 

(lO^e-^^-^") x>0 (4.3) 

where XQ = location of the crystal surface. In Eq. (4.3) above, we have ki = JIEJ 

and 

^xo^q) = ACOS/M'J: - sinm'jc, 

>l = tanm'(xo-^-^). (4.4) 

such that m' = - ^ , m being the band gap index, ^ is the height of step potential 

and A is the hybridization parameter. 
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Using the final state wavefimction y/f as the scattering state of the step 

potential at x = 0, the photocurrent density is calculated by using the Fermi golden rule 

formula as 

^ = ̂ l.\<ilf0\Wi> ?S{E - Ef)5{Ef- Ei - hcoYo(E - hco)[\ -ME)] 

(4.5) 

Here the perturbation is given by 

H'= 2^(pA+A.p) (4.6) 

and in one dimension, ff can be written as 

ff = -^iMx)-^ + i-^AUx)] 

To compute the photon field, we have used the simple model of Bagchi and 

Kar which has been used earlier also. With simple modification the photon field used 

in our calculation can be written as 

Ai, x<-d 
~ A\.e{(o).d 

Aco(co,x)= [i-e((o)]x-Hi ' -dtX^O (4.7) 

Ai.8(co), x>0 

where /41 is a constant depending on the dielectric function e(co), photon energy ^ 

and angle of incidence 0j. We have chosen xo = ^,i=a "̂*̂  m=l • The reason 
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for the choice of m = 1 is that the surface state exists in the band gap for fuiite 

potential case. The matrix element in Eq. (4.5) can be written as the following for 

calculating the photocurrent: 

+i J^ Wr^¥idx + Jo ¥}Uzy^dx. (4.8) 

Photocurrent was calculated as a function of photon ener^ (Jm) by evaluating 

the integrals in Eq. (4.8). The formalism was then applied to the case of metals 

aluminium and beryllium as they are free electron type of metals. We see from the 

variation of photocurrent data that even in the case of Al and Be, it showed the 

qualitative behaviour as seen earlier in the theoretical and experimental data. The 

features seen in the behaviour of photocurrent 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 field in the surface region. This is evident from the matrix element 

in Eq. (4.5) where dAJdx is directly dependent on photocurrent as the photon 

energy passes through the threshold for plasmon excitation. 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 peak in 

photocurrent data in the case of Be for tvo < fUop has been explained by Karlsson 

et. al. from band picture. He attributed this to the existence of surface state at f with 

energy 2.8 eV in the bulk energy band gap Ts-F j -
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4.2 Strong Periodic Potential with Finite Surface : 

The case of empty lattice potential is not applicable to the strongly bonded 

metals like d-band metals or semiconductors. Hence one needs to develop the intial 

statre wavefimctions by solving the Mathieu equation in Eq. (4.2) by incorporating the 

sine and cosine elliptic functions. We have considered the same model as in the case of 

empty lattice potential model, but used for strong periodic lattice (i.e. q > 0). 

It is therefore, necessary to find an explicit form for ^^o q) in Eq. (4.3) to 

derive the intial state wavefunction ^{Qc). The most general form is a linear 

combination of all the bulk standing states se^ (X'Q q) and ce„ {X'Q q) for all the Fermi 

energy gap m • Thus the surface states will be largely a hybrid of sine and cosine 

elliptic functions which is given by 

(KA,q) = ^m ccm iAq) - se„ (x'^q) (4.9) 

where Xm is the hybridization parameter which can be written as 

/•m ~ 
sem{A^q) - ii +M)~^se'„(x'o.q) 
cemix'o, q) - ((? +/*)-• ce„(x(,,g) (4.10) 

Here semix'^q) and ce„(x'o q) are the sine and cosine elliptic functions in Eq. (4.9). 

These functions in expanded form can be written as 

scmix'oq) = sinmxQ - -J-
swjm + iyxQ 

m+l 
siDJm - 2)x 

m-\ 

32 
sin(w + 4)ro sm(/» - 4>Co 

L(m+lX/w + 2) " (m-lX/n-2) (4.11) 
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and cemixQq) = cos/nxo - j 
cosjm + 2)xo cos(m - 2)Xo 

m+l m-1 

^32 
cos(/w+4)cCo cos(m-4)Xo 

(m + IX/w + 2) "̂  (OT - IXm - 2) +.... (4.12) 

For finite surface potential, surface state existence condition implies that 

^!)=^of, <̂  = -^. 1>Q and /« = 3,5, (4.13) 

We are considering surface state occuring for m == 3 and hence from Eqs. (4.11), 

(4.12) and (4.13), we can write, 

ceU^;,^) = 3(l + - ^ - - ^ ) 

se3{x'o,q) = 0 (4.14) 

Hence, we may obtain the value of ^3 as 

A3 = 
3(1 + - ^ - ^ ) 

(4.15) 

Using Eqs. (4.13) and (4.14) into Eq. (4.9), the intial state wavefimtion in the case of 

strong periodic potential becomes 

(4k)^(-l + -fe - 6& '̂)̂ ^ °̂"̂ ^ X < 0 
yJiixjq) = 

(*fer)*^"*-'"' ;c>0 (4.16) 
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The final state wavefunction y/j as the scattering state of the step potential 

and photon field vector of Eq. (4.7) is used for computing the photocurrent by 

evaluating the matrix element in Eq. (4.8). Photocurrent was calculated as a function 

of photon energy {fyco) in the case of d-band metals like molydenum, tungsten, copper 

and semiconductor silicon. For each of these metals, the experimentally determined 

dielectric function 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. The 

photocurrent data showed the experimental behaviour in photocurrent as measureed 

by Weng et. ah But the only difference in their case was that the photocurrent 

decreased to minimum at the plasmon energy. The plasmon energies for W and Mo are 

25.3 eV and 24.4 eV respectively. For a narrow surface width( d = 0), the behaviour of 

photocurrent is completely different. We did not find any prominent peak for the 

values of photon energy below and above 15 eV photon ener©r. 

It has been reported by Himpsel and Ortega that for Cu(100), Fermi level 

photoemission intensity vihQn plotted as a function of photon energy, the data showed 

maxima at tico =" 10-5 eV. Similar reports were also given by Eastman et. al. but with 

maximimi intensity occuring at fiay = 10.6 eV. In our case, our model calculations has 

shown peak in photocurrent at fio) = 10 eV. The occurence of such peak in photocur­

rent in the band structure had been attributed to transition energy between the lower 

and upper s-p branch either at Fermi level or near it and has As symmetry. The case of 

photocurent for narrow surface width just produced a linear line of very negligible 

magnitude in photocurrent. We find that Cu has shown atleast the qualitative feature 

with the behaviour of photocurrent as indicated also by other metals like Pd, W, Si, 

etc. which were calculated earlier. 
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We also have calculated the wavefunction given in Eq. (4.16) to see whether 

this can reproduce the results calculated in the case of empty potential (q ~ 0) and for 

surface state condition m = 1. This was then applied to the case of Al and Be. It was 

seen that the photocurrent data was exactly the same as reported earlier both for Al and 

Be respectivley, which was shown in Fig. (4.2). In our calculations, we have included 

the case of narrow surface width. The reason for inclusion of narrow surface width is 

that it considers the Fresnel type of electromagnetic field. In Fresnel optics, the spatial 

variation of the photon field is not taken into consideration. 

A study of these cases show that one can also make use of Mathieu type of 

potential in photoemission calculations. Though the model used is very simple, 

however, the inclusion of initial state wavefunction into the matrix element appears 

to produce the qualitative featwes as observed earlier in the experimentally measured 

data of photocurrent. The main drawback of the model used is that the same initial 

state wavefunction ^^ is used to describe both the surface and bulk regions of 

the solids under study. Also, we have used the same initial state energy for all the cases 

and also keeping constant the other parameters as it is a model calculation. However, it 

is interesting to note that the wavefunctions formulated for strong periodic potential 

easily reproduces the wavefunctions for empty potential(free electron) cases. It would 

be further interesting to extend such type of model to include the band structure effects 

in the electronic structure calculations. 

U^' 
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CHAPTER 1 

INTRODUCTION 

Photoelectron spectroscopy has been used as a method for studying the 

electronic properties of solids which was mainly determined by two considerations 

viz. the experimental and the theoretical approach. As a first step, the preparation of. 

a clean emitter surface was important which was much dependent on ultrahigh vacuum 

techniques. For the detailed study of experimental data, the demand for high quality 

instruments, the design of electron energy analyser of high resolving power and 

angular selectivity, etc. were increasingly high. With the production of synchrotron 

radiation facilities, it has provided great advantage for the calculations of the energy 

levels of electronic states. Now, the use of high technology computers has made the 

possibility of accurate calculations of band structure. However, to know the details of 

pholoemission and to formulate a theoretical framework, the knowledge of the 

electronic properties of surfaces was quite necessary. 

The early theoretical study of photoelectric emission from solids was based 

on Sommerfeld's free electron model of a metal. With this model, the experimentally 

observed frequency dependence of the total photoelectric yield near the work function' 

can be explained. But this model could not explain the momentum associated with the 

excited photoelectrons. However, Tamm and Schubin^ has proposed two possible 

solutions arising from the conservation of momentum viz. the potential step at the 

surface and Ihc periodic potential variation arising from the ion cores of the lattice, and 

these two potentials give rise to surface photoeffect and volume photoeffect 



respectively. The surface photoeffect was considered to be the dominant source of 

pholoemission-'''' in free electron metals. The results on alkali metals have supported 

this so that photoemission was regarded as a surface effect rather than a bulk effect. 

However, during this period of development in the theory of a surface photoeffect, 

the band theory of solid was being improved considerably. The photoemission 

experiments were performed over wider range of wavelength on many solids, 

including semiconductors. It became evident that the surface photoeffect could not 

explain all these results. Fan^ showed that a volume photoeffect might be comparable 

to the surface photoeffect. This idea was later developed by Mayer and Thomas^, and 

by Puff **. Kane^ has pointed out that the bulk band structure of a single-oriented 

crystal could be explained from the measurements of energy distribution and 

momenta of the emitted photoelectrons. The experimental result by Gobeli, Allen and 

Kane'" has shown that such assumptions were valid and also could explain the 

angular distribution of the photoemitted electrons. 

The experimental work on semiconductors by Gobeli and Allen'', and on metals 

by Berglund and Spicer'^ has further supported the theoretical works. The volume 

photoeffect was then used to explain the photoemission spectra and the band structure 

calculations of solids. This photoeffect was expressed in terms of the three-step model 

as explained in detail by Berglund and others'•''''*. As the energy and angular resolution 

of the experimental system became increased and single crystal faces were studied 

with the synchrotron radiation, it was clear that several drawbacks existed. Some were 

explained in terms of a possible lack of conservation of momentum in the bulk 

photo-excitation process'**, but the problem of interpretation was not solved. 

When photoemission from the surface states on metals'^ were studied, it was found 



that the surface was indeed contributing to the photocurrent. It was also observed that 

photoemission has occurred corresponding to the regions of energy-wave vector space 

that constituted a forbidden band gap on the allowed stales of the bulk solid''. This 

was eventually regarded as the surface photoemission. 

These results clearly indicated the need to incorporate both the surface and 

volume effects in order to explain photoemission. Schaich and Ashcroft'^ have used a 

quadratic response formalism to describe the photoemission process, but the dielectric • 

response function was not defined for the surface. They used a computationally simple 

model to study the electronic structure in solids and surfaces in order to explain 

photoemission. In this model, the spatial dependence of the vector potential was 

neglected and it was assumed to be constant. A more realistic approach was 

considered by Mahan" who extended a wave mechanical scattering theory, that was 

originally proposed by Adawi^°. This approach regarded the 

wavcfunction of the emitted electron as equivalent to that used in Low Enerf^y 

Electron Diffraction (LEED) calculation by Pendry^', but in a time-reversed state. 

It was noted that by treating the emitted electron in terms of its final state wavcfunction, 

such a formulation could avoid many difficulties inherent in the three-step model of 

Berglund and others'-''''*. Mahan'^ has shown that such approach could provide a 

theoretical formulation for determining the observed angular dependence of 

photoemission from solids. These developments were generally concerning with 

ultraviolet photoemission spectroscopy (UPS). However, instrumental innovation in 

X-ray photoelectron spectroscopy (XPS) has developed the process of calculations 

of the inner core levels of solids. In fact, both UPS and XPS can provide the 

information with regard to surface state as well as the bulk band structure. The UPS 

is widely used as a method for determining the electronic states of the surface and the 



bulk of a solid. Moreover, UPS has a great advantage over the other methods of 

investigation due to the high absorption coefficient of UV radiation and the small 

escape depth of the electrons from the solid. Now, angle-resolved ultraviolet 

photoemission spectroscopy (ARUPS) allows the measurement of the energy and 

momentum of the photoemitted electrons, and it can be used to explain the electronic 

structure of the surface and the bulk of solid. In the UPS experiments, UV radiation in 

the range of 10-300 A excites electrons which are within the escape depth and can get 

out of the solid. The small value of the escape depth in the range of 10-100 A makes 

photoemission a useful method for surface studies. The variation of photon energy 

leads to a variation in escape depth so that the relative importance of the surface and 

the bulk effects can be varied. 

In the measurement of the energy distribution of the emitted electrons, two 

types of energy analyser are usually used. In the first method, electrons emitted in all 

angles are collected in a hemi-spherical analyser which is known as angle-integrated 

ultraviolet photoemission spectroscopy. The second method which is known as 

angle-resolved ultraviolet photoemission 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 maxi­

mum on the curve and by measuring the change in energy positions 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 E = K^ • 
^ 2m 



Figure (1.1) illustrates the method of ARUPS. The UV radiation is incident on 

the crystal at an angle Q^ = 45° with respect to the normal. The angle of the electron 

energy analyser can be varied between 0" and 90". One can determine the energy and 

angular distribution of the emitted electrons as a function of the energy, polarisation 

and angle of incidence ( ^, ) of the applied radiation. The theoretical explanation of 

such data clearly requires a detailed knowledge of both the electronic structure of the 

photocmitting solid and its interaction with radiation. 

The probing of bonding of atoms which lie in the outermost layer of a 

solid has been studied by photoemission spectroscopy. But the detailed interpretation 

of photoemission data requires the use of photoemission theory which should be 

able to calculate the initial and final state wavefunctions of the electron, and also 

the spatial form of the vector potential which is involved on the photoemission 

matrix element. The calculation of self-consistent wavefunctions corresponding 

to electron states below the vacuum level for semi-infinite solids^^'^-' had been 

done earlier. The techniques for the calculation of electron energies in the range 

30 - 300 eV and above the vacuum level had been then developed. But these 

techniques have drawbacks for calculation of the electromagnetic fields which excites 

photoelectrons especially from the surface of solid. One should incorporate the 

variation of the electromagnetic field in the presence of the surface. The calculation 

of the vector potential has made a difficult problem in general case. In most of 

the calculations, therefore, one usually proceeds with the assumption of spatially 

constant vector potential. However, in certain conditions one has to include photon 

field variation to obtain a good agreement with the experimental data. 
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Figure 1.1 



A simple calculation of photocurrent involves the evaluation of the matrix 

clement < y/i\H'\i//, > where y/^ and ̂ ^ are the initial and final one-electron states 

whose energies arc related by Ej= Ei - hoj • The perturbation in the Hamillonian 

responsible for the photoexcitation of electron is given by 

H'=^±-,{pA^A.p) (1.1) 

where p is the one-electron momentum operator and A is the vector potential. We are 

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

surface. We may, therefore write the perturbation // ' in one-dimension as 

^' = lkl.^o>{z)-^ + TJ^AUZ)] (1.2) 

where A^jfz) = " T — with A^,(2) as the component of vector potential along 

z-axis, /̂ ^̂  is the amplitude of the incident beam. In the standard calculation 

of photoemission, the one-electron states are calculated with a high degree of 

accuracy but the variation of photon field is generally neglected. When one 

considers the photocurrent as a function of the photon energy with constant 

initial state, the photon field variation in the surface needs to be taken more 

carefully. This is evident from the second term in Eq. (1.2). A first principle 

calculation of the electromagnetic field in the presence of surface is an 

extremely complex problem. 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. 



Several aulhors'*-" '̂'̂ '̂ '* have derived the photocurrent due to the interaction of 

the electromagnetic field with the solid. The photocurrent density formula may be 

written with the help of Fermi golden rule^'' as 

^ = f - 1 1 < V^flHV/ > \^S{E-Ef)^iEf-Ei-haJ)fo{E-haJ)[^ -fo{E)] (13) 

In Eq. (1.3), E. and Ê  are the initial and final state energy, f̂  is the Fermi occupation 

function, S - function describes the conservation of energy. The formula for 

photoemision cross-section can be written as 

^ « ^ 1 < V'/K-.W^ + T-J^AUz)\w. > P (1 -4) 

Thus, we see that the calculation photocurrent density is based on the evaluation of 

matrix clement < ^̂ //̂ //'l̂ /̂,• >• 

Several authors have done photocurrent calculations by using various methods. 

Endriz-^' has used the modified form of the Mitchell-Makinson time-dependent 

perturbation calculation of the surface photoeffect. He calculated the photocurrent 

by using the hydrodynamic approximation and applied it to the case of aluminium 

and other alkali metals. The photocurrent data for photon energy at plasmon 

energy 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 the photoemission cross-section. Schaich and Ashcroft'" 

had also used the Kronig-Penney (KP) model to incorporate the band structure 

effects of photoemission. 



The calculation of the matrix element in Eq. (1.3) involves the knowledge of 

y/. and y/f. Liebsch^^ Pendry '̂̂  and others have recognised that the calculation of 

t//i and y/^was in principle, similar to LEED calculation. They considered the solid 

to be a stack of identical layers terminated at the surface. The final state was shown to 

be a time-reversed LEED state. As for example, Pendry has given a detailed method of 

calculation using this method and developed a detailed program for application to real 

system with success. In his calculations, the initial and final states were computed 

quite accurately but however, the vector potential was taken to be a constant. Pendry 

has recognised that the vector potential would vary in the surface region but taking 

the exact account of spatial variation was a complex problem. Also by taking /^ to 

be a constant, it has simplified the calculation of the matrix element. This method of 

calculation has been successful in different cases. However, for the case of 

photocurren calculations from a constant initial state, the method did not give a good 

result especially near the plasmon energy. 

Feibelman-'" has proposed that if the theory of surface electromagnetic field is 

to be used for interpreting the results of photoemission experiments, one should use a 

scheme of calculation to obtain the correct responses of the field in the presence of the 

surface. This concept has led Feibelman to introduce the Random Phase 

Approximation (RPA) dielectric tensor to study the plasmon dispersion and the 

microscopic refraction problem. In the RPA calculation, the surface is considered 

smooth and the dielectric response naturally includes the effect of electron spill-out in 

the region of the dipolar layer. The only inputs are the electron radius (r) and the 

one-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. The RPA is exact for the bulk electron 
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jias (r = 0 ) where it assumed that the one-electron wavefunction and the energies are 

based on a Hartree-Fock type calculation. As the electron gas is not infinite, therefore, 

RPA is not only unreal but also not clear for the first correction to apply. The 

significance of RPA lies in the fact that it incorporates many electron effects that are 

expected to be important. The prediction of RPA agrees well with the photoemission 

experiments that describe the nature of electromagnetic field in the case of free 

clcclron metal surfaces. Feibelman assumed that the spatial variation parallel to the 

surface is negligible as compared to that perpendicular to the surface. He evaluated A • 

within the RPA using r = 2 and incorporated this to the calculation of photocurrent 

matrix element using the Lang-Kohn potential for the initial and final states. It was 

found that his calculated data of jellium was in good agreement 

with the experimental data of Levinson et. al?\ However, the calculations of 

Feibelman which has the most accurate description of the field variation could be 

applied only to metals which may be represented by jellium model-'^. 

Mukhopadhayay and Lundqvist-'-' and Bagchi-''' have also proposed similar methods 

for calculating the electromagnetic fields near the surface. 

Kliewer-'-'' considered the semi-classical infinite harrier (SCIB) model which 

has a sharp surface, but it did not take into account the particle-hole and plasmon 

excitations. The surface is taken to be an abrupt discontinuity between the vacuum and 

Ihe electron gas. In this model, the structure in A. found in Fcibelman's calculation 

thai results from a varying ground state charge density is not reproduced. As the 

electron cannot tunnel out of the solid due to infinite barrier, therefore, SCIB power 

absorptance is assumed to represent the photocurrent in this model. For example, the 

photocurrent is larger above the plasmon energy and below it is in contrast to the 

experimental data of Levinson et at •". The semi-classical infinite harrier model did 
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not reproduce the Friedel oscillations that extrend tens of angstroms into the solid, but 

these appear to have a small effect on photoemission cross section 

Forstman and Stenschke-'̂ ' have developed the hydrodynamical model which 

considered the electron-hole spectrum. The dielectric function used is very simple so 

that one can easily evaluate the photon field A. Kempa and Forstman-'' have done the 

detailed calculations of the electromagnetic field using the hydrodynamical model 

and has incorporated the electric field for the calculations of the photoyield. This was 

applied to the case of aluminium and was found that the frequency dependence of the 

surface photoyield is due to the behaviour of the electric field. Photoyield results 

obtained by them had shown similar experimental behaviour as obtained by Levinson 

el uPK Barberan and Inglesfield-"^ also have done a detailed calculation on 

photoemission using the hydrodynamical screening of the photon field. 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 (co^), A rises rapidly near the surface due 

to the polarisation charge but at cjp , there are plasma oscillations. A is almost zero 

inside the metal at QJ^ , which means that E is also zero inside the metal. These 
I' z 

results of Barberan and Inglesfield''^ is in good agreement with that of Feibelman 

('/. «/.•"' for the case of aluminium, apart from the oscillations in A below plasmon 

frequency ( o;,, )• This had been attributed to the excitations in A^ below aj due to 

Fricdcl type of oscillations from the electron-hole excitation which were not 

included in the hydrodynamic calculation. 



12 

Maniv and Mctiu^'* also have made progress in the calculation of 

cloc'lromagnclic licld in the metal-vacuum interface region. They mainly considered 

llic lickls in ilic immediate vicinity of the interface and developed a scheme for a more 

general solution of the Feibelman's model. The plot of the photoyield against the 

photon energy did not show the behaviour as obtained by Feibelman-^" and Levinson 

('/. «/.^' in the case of aluminium. They found that the model was true for photon 

energy above the plasmon energy and was applicable only to free electron type of 

solids. 

A detailed investigation of variation of electromag netic field was also done by 
V> 40 

Thapa . He applied the dielectric model developed by Bagchi and Kar to various 
41,42 

metals like aluminium, nickel, silver, etc. Thapa and others have also calculated 

pholocurrent in the case of aluminium by using the dielectric model of Bagchi and Kar 

which showed good aglrecment with the experimental results . The photocurrcnt 

calculations by using the Kronig-Penney model ''•' in the case of a number of metals 

and scinieoiiduclors was also done by Thapa et. u/.'"''*^. 

A realistic type of calculations for the surface state has been done by Levine'*'*, 

using the Mathieu potential model which was proposed at first by Statz''''. In this type 

of potential which is given by V = V^cos(-~-), where the amplitude V j s a measure of 

the crystal potential strength in a mono-atomic crystal, and the ionicity in a di- atomic 

one. When V̂^ is small (large), the Mathieu potential model approaches the Nearly 

I'ree Hlcclion (Tight Binding Approximation) limit, and thus acts as a bridge between 

these two extreme conditions. Davison and Levine"^', Slater**̂  and Carver"" have also 

used llic Mati)icu potential to describe the energy bands in a realistic crystal. 

We, Iherclore, lind that no such calculations have been done in photoemission 
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which incorporates both the photon field variation and the initial state wave 

function derived by using the Mathieu potential model. 

In this thesis, we have developed a simple formalism for photoemission 

calculation in which the electron states are derived by using the Mathieu potential. 

The Mathieu potential has been at first used by Statz'*'' for surface state calculation. 

Levine"*** had also used Mathieu potential for calculating the condition for arbitrary 

surface termination. We have used in this formalism, the Mathieu potential model as 

described by Davison and Steslicka'*'̂  for describing the crystal potential which was 

then used for deriving the initial state wavefunction for photocurrent calculations. In 

this formalism, we have used the simple model of Bagchi and Kar'"' for evaluating 

the photon fields. To determine the inital state wavefunction ^ , , we have considered 

an empty lattice with a finite step potential and a strong periodic lattice'*''-'''\ The 

photocurrent was calculated as a function of photon energy(/jcy). The formalism 

was then applied to the case of metals like aluminium, beryllium, tungsten, 

molybdenum and semiconductor silicon. 

The topics in this thesis are arranged as follows: In Chapter 2, we shall discuss 

the model of dielectric response function used for the calculation of the 

electromagnetic field (photon field vector) for the vacuum, surface and bulk regions of 

the metals like beryllium, molybdenum, tungsten and silicon. In Chapter 3, 

photoemission calculations using the Kronig-Penney model will be discussed. The 

dielectric model of Bagchi and Kar and also Lorentz-Drude dielectric model will be 

used to calculate the electromagnetic fields which were then applied to calculate the 

photocurrent in the case of metals like molybdenum, copper, tungsten and 

semiconductors silicon and gallium arsenide. The effect of inclusion of relativity in 
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photocmission by using the Kronig-Penney model is also discussed in Chapter 3. 

The rclativistic Kronig-Penney is then applied to the case of heavy solids like 

tungsten and silicon. In Chapter 4, we shall discuss the formulation of the initial state 

wavefunclion by using the Mathieu potential model, in the case of an empty lattice 

with a finite step potential and a strong periodic lattice and discuss a number of 

applications to metals and semiconductors. 



/ • : 

, /OS 
CHAPTER 2 ^ ^ 

DIELECTRIC MODEL AND ELECTROMAGNETIC FIELD 

In this chapter, we shall discuss the dielectric model used and the calculation of 

electromagnetic field in a solid when electromagnetic radiation is incident on it. The 

calculation of the fields near a surface is a complex problem and ab initio calculations 

have been done only for jellium^^. However, these calculations have not been extended • 

to other metals where the jellium model is not applicable. Further, if one wants to 

consider the field variation in the presence of surface for metals, e.g. d-band metals 

like tungsten, molybdenum, palladium,etc., one has to use simpler models. The 

dielectric model used by Bagchi and Kar'*" for the case of tungsten has been used for 

the calculation of the electromagnetic field in the bulk, surface and vacuum regions. 

Tins model involves the linear interpolation in the surface region between the bulk 

dielectric function and the vacuum value. Though it has some deficiencies, it is 

important to note that it is a local response function and also gives good results in 

agreement with the experimentally determined value**". Since the bulk dielectric value 

lequired for this model is obtained experimentally, the field calculation can be 

extended to the case of semiconductors. We, describe the dielectric model used and 

the calculation of the electromagnetic fields from it. 

2.1 Calculation of Dielectric Model and Electromagnetic Field : 

The dielectric model used for the calculation of electromagnetic fields is shown 

in Fig. (2.1). The metal is assumed to occupy the space to the left of the z-plane. In 

the region -« < z < 0 , the dielectric constant is chosen to be a local function which 
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Figure 2.1 
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for 

for 

for 

z<-a 

-a<z<0 

z>0. (2.1) 

interpolates linearly between the bulk value inside the metal and the vacuum 

value (unity) outside. The model frequency-dependent dielectric function is, 

ihcrcrorc, given by 

£i(co) + /£2(a;), 

£{aj,z)= 1 + [1 - £(ft;)]r 

1, 

The incident radiation is taken to be p-polarised light of frequency cu and 

incident on the surface at an angle of incidence (), . A gauge was chosen in which the 

scalar potential A is set equal to zero and the electromagnetic field E{Q,(v,z) >s 

expressed in terms of the vector potential as 

E{Q,aj,z)= ^A{Q,w,z) (2.2) 

where Q = -^sin^-. The magnetic field B(z) = ^ ( g , a},z) points in the y-direction 

and it follows that: 

i 4 f )M^-£1)3=0 

where the value of £ is given by £ = £(Q; Z) 
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The electric field components can be obtained from the magnetic field as 

run ,--^dK 

E^{Q,w,z) = ~^B (2.4) 

To solve Eq. (2.3), ^ new variable u(z) was introduced according to the discussion of 

Landau and Lifshitz'''' which is given by B(z) = u ( z ) ^ . Then u(z) satisfies the 

equation : 

• ^ + — ( £ - sm^^,)u + [^-j^ - j-^ij^) ]u = 0 (2.5) 

dr, . d^r 
Vor the dielectric model used, —f- is finite only in the region -a<z<() and —r-f 

vanishes everywhere except for singularities at z = + a. The normal component of the 

electric field vector potential in the long wavelength limit {oj^r) -> 0 is then given 

by: 

sin2^/ 

[e{co)-s\n^ei]2+sia))cosei Z< a 

s'mlBj ut:(a)) 

r t \ • 2a^\ I \ a ' [I-'-(ty)]z+a ~a<Z<0 

fi(a>)sin2#,-

[t(co)-sin^^,] 2 +£(a;) cos ẑ 
Z > 0 . (2.6) 
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The electromagnetic fields have been calculated for photon energy below and 

above the plasmon energy of the metals and semiconductors. We have considered 

(he plasmon energy to be the energy at which the real part of dielectric constant of 

the solids is minimum i.e. £, -> 0- In calculating the electromagnetic field, the value of 

the dielectric constant £(a>) 's unity for vacuum region. For the bulk and the surface 

region, we have used the experimental data for £(a)) as given by Weaver''" and 

Edwards^' and have calculated the frequency dependence of the magnitude of A„){z) 

and L4„;(2)p for a number of cases. The solids whose dielectric functions were used 

are the free electron metal beryllium, transition metals molybdenum, tungsten and 

semiconductor silicon. l4cj(2)p has been plotted against photon energy(/j^y ) for 

different planes in the surface region by changing the values of z/a. The thickness of 

the surface is a parameter in our calculations. However, it has been found by 

Appelbaum" '̂' that for mo.st metals, the surface width a ~ 15 /( 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 have taken the value of a ~ 10 A-

2.2 Evaluation of the Electromagnetic Fields : 

In this section, we shall discuss the electromagnetic fields calculated by 

using the formula in Eq. (2.6) for beryllium, molybdenum, tungsten and silicon. We 

have plotted |A,„(z)l as a function of photon energy ( t m ) and the distance (z/a) 

from the surface of the solids, 

(a) IJerylHum : 

Fig. (2.2) shows the plot of variation of L4(u(2)p against the photon energy 

in the case of beryllium for different locations of the surface planes at z/a = -1 (bulk). 
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/./;i = - 0.5 (surface) and z/a = 0 (vacuum). Here '« ' is the thickness of the 

surface. For regions at the surface, we find that the peak occurred at 12eVand shows 

a minimum at 1̂  cV (the plasmon energy of Be is 19,5 eV). For regions in the vacuum 

side, we find that the graph shows a broad peak at photon energy larger than the 

plasmon energy. The behaviour of clAJdz calculated for the surface region has 

shown that maximum occurs at photon energy 12 eV ( Fig. 2.3). The fact that the peak 

is localised in the surface region means that photoemission from the surface of metal 

is dependent on the spatial variation of the electromagnetic fields. As the square ' 

of Ait,{z) is directly involved in the matrix element for photocurrent calculations, 
52 53 

Thapa and Kar and Bartynski et. al. have obtained similar trends in the behaviour 

of photocurrent in the case of beryllium. In the case of Acy = 7 eV and 18 eV, we 

find thai in the plot of dAJdz against surface location the peaks are localised more 

towards the vacuum region and the bulk region respectively. 

(b) Molybdenum: 

Fig.(2.4) shows the variation of jA(y(2)p against photon energy for 

molybdenum for three locations of the planes at z/a = -1 (bulk), z/a = - 0.5 

(surface region) and z/a = 0 (vacuum). The figure has a number of structures'^ in the 

curves. The plot for z/a = - 0.5 shows two prominent peaks at photon energies 9.2 eV 

and 9.6 eV ( Fig. 2.5a). We found that for each of these energies, there is a peak in the 

surface region. Also there is a peak in the surface region for energies at 19.6 eV, 20 eV 

and 20.6 cV as shown in Fig. (2.5c). The photon energy dependence of |Aty(z)| and 

|/l,,X2)|" "" '^"''^ ''̂ '̂  sides of the interface ( z/a = -1 and z/a = 0) is clearly seen in 

I'ig. (2.4). Our calculated data of molybdenum showed qualitative features with 

the experimental data of Weng et. al.^^ who had also calculated the photon energy 
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Field plot for Molybdenum 
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Plot of field for Molybdenum 
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dependence of the field. They found that the field just outside the surface has a 

minimum near 25 cV and inside the surface, it has a maximum at around 27 eV. For 

photon energy greater than 27 eV, it decreases rapidly(slowly) towards the low (high) 

photon energy side. Similar feature has been shown by our calculated data 

of the field for region within and outside the surface (Fig. 2.4). We found that there is 

a peak at 9.5 eV for the surface region (z/a = - 0.5). This may be attributed to the 

high lying resonance for molybdenum as shown in the photoemission calculation 

of Weng et. al.^^. 

(c) Tungsten : 

iMg. (2.6) shows the variation of L4„^(2)P against photon energy in the case 

of tungsten for three locations of the planes at z/a = -I (bulk), z/a = -0.5 

(surface region) and z/a = 0 (vacuum). The figure has a number of structures in the 

curves. The plot for z/a = - 0.5 shows a prominent peak at photon energy 21 eV. 

The photon energy dependence of |A,„(z)| ^nd |Atu(z)p on both the sides of 

the interface ( z/a = -1 and z/a = 0) is seen from the Fig. (2.6). We found that for the 

field in the surface region, there is a minimum at ttco = hcop (the plasmon energy of 

tungsten i.e. 26 eV) and on the vacuum region, it has a minimum at around 25 eV. 

Our calculated data of the field for region within and outside the surface has 

Ihc same feature as shown by Weng cl. «/.'"'. We also found that there are two 

peaks at 9 cV and 14.5 cV for z /a = - 0.5 . This may be attributed to high 

lying resonance for tungsten as shown in the photoemission calculation of 

Weng ('/. «/.^^ 
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(cl) Silicon : 

The presence of the surface states on the semiconductor surfaces was earlier 

verified by using the method of angle integrated photoemission'''^'^'". In bulk 

semiconductors, the Fermi level shifts depend upon the doping level from the top of 

the valence band to the bottom of the conduction band. But the early results of angle 

integrated photoemission and work function measurements^''*''^ showed that the 

Fermi level is pinned at the surface, almost independent of the doping level. Though 

the existence of surface states on semiconductors was confirmed early '̂-', yet little 

is known about these states compared to the surface states on metals. 

The interesting feature in semiconductors is that most of the semiconductor 

surfaces reconstruct. The best known example is that of Si( l l l ) surface. A freshly 

cleaved surface structure can be prepared by the rapid quenching from a high 

temperature which stabilises the surface'"*. The Si(l 11) surface is only an example 

of a variety of reconstructed semiconductor surfaces. The models for these have 

been developed mostly on the basis of dynamical LEED calculations. Calculations 

have shown that semiconductor surfaces are rather localised within certain bonds 

which are shown by the dangling bond structure of surface states. 

Since the field calculations with respect to the photon energy give us the first 

hand information about the photoemission cross - section, we have calculated 

L4„j(2:)|" î<J Kf-X )̂! agiiinst photon energy also in the case of silicon. The plot of the 

Held against the photon energy is shown in Figs. (2.7) and (2.8) for three different 

planes located at z/a = -1.0 (bulk), z/a = -0.5 (surface) and z/a = 0 (vacuum). We find 

that at the surface, there is a strong peak at 12 eV followed by a minimum at the 
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plasmon energy 16 eV. The field then increases again but at photon energy 21 eV, 

it becomes very small. We found that this is the region where the dielectric function 

for silicon shows a resonance. This behaviour is also rcllcctcd in the field data for the 

bulk ( z/a = -1.0) which again becomes very small around 21 eV, although it does 

not show minimum at the plasmon energy. The field on the vacuum region (z/a = 0) 

on the other hand shows a maximum at 21 eV and a minimum at the plasmon energy 

16 eV, which is in contrast to the bahaviour of the field in the bulk-surface boundary 

plane. This shows that the variation of the field in the surface region of a 

semiconductor is going to be quite important on the photoemission calculations. 



CHAFFER 3 

PlIOTOCURRENT CALCULATIONS USING KRONIG-PENNEY MODEL 

The calculations of photocurrent from the band state(Fermi level) and surface 

stale of free electron metals have been extensively done by Thapa et. al.^^-^^ in the 

case of aluminium. Since aluminium is a weakly-bonded metal, they used a free . 

electron initial state wavefunction u/,- for the calculation of band state photoemission. 

The initial state wavefunction \i/- was formulated by the method of normal matching 

of the wavefunctions at the boundary surface of the solid. The photocurrent was then 

calculated by using the electromagnetic fields developed by Bagchi and Kar**". 

The free electron(FE) model has been successful in explaining the 

photoemission phenomena from free electron metals. However, it has drawback in 

explaining the band structure effects of solid. We will present in this chapter the 

Kronig-Penney(K-P) model which has been used for the calculations of surface 

electronic states by several authors'*'"'''''"''̂ . Schaich and Ashcroft"* have calculated 

numerically the photoyield by using the modified form of the Kronig-Penney model 

and also including the band structure effects. They used the wavefunction of Mitchell'' 

for free electron gas in a scmi-infinitc box and considered the photon field vector 

A,„{z) '" remain constant. The numerical data as obtained by them in the case of 

potassium was quite realistic. The nature of photocurrent data obtained by them from 

various planes below the surface has clearly shown the success of their model. 

Stcslicka'''^ had done a detailed calculations of the surface states using the 

Kronig-Penney model both for the semi-infinite and infinite crystals. Eld'b et. alJ'^^ 
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has also applied the Kronig-Penney model to one dimensional crystal. They had 

calculated only the electronic energy bands for mono and poly-alomic cyslals and 

compared the data with the one computed by using the Linear Combinations of 

Atomic Orbitals(LCAO) method. 

3.1 Kronig-Penney potential model: 

In this section, we shall discuss the Kronig-Penney(K-P) model as developed ' 

by Thapa et. al.^- for the calculation of photocurrent from metals and semiconductors. 

The K-P model was used to represent the crystal potential field by a linear array of 

rectangular well (Fig. 3.1), which was later transformed into a chain of 3- function 

potential well such that the area of each well remains constant. The initial state 

wavefunclion was obtained by matching at the surface. 

To evaluate the initial state wavefunclion u/j(z), one can solve the 

one-dimensional Schroedinger's equation given by : 

^ + / c f ( z ) = -2l/(z)^(z). (3.1) 

where /c? = 2E, and \/(^z) is the ^'-function potential of the K-P model. 

l-*̂ ' (/̂ (z) denote the Bloch wavefunction deep inside the metal and (p'{z) the time reversal 

of (/;(z)- The eigenfuclion in the semi-infinite solid (z < 0) was chosen to have the 

lorm^" as : 

V//(Z) = ̂ (Z)-P^*(Z) (3.2) 
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where / ' is the reflection coefficient obtained by matching the wavefunction and 

its derivative at z = 0. The potential Viz) was considered to be one-dimensional 

Kronig-Penney type given by : 

V{z)= =Ig(5[z-(2/i + l)4] (3.3) 

One can then show^- that the initial state wavefunction for the bulk, surface and vacuum 

regions may be written as 

(1 - iPe-''^ sin(5)e'*'' - (F - ie'^ sin^)^-'*'^ z< 0 

(bulk & surface) 

I/// = 

Te~''% 2.<0 (vacuum) (3.4) 

where cotf5 = - y , 3 is the phase shift introduced in the transmitted wave, g is the 

strength of the ^ - potential which describes the bulk potential, 7 being the 

transmission coefficient across the boundary plane and K^ = 2{Vo-Ei), where Vo 

is the potential at the surface which an electron encounters while transmitting 

through the boundary surface. From the matching conditions at z = 0, one can 

easily deduce the values of P and T in Eq. (3.4) which is given by : 

(/v - ikj) - {kj - iK)e''^ sin J 

" (/v - iki) - {ki - iK)e->^ sin^ ^̂ '̂ ^ 

™ Ikj s in 2d 
' " ' ' ~ (/v - iki) + {ki - iK)e-''^ sm3 ^^-^'^ 
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The proper evaluation o f f and T with the correct numerical values for other factors 

enables one to write the most explicit form of initial state wavefunction |i^; > 

The photo emission cross-section was obtained by using the formula 

:S = ^ I1<HHV.>1 ' (3.7) 

The matrix element given in Eq. (3.7) can be written as 

+i f-. ¥j^W>clz + j<T ^jUz)^dz. (3.8) 

In Eq. (3.8), the final state wavefunction y/Xz) is the scattering state of the step 

potential V(z) given by V(z) = - V„(^(z) • Here y^ = £/.- + ̂  , where EF '^ ^^^ 

Fermi level and S is the work function. The final state wavefunction can be 

written as (in atomic units): 

( 2 ; ! ^ ) ^ ^ e ' * ' ^ e - ° ' ^ ' , z< 0 (bulk & surface) 

i//f{z) = 

(^f)^[e''''Hf^)e-''^''l z> 0 (vacuum) (3.9) 

where kj = 2Ef^ qj =2(Ef-Vo) :"i'' Ef = E,+hoj In Eq. (3.9), the factor e""'̂ ' 

(a is the scattering factor) is included on the surface and bulk side to take into account 

the inelastic scattering of the electrons. The photocurrent was calculated numerically 

by evaluating (3.8) . In our calculations, we have used the dielectric functions corre­

sponding to different solids as given by Weaver'" and Edwards'". 
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(a) Mol]/bdentEn and Cqpper : 

I'holocurrcnl was calculated for 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 (10.24 eV), potential barrier height (14.99 eV) and Q. = 45*^. 

Figure (3.2) shows the plot of photocurrent as a function of photon energy (fioj) i" the 

case of molybdenum. We find that for a = 10 a.u., a maxima in the value of 

photocurrent occurred at fiQj = 10 eV. With further increase of the photon energy, the 

photocurrent decreased to a minimum value at fia) = 12 eV and showed a small 

hump at fjQj = 14 eV. But for the case of a narrow surface width (a = 0 ), the behavior 

of photocurrent is quite different as shown in Figure (3.2). We did not find any peak 

for values of photon energy below and above 10 eV photon energy. 

Figure (3.3) shows the plot of variation of photocurrent as a function of photon 

energy in the case of copper. For the surface width a = 10 a.u., the peak in the value 

of photocurrent occurred at floj = 20 eV and decreased to minimum at 26 eV photon 

energy. A second peak is also seen in the case of copper at fia) = 30e'V. Copper also 

showed totally different behaviour for the narrow surface width (a = 0) which is 

evident from Figure (3.3). 

We find that both metals Mo and Cu have shown atleast the qualitative 

features with the behavior of photocurrent as indicated also by other metals like 
71 72 72 

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

However, we see that the model employed do not exactly reproduce the earlier 

reported results. For example, in the case of molybdenum, Weng et. al.^'^ have 

shown that for high lying surface state, photoemission intensity was maximum at 
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pliolon energy 15cV, then tends toward a minimum at 25 eV photon energy followed 

by a hump at t\oj - 30 eV. Our result did not show minimum in photocurrent at 

plasmon energy of molybdenum i.e. 24.4 eV. The reasons for not exactly conforming 

to Other models and the experimentally measured data may be attributed to the fact 

that our model is quite poor. For example, it is not considering the detail of the band 

structure effects. Also the matrix element is mainly dependent on the variation of the 
71,72 

vector potential as evidenced in previous cases . The variation of the vector 

potential mainly monitors the matrix element which causes the change in-
58 

photocurrent. This fact had been also discussed by Weng et. al. that the causes 

in the occurrence of peak in photoemission intensity for molybdenum is due to 

excitation of electrons by/\^ componcnet of the vector potential perpendicular to 

the surface plane, 

(b) Silicon : 

We have also used the Kronig-Penney model"*^ in conjunction with the 

dielectric function /;(a;) for a semiconductor silicon as given by Edwards'". Using the 

same Kronig-Penney parameters and the same value of initial energy ^^asused in the 

case of Mo and Cu, the photocurrent result for a = 10 a.u. is shown in Fig. (3.4). 

We found that there is a minimum at 16 eV, the plasmon energy {hcop) of silicon. 

There is a peak below the plasmon energy and the photocurrent also rises above fjojp-

But in this case, another minimum occurs at 21 cV. This can be attributed to the 

behaviour of ^[(jj) for silicon-''̂  which has a resonance at 21 cV (Fig. 3.5). As a result 

of this, the fields inside the solid become very small and hence the photocurrent shows 

a minimum. The photocurrent calculated with no surface region i.e. with Fresnel fields 

shows no minimum at 16 eV or al 21 eV (Fig. 3.4). This again shows that the 

photocurrent behaviour with and without the surface region is quite different. 
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3.2 Kronig-Penney model calculations using Lorentz-Drude dielectric model: 

In this section, we show the behaviour of photocurrent calculated by using 

the Lorentz-Drude model for the dielectric constant in the case of semiconductors. As 

discussed in the previous chapter, the existence of surface states on semiconductor 

surfaces was experimentally verified by using the angle integrated photoemission^^. 

The semiconductor sui faces arc more complex than metal surfaces for the reason that 

semiconductor surfaces reconstruct'''̂ , fhe presence of these reconstructed ions and 

atomic displacements on semiconductor surfaces makes the studies of electronic 

structure a very interesting topic. Of the various tools and techniques, angle resolved 

photoemission studies has also been widely used in understanding the surface states 

of semiconductors. Various type of structural models of semiconductors have been 

proposed^^. In this section, we will be mainly concerned with the photoemission 

calculations by using the Lorentz-Drude dielectric model for metals. Then initial state 

wavefunctions will be the one described in the previous section, by using the 

Kronig-Penney model and applied it to the case of silicon and gallium arsenide. 

The Drude-Lorentz model for calculating the frequency dependent dielectric 

constants which is given by : 

/ \ r-1 " P -I , (£o-eoo)a)i , . 

In Eq. (3.10) above, ĝ  and Sao are the static and high frequency dielectric 

constants. By using the appropriate values of constants Co - too' }'1,>'2 ̂ '̂̂ '̂'̂ ^P '̂̂ t̂ ^^^y 

for silicon and gallium arsenide, the real and imaginarj parts of e(aj) were calculated. 
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Using Ihe eleclromagnetic fields for p-polarized radiation, we calculate the 

pholoemission cross-section by evaluating the matrix element in Eq. (3.7) 

In Fig. (3.6), we have shown the plot of photocurrent as a function of photon 

energy [Ijoj) for silicon. For the surface width a = 10 a.u., we find that at /ja> = 12 

cV, pholocurrentpeakisniaximum.lt shows a minimum at fjaj= 16 eW followed 

by a small hump at 17 eV. Further, the increase of /JQJ causes the photocurrent to 

decay towards a minimum value. We have taken the plasmon energy {hojp) of silicon 

to be 1ft eV. The interesting feature that is seen here in the case of silicon is that 

photocurrent data^'' showed similar behaviour at least qualitatively with the 
77 

earlier results when fields were calculated by using the experimentally measured 

dielectric constants. For example, the maxima in photocurrent was obtained at hw < hwp 

i.e., at 12 cV photon energy followed by a minima occurring at haj = ha)p- For the 

case of narrow surface width (a = 0), the behaviour in photocurrent is completely 

different. We find that a peak of low height in photocurrent occurred near the plasmon 

energy of silicon. This is quite different behaviour obtained than with the one 

calculated by using the experimentally determined dielectric constants. 

In Fig. (3.7), the plot of photocurrent as a function of photon frequency in the 

case of gallium arsenide is shown for two different surface widths a = 10 a.u and 

a = 0 respectively. The same values of Kronig-Penney parameters were used as in 

the case of silicon. The photocurrent structures of gallium arsenide data^ '̂ showed three 

peaks at fjoj = 10 eV, 12 eV and 15 eV respectively but showing a minimum at 

lui) = 16 eV (the assumed plasmon energy of gallium arsenide). Another hump in the 

photocurrent is seen at 17 eV beyond which the photocurrent decreases gradually. The 

photocurrent data for narrow surface width (a = 0) is found to be similar as in the 

http://pholocurrentpeakisniaximum.lt
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case of silicon. The reason for this being that for a = 0, both silicon and gallium 

arsenide had almost same values of dielectric constants as calculated by using the 

Drudc-Lorcntz formula. 

We find, therefore that in the case of silicon, the model dielectric response 

function of Drude-Lorentz seems to work quite well for values of photon energies 

below and above the plasmon energy. However, a different behaviour is seen 

in photocurrent in the case of gallium arsenide(GaAs). For example, we find three 

peaks occur in photocurrent for huj < hcop, a result seen quite different from that of 
77 41 71 77 

silicon and other metals like aluminium , palladium , tungsten etc. The reason 

lor this may be attributed to the fact that the Drude-Lorentz model for the calculation 

of dielectric constants is not applicable to the case of gallium arsenide. The other 

reason for the occurrence of such peaks may be that for hw < ha>p , the photon field 
40 

vector as deduced by using the model of Bagchi and Kar is not applicable 

to the case of compound semiconductor. We cannot rule out the weakness of the 
42 

K-P model potential as used by Thapa and Kar for deducing the initital state 

wavcfunction ly/, . The effect of the surface was not taken into consideration while 

formulating y/j for a semi-infinite solid. However, the occurrence of peaks at 

IKO < licop both for silicon and gallium arsenide can be attributed to the spatial 

variation of vector potential. 
78 

l.apeyre and Anderson had also experimentally found the existence of 

surface state in gallium arsenide from the constant initial state spectroscopy. The 

complicated lines shapes in their measurement for the surface states were not fully 

understood. However, the conclusion found in their measurement was that the 

photocmission intensity v/as strongly a polarization dependent. Though we have not 
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lakcn into consideration the effect of type of semiconductor, density, etc., we find that 

in the case of semiconductors, the spatial dependence of vector potential is an 

essential ingredient in pholoemission calculations. Instead of using the simple type of 

dielectric formula like that of Drude-Lorentz type, it would be more realistic if one 

can employ the method as developed by Cappellini et. al?'^ which is specifically 

defined only for the semiconductors. Further, the inclusion of crystal structure into this 

type of calculations will enable one to compare the data with experiment in a more 

realistic way. For example, a detailed study of pholoemission from gallium arsenide • 
80 

by using the one-step model of pholoemission had been done by Schattke . He had 

used the Green function formalism to define the valence states in terms of LCAO 

basis functions by taking photon field vector as constant in dipolc approximation. 

The pholoemission data for the ideal gallium arsenide surface agreed well with 

the experimental data. 

3.3 Relativistic Kronig-Penney potential model calculation of photoemission : 

In the above treatments of photoemission calculations both in the case of 

metals and scminconductors, the spin of the electrons in the formulations of the 

initial stale wavefunclions were not taken into considerations. This implied thai Ihe 

relativistic effects were omitted and it was purely a non-relativislic type of 

calculations. We have considered in the same way the variations of the dielectric 

functions for the calculations of the photon fields but adopted the wavefunclions for 

the initial slate of the electrons as developed by Davison and Sleslicka"'. We 

have introduced the surface of width ' J ' into the potential model and used the 

wavefunclions for the evaluation of the matrix elements for photocurrenl 

calculations. The model was applied to the case of heavy atomic solids like 

tungsten and silicon. 
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ll has been seen that most of the authors have not taken into consideration the 

cr ied of relativity while applying the Kroning-Penney(KP) model to band 
41,71,76,77 

structure studies in photoemission. For example, Thapa and others have 

applied it to study the photoemission from metals like W, Si, Al, Pd, etc. But in 

their studies the relativistic effect on the motion of the electron in the potential well 

was not taken into consideration while deriving'*^ the initial state wavefunction y/j of 

the electron. A detailed energy band calculations using relativistic 

Kronig-Penney(RKP) have been done by Davison and Steslicka (DS) by solving the' 

Dirac equation for bulk spinors for which the surface state calculations was also 

given. In this section, we are discussing a simple relativistic approach to 
SI 

photoemission study by using the wavefunction as deduced by DS for the 

electronic stales and then applied it to the case of W and Si. 

The crystal potential model as used by DS* '̂ for deriving ^, is shown in 

Fig. (3.8) which has a surface width d- The crystal potential is given by 

ljVyh = ao with b as thewidth of the potential barrier and (a+b) the period of 

llic polcntial, «,, being a positive quantity. The crystal surface potential is such that 

V\ > i-o where ;;„ is the kinetic energy related to the energy (E) of the electron 

given by the relation E = £„ + fnoC~^ ni„ being the rest mass of the electron. 

In the k- region of constant potential y^ , the one-dimensional time-independent 

Dirac equation can be written as : 

/ / . c ^ - { f e , - K , . ) + 2m„c2}^<." (3.12) 
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Decoupling Eqs. (3.11) and (3.12) leads to 

nO) 

'/^^•"Z" = -Pk<Pk , 
j=\,2 (3.13) 

where wave vector pj = (g^ _ VI,)[{EO - Vk) + IntoC^yh^C^-

The plane wave solution of Eq. (3.13) for bulk (x>0) and vacuum (x<()) regions 

can be written as : 

hi^) = a[''^ 
r \ 

-yi e'''^' + k S.̂  
^ 1 J 

-IP2X 
j c > 0 

V//(x) = 

(/>i{x) = y\ /?fe''^ x < 0 (3.14) 

where /, =-in^ > 0 and is real. The constants in Eq. (3.14) are defined as 

£„ = £-m„C^-, 

Ih =yklh ' 

(1) (2) 

f-o-Vf. 

y^^"" hep,' 

and /. = 
/i{ l_t.'(/'2-/')^ 

// is the wave number and is given by n =-^ + H^ where (^ is real and (" > 0 
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Tlic final slate wavefunclion yj, which is correctly normalized in energy will 

be the scattering state of the step potential V'l = -V„d{x), where Q{x) »s a unit 

liinclion. The vector potential A î  assumed to be a constant in the bulk and vacuum 

regions but in the surface region, it is a function of x. The formula for the vector 

40 

polenliai in one-dimension following the model of Bagchi and Kar is given by 

A M x<0(bu lk ) 

AI e{co)d 
^^•>{x) = [e(a;)-IlxW' "d < x < 0 (surface) 

A\e{ojY x>0(vacuum) (3.15) 

where /\, is a constant depending on dielectric function eioj), photon energy hu) 

and angle of incidence (),, Such models have been used in photoemission calculation 
41.71,7(>,77 

with simple forms of initial state wavefunclion . We have used the expansion 

of the matrix element in Eq. (3.8) for evaluation of the pholocurrent. Since the 

integrals in the matrix element cannot be solved analytically, FORTRAN programs are 

developed to evaluate for computing pholocurrent as a function of photon energy. 

We have used the experimentally determined dielectric functions g(cy) 
50 

corresponding to W and Si as given by Weaver . Since it is a model calculation, wc 

have chosen the same values of the following data (in atomic units): 

Fermi energy(£:^) = 0.3768, Potential strength(\/„) = 0.5864, 

Work functon(o) = 0.1746, Potential width(a) = 6 «„ («„ = Bohr radius) 

Velocity of lighl(c) = 137, Surface width(d) = 10 
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The rclalivilislic parameter used in the calculations are given by : 

/;, =/().4178,/;2= 0.613 

/i = 0.4178,}'i = -/0.001525, yi = 0.00224,// = 6 :̂10"^ 

The values of relativitistic Kronig-Penney(RKP) parameters like //,, / ^ j , 

ai,al"', a-i Ĵ'ld A were calculated for each values of band index number n. These 

values were subsituted into the matrix element for the evaluation of photocurren by' 

using Eq. (1.3). We have calculated photocurrent against the incident photon energy 

iho)) <»s a function of the band number (/i) in the case of W and Si ^^ for n = 

2,4,6,8,10. There is no specific reason for the choice of even values of n as the 

photocurrent data for odd values showed similar trends**''. In Fig. (3.9), the plot of 

photocurrent in the case of W is shown. We find that for all the band numbers, the 

peaks in photocurrent data occurred at photon energies fio) = 10,18,26 eV respectively. 

The photocurrent peak was minimum at fjco = 14 eV and maximum at fjoj = 26 eV. 

We have also calculated photocurrent in the case of silicon which is a heavy diatomic 

solid. The photocurrent data for silicon is shown in Fig. (3.10). We find that for all the 

band numbers, maxima occurred at photon energy //o) = 11 eV and 20 eV respectively, 

but for /;o; > 20 cV, the peak went down drastically to a minimum and then decayed. 

The pholoemission calculations in the case of W and Si using the 

non-relativistic Kronig-Penney (NR-KP) model have been done earlier'*'•'''•''. It has 

been observed that in the non-relativistic case, the photocurrent showed maxima at 

values of IKO< hojp and a minimum occurred at hco~ /zo;-for both W and Si. For 

example, in the case'*' of W maxima occurred at fxco = 21 eV and a minimum at 26 eV 

( lor tungsten, JHU,, = 25.3 eV ). However, in the case"*' of Si the photocurrent data 
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showed a lot of structures instead of a single maximum at ho) < hojp • It îlso did not 

show a minimum at IjMpi for silicon, floj^ = 16 eV ). The reason has been attributed 

to the behaviour of the dielectric function e(co)- The behaviour of photocurent 

data in RKP case is completely different from that of NR-KP model. For example, in 

the case of W, we find that for the values of photon energies greater than 20 eV, 

the plot showed a peak in photocurrent data at fjco = 26 eV, very close to /jc/; .̂ This is 

in fact in contrast to the data obtained earlier by other methods'*"''*'•'''*'̂ '̂ where a 

minimum was observed at fjco = A7C0p. Also for the values of ^o; < Piojp, we find ' 

two peaks in photocurrent at hoj = 10 and 18 eV with a minimum at fjoj = 14 eV. 

Similarly, in the case of Si as shown in Fig. (3.10), we find that for a lower photon 

energy range the behaviour of photocurrent data showed features similar to that 

obtained in surface photoeffect. For example, a maximum was observed at /;a> = H) 

eV followed by a minimum at t^a> = 16 eV (the plasmon energy of Si). There is 

increase in photocurrent for f^oj > piQj and a maximum is observed at photon 

energy of 20 eV for all the band numbers. The graphs showed a minima again at 

/;(/; = 22 eV and decreased down towards a minimum for all the band numbers for 

further increase of photon energies. 

The interesting feature which is seen in both the case of W and Si is that for 

the increase in band numbers the peak in photocurrent also goes on increasing. The 

only difference is that in the case of W, the highest peak on photocurrent is observed 

<»t IKO = tuop, whereas for Si it is obtained at photon energy 20 eV which is greater 

than its plasmon energy. This can be attributed to the fact that the band width AE/, 

goes on decreasing for the increase in band number. In other words, the 

rclalivistic correction'*'* reduces Af/, which causes the electrons to gain sufficient 

momenta due to rapid spatial variation of the incident radiation to be photoexcited. 
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This causes the enhancement of photocurrent with the increase in n in both the cases 

of W and Si. In both the NR-KP and RKP treatment of photoemission, we find that 

only in tiic low frequency region photoemission is dominant due to spatial variation 

of the photon field vector. The evidence for this is the occurrence of peaks for the 

value of /;aj < ticon^ which has been already observed experimentally by Levinson and 

others-". But the occurrence of peaks in photoemission by using the RKP model may 

be described as the manifestation of band structure effects in photoemission which 

has not been observed in the NR-KP cases. 

In the case of the relativistic treatment of photoemission (Figs. 3.9 and 3.10) 

by incorporating the spatially dependent vector potential, we find that the features 

seen in the behavior of photocurrent is quite different from the one obtained by using 

the NR-KP model. We did not find any peak in photocurrent for values of fioj below 

and above the plasmon energies. Such deviation both in the case of W and Si may be 

due to the fact that the initial state wavefunction ur,- as deduced by DS is not 

applicable to photoemission calculations although the spatially varying photon field 

is used. We have in fact just attempted to include the effect of relativity also in 

photoemission calculations. We find from the data that both in the case of W and Si 

lor RKP model, minima is seen at around the plasmon energies. The occurrence of 

peaks in photocurrent data is attributed mainly due to inclusion of relativistic effects 

in photoemission. 

The main drawback of including the initial state wavefunction ly • as 
SI 

derived by DS is that it does not take into account the surface width. It has been 

well defined for both the vacuum and bulk regions. Further, we have not done any 

detailed calculations to derive the initial state wavefunction UTJ. What we are trying 
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to do here is that we have just used the wavefunction as derived by DS for the 

band slate calculations using the K-P model potential. We also conclude from this 

study liial tlic incorporation of the spatially variant vector potential is not sufficient. 

Further, the measured ultraviolet pholoemission spectra(UPS) data have shown that 

effects due to spin-orbit coupling'̂ '* cannot be omitted in photoemissin spectra'̂ '''*'̂ . 

Also the solution of Schrodinger's equation without the inclusion of spin-orbit 

interaction will become more and more inadequate**" in pholoemission spectral 

measurements. One has to also modify the calculation for vector potential keeping' 

in view the relativistic effects. There is, therefore, a need for relativistic theory of 

pholoemission for accurate presentation of the UPS data. 



CIIAin ER 4 

PHOTOCURRENT CALCULATIONS USING 

MATHIEU POTENTIAL MODEL 

In the last few decades, interests in detailed understanding of the physical 

properties of condensed materials and their surfaces have grown up fastly. Further, the 

development in micro-electronics have reached a point where surface properties have 

become very much dominant. Several developments has been made in the production 

of 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 photoemission 

spectroscopy (ARUPS) has become one of the important tools as it allows to measure 

the dispersion of the bands for both occupied and unoccupied bands. 

Therefore, it revealed the electronic structure around the Fermi level with high amount 

of accuracy-'̂ '̂ ^^•'̂ ". In order to interpret the experimental spectra, it is useful to have a 

quantitative comparison between the theoretical and experimental photoemission data. 

This demand has led to the developments of various approaches for calculating 

pholocurrent which ranges from accurate many-body theories'^' to one-electron 

lormulalions. 

In the previous chapters, we have seen that pholocurrent calculations was done 

by using various potential models in the case of metals and semiconductors. For 

example, free electron'*''^^ and Kronig-Penney potentiaP''^''"'^ models were used in 
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the case of beryllium, tungsten, copper, silicon, etc. Photoemission studies were also 

carried out in the case of tungsten and silicon by using the relativistic Kronig-Penney 

model. We found that in the case of copper ( as shown in Fig. 3.3), Kronig-Pcnney 

model did not fit well since the plot did not show peak in photocurrent below the 

plasmon energy. With the increase of photon energy, the photocurrent also did not 

show a minimum at the plasmon energy. In the case of copper, maxima in photocur­

rent was measured at fiaj = 20 eV with a minimum at ttoj = 26 eV. Also, the 

application of relativistic Kronig-Penney model to Wand Si showed too many peaks 

in photocurrent with the increase of photon energy. This is quite a different trend in 

the behaviour of photocurrent. These results do not conform to the calculated and 

measured data in photoemission when one is usually concerned with the variation of 

photocurrent against photon energy especially from the surface of metals. For this rea­

son, we have applied Mathieu potential model to evaluate the initial state wavefunction 

to calculate the matrix element in photocurrent by using the same dielectric model 

as used in the earlier chapters. The photocurrent data obtained in this formalism could 

explain the behaviour of photocurrent also in the case of copper. 

In this chapter, we shall use the Mathieu Potential model to represent the 

crystal potential. In this model, the potential is represented by a periodic sinusoidal 

wave in one-dimensional crystal. For such a potential, the Schrodinger equation 

rciluccs to the Mailiicu equation whose solutions have been discussed in detail by 

McLachlan'^\ The Mathieu potential had been used early by Brillouin*''* and Morse''''. 

Brillouin had used this model as an appropriate model for developing the energy band 

theory of solids, while Morse used it in his study of electron diffraction. Slater''^' used 

the Malhicu potential problem in one, two and three dimensions to describe the 

energy bands in a realistic crystal. Then Carver''*' has discusssed the symmetries of 
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Mathicu functions, and the relations between the functions and the electron wave 

junctions at the centres and edges of the crystal bands. The Mathieu potential has been 

at first used by Stalz^s for surface state calculation. Levine has used Mathieu 

potential for calculating the condition for arbitrary surface termination. In this 

chapter, we will discuss a formalism developed for photoemission calculations in 
44 

which the electron states are derived by using the Mathieu potential . Two cases will 

be discussed namely, the effects of the empty lattice and strong periodic lattice 

potential on the electronic states for deriving the initial state wavefunctions as 

discussed by Davison and Steslicka'*'̂ . 

4.1 Empty Potential with Finite Surface : 

Let us consider a one - dimensional crystal whose potential is represented by a 

sinusoidal potential given by 

V{x) = VoCOs{^) (4.1) 

where 'a' is the period of the potential having a maximum value y^^ at x = 0. The 

one-dimensional Schrodinger equation can be written as 

i//"(z)+ (a-2<^cos2z) i / / (z ) = 0 (4.2) 

where Z = ^^T=^,a = j ^ and 2q = - ^ 

Uq. (4.2) is the Mathieu equation and its solution is derived for free electron or nearly 

emply potential ( q ~ 0) when the cry.stal potential is flat a.s .shown in Fig. (4.J). To 
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dclcrmine Ihe initial state wavefunction y/,(x) in Eq. (4.2) , we have included a surface 

of width ( d) ill the crystal potential. The initial state wavefunction for the bulk and 
97 

surface and for the vacuum region is calculated as : 

, X > 0 (4.3) 
(2<^)2e-^(^-^") 

where ^o = location of the crystal surface. In Eq. (4.3) above, we have ki = J2Ei 

and 

^{XQ,CJ) = Xcosm'x - sinm'x, 

A = tanm'(A:o-(^-') (4.4) 

such that m' = — • , m being the band gap index, ^ is the height of step potential 

and ;. is the hybridization parameter. 

Using the final state wavefunction y/. as the scattering state'*" of the step 

potential as used in the case of Kronig-Penney model, the photocurrent density is 

calculated by using the Fermi golden rule formula^'' as 

4S^ = f 11 < VZ/l̂ V/ > ?S{E -Ef)S{Ef-Ei - hoj)UE-hcn)[\ -/„(£)] 

(4.5) 
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The perturbation in one dimension, // ' can be written as 

//' - lk[^M)^ + ^^'^''"(^)] ^̂ -̂ ^ 

With simple modification, the photon field used in our calculation can be written as 

A 1» x<-d 
A 1 .v.{(j)).d 

A,„{oj,x)^ [l_,.(,^)j,-W ' -d<x^Q (4.7) 

AI .£(oj)> x>Q 

where A\ isaconstant depending on the dielectric function /;(o;), photon energy fjo) 

and angle of incidence 0^. We have chosen X[i = ^,^ = — and m = 1 • The reason 

for the choice of m = 1 is that the surface state exists in the band gap"*"* for finite 

potential case. The matrix element in Eq. (4.5) can be written as follows for 

calculating the photocurrent: 

Photocurrent was calculated as a function of photon energy (/ĵ ĵ) by evaluating 

the integrals in Eq. (4.8). The formalism was then applied to the case of metals Al 

and Be as they are free electron type of metals. For these metals, we have used the 

experimentally determined dielectric function''"-''' for calculating the photon fields 

through the subroutine of the main FORTRAN program. 
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The plot of photocurrenl as a function of tico for normal photoemission for the 

case of Al and Be is shown in Fig. (4.2). We have shown here the photoemission for 

constant initial state for which the energy was located at the Fermi level. As it is a 

model calculation, we have chosen the Fermi level for both Al and Be as 0.43 Hartrees. 

The pholocurrent data'" for Al showed a strong photoemission at photon energy 

/((,; = H) eV. This was followed by a suppressed photoemission and therefore 

pholocurrent was minimum al ti<D= 15eV(the plasmon energy of Al is hojp= 15.3 

eV). There is another hump in pholocurrent data at f-ta)= l^eV. Similar trends in the • 

behaviour of photocurrenl in the case of Al were also found by using other models like 

free electron case"*''̂ ^ and Kronig-Penney model '^^ . When the pholocurrent data is 

compared wilh the experimental data of Levinson et. al?^ , we find that our results 

alleast reproduced the measured data qualitatively. Levinson and others have 

shown that maxima in photocurrenl occurred al fico - 13 eV with the occurrence of 

minima at the plasmon energy of Al. The pholocurrent behaviour in the case'" of 

Be is also similar to that of Al. For example, it showed a maxima at fiQ) = 10 eV 

followed by a minimum occurring at fiw = 19 eV ( the plasmon energy of Be is 

19.5 eV). There was enhancement in photocurrenl value for fico > Pio),, • We see 

from the variation of photocurrenl data that even in the case of Be, it has shown 

the quaiitalivc behaviour as seen earlier in the theoretical results of 

Thapa and Kar^" and the experimental data of Barlynski ct. ulP and Plummer'̂ '̂  

as shown in Fig. (4.3). 

The features seen in the behaviour of photocurrenl in Al and Be can be 

atlribulcd 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 (he rapid variation of photon field in (he surface region. This is. evident from the 
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matrix clement in Eq. (4.5) where dAJdx is directly dependent on photocurrent as 

the photon energy passes through the threshold for plasmon excitation. Moreover, we 

have considered a low photon energy photocmission and hence the incident radiation 

is too weak to photoexcite electrons from the bulk bands. The origin of peak in 

photocurrent data in the case of Be for tioj < ticop has been explained by Karlsson 

ct. III. from band picture. He attributed this to the existence of surface state at f 

with energy 2.8 cV in the bulk energy band gap r + _ r - . 

4.2 Stronj4 Periodic Potential with Finite Surface : 

The case of empty lattice potential is not applicable to the strongly bonded 

metals like d-band metals or semiconductors. Hence one needs to develop the intial 

statre wavefunctions by solving the Mathieu equation in Eq. (4.2) by incorporating the 

sine and cosine elliptic functions. We have considered the same model as in the cavSe of 

empty lattice potential model which is given in Fig. (4.1), but used it for strong 

periodic potential i.e. q > 0. The only difference with empty potential case is that we 

have to evaluate the function <j){xQ^q) more appropriately to define the existence of 

surface states. 

It is therefore, necessary to find an explicit form for ^(jcj, q) in Eq. (4.4) to 

derive the intial state wavefunction (//,(x)- Here the coordinate x„= -̂ Xo unlike the 

case of empty potential. The most general form is a linear combination of all the bulk 

standing states sc,„[x'(^q) and ce,n{x[)q) for all the Fermi energy gap /71 . Thus the 

surface states will be largely a hybrid of sine and cosine elliptic functions which is 

given by the expression 

<l){x\^c{) = A„, ce,„ (xo//) - se,„ {x\^q) (4.9) 
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where ;.„, is the hybridization parameter which can be written as 

/„, = 
si',„(x[,(i) - ((,- +/f)"'.vf i„(x„//) 

(4.10) 

The sine and cosine elliptic functions in Eq. (4.9) in expanded form can be written as 

.st'„,(x„//) -sinz/ix,', - - ^ 

ci2 

sin(/;i + 2).r(| sin(/?i - 2)x„ 
m + 1 m- 1 

32 
sin(/?i + 4)x„ sin(/?i - 4)jc„ 

(m+l)(w + 2) ^ ( m - l ) ( m - 2 ) (4.11) 

and c't'„,(A||//) -cos / ;u-„- - j 
cos(ni + 2)X|| COS(MI - 2)x„ 

ni+ 1 m - 1 

q2 
32 

cos(/?t + 4)A-„ COS(»I - A)x„ 
(ni + i)(/« + 2) ^ ( /«- ! ) ( /«-2) J (4.12) 

For finite surface potential, surface state existence condition implies that 

x[)=fx^u^=•T^ \>0 and m = 3 ,5 , (4.13) 

Wc arc considering surface state occuring for m = 3 and hence from Eqs. (4.11), 

(4.12) and (4.13), wc can write, 

ce^{x„,q) = 0 , 
q cT ce':^{x'o,q) = 3(1 + - j ^ - • ^ ) 

M ' , ( A - , , , . / ) = - l - f - j ^ - - ^ y se:^{x,„q) = 0 (4.14) 
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llciicc, vvc may obtain the value of /.-, as 

/.\ = ,, „- (4.15) 
- ' v ' + Ih 64(1 / 

Using liqs. (4.13) and (4.14) inlo Eq. (4.9), Ihc inlial stale wavei'untion in tlie case of 

strong periodic potential becomes 

MrtA,-' >. ' i f ) 6 4 0 ' ' X < U 

Wkx,q) 

(i^r)^^"'^"'"' ^>o (4-16) 

The I'inal state wave function y/̂  used is the scattering state of the step 

potential which is same as that was employed in Kronig-Penney model in Chapter 3, 

and the photon field is the one described in empty potential case in Section 4.1. 

Pliotocurrent was calculated"" as a function of photon energy ( ^-^D ) in the case of 

d-baiiil metals like molydeiuim, tungsten, copper and semiconductor silicon. P'or each 
50,51 

of these metals, the experimentally determined dielectric function 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. 
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Photoemission from Molybdenum 

d= 10a.u. 
d= Oa.u. 
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Figure 4.4 
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Photoemission from Tungsten 
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Figure 4.5 
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(;i)Tunssten(W) and Molybdenum(Mo): 

TIT; plot of pholocurrent as a function of plioton energy ( tioj)) for W and Mo 

is shown in Figs. (4.4) and (4.5), both for surface width d = 10 a.u. and narrow 

surface width ( d = 0). We have considered the case of high lying surface state as 

was done by Weng et. al.^^ which is shown in Fig. (4.6). The high lying surface state 

lies at - 0.4 (-0.3 cV) for W(Mo). The peak in photocurrent occurred at fjo) = 15 eV 

in the case of both W and Mo. But as the value of photon energy increased, • 

the pholocurrent decreased and showed minimum at the photon energies 20 eV 

(21 cV) in the case of W(Mo). The plasmon energies of Wand Mo are respectivley 

25.3 eV and 24.4 eV. Both of these metals showed a shoulder in photocurrent again 

at lioj = 23 eV followed by a peak of smaller height at fjo = 27 eV. The ratio between 

the two peaks in photocurrent at photon energies 15 eV and 23 eV is approximately 

43 % ( 49 % ) in the case of W(Mo). However, the case of narrow surface width did 

not exhibit such behaviour in photocurrent both in the case of W and Mo. 

The experimental data of Weng ct. «/.'"'* showed that the ratio between the 

two peaks in pholocurrent in the case of W and Mo are approximately 45 % and 54 %. 

This has a close approximation to our calculated data. Also the occurrence of second 

peak in pholocurrent in our calculated data in both W and Mo is closely related lo 

the experimental data as shown in Fig. (4.6). However, the minimum in photocurrent 

for W(Mo) did not occur at the plasmon energies which was clearly displayed by 

the experimental data. We thus find that the Mathieu potential model used in this 

calculation for defining the initial state wavefunction is a useful model, as the data 

calculated showed allcasl the qualitative behaviour with the experimental results. 
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Surfece State Photoemission from Copper 
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Photon Energy (eV) 
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Figure 4.7 
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(b) Copper(Cu) : 

Wc have plotted the behaviour of photocurrent as a function of photon energy 

both for surface width d = 10 a.u. and narrow surface width for Cu ( Fig. 4.7). For the 

surface width d= lOa.u., the photocurrent showed a maximum at pK^J = lOeVand 

decreased to minimum at 20 eV, the plasmon energy of Cu. At photon energy 

iluu) - -̂ •* ^^^ 'I showed a .second peak in current but of lower height than at 

/K;J = 1()CV. 

It has been reported by Himpsel and Ortega'"^ that for Cu(l()0), Fermi level 

pholoemission intensity when plotted as a function of photon energy, the data showed 

maxima at IIQJ = 10.5 eV. Similar reports were also given by Eastman el. al '"^ but 

with maximum intensity occuring at fiQj - 10.6 eV. In our case, our model 

calculations has shown peak in photocurrent at /JQ; = 10 eV. The occurrence of such 

peak in photocurrent in the band structure had been attributed to transition in energy 

between the lower and upper s-p bands either at the Fermi level or near it and has As 

symmetry. The case of photocurent for narrow surface width just produced a linear 

line of very negligible magnitude in photocurrent. We find that Cu has shown atleast 

the qualitative feature with the behaviour of photocurrent as indicated also by other 

metals like Pd^' W^2 si'^^ etc. which were calculated earlier, 

(c) Silicon : 

Wc have also used this model for calculating photocurrent from semiconductor 

Si which is shown in Fig. (4.8). For surface width d = 10 a.u., we find that photocurrent 

showed a maximum height at fiQ^ - 10 eV followed by a minimum at ha) = 15 eV. 

A second peak of small magnitude was found at ĵô  = 17 eV and decreased again to 



78 

Photocument for Silicon 
200 

J2160 
mwmm 

C 
3 

• 

+5' 
C 
£ 
3 
O I 

120 

80 

40 

0 
10 14 18 22 

Photon Energy(eV) 

26 

Figure 4.8 
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miiiirmini al 21 cV with further increase in photon energy. This can be attributed to the 

behaviour of /.((o) for silicon '̂̂  which has a resonance at21eV. In the case of Si 

also, for liie case of narrow surface width the magnitude of photocurrent is 

negligible for all the values of photon energy. 

We also have calculated the wavefunction given in Eq. (4.15) for q = 0 to see 

whether this can reproduce the results calculated in the case of empty potential (q ~ 0) 

and for surface state condition m = 1. When this is applied to the case of Al and Be, ' 

it was seen that the photocurrent data matched exactly the earlier reported data both 

for Al and Be respectively, which was shown in Fig. (4.2). 

A study of these cases show that one can also make use of Mathieu type of 

potential in photoemission calculations. Though the model used is very simple, 

however, the inclusion of initial state wavefunction into the matrix element appears 

to produce the qualitative features as observed earlier in the experimentally 

measured data of photocurrent. The main drawback of of the model used is that 

the same initial state wavefunction (̂ , is u.sed to describe both the surface and 

bulk regions of the solids under study. We have used the constant initial state 

energy for all the cases and also kept constant other parameters as it is a model 

calculation. However, it is interesting to note that the wavefunctions formulated 

for strong periodic potential easily reproduces the wavefunctions for empty 

potential (free electron) cases. It would be further interesting to extend such type 

of model to include the band structure effects in the electronic structure 

calculations. 



CHAPTERS 

CONCLUSION 

In this thesis, we have shown the photocurrent calculations by using a modified 

lorm of simple dielectric model as given by Bagchi and Kar*'. At first, we have 

calculated the variation of photon field against the photon energy for the planes located 

in the surface region. We have used the metals beryllium, molybdenum, tungsten and 

silicon for calculation of the electromagnetic fields. In our calculations, we found that 

there are a lot of structures associated with the variation of the photon field instead of 

a monolonic trend. 

It was found that photoemission calculations by using the free electron model 

could not explain the band structure effects. Thapa et. al^^'^^ has used the 

Kronig-Penncy model for derivation of the initial state wavefunction ij/j and applied 

it to calculations of band state photoemission from aluminium, tungsten and silicon 

with success. With this motivation, we have performed photocurrent calculations using 

the dielectric constants of molybdenum, copper, silicon and gallium arsenide but with 

a modofied dielectric model for the surface region. It was seen that in our 

calculations, the plasmon energy has effect on the photocurrent calculations. In most 

of the photoemission calculations, it was found that the photocurrent showed a peak at 

photon energy less than the plasmon energy and a minimum at the plasmon energy. 

We have also used the Lorentz-Drude dielectric model for the photocurrent 

calculations from the semiconductors to sec whether it could explain the band state 

photoemission. We have also done the photocurrent calculations by using the constant 

inilal stale and final stale wavefunction but with no surface region. In this case. 
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Ihc peak below ihe plasmon energy was not found in the photocurrent data and also a 

minimum at the plasmon energy was not exhibited. Therefore, we can conclude that 

the inclusion of surface is important in photocurrent calculations from metals and 

semiconductors. 

We have included the effect of relativity also in photoemission calculations. 

We have just used the wavcfunction as derived by Davison and Slcslicka* '̂ for the band 

state calculations using the KP model potential. From our calculations, we can 

conclude that the incorporation of the spatially variant vector potential is not 

sufficient. Further, the measured ultraviolet photoemission spectra(UPS) data have 

shown that effects due to spin-orbit coupling'*'* cannot be omitted in pholoemissin 

spectra "̂'"'̂ .̂ One has to also modify the calculation for vector potential keeping in 

view the relativistic effects. There is, therefore, a need for relativistic theory of 

photoemission for accurate presentation of the UPS data. 

Finally we have shown the application a simple potential model like Mathieu 

potential to the study of photoemission which has not been done so far. Davison and 
4') 

Steslicka(DS) have used such type of sinusoidal periodic potential to the case of 

surface state studies. The advantage with this model is that it can monitor the 

situations from Nearly Free Electron(NFE) model to Tight Binding Approximation(TBA) 

method. One could have also used various types of potentials in such kind of studies, 

however, since DS has already established the fact for the existence of surface state for 

band index m = 1 (free electron case) and m = 3,5, etc. (tight binding case) we have 

cho.sen this potential as case study to incorporate the photoeffect. As dis 'cussed earlier 

in the case of W and Mo in chapter 4, we have observed that the model worked quite 

satisfactory. We have also then extended the model to the photoemission studies from 
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copper and silicon with Ihe motivation by this fact. Interestingly, the results showed 

similar trends as was obtained in the case of W and Mo. 

Howver, there are certain drawbacks in the model that we have employed i.e. 

Mathicu potential. For example, we paid attention only to the derivation of initial 

slate wavefunction. We have not considered the final structural effects in which the 

final state wavefunction will have some important to play. This had been explained by 
104 58 

Egeihoff et. al. in the case of photoemission data of W and Mo where • 

macroscopic effects on final state band structure was essential. It has also been seen 

llial dielectric response plays important role especially for surface photoemission in 

metals. This is requirad in order to describe appropriately the variation field in 

the bulk, surface and vacuum regions of metals. Though the dielectric model employed 

in our case is a simple one, howver it can be applied to the case of photoemission 

stuidcs. This has been further evidenced by the theoretical and experimental studies 
105 

of resonant surface photoeffect in the case of oxygen adsorbed on W(l()()) where 

such type of dielectric model was used. It would be appropriate for semiconductors, if 

a different model be used as proposed by Cappellini et. al. . Further, we have not 

considered the role of symmetry points and the directions in the formulation of initial 

state wavefunction. For example, in the case of W, it is A and A initial states 
which can be excited on the (100) face of the bcc crystal (W). Moreover, it is A 

I 

symmetry ( initial stales) which is photocxcited by only z-component of vector 

potential A which is normal to (100) face. A symmetry states are possible to be 

excited by only A and A component of vector potential A. Hence this do not 
X Z 

contribute to photoemission. Thus inclusion of symmetry states would be more 

appropriate and exact also to generate the exact locations for electronic states. 
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From all these speculations, we can conclude that although the model 

presented here is highly simplified, however it gives first hand information on the 

behaviour of photocurent in the studies of metals and semiconductors. For more 

accurate calculations of photocurrent, one has to use the formalism of Low Enerf^y 

Electron Diffraction (LEED) which was developed by Pendry that could lead us 

to explain the detailed microscopic nature and effects of photoemission in 

metals and semiconductors. 
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APPENDIX - A 

CALCULATIONS OV PIIOTOCUIUIENT USING 

MATHIEU POTENTIAL MODEL (EMPTY LATTICE CASE) 

Wc will derive here the formula for calculating the photocurrent from the solids 

using the Malhieu potential model as described in Chapter 4 (a) for empty lattice 

( q ~ U ). The initial state wavefunction i//i{x) derived by using Mathieu potential 

model for free electron case can be discussed as follows : 

Let us consider a one-dimensional crystal whose potential is represented by a 

sinusoidal potential given by V{x) = V(,COs( ^ ) v/here'a' is the period of the 

potential having a maximum value y^ at x = 0. The one-dimensional Schrodinger 

equation can be written as 

i//"(2)+ (a-2^cos2z)v/(z) = 0 (A-1) 

where Z = - ^ , r = - ^ , a = f and 2q = - ^ 

The initial state wavefunction for the bulk and surface and for the vacuum regions is 

given by 

{ji-)^(p{xo,q)e-^^'"-'^ x<0 (bulk & surface) 

y^iix) = 
(2(^)4- .̂-s'U-.v„) x>0(vacuum) (A-2) 
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wlicic vo = location of the crystal surface. In Eq. (4.2) above, we have ki = J2Ei 

and the matrix element in Eq. (4.5) can be expanded as the following for calculating 

the pholocurrcnl which is given by 

/ = \Z, y/}A„Xx)^dx + l^!,j y/}A,„^dx 

= / , + /2 + /3 + h (A-4) 

The final state wavefunction i^i{x) of Eq. (3-5) and photon field vector of Eq. (4*7 ) 

is used lor the evaluation of the integral / in Eq. (A-3). Using Eqs. (A-2) and (3-9), 

the integrals in Eq. (A-3) can be expanded as follows : 

dy/, 
t\ =\~^^¥}^",{x)-^dx 

= ^ [ 2 ^ : ] ^ ^ ' ^" ^"^^^"^^-^- f [acos.'x-sin.'x)]c-cZx 

1 

I 

3L -A\e-'r\~_ie-'''i'e^"'''^. 
'\2cifkJ q^-^kf 

[-/./<COS/«'A: + Am' sinw'x + m' cosni'x +/nsmm'x]dx 

file://'/2cifkJ
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T V —^A i -(^"^ T-tCcos V - /sin V ) e^'"''^''-

• [{/.m' +1.1) ?,\n m'x-{AH-m') CO?, mx](lx (A-5) 

, id , r >IV, , 

-kii^]" ^^•^->^i- --'"--" I.-.to)u.^-

-T-[(/.cosm'j:-sinm';c)e '̂̂ "̂ '^^\dx 

= 1 _ _ L _ V _ ^ _ i i fO 

"\^2qik,) cjf + kf 
A I <;(aj)Je-- j _ , / e-'*̂ ĉf̂ "̂ '"̂  

f l - / ; (w)k + ^ ' 

|-/.// cos/?/'jc + /./?/' sin/«'x +/^ sin/?z'j: + m' co%m'x]dx 

= 1 —L_r_^ " I z ^ J ^ 7 7 1 ; ^ '^-^^^'^^'"^ r-,(cosA:;x - .•sinA:̂ x)e(" 
; +//)x 

1 
fl -/;(a>)lc + J 

{{m - Aju)cosm'x + [km +iJ.)^mm'x\dx. (A- 6 ) 
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\ — 
2K\2iifkJ qf->rkf ^ ' " dx 

1 
fl-f;(w)Vc + i/ 

[/.cos//J'A: - %\nni'x\ e ''^" •*' dx. 

2n\2c{fk,J cjf + kf 
•^A , i:{oj)[ 1 - K{u))]de-'T \l, t'-*'-̂  .e^'^*"^, 

{fl- / .(w)k + ^} 
T(/.COSW'J: - sinm'jc)d[x. 

- 1 i _ V _ ^ l ^ l l ^ j •^77^^'^'(co)[l-£(co)]£/e-ri'^,(cos/: ^x- /s inM)e" ' +y'K 

1 
{\\ -i:{(o)ix + d) 

-{/.co9,m'x - smm'x)dx. (A-7) 

(III/, 

/i = ]„ i///>^<.U)7f^ 

- — 

(/A-
71(''''(ACOS/H'JC - sin///'A:)l(yj: 
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= ^(4] '^ "•('")"-''<"-"• ̂ f^'-"" 

t'^*(/.CCos/?i'x- km' s,\nm'X - ^s^nm'X -m cosm'x)dx 

X(f )•.„:(.„.* ) j [ . - . . . ^ . . . 

('^^[(/.c-/?/')COSm'x - (Aw' + ̂ )sin/?j'jr]<ix. (A-8) 

Substituting these integrals l\j2,h,U '"̂  Eq. (A-3) the photocurrenl from 

the solids were calculated by numerical method as some of these integrals cannot be 

evaluated analytically. The FORTRAN program for the evaluation of the integrals 

I\,iiJ^,lj, is given in Appendix-C. For the evaluation of photon fields in metals and 

semiconductors, we have used the experimentally determined dielectric function''"'". 
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APPENDIX - B 

CALCULATIONS OF PHOTOCURIiENT USING 

MATHIEU POTENTIAL MODEL 

(STRONG PERIODIC LATTICE WITH FINITE POTENTIAL) 

We will derive the formula for calculating the photocurrent from the solids ' 

using the Mathieu potential model as described in Chapter 4(b) in the case of strong 

periodic potential. The initial state wavefunction i//i{x) derived by using Mathieu 

potential model for finite surface potential can be discussed as follows: 

Let us consider a finite surface lattice (i.e. q > 0) with a finite step potential 

having surface width ' J ' and potential width 'a ' . The most general form for the 

initial slate wavefunction will be a linear combination of sine and cosine elliptic 

functions for all the Fermi energy gap ui which is given by 

^(x,',,y) = AnCe„,{Xoq) - se„,{xl^q) (B-1) 

where ;_,,, is the hybridization parameter which can be written as 

, .vc,„(x„,f/)-((;+/<)-'5ei„(jf„.g) 

ce„,ix„q)-i4+fi)-^ce',„{Xu.q) 
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The elliptic functions can be expanded as follows : 

.vt',„U„//) = .sinwu:o-J 
sin(/H + 2)Xu sin(/« - 2)x„ 

tn +1 wi - 1 

32 
sin(/» + 4)A„ sin(w - 4 ) A „ 

. (/H+ l)(m + 2) ^ (/H- l ) ( /H-2) . (13-3) 

and CX'„,(J:|,//) = c o s / ? u „ - - J 
cos(w + 2)A:|| COS(W - 2)x„ 

m+] m-\ 

Hi 
32 

cos(/7i + 4)^:], cos(ffl - 4)x„ 
[ni + \){m + 2) ^ (m - l)(/?i - 2) (B-4) 

For finite surface potential, surface slate existence condition implies that 

x[) = -f-xo, (̂  = -T-' /v > 0 and ^ = 3 ,5 , (B-5) 

Wc arc considering surface state occuring for m = 3 and hence from Eqs, (B-3), (B-4) 

and (B-5), wc can write. 

cc^{x„,cj) = Q ce'^{x'„,q) = 3{l + -^--^^) 

sc'y{x',„q) = -\ + -^^ - -^q'~ •^e3(x„,g) = 0 (B-6) 

Hence, we can write the value of /,y as 

A\ = 
3(l + l - i ) 

(B-7) 
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Using Htjs. (B-1), (B-2) and (B-6), Ihc inlial state wavcfuntion in the case of strong 

periodic potential becomes 

y/i{x,q)= = 

The photoemision cross-section formula for normal photoemission is given by 

^ - III < '/^/K.X^)^ + i-^AMWi > P (B-9) 

1ic matrix clement given in Eq. (B-9) can be expanded as 

/ = \li \i/}A,„{x)^dx + j"rf xij}A,„'-^dx 

+T t, rfA.,^dx^ lo w}AM^dx. (B-IO) 

= / , + / 2 + / 3 + U (B-ll) 

The final stale wavefunclion in Eq. (A-4) and the photon field vector A(^(jc) given in 

E q . (A-6 ) are used again for the evaluation of the in tEgral / in Eq. (B-IO). Using Eq. 

(B-(S), the integrals in Eq. (B-10) can be expanded as follows : 
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/i =\_[^ y/}A,„{x)^dx 

-i^[2^]:^r''^^'^iy-n^-l5*ik''' 

I"'' (^('i+/a>^^-i*,Ajv 

= 7?(;r;^(2it-]^'^'(2^ ^ cK^[i - -^ . ^ , ^ ] . 

^^-|/M,.+(«+;/V/l_ p<' (,-'l<ixjj^ 

c-^"'"*^"'f'^'Ki:i{coskfX - ismkfx)dx (B-12) 

0 . r ''v. 

'-''^MfkJH, ^.,(^. . .>- . [ l -^.^.^] . 

r.{o>)d. \l, 
\\ -i:{oj)\x + d 

(ji'n-jihfj-ik/xjj^ 

If 1 ] /̂A J^A,(^,.,)c.-^.[,-^.^,^]. 

'••"•""•l'-"""'-"''-Mi-ri»')l»rf'-""-'--
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= <-2^]-^,'^^^^^^^-''[^-l.^i^A 

/ ;MJ . le -" -"" ' - l ] r : / | i _ , ( ^ ) , ^ ^ 7 {co^kfX-i^mkfX)dx. (B-13) 

I r " ...* A '''''' 

il2^]^^'»-«'-'^['-^-^.'l-

r.{oj)de-^ I",, e'"'e-'''''-^ 1 ^̂  e 
111 - ^;(cok + c/1 

./IX dx 

<2i;r]i^M^^o-n^-^^iio'>'\ 

iio))[ 1 - lio))] {",, e("^/'>«e-'*f'̂ -- ^ 
{|1-4CO)1A; + ^ } 

-d^j: 

-42^J^^'(^-^^)--[i-^^^^^]-

= £(co)ll-e((o)jU'-^'""'-ni-. 1 

{\l-i:(oj)]x+dy 
•{coskfx - isinkfx)dx 

(B-14) 

' 'Vi 
I4 = Jo V /Mr . .U) l ^^^ 

I 
2n 2qik, 

(,-irifX ^ Hi LfjiqfX 
(jf + kf 

•j^[A^cc^{x„,q) - se},{xn,ti)]dx. 
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= i(2;k>'*"'-^'»H^^^-""']-

c--«'(2<; + 3 / - X l - - ^ + - ^ ' / ' ) ' i t 

I,' 
qr-kf . 
qr+kf 

ck (B-15) 

Subsliimiiig llicsc iiilcgrals /|,/2,/.i,/4 •" li'l- (1^-7), llic pliolocurrcnl from the sollils 

were calculated by numerical method by developing FORTRAN program which is 

given in Appcndix-D. 
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APPENDIX - C 

C NAME OF PROGRAM : MATHIEUl.FOR COPY OF MATHIEU.FOR 
C WRITTEN ON 27-4-2000 
C PHOTOEMISSION CALCULATIONS USING THE MATHIEU 
C POTENTIAL MODEL 
C FREE ELECTRON CASE (Q = 0) 
C BY DR.R.K.THAPA, DEPTT. OF PHYSICS, P.U. COLLEGE, AlZAWL 

COMPLEX Al ,CJ,Tl,T2,T3,T4,TT4,TrX,TTY,EPS,CMPLX,AO 
COMMON AKI, AKF, AQ, CI, D, A 
Ci = CMPLX(0.,l,) 
PI = 22./7. 
READ(L*)NP,NINT 
READ( 1 ,*)EI,THETA,D,VZ,ALPHA,NE 

C READ (1 ,*)EI,THETA,D,A,LAMDA,MU,XI,M,VZ,ALPHA,NE 
C WRITE (NP,2) WP,EI,THETA,D,A,LAMDA,MU,XI,M,VZ,NE,ALPHA 

AKI = SQRT(2.*EI) 
A = 6. 

C ALAMB = TAN(M*5*PI/I2) 
C ALAMB = 0.02 
C AMU = 0.5 
C XI = 3.81 
C M = I 
C M*PI/A = 0.52 
C ALPnA-AMU*PI/A=0.()88 

DO 90 IE = 1,NE 
READ(I,*)W,EPSLEPS2 
WEV = W*27.2 
AKF = SQRT(2.*(EI+W)) 
EX = EI+W-VZ 
A0 = S0RT(2.*EX) 
TTX = AO-AKF 
TTY = AQ+AKF 
Tr4 = ITXHTY 
EPS = CMPLX(EPSI,EPS2) 
CALL REFRAC (W,WP,THETA,EPS,A1) 
CALLTERMI (Al,EPS,TI,NINT) 
CALLTERM2(A1,EPS,T2,N1NT) 
CALLTERM3(A1,EPS,T3,N1NT) 
CALLTERM4(A1,EPS,T4,NINT) 

C WRITE (NP,3)W,AQ,T1,T2,T3,T4 
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XINT = CABS(T1+T2+T3+T4) 
XCUR = XINT*X{NT 
CUR = (XCUR*AKF*AKF)/W 
CUR = ALOG(CUR) 

W WRITE (NP,5) WEV.EPS l,EPS2,CUR 
C 3 FORMAT(2X,2F8.4,2X,4(F15.6,lX)) 

5 FORMAT (2X,'W = ',F7.4,2X,'EPS = ',2(F10.6,2X),'CUR = ',F12.6) 
C 90 CONTINUE 

STOP 
END 

C 
SUBROUTINETERMl (A1,EPS,T1,NINT) 
COMPLEX EPS,A1,T1,R1,R2,CI,F1,F2,Q 
DIMENSION F1(7()1),F2(701) 
COMMON AK1,AKF,AQ,CI,D,A 
CI = CMPLX({).,1.) 
Q = (1 ./A)* Al *SQRT(1 ./(AQ* AKl)) 
AG = -5.* A 
AH = -D 
DD = (AH-AG)/(N1NT-1) 
DO 10 1= l,NINT 
X = AG+(M)*DD 

C ZX = ().{)88*X 
C ZZ = AKF*X 

F1(I) = C0S(AKF*X)-CI*SIN(AKF*X) 
F1(I) = F1(1)*EXP(0.088*X) 

10 F2(l)= 1.()1*COS(0.52*X)-0.48*S1N(0,52*X) 
CALLS1NT(AG,AH,F1,NINT,R1) 
CALL SINT(AG,AH,F2,NINT,R2) 
Tl =R1*R2 
Tl =-Tl*Q*AQ 
T1=T1/(AQ+AKF) 

C WRITE (NP,22)R1,R2,T1 
C 22 FORMAT(2X,6F10.6,2X) 

RETURN 
END 

C 
SUBROUTINE TERM2(ALEPS,T2,NINT) 
COMPLEX EPS,ALT2,RLR2,CI,F1,F2,T22 
DIMENSION FI(70I),F2(701) 
COMMON AK1,AKF,AQ,C1,D,A 
CI = CMPLX(0.,1.) 
O = -A I *(D/AV'*SORT«' I ./(AO* AKI)) 
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AG = -D 
All = (). 
DD = (AH-AG)/(NINT-1) 
DO 10 1 = 1,N1NT 
X = AG+(I-1)*DD 

C ZX = ().()88*X 
C ZY = AKF*X 

F1(1) = C0S(AKF*X)-CI*S1N(AKF*X) 
F1(I)=F1(I)*EXP(0.088*X) 
F2(I) = 1.01 *COS(().52*X)-().48*SIN(().52*X) 

10 F2(l) = F2(I)*EPS/((1.-EPS)*X+D) 
CALL S1NT(AG,AH,F1,N1NT,R1) 
CALL SINT(AG,AH,F2,NINT,R2) 
T22=R1*R2 
T2 = T22*Q 
T2 = T2*AQ/(AQ+AKF) 

C WRITE (NP,22)R1,R2,T2 
C 22 FORMAT (2X,4F1().6,2X,2E16.6,6X) 

RETURN 
END 

SUBR0UTINETERM3 (A1,EPS,T3,NINT) 
C:0MPIJIX EPS,A 1 ,T3,R 1 ,R2,CI,I-1 ,F2,CMPLX,0 
DIMENSION F1(701),F2(701) 
COMMON AKJ,AKF,AQ,C1,D,A 
C1 = CMPLX(0.,L) 
Q = A1*D*SQRT(L/AQ*AKI) 
0 = Q*(L/2.*PI) 
AG = -D 
AH = 0. 
DD = (AH-AG)/(NINT-1) 
DO 10 1= l,NINT 
X = AG+(1-1)*DD 

C ZX = 0.088 *X 
C ZZ = AKF*X 

Fl (I) = COS(AKF*X)+CI*SIN(AKF*X) 
F1(I) = F1(1)*EXP(0.088*X) 
F2(l) = 0.(I22*COS(().52*X)-SIN(().52*X) 

10 F2(1) = F2(I)*EPS*(L-EPS)/((1.-EPS)*X+D)**2. 
CALLSINT(AG,AH,F1,N1NT,R1) 
CALL S1NT(AG,AH,F2,N1NT,R2) 
T3 = R1*R2 
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T3 = T3*AQ 
T3 = -T3/(AQ+AKF) 

C: WRITE (NP,22)R1,R2,T3 
C: 22 F-0RMAT(2X,6F1().6,2X) 

RETURN 
END 

C 
SUBROUTINE TERM4 (A1,EPS,T4,NINT) 
COMPLEX EPS,A1 ,T4,R 1 ,R2,CI,F 1 ,F2,0,TT4,CMPLX 
DIMENSION F1(7()1),F2(7()1) 
COMMON AKI,AKF,AQ,CI,D,A 
a = CMPLX(0.,I.) 
0 = ().5*A1*EPS/A 
Q = Q*SQRT(l./(AQ*AKI)) 
AG = 0 
AH = 2.*A 
DD = (AH-AG)/(NINT-I) 
DO 10 1= 1,NINT 
X = AG+(1-1)*DD 

C ZX = ().()88*X 
C ZZ = AQ*X 

F1(I) = C0S(AQ*X)-CI*SIN(AQ*X)+TT4*(C0S(AQ*X)4CI*SIN(AQ*X)) 
Fl(l) = Fl(I)*EXP(-6.) 
F2(l) = -().92*COS(().52*X)+3.7977*SIN(0.52*X) 

10 F2(I) = F2(1)*EXP(2.*X) 
CALL SINT(AG,AH,F1 ,NINT,R 1) 
CALL S1NT(AG,AH,F2,N1NT,R2) 
T4-R1*R2 
T4 = Q*T4 

C WRITE (NP,22)R1,R2,T4 
C 2 FORMAT (2X,6E 12.6,4X) 

RETURN 
END 

C 
SUBROUTINE REFRAC (W,WP,THETA,EPS,A1) 
COMPLEX A 1,CX,CSQRT,EPS,CI,CMPLX,CY 
S2 = SIN(2.*THETA) 
S1=SIN(THETA) 
C1=C0S(THETA) 

C Bl = l.-EPS 
C Bl = l./(lil*X+D) 

CY = EPS-SPS1 
CX » CSQRT(CY) 
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Al = •S2/(CX+EPS*C1) 
RETURN 
END 

C 
SUBROUTINE SINT (A,B,F,N,R) 

C INTEGRATION BY SIMPSON'S ONE-THIRD RULE 
COMPLEX F,R,S 
DIMENSION F(N) 
H = (B-A)/(N-1) 
S = 0.0 
S = S+F(1)+F(N) 
M = N-1 
DO 10 I = 2,M,2 

10 S = S+4.*F(I)+2.*F(I+1) 
R = H*S/3 
RETURN 
END 
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APPENDIX • D 

C NAM P. OF PROGRAM : ZPMATH3. FOR WRITTEN ON 2(M)2-2()()I 
C: PIIOTOEMISSION CALCULATIONS USING THE MATHIEU 
C POTENTIAL MODEL 
C ( FINITE SURFACE & STRONG POTENTIAL, Q > 0 ) 
C BY ZAITHANZAUVA PACHUAU, DEPTT.OF PHYSICS, GAC,AIZAWL 

COMPLEX AI,CI,T1,T2,T3,T4,EPS,CMPLX,A0F,EX,TTF,TTX,TTY 
COMMON AKI,AKF,AQF,CI,D,A 
CI=CMPLX(().,1.) 
PI=22./7. 
READ(1,*)NP,NINT 
READ(1,*) EI,THETA,D,VZ,ALPHA,NE 

C READ (1,*) EI,THETA,D,A,MU,XI,VZ,ALPHA,NE 
C WRITE (NP,2) EI,THETA,D,A,MU,XI,VZ,ALPHA,NE 

AK1=SQRT(2.*EI) 
A=6. 

C ALAMB3 = (XI+MU)*0.295 
C ALAMB3= 1.275 
C MU=().5 
C XI=2.0 
C M=3. 
C 0M=1. 

DOy()IE=l,NE 
READ(1,*)W,EPS1,EPS2 
WEV=W*27.2 
AKF=S0RT(2.*(E1+W)) 
EX=EI+W-VZ 
A0F=S0RT(2.*EX) 
TTX=AOF-AKF 
TTY=A0F+AKF 
'rrF='n'xnTY 
EPS=CMPLX(EPS1,EPS2) 
CALL REFRAC (W,WP,THETA,EPS,A1) 
CALLTERMl (A1,EPS,T1,N1NT) 
CALL TERM2 (A 1 ,EPS,T2,NINT) 
CALLTERM3 (A1,EPS,T3,NINT) 
CALLTERM4(A1,EPS,T4,NINT) 

C WRITE (NP,3)W,AQF,T1,T2,T3,T4 
X1 NT=CABS(T 1+T2+T3+T4) 
XCUR=XINT*XINT 
CUR=(XCUR*AKF*AKF)AV 
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C CUR=ALOG(CUR) 
WRITE (NP,5)WEV,EPS1,EPS2,CUR 

C 3 FORMAT(2X,2F8.4,2X,4(F15.6,lX)) 
5 FORMAT (2X,'W=',F7.4,2X,'EPS=',2(F1().6,2X),'CUR='F12.6) 

90 CONTINUE 
STOP 
END 

C 
SUBROUTINE TERM 1 (A1,EPS,T1,N1NT) 
COMPLEX EPS,Al,Tl,Rl,R2,a,Fl,F2,0,AOF,XX 
DIMENSION F1(7()0),F2(7()0) 
COMMON AKI,AKF,AQF,CI,D,A 
CI=CMPLX(().,1.) 

C Q=A 1 *SQRT( I ./(2.* AQF* AKI))n).912 
Q=A1*SQRT(1./(2.*AQF*AKI)) 
AG=-1().*A 
AH=-D 

DD=(AH-AG)/(NINT-1) 
DO 1()I=1,NINT 
X=AG+(1-1)*DD 

10 FI(l)=COS(AKF*X)-Cl*SIN(AKF*X) 
C 10 Fl(l)=Fl(I)*EXP(-(1.5 + D)) 
C 10 F2(1)=C0S(AK1*X)-CI*SIN(AK1*X) 

CALLSINT(AG,AH,F1,NINT,R1) 
CALL SINT(AG,AH,F2,NINT,R2) 
Tl =RI 
XX=AOF+AKF 
T1=T1*Q*AQF/XX 

C WRITE (NP,22)R1,R2,T1 
C 22 FORMAT (2X,6F10.6,2X) 

RETURN 
END 

C 
SUBROUTINE TERM2(AI,EPS,T2,NINT) 
COMPLEX EPS,A1,T2,T22,XY,R1,R2,CI,F1,F2,Q,AQF 
DIMENSION F1(7()0),F2(70()) 
COMMON AKI,AKF,AQF,CI,D,A 
CI=CMPLX(0.,1.) 

C 0=A I *D*S0RT(1 ./(2.*AOF*AKI))*().203 
Q=A 1' D "SORTC17(2.* AQF* AKl)) 
AG=-D 
AH=(). 
DD=(AH-AG)/(NINT-1) 
DO U)1=1,N1NT 
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X=AG+(I-l)*DD 
F1(I)= C0S(AKF*X)-CI*S1N(AKF*X) 

C F1(I)=F1(1)*EXP((-D)-1.) 
XY=AOF+AKF 

10 F2(I)=EPS/((I.-EPS)*X+D) 
CALLSINT(AG,AH,F1,NINT,R1) 
CALL S1NT(AG,AH,F2,NINT,R2) 
T22=R1*R2 
T2=T22*Q*AQF/XY 

C WRITE (NP,22)R1,R2,T2 
C 22 FORMAT(2X,4F10.6,2X,2E16.6,6X) 

RETURN 
END 

SUBROUTINE TERM3 (A1,EPS,T3,NINT) 
COMPLEX EPS,A1,T3,AXY,R1,R2,CI,F1,F2,CMPLX,Q,AQF 
DIMENSION F1(700),F2(700) 
COMMON AKI,AKF,AQF,CI,D,A 
CI=CMPLX(().,L) 
Q=A1*D*SQRT(L/(2.*A0F*AK1)) 

C 0=0*0.035 
AG=-D 
AH=(). 
DD=(AH-AG)/(NINT-1) 
DO 1()I=I,NINT 
X=AG+(I-1)*DD 
FI(I)= COS(AQF*X)-CI*SIN(AOF*X) 

C FI(I)=FI(I)*EXP((-D)-1.) 
AXY=AOF+AKF 

10 F2(I)--: EPS*(I.-EPS)/((1.-EPS)*X+D)**2. 
C 10 F2(I)=F2(I)*EXP(0.5*D-1.) 

CALLSINT(AG,AH,F1,NINT,R1) 
CALL SINT(AG,AH,F2,NINT,R2) 
T3=R1*R2 
T3=T3*Q*AQF/AXY 

C WRITE(NP,22)RI,R2,T3 
C 22 FORMAT (2X,6F10.6,2X) 

RETURN 
END 

C 
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SUBR0UTINETERM4 (A1,EPS,T4,NINT) 
COMPLEX EPS,A1 ,T4,R 1 ,R2,CI,F 1 ,F2,Q,CMPLX,AQF 
DIMENSION F1(7(M)),F2(7()0) 
COMMON AKI,AKF,AQF,CI,D,A 
CI=CMPLX((J.,1.) 
Q=Al='EPSn).835 

C 0=A1*EPS 
0=0''SQRT(1./(2.*A0F*AKI)) 
AG={) 
AH=1().*A 
DD=(AH-AG)/(NINT-1) 
DO 101 = 1,N1NT 
X=AG+(M)*DD 
F1(I)=C0S(AQF*X)-CI*SIN(AQF*X) 

C F1(I)=F1(I)*EXP(6.)*EXP(-2.*X) 
F](1)=F1(I)*EXP(6.) 

10 F2(I)=(COS(A0F*X)+CI*SIN(AQF*X))*TTF 
CALLS1NT(AG,AH,F1,NINT,R1) 
CALL SINT(AG,AH,F2,NINT,R2) 
T4=R1*R2 
T4=0*T4 

C WR1TE(NP,22)RI,R2,T4 
C 2 FORMAT (2X,6E12.6,4X) 

RETURN 
END 

C 
SUBROUTINE REFRAC (W,WP,THETA,EPS,A1) 
COMPLEX A1,CX,CSQRT,EPS,CI,CMPLX,CY 
S2=SIN(2.*THETA) 
S1=SIN(THETA) 
CI=COS(THETA) 

C B1 = L-EPS 
C B1=L/(B1*X+D) 

CY=EPS-S1*S1 
CX=CSORT(CY) 
AI=-S2/(CX+EPS*C1) 
RETURN 
END 
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SUBROUTINE SINT (A,B,F,N,R) 
C INTEGRATION BY SIMPSON'S ONE-THIRD RULE 

COMPLEX F,R,S 
DIMENSION F(N) 
H=(B-A)/(N-I) 
S=0.() 
S=S+F(1)+F(N) 
M=N-1 
DO 10 I=2,M,2 

10 S=S+4.*F(I)+2.*F(I+1) 
R=H*S/3 
RETURN 
END 
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APPENDIX - E 

C MAIN PROGRAM FOR PHOTOEMISSION CALCULATIONS USING 
C KRONIG-PENNEY MODEL 
C SURFACE WIDTH IS Z= - A TO 0. 
C Bl = I. - EPS AND UPDATED ON 19.9.1999 

COMPLEX A1,C1,T1,T2,T3,T4,EPS,B1,ASP,AST,SP1,SP2,SPA,SPB,AQ,EX 
COMMON AK1,AKP,AKF,AQ,AG,A,ALPHA,CI,DELTA,ASP 
CI = (().,!.) 
READ(l,*)NP 

C WRITE (1,*) 'WP,EI,THETA,A,ALPHA,DELTA,AG,VZ,NE' 
READ (1,*) WP,E1,THETA,A,ALPHA,DELTA,AG,VZ,NE 

C READ(1,*)W,EPS1,EPS2 
WRITE (NP,2) WP,EI,THETA,A,ALPHA,DELTA,AG,VZ,NE 
AKI = SQRT(2.*EI) 
AKP = SQRT(2.*(VZ-EI)) 
SP1=AKP-CPAK1 
SP2 = AKI-CI*AKP 
SPA = (COS(DELTA)+CI*SIN(DELTA))*SIN(DELTA) 
SPB = (C0S(DELTA)-CI*SIN(DELTA))*S1N(DELTA) 
ASP = (SPI-SP2*SPA)/(SP1+SP2*SPB) 
AST = 2.*AK1*SIN(2.*DELTA)/(SP1+SP2*SPB) 
D0 9()IE=1,NE 

C WR1TE(1,*)'W,EPSI,EPS2' 
READ(1,*)W,EPS1,EPS2 
W = 27.2*W 
AKF = SQRT(2.*(E1+W)) 
EX=Ei+W-VZ 
AQ = S0RT(2.*EX) 

C WRITE (NP,3) W,AKI,AKF.AG,DELTA AKP,ASP,AST,AQ 
EPS = CMPLX (EPS1,EPS2) 
CALL REFRAC (W,WP,THETA,EPS,A1 ,B1) 
CALL TERM 1 (A1,APA,APB,EPS,T1) 
CALLTERM2 (A1,B1,EPS,T2) 
CALLTERM3 (AI,B1,EPS,T3) 
CALL TERM4 (A I ,EPS,AST,T4) 
T2 = Rl*APA-R2*APB 
T2 = Cr-'Al*Q*T2*2. 

C WRITE (6,91)AG 
C 91 I-ORMAT(3X,'TERM2 COMPUTED',F10.2,/) 

RETURN 
END 
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C 
SUBROUTINE INT2(N,RI,R2,B1) 
COMPLEX R1 ,R2,C!,CMPLX,Z1 ,Z2,B 1 
COMMONAKI,AKP,AKF,A0,AG,AALPHA,CI,DELTA,ASP 
Rl = CMPLX (().,().) 
R2 .-= CMPLX (0.,0.) 
D = A/FL0AT(N-1) 
X = -A 
1=0 

2 1 = 1+1 
IF(I.GT.N)G0T0i() 
E = EXP(ALPHA*X) 
Zl =(C0S(AKI-AKF)*X + CI* SIN(AKI-AKF)*X)/(B1*X+A) 
Z2 = (COS(AKI-AKF)*X - CI* SIN(AKI-AKF)*X)/(B1*X+A) 
Zl = E*Z1 
Z2 = E*Z2 
Rl = Rl+Zl 
R2 = R2+Z2 
IF(I.EQ.1)R1=R1-0.5*Z1 
lF(l.EQ.N)Ri=Rl-0.5*Zl 
1F(1.EQJ)R2 = R2-{).5*Z2 
IF{1.EO.N)R2 = R2-0.5*Z2 
X = X+D 
GO TO 2 

10 R1=R1*D 
C WR1TE(6,91)AG 
C 91 FORMAT(4X;iNTEGRAL-2 COMPUTED',F10.2,/) 

RETURN 
END 

C 
SUBROUTINE TERM3 (A1,B1,EPS,T3) 
COMPLEX A 1,RLR2,C1,T3,B1,EPS,APA,APB,Q,A0 
COMMON AK1,AKP,AKF,AQ,AG,A,ALPHA,C1,DELTA,ASP 
N = 2()l 
CALL1NT3(N,R1,R2,B1) 
0 = (SQRT(AO)*EPS)/(AQ+AKF)*EPS*A 
APA = 1. -ASP*(S1N(DELTA))**2 -CI*ASP*S1N(DELTA)*C0S(DELTA) 
APB = ASP + (SIN(DELTA))**2 -CI*(SiN(DELTA))**2 
T3=R1*APA-R2*APB 
T3=T3*0*A1 

C WRITE (6,91 )AG 
C 91 FORMAT(5X,'TERM3COMPUTED',F10.2,/) 

RETURN 
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END 
C 

SUBROUTINE 1NT3 (N,R1,R2,B1) 
COMPLEX R1 ,R2,CMPLX,Z 1 ,Z2,B 1 ,EPS,APA,APB,C1 
COMMON AKI,AKP,AKF,AQ,AG,A,ALPHA,CI,DELTA,ASP 
Rl =CMPLX(0.,().) 
R2 = CMPLX(0.,{).) 
D = A/FLO AT(N-i) 
X=-A 
1=0 

2 1=1+1 
IF(l.GT.N)GOTO10 
C = COS(AKI-AKF)*X 
S = S1N(AKI+AKF)*X 
CP=COS(AKI+AKF)*X 

. SP=SIN(AK1+AKF)*X 
E=EXP(ALPHA*X) 
Zi=(C+CI*S)/((Bi*X+A)**2.) 
Z2={CP-C1*SP)/((B1*X+A)**2.) 
Z1=E*Z1 
Z2=E*Z2 
RURl+Zl 
R2=R2+Z2 

1F(I.EQ.1)R1=R1-0.5*Z1 
1F(1.E0.N)R1=RI-{).5*Z1 
1F(!.E0.1)R2=R2-().5*Z2 
IF(l.EO.N)R2=R2-().5*Z2 
X=X+D 
GO TO 2 

10 R1=R1*D 
R2=R2*D 

C WRITE (6,91)AG 

C 91 FORMAT(6X,TNTEGRAL-3 COMPUTED',F10.2,/) 
RETURN 
END 

C 

SUBROUTINE REFRAC (W,WP,THETA,EPS,A1,B1) 
COM PLEX A1 ,CX,CSQRT,EPS,B l,a,CMPLX,CY 
S2=S1N (2.*THETA) 
S1=S1N(THETA) 
Cl=COS(TilETA) 

C EPS=1.-(WP/W)**2. 
B1=(1.-EPS) 
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C 

CY = EPS-S1*S1 
CX=CSORT(CY) 
A1=-S2/(CX+EPS*C1) 
RETURN 
END 

SU BROUTIN E TERM4 (A I ,EPS,AST,T4) 
COMPLEX A 1,R1,R2,CI,T4,EPS,AST,QF,Q,AQ 
COMMON AKI,AKP,AKF,AQ,AG,A,ALPHA,CI,DELTA,ASP 
OF=AKP*AST 
0=(QF* AI *EPS)/SQRT(AQ) 
Rl=(AQ-AKF)/((AQ+AKF)*(CI*AQ-AKP)) 
R2=1./(C1*AQ+AKP) 
T4=-Q*(R1-R2) 

C WRITE (6,91)AG 
C y I FORMAT(7X,'TERM4 C0MPUTED',F1().2,/) 

RETURN 
END 
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APPENDIX F 

(• PROGRAM WRITI EN BY DR.R.K.THAPA,DEPTT. OF PHYSICS, 
C: PUC, AlZAWL. 
C NAME OF FILE: SRLTRAl.FOR (14-6-98) 
C LAST UPDATED ON 12-06-1998 BY DR. R.K.THAPA, PUC, AlZAWL. 
C PROGRAM TO COMPUTE PHOTOCURRENT USING K-P MODEL 
C MAIN PROGRAM TO STUDY PHOTOEMISSION INCORPORATING 
C RELATIVITY. 

COMPLEX A1,B1,CI,GAMMA1,BETA12,BETA22,AQ,RH01,EX,EPS 
COMPLEX ALPHA22,CMPLX,LAMDA,AMU,T1,T2,T3,T4,CSQRT 
COMMON A,Cl,AQ,AKF,ALPHA 
CI=CMPLX(().,1.) 
READ(1,*)NP 
READ (I,*) WP,EI,THETA,A,ALPHA,VZ,C,NE 
READ(1,*)AA,RH02 
WRITE(NP,2)WP,EI,THETA,A,ALPHA,VZ,C 

C EK=E1-VZ 
C EK1=EK+2.*C*C 
C EK1=EK*EKI/C 
C RH01=CSQRT(EK1) 
C EK2=E1+2.*C*C 
C EK2=EI*EK2/C 
C RH02=SORT(EK2) 
C GAMMA1=EK/C*RH01 
C GAMMA2=E1/C*RH02 
C ALI=-C1''R1I01 
C BETA 12=-2.*S1N(RH02* AA)*(SIN(AMU* AA)+CI*COS(AMU* AA)) 
C BETA22= 1 .-(C0S(RH02-AMU)* AA+C1*S1N(RH02-AMU)* AA) 
C ALPHA22=(C0S(RH02+AMU)*AA-C1*SIN(RH02+AMU)*AA)-1. 
C LAMDA=BETA22/ALPHA22 
C AA=3. 
C AMU=(NN*PI/AA)+CI*ETA 

D0 99IE=I,NE 
READ(1,*)W,EPS1,EPS2 
WX=W*27.2 
AKF=SQRT(2.*(EI+W)) 
EX=EI+W-VZ 
A0=CS0RT(2.*EX) 
EPS=CMPLX(EPS 1 ,EPS2) 
CALL REFRAC (W,THETA,EPS,A 1 ,B 1) 
CALL TERM 1 (A1,B1,EPS,T1) 
CALLTERM2(A1,BI,EPS,T2,N) 
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CALLTERM3(A1,B1,EPS,T3,N) 
CALLTERM4(A1,B1,EPS,T4) 
CALLTERM5 (A1,B1,EPS,T5,N) 

C WRITE (NP,5)W,AKF,AQ,A1 
C WRITE (NP,7)W,T1,T2,T3,T4 

CU R=C ABS(T I+T2+T3+T4) 
XCUR=CUR*CUR*AKF*AKFAV 
CURMAX=XCUR/0.368163E+18 

C X=L0G1()(XCUR) 
W WRITE (NP,6)WX,W,EPS 1 ,EPS2,XCUR,CURMAX 

2 FORMAT (2X,F6.3,2X,6(F8.4,IX)) 
C 5 FORMAT( 2F10.6,1X,4(F12.6)) 
C 7 FORMAT (2X,F7.4,«(E12.6),2X) 

6 FORMAT (2X,2(F7.4),2X,2(F10.6,1X),E14.6,2X,F10.6) 
STOP 
END 

C 
SUBROUTINETERMl (A1,B1,EPS,T1) 
COMPLEX AL11,T1A,T1,A0,CI,AT1,BETA12,GAMMA1,AKQ,T11,AT2 
COMPLEX AL12,T12,T1B,CMPLX,EPS 
COMMON A,CI,AQ,AKF,ALPHA 
CI=CMPLX(0.,L) 
AL1=().59{)9 
GAMMAl=CMPLX(().,().()02156) 

C BETA l2=CMPLX(-().0(KK)6486,-0.8784878) 
ALI1=AL1-CI*AKF 
ATI=COS(AKF)-CI*SIN(AKF) 
T11=AT1/AL11 
AKO=(AKF-AQ)/(AKF+AQ) 
AT2=C0S(AKF)+CI*SIN(AKF) 
AL12=AL1+C1*AKF 
T12=AKQ*AT2/AL12 
CALLTERM5 (A1,B1,EPS,T5,N) 
TlA=Ar'^EPS*BETA12 
T1B=T1A*ALI*(1.+GAMMA1)/SQRT(AKF) 
T1=T1B*(T11+T12) 
T1=T1*EXP(AL1*A) 

C WRITE(NP,11)T1 
II FORMAT (2XJ0FJ2.6) 

RETURN 
END 

C 
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SUBROUTINE REFRAC (W,THETA,EPS,A1,B1) 
C0MPLEXA1,CX,CSQRT,EPS,B1,CMPLX 
S2=S1N(2.*THETA) 
SI=SIN(THETA) 
C1=C0S(THETA) 

C EPS=1.-(WP/W)**2 
131=EPS-1. 
CX=EPS-S1*S1 
CX=CSQRT(CX) 
AJ=-S2/(CX+EPS*C1) 
RETURN 
END 

SUBROUTINE TERM2(A1,B1,EPS,T2,N) 
COMPLEX EPS,A 1 ,B 1 ,T2,CI,T2A,T2B,T2C,R 1 ,R2,AQ,AQRALPHA22, 
COMPLEX LAMDA, CMPLX 
COMMON A,CI,AQ,AKF,ALPHA 
CI=CMPLX(().,1.) 
N=201 
RHO2=0.868l 
GAMMA2=0.0()3168 

C ALPHA22=CMPLX(-1.901744,-0.439176) 
C LAMDA=CMPLX(-0.898692,().438541) 

AOR=(SQRT(AKF))/(AKF+AQ) 
T2A=-2.*A1 *EPS*A*AQR 
CALL TERMS (A1,B1,EPS,T5,N) 
T2B=ALPHA22*( 1 .-G AMM A2)*CI* RH02 
r2C=Cl*RH02*LAMDA*(l.+GAMMA2) 
CALLINT2(R1,R2,A1,B1) 
T2=T2B*R1+T2C*R2 
T2=T2A*T2 
RETURN 
END 

C 
SUBROUTINE TERM3 (A1,B1,EPS,T3,N) 
COM PLEX A1 ,B 1 ,EPS,CI,T3 A,T3B,T3C,RLR2,AQ,AQS,ALPHA22, 
COMPLEX LAMDA, CMPLX 
COMMON A,Cl,AQ,AKF,ALPHA 
CI=CMPLX(0.,1.) 
GAMMA2=0.0()3168 

C ALPHA22=CMPLX(-1.901744,-0.439176) 
C LAMDA=CMPLX(-().898692,().43854I) 
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C 

AOS=(SQRT(AKF))/(AKF+AO) 
T3A=Ar''EPS'=A*Bl 
•r3A=-2.*AOS*T3A 
'r3I3=ALPHA22*( 1 .-GAMMA2) 
T3C=LAMDA*( I .+GAMMA2) 

CALLINT3(N,Rl,R2,Al,Bl) 
T3=(T3B*R1+T3C*R2) 
T3=T3*T3A 
RETURN 
END 

SUBROUTINE TERM4(Al,Bl,EPS,T4) 
COMPLEX A 1,B1,EPS,T4A,T4B,T4C,T4,CI,AQAQS,ALPHA22 
COMPLEX LAMDA,CMPLX 
COMMON A,CI,AQ,AKF,ALPHA 
CI=CMPLX(0.,L) 
RH02=().8681 
GAMMA2={).0()3168 

C ALPHA22=CMPLX(-1.901744,-().439176) 
C LAMDA=CMPLX(-().898692,().438541) 

AQS=:(SQRT(AKF))/(AKF+AQ) 
T4A=2.*AQS*A1 
CALL TERMS (A1,B1,EPS,T5,N) 
T4B=CI" RH02* ALPH A22*( L-G AMMA2) 
F4A= I ./(ALPHA-CI*(RH02-AQ)) 
T4C=C1 * RH02* LAMDA*( L+GAMM A2) 
I-4B= I ./(ALPHA+a*(RH02+AQ)) 
T4=(T4B*F4A-T4C*F4B) 
T4=T4*T4A 

C WRITE (NP,44) 
44 {••0RMAT(2X,2F12.6) 

RETURN 
END 

C 
SUBROUTINE 1NT2(RI,R2,AI,BI) 
COM PLEX R1 ,R2,Z] ,Z2,AQ,B I ,CMPLX,CI,EPS 
COMMON A,C1,AQ,AKF,ALPHA 
C1=CMPLX(().,L) 
N=2()l 
RH02=().868I 
R1=CMPLX(().,{).) 
R2=CMPLX({).,{).) 
D=A/FLOAT(N-l) 
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X=-A 
1=0 
1=1+1 
II-(!.GT.N)G0T0 U) 
Ii=EXF(-ALPHA*X) 
Z1 =(COS((RH02-AQ)*X)+CI*SIN((RH02-AQ)*X))/(B 1 *X+A*EPS) 
Z2=(C0S((RH02-AQ)*X)-CI*SIN((RH02-AQ)*X))/(B1*X+A*EPS) 
Z1=E'Z1 
Z2=E*Z2 
R1=R1+Z1 
R2=R2+Z2 
1F(1.E0.1)R1=R1-().5*ZI 
1F(1.E0.N)R1=R1-1).5''=Z1 
1F(I.EQ.1)R2=R2-().5*Z2 

H-(1.EQ.N)R2=R2-().5*Z2 
X=X+D 
GO TO 2 
R1=RI"D 
R2=R2'i:) 
RETURN 
END 

SUBROUTINE IN r3(N,Ri.R2,Al,Bl) 
COMPLEX R1 ,R2,Z1 ,Z2,AQ,B 1 ,CI,CMPLX,EPS 
COMMON A,C1,AQ,AKF,ALPHA 
C1=CMPLX(().,I.) 
N=2()l 
R 1102=0.8681 

R1=CMPLX(0.,0.) 
R2=CMPLX(().,0.) 
D=A/FL0AT(N-1) 
X=-A 
1=0. 
1=1+1 
1F(1.GT.N)G0T0 10 
E=EXP(-ALPHA*X) 
Z1 =(COS((RHO2-A0)*X)+CI*SIN((RHO2-AQ)*X))/(B 1 *X+A*EPS)* *2 
Z2=(COS((RH02-AQ)*X)-CrSIN((RH02-AQ)*X))/(Bl*X+A*EPS)**2 
Z1 = Ê ẐI 
Z2=E''Z2 
Rl=Ri+Zl 
R2=R2+Z2 
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IF(I.EQ.1)R1=RI-0.5*Z1 
lF(l.EQ.N)Rl=Rl-0.5*Zl 
IF(1.E0.1)R2=R2-().5*Z2 
ir(l.EO.N)R2=R2-().5*Z2 
X=X+D 
GO TO 2 

10 R1=R1*D 
R2=R2*D 
RETURN 
END 

C 
SUBROUTINETERM5 (A1,B1,EPS,T5,N) 
COMPLEX CI,AMU,AX,AB,AC,AD,BETA 12,BETA22,Y,CMPLX,CCOS, 
COM FLEX CS IN,ALPHA22,LAMD A, AX 1 ,AB 1 ,AC1, AD 1 ,AX2,A Y2, AXX 

C AA=3. 
C RH02=().8961 

PI=3.1416 
NN=() 
DO9J=l ,10 
NN=NN+l 
ETA={).()()1 
AMU=(NN*PI/AA)+CI*ETA 
Y=AMU*AA 
AX2=CS1N(Y) 
AY2=CC0S(Y) 
AXX=AX2+CI*AY2 
BETA12=-2.*AXX*S1N(RH02*AA) 
AX=(RH02-AMU) 
AX=AX*AA 
AB=CCOS(AX) 
AC=CS1N(AX) 
AD=AB+CI*AC 

C AD=CABS(AD) 
BETA22=l.-AD 

C BETA22=CABS(BETA22) 
AX1=RH02+AMU 
AX1=AXI*AA 
AB1=CC0S(AX1) 
AC1=CSIN(AX1) 
AD1=AB1-CI*AC1 
ALPHA22=AD1-1. 

C ALPHA22=CABS(ALPHA22) 
LAMDA=BETA22/ALPHA22 
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C LAMDA=CABS(LAMDA) 
C 9 WRITE(6,3) NN,AMU,BETA12,BETA22,ALPHA22,LAMDA 
C 3 FORMAT (14,2(F8.4,1X),2(F2().8,2X),6(F20.6,IX)) 
C STOP 

9 CONTINUE 
RETURN 
END 
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Photoemission from the band states of bee electron 
metals alimuniiim, beryUiimi and potassium has been 
discussed. Free electron wavefimctions are used for the 
evaluation of the photocurrent by incorporating the lo-
caHy variant spatMly dependent vector potential of the 
incident photon radiation. 

Much of the current qualitative understanding of 
the bulk effects on photoemission is based on the 
free-electron (FE) model of the semi-infinite me­
tal. In this simplest model, the surface barrier con­
fining the electrons in the metal is represented by 
a step-fimction discontinuity in the potential. Jn 
bulk photoemission, the necessary momentum is 
provided by the lattice and surface induces the 
surface photoeffect as the incident photon carries 
too litde momentum to be able to photoexcite 
electrons. The perpendicular component of the 
electroma^etic field undergo^ a rapid spatial 
variation in the surfoce r^on of a metal and this 
is the main factor responsible for the cause of the 
surface photoemission. In this-note, we wiQ cUscuss 
the photoemission from die fr^ee etectron metals 
alimiinium, beryllium and potassium. 

^ e comidered a p-poiarised racfiafion in the 
l o ^ wavetength limit \^th -z-omiponent «f vector 
potential A^{Z). The relevimt ra^ressicms ior the 
electromagnetic field for ites bolk {z^-u/2), sur­
face { — a/l^z^ a/1) -and vacuum (Z^M/I) regions 
are: 

A,iz)= A-
e{(o)/{l-e{Q)}] 

z/a+B 

zs.-a/l 

-a/2£.z^a/2 

Ae[o)) z'^a/2 

where 

A= -sm2d/[e{(i))-srD}6Y'^ + £{u>)co^d 

B=[l + f(ft))]/2[l-e(a))] 

The photoemission cross-section (PEC) was calcu­
lated by using the formula: 

dQ o) 
. ( 2 ) 

in which the perturbation JfP due to the incident 
photon radiation in one dimension is given by 

tnc ^K^li^^'^ • •A3) 

The initial and final state wavefimctions Vt and Vt 
in £q. (2) are derived by using the free elecfron 
model, the detailed discussion 'of which is given 
elsewhere^ ̂ .̂ A factor e~"W is introduced in the 
Calculation of the matrix element for the region 
z<0. This is done to take into account the inelas­
tic scattering of the electrons. The matrix element 
in Eq. (2) can be expanded as 

to 

— 00 

- a / 2 J 

- i V*,A.(z>-rdz 
-m az 

+ 1 Vl4(r)^dz 
-»n dz 

2 -a/2 dz 

+ J V*iA,(z)-^dz 
0 -dz 

a/2 ..^dAAz) 
dz 

^ i d z 4' 
^ 0 

+ / V I 4 . ( 2 ) ^ d z 
./2 dz 

(4) 

(1) 

Photoemission cross-section was calculated from 
the band state (Fermi level) of these metals by 
evaluating the integrjds in Eq. (4). These integrals 
cannot be solved analytically and hence Fortran 
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programs were developed for numerical evalua-
tioa 

Photocurrent for normal photoemission (k|| = 0) 
was calculated as a function of photon energy (Hei)) 
from the band state (Fermi level) of metals under 
study for the same value of the surface thickness 
(a=10 a.u.) and the scattering factor (a = 0.35). 
The angle (6) made by the incident photon with 
the surface normal is taken as 45°. The field \{z) 
was calculated by using the experimentally mea­
sured optical data for these metals-'-*. 

In Fig. 1, we show the plot of photocurrent 
from the Fermi level {Ef= 11.7 eV) of aluminixim. 
The plasmon energy of aluminium is 16 eV (lift/p). 
We find that the graph has sharp peak at hft>= 11 
eV and is followed by a minimum at 15 eV. A sec­
ond broad peak is obtained at 1i<y=20.5 eV. The 
detailed photoemission study of aluminium has 
been reported elsewhere*'̂ . 

In Fig. 2, the plot of photocurrent against 
photon energy from the Fermi level {Ej;= 14.30 
eV) of beryUium is shown for photon energy in 
the range of 7-30 eV. There is a qiialitative agree­
ment with the measured data of Bartynski et aU' 
only for h(u<ti<Wp. The deviation was attributed to 
the assuming of low value of a as well as to large 
deviation from free-electron behaviour*. More­
over, we have not chosen appropriate symmetry 

80 
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PHOTON ENER6Y(tn KV) 

Fig. 1—Plot of photocurrent (arb. units) with photon energy 
for normal photoemission from the Fermi level of aluminium 
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Fig. 2—Plot of photocurrent (arb. units) with photon energy 
from the Fermi level of beryllium for normal photoemission 
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Fig. 3—Plot of photocurrent (arb. units) with photon energy 
from the Fermi Jevel of potassium for normal photoemission 

direction for developing the initial state wavefunc-
tion. For example the beryllium energy dispersion 
data_showed' free-electron behaviour only along 
r —M syimnetry line. Recentiy, BerteF has pre­
sented a detailed discussion of the effect of 
symmetry on metallic surface by making use of 
group-theoretical technique. 

Fig. 3 shows the photocurrent data in the case 
of metal potassium. It is clear from the graph that 
maximum occurred at photon energy 3 eV fol­
lowed by a minimum at around 4.2 eV. A second 
peak of low magnitude at 4.7 eV was also seen. 
The photocurrent plot showed similar type of var­
iation qualitatively with the data of aluminiimi. But 
this do not seem to be of much importance in 
photoemission. The reason for this being that the 
work function of potassium is 4.74 eV and the 
peak occurs at too low a value of photon energy. 
The value of dielectric constant 'e{o)) which leads 
to this peak may be due to low-energy band struc-
tiwe effects. However, this may play important 
role during inverse-photoemission. It may be men­
tioned that the effect of bulk potential is totally 
neglected in this model which might be the reason 
for lack of agreement between computed and ob­
served data. 

One of the authors (RKT.) acknowledges grate­
fully the sanction of a research grant by the De­
partment of Atomic Energy, Bombay. 
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We discuss a simple theory of photoemission incorporating the relativistically defined initial state wave 
function for the eksctnmic states. The photocurrent data are calculated in the case of tungsten and 
silicon. 

There has been a lot of interest in photoemisaon 
studies of bulk and sur&ces of solids, both exper­
imentally and theoretically. Most of the electronic 
structure of metals has been revealed by the angle-
resolved photoemission technique and, as a conse­
quence, this has now become a standard tool for 
photoemission measurements. It has been seen that 
most of the authors have not taken into conad-
eration the effect of relativity while applying the 
Kronig-Penney (KP) model to bandrstructural stud­
ies in photoemisuon. For example, Thapa and 
Kar^~' have applied it to study the photoemis­
sion from metals like W, Si, Al, Pd, etc. But 
in their studies the relativistic effect on the mo­
tion of the electron in the potential well was not 
taken into consideration while deriving the ini­
tial state wave function ipt of the electron. De­
tailed energy band calculations using the relativistic 
Kronig-Penney (RKP) model have been devebped 

Iqr Davison and Steslicka^ (DS) by solving the Dirac 
equation for bulk spinors for which the sur&ce state 
calculations were also ^ven. In this report, we shall 
discuss a simple relativistic approeich to photoemis-
fflon study l^ using the wave function as deduced by 
DS for the electronic states but by incorporating a 
locally variant sfpatial photon field vector. This was 
then applied to the case of heavy atomic solids like 
tungsten and silicon. 

The photocurrent density formula^ can be writ­
ten as 

xfo{E-tUv)[l-fo{E)]. (1) 

The crystal potential model as used by DS* for 
deriving ^i is shown in Fig. 1. We have included a 
surface of width d. The crystal potential is given by 
Lt v^-^oVsb = ao, with b as the width of the potential 

'Author for correspondence. 
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Vacuum 

•d 0 a aib 
Fig. 1. Mcxiel potential as used by DS with the inclusion 
of a surface of width d. 

barrier and o + 6 the period of the potential, and oo 
is a positive quantity. The crystal surface potential 
is Vi > £o> where eo is the kinetic energy related 

to the energy {E) of the electron given by the re­
lation JS = eo + moc^, mo being the rest mass of 
the electron. In the k region of constant potential 
Vfc the two-component form of the one-dimensional 
time-dependent Dirac equation can be written as 

t f i c ^ = {(CO - Vk) + 2mod'}<f>^^^. 
dx 

Decoupling Eqs. (2) and (3) leads to 

i t i c ^ = PI<I>^^\ 3 = 1,2, 

where the wave vector 

2 (gQ-Vfc)[(£o-Vfc) + 2moC=̂ ] 

(2) 

(3) 

(4) 

(5) 

The plane wave solution of Eq. (4) for bulk ( i > 0) 
and vacuum {x < 0) regions as deduced by DS can 
be written as 

^j (x ) = 

x>0, 

(6) 

where h = —ipi > 0 and is real. 
Eq. (6) are defined as 

The constants in 

,(!) = (2) 
•k = -7fcaifc 

g p - V f c 

hcpk 

X = 
„<2) 

1 _ gi(p3-l')a 

g-i(/)a+M)<> _ 1 

H is the complex wave number and is given by 
/i = ^ + K: where n is the band nimiber and C 
is real and > 0. 

The final state wave function ^ / , which is cor­
rectly normalized in energy, will be the scattering 
state of the step potential Vi = —Vo9{x), where 9{x) 
is a unit function. The pertiurbation Hamiltonian H' 
in Eq. (1) is given by 

t^' = ^iP-^-^P-^)> (7) 

where p is a one-electron momentiun operator and 
A is the vector potential. A is assumed to be a 
constant in the bulk and vacuum regions, but in 
the surface region it is a function of x being the 
solution of Maxwell's equation for dielectric function 
e(x). The formula for the vector potential in one 
dunension following Bagchi and Kar^ is 

(Al 

A^{x) = > 
Aie(uf)d 

[c(w) - l]a: -f- c(w)d 
Aie{w) 

(bulk), 

(surface), (8) 

(vacumn), 

where Aj is a constant depending on dielectric func­
tion e{u), photon energy huj and angle of incidence 6i. 
Such models have been used with success in photoe-
mission calculation with simple forms of the initial 
state wave function.*"^ 
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The matrix element in Eq. (1) can new be ex­
panded as 

= /1+/2 + /3 + /4 . 

The integrals h, h, h ^^AI4 cannot be fsolved ana­
lytically, and therefore FORTRAN programs will be 
developed to evaluate each of these integrals for com­
puting photocurrent as a function a photon energy. 

We have used the experimentally determined* 
values of dielectric constants e{u>) for metal W and 
semiconductor Si. Since it is strictly a model type 
of calculation, we have used the same values of the 
following constants (in a.u.): 

Fermi energy Ep = 0.3768, 

Strength of potential Vo = 0.5864, 

Work fimction $ = 0.1746, 

Width of the potential a = 6ao 

(oo is the Bohr radius), 

Velocity of light c = 137, 

Surface width d = 10. 

The relativistic parameters used in the calculations 
are given by 

,7i=*0.4178, p2 = 0.613, 

h = 0.4178, 71 = -t0.001525, 

72 = 0.002240441, 

7? = 6 X 10""*. 

The values of RKP parameters like fii, 0^, ai, 
02 and A were calculated for each value of band 
number n. These values were then substituted into 
the matrix element / for the evaluation of photocur­
rent. We have calculated photocurrent against inci­
dent photon energy {hu) as a fimction of the band 
number (n). Photocurrent was calculated for W and 
Si for n = 2,4,6,8,10. These is no specific reason 

Fig. 2. Plot of photocurrent agsdnst energy for various 
of band number n for metal tungsten. 

for the choice of even values of n as the photocur­
rent data for odd values showed similar^ trends. In 
Fig. 2, the pfot of photocurrent in the case of W 
is shown. We find that for all the baud numbers 
the peaks in photocurrent data occurred at photcm 
ener^es fiw = 10,18,26 eV, respectively. The jdio-
tocurrent peak was minimum at ^ = 14 eV and 
maximum at W = 26 eV. 

We have also calculated photocurrent in the case 
of semiconductor siUcon, which is strictly an examr 
pie of a heavy diatomic sofid. The photocurrent data 
for silicon is shown in fig. 3. Fbr all the band num­
bers we find that maxima in photocurrent at photon 
energy fiw = 11 eV and 20 eV respectively, but the 
ratio between the peaks at 20 eV and 11 eV is ~ 2.32. 
But for Aa* > 20 eV, the graph drastically went down 
to a minimum and decayed. 

We have already done the photoemission calcu­
lations in the case of W and Si using the nonrelar 
tivistic Kronig-Penney (NR-KP) model. It has been 
observed that in NR-KP treatment, the photocur­
rent showed maxima at values of ^ < hup and a 
minimum occurred athu'^ hu^p ior both W and Si. 
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Fig. 3. Plot of photocurrent agednst photon energy 
for various values of band number n for semiconductor 
silicon. 

R)r example, in the case^ of W, loaxiina occurred 
at ^ = 21 eV and a minirmim at 26 eV (for W, 
huip = 24.7 eV). However, in the case* of Si, the 
photocurrent data showed a lot of structures^'' in­
stead of only a maximum at ^ < hwp. It also did 
not show minima at hup (for Si, fiwp = 16 eV). The 
reason for this has been attributed to the behavior of 
the dielectric response function e{u). However, the 
behavior of photocurrent data in RKP treatment is 
completely different from that obtained by using the 
NR-KP model, fbr example, in the case of W, we 
find that for values of photon energies greater than 
20 eV, the plot showed a peak in photocurrent data 
at Rw = 26 eV, a value very dose to tiwp. This is 
in fact in contradiction with data obtained earlier by 
other methods^'^'^'^" wherein normally a minimum 
was seen at ftu = hUp. Also for values of /W < fiup, 
we find two peaks in photocurrent at ^ = 10 and 
18 eV with a minimum at fiw = 14 eV. Similarly, 
in the case of Si as shown in Fig. 3, we see that 
for a tower photon range the behavior of photoec-
ciurent data showed features similar to that obtained 
in surfoce photoe£fect. For example, a minimum was 
observed at fiw = 10 eV, followed 1^ a minimiim at 
^ = 16 eV, the plasmon energy of Si. There is 

increase in photocurrent for ^ > hup and a maxi­
mum is observed at 20 eV photon energy for all the 
band numbers. The graphs showed minima again at 
fiw = 22 eV and decayed down towards a minimum 
for all band numbers for further increase of photon 
energies. 

The interesting feature which is seen in both the 
case of W and of Si is that for the increase in band 
numbers the peak in photocurrent also goes on in­
creasing. The only difiference is that, in the case 
of W, the highest peaks in photocurrent is observed 
at fiu; = hup, whereas for Si it is obtmned at pho­
ton energy 20 eV, which is greater than its plas­
mon energy. This can be attributed to the feet that 
the band width AJ5j goes on decreasing for the in­
crease in the band nimiber. In other words, the rel-
ativistic correction'' reduces AEb, which causes the 
electrons to gain sufficient momentum due to rapid 
spatial variation of the incident radiation to be pho-
toexcited. This in feet causes the enhancement of 
photocurrent with the increase in n in both the cases 
of W and of Si. In both the NR-KP and the RKP 
treatment of photoemission, we find that only in 
the low frequency ir^iime is photoemission basically 
a phenomenon occurring due to the spatial varia­
tion of the photon field vector. The evidence for 
this is the occurrence of peaks for ^ < tiWp, which 
has already been established also experimenteilly by 
Levinson and others.'" But the occurrence of peaks 
in photoemission by using the RKP model may be 
described as the manifestation of band structure ef­
fects in photoemission, which had not been seen in 
the NR-KP cases. 

The main drawback of including the initial state 
wave function rpi as derived by DS® in this type of 
calculations is that it does not take into account the 
surfece width. It has been well defined for both the 
vacuum and bulk regions. We also conclude from 
this study that the incorporation of the spatially 
variant vector potential is not sufficient. For exam­
ple, the measured ultraviolet photoemission spectra 
(UPS) data have shown that eflFects due to spin-orbit 
coupling cannot be omitted" in photoemission spec­
tra. FVirther Schrodinger's equation solved without 
the inclusion of spin-orbit interaction will beorane 
more and more inadequate^ in photoemission spec­
tral measurements. There is therefore a need for 
a relativistic theory of photoemission for accurate 
presentation of the UPS data. We are still doing 
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detmled calculations in which the relativistic band-
structural effects in photoemission will be studied. 
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Abstract : Photoemission calculations have been done using the Kionig-Penney model 
from band state (Fermi level) of semiconductors silicon and gallium arsenide. For the evaluation 
of photocurrent the initial state wavefunction used is the one deduced by Thapa and Kar [huiian 
J PureAppl Phys 26 620 (1988)] [1] 

Keywords : Photoemission, semiconductors, Kronig-Penney model 

PACSNo. : 79 60Bm 

The existence of surface states on semiconductor surfaces was experimentally veiified by 

usmg the angle integrated photoemission [2]. Moreover tiieir existence is Obvious through 

the pinning of the Fermi level at the surface. However, the semiconductor surfaces are more 

complex than metal surfaces for the reason iliat .semiconductor surfaces rcconsyuci [3]. The 

presence of these reconstructions and atomic displacements on semiconductor surfaces 

makes the studies of electronic structure a very interesting topic. Of the various tools and 

techniques, angle resolved photoemission studies has also been widely used in 

understanding the surface states of semiconductors. Various type of structural models of 

semiconductors have been proposed [4]. But in this short report, we will be mainly 

concerned with the photoemission studies by adopting a simple calculational procedure 

which will be applied to the case of silicon and gallium arsenide. 
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For photoemission calculations the current density may be written with the help of 
the golden rule expression [5] as 

x / o ( £ - ^ ( u ) [ l - / o ( £ ) ] . (1) 
8 i 

where | ' / i ) (| V /̂ )) refer to the iniual (final state), A = (e/2 rnc){A.p ,+/».4), and/? being 
tlie one-election momentum operator, A the vector potential of M̂© plioton field. 
Although the one-electron states are treated quite accurately in many photoemission 
calculations, the variation of the photon fields in the surface region is usually neglected. 
The model dielectric function which takes into account the bulk, surfaO^ and vacuum 
regions is given [6] by 

l + [ l - e ( w ) ] | , -a<z<Q 
1, 2>0. 

£ico,z) = • (2) 

We have used the Drude-Lorentz model for calculating the frequency dependent dielectric 

constants which is given by 

e(cy) 
(o: 

1 -
CO{CD + lYi) 

(3) 

In eq (3) above, £Q and e„ are Uie static and high frequency dielecu îc constants. By using 

die appropriate values of constants EQ , £«,, / i , Y2 etc respectively for silicon and gallium 

arsenide, the real ant' unaginary parts of e(ft)) were calculated by using eq. (3) which were 

then applied to eq (2) for computing the fields 

Using the elcciromagnctic field for p-polarizcd radiation, we calculate the 
photoemission cross section by evaluaung the matrix element: 

[xiff\^\\^f,) = j ^Y){z)^Y^z)dz 

= j;J^;,,M„U)i^.iv,;^V,W dz. (4) 

where [6] 

A(o{z) = • A, 
ae{(o) 

^ [l-e(Q))]c + fl' 
= [Aie(cu), 

z<-a 

- f l < c < 0 

2 > 0 

(5) 

>ii is a constant whose value depends on tlie angle of the incident radiation (0,) and its 
frequency {co) and dielecmc constants e(6>) In the surface region (-a < z < 0), the dielecuic 
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function is linearly interpolated between the vacuum and the bulk values, v^z) in eq. (4) is 

the free-electron final-state wavefunction given by 

Vfiz) I 2q 
Inq) q + kf 

1 

e'*/^ 

1 
2nq U + ̂ 7 J 

z<0 

z>0 (6) 

where kj = lEf, q- = 2{Ef -Vo)and£/ = E,+ho). 

To evaluate the initial slate wavefunction y/,(z), one solves the one-dimensional 

Schroedinger's equation 

cl-\i/{z) 

dz-
+ k;{z)= -2Viz)wiz), (7) 

where k; = 2E, and V(z) is the 5-function potential of the Kronig-Penney (K-P) 
model. 

Let (piz) denote the Bloch wavefunction deep inside the metal and 0*fe) the time 
reversal of (p (z). The eigenfunction in the semi-infinite solid (z < 0) was chosen [7] to have 
the form y/,{z) = <l>{z) - P(P*{z), where P is the reflection coefficient obtained by 
matching the wavefunction and its derivative at z = 0. One can then show [1] that the initial 
state wavefunction for z < 0 may be written as 

\l/,iz) = (l-iPe-'^ s'm6)e'^'^ - (P-/e'* sin^je-"*'*, 

k. 

(8) 

where cot 5 = — , ^ being the strength of the potential. The initial-state wavefunction 

outside the metal (z > 0) is 

il/,=Te-x^, (9) 

T being the iraiî imission coefficient across the boundary plane and x^ - 2(Vo - E,), where 
V,, is the surface step potential. From the matching conditions at z = 0, one can easily 
deduce the values of P and T in eqs. (8) and (9) and write the most explicit form of initial 
state wavefunction 1 \y, >. The photoemission cross section was obtained via 

The matrix element / = (V/ [A] y/,) in eq. (10) can be expanded as 

(10) 

+ j\}Kiz)~-dz. (11) 

73A(2)-15 
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In calculating ihe phoiocurrent, these integrals were evaluated analytically wherever 
possible, or numerically by developing a FORTRAN programme. To tnsure the 
convergence, a factor of e~"\^\ ( a is the scattering factor) was introduced for z < 0 which 
represents the effect of inelastic collisions. 

Since it is strictly a model calculation, we have used the same set of data (in atomic 
units) both for silicon and gallium arsenide. The data used are; 

Fermi level {Ef) = 0.463, 

Work funcUon (0) = 0.198, 

Surface width (a) = 10, 

Height of the potential barrier (VQ) = 0.662, 

Strength of the potential barrier (g) = 0.60, 

Phase factor (5) = -0.5776, 

Scattering factor (a) = 0.35. 
1 I 

We have chosen the initial state energy (£,) to lie at the Fermi leve}. The values of the; | 
parameters g, 5 and a are chosen arbitrarily to fit in such a way that it can reproduce j'l 
qualitatively the nature of the photon energy dependence of the square of the field. Xhf ' 
reason for this being that the matrix element for photoemission cross section is a quadratic { 
function of the photon field. \ \ 

In Figure 1, we have shown Uie plot of photocurrent as a function of photon energy ' 
(hco). For the surface widUi a = 10 a.u., we find tiiat at Ha = 12 eV, photocurrent peak is 

Silicon 

12 14 16 

PlKXon Energy ( eV ) 

20 

Figure 1. Plots of log (phoiocurrent) (in arb units) as a function of photon 
energy for silicon for surface widths a = 100 a u and 0 0 using the Drude-
Lotentz dielectric model 
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maximum. It shows a minimum at fi o) = 16 eV followed by a' small hump at 17 eV. Further 

increase of ftco causes the photocurreni to decay towards a minimum value. We have taken 

the plasmon energy ificOp) of silicon to be 16 eV. Interesting feature that is seen here In the 

case of siWcon \s U âi photocuvteiu daia s,howed behaviour similar at least qualitatively with 

the earlier results 18] when tlclds were calculated by using the experimentally measured 

dielectric constants. For example, the maxima in pholocurrent was obtained at fio) < ficOj, 

I.e., at 12 eV photon energy followed by a minima occurring at f/to =* fiojp. For the case of 

narrow surface width <n = 0.0) the behaviour in photocurrent is completely different. We 

find that a peak of low height in photocurrent occurred but at plasmon energy of silicon. 

This is quite different behaviour obtained than with the one [81 calculated by using the 

experimentally determined dielecuic constants. 

Gallium Arsenide 

a=IOa u 

a=00a u 

10 J2 14 16 18 

Photon Energy (eV ) 

20 

Figure 2. Plots of log (photocurrent) (in aib. units) as a funcUon of photon 
energy for gallium arsenide for surface widths a = 10.0 a.u. and 0.0 using the 
Dnide-Lx>rentz dielectric model. 

In Figure 2, the plot of photocurrent as a function of photon frequency in the case of 

gallium arsenide is shown for two different surface widths a = 10.0 a.u. and a = 0.0 

respectively, but with the same values of Kronig-Penney parameters as were used in the 

case of silicon. The photocurrent structures of gallium arsenide data showed three 

peaks at /icu = 10, 12 and 15 eV respectively but showing a minima at tioi = 16 eV (the 

assumed plasmon energy of gallium arsenide). Another hump in the photocurrent is seen at 

17 eV beyond which tlie photocurrent decreases gradually. The photocurrent data for 
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narrow surface width (a = 0.0) is found to be similar as in the case of silicon. The reason for 

this being that for a = 0.0, both silicon and gallium arsenide had almost same values of 

dielectric constants as calculated by using the Drude-Lorentz formula. 

Photoemission is considered basically to be a surface effect. It is dependent mainly 
on the spatial variation of the photon field vector at the surface region. We find therefore 
that in the case of silicon, the model dielectric response function of Drude-Lorentz seems to 
work quite fittingly for values of photon energies below and above the plasmon energy. 
However, strikingly different behaviour is seen in photocurrent in the case of gallium 
arsenide. For example, we find three peaks in photocurrent for fiax ftfiJp a resuU seen quite 
different from that of silicon [8] and other metals like aluminium [9], palladium [10], 
tungsten [8] etc. The reason for this may be attributed to the fact that the Drude-Lorentz 
model for calculating the dielectric constants is not applicable to the case of gallium 
arsenide. The other reason for the occurrence of such peaks may be tiiat for ^ o x h(Op the 
photon field vector AJ,z) as deduced by using the model of Bagchi and Kar [6] is not 
applicable to the case of compound semiconductor. We cannot rule out the weakness Of the 
K-P model potential as used by Thapa and Kar [1] for deducing the initital state 
wavefunction y/,. The effect of the surface was not taken into consideration while 
formulating y/; for a semi-infinite solid. However, the occurrence of peaks aXhoxhcOp both 
for silicon and gallium arsenide can be attributed to the spatial variation of vector potential. 
Lapeyre and Anderson [11] had also experimentally found the existence of surface state in 
gallium arsenide from the constant initial state spectroscopy. The complicated line shapes in 
their measurement for the surface states were not fully understood. However, the 
conclusion found in their measurement was that the photoemission intensity was strongly a 
polarization dependerit. 

Though we have not taken into consideration the effect of the type of semiconductor, 
density etc, however, we find that in the case of semiconductors, the spatial dependence of 
vector potential is an essential ingredient in photoemission calculations. Instead of using 
the simple type of dielectric formula like that of Drude-Lorentz type, it would be more 
realistic if one can employ the method as developed by Cappellini [I2] et al which is 
specifically defined only for the semiconductors. Further, the inclusion of structure into this 
type of calculations will enable one to compare the data with experiment in a more 
appropriate way. For example, a detailed study of photoemission from semiconductor 
gallium arsenide by using the one-step model of photoemission had been done by Schattke 
[13]. He had used the Green function-formalism to the valence states in LCAO basis by 
taking photon field vector as constant in dipole approximation. The photoemission data for 
the ideal gallium arsenide surface agreed well with the experimental data. ^ 
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Abstract 

The Mathieu 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 free electron metals like Al and Be. 
© 2000 Elsevier Science B.V. All rights reserved. 
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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 enor­
mously. Further the miniaturization in microelectron­
ics have reached a point where surface properties 
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-

* Corresponding author. Tel: +91-389-328044; Fax; +91-389-
323491. 

E-mail address: rkt@dte.vsnl.net.in (R.K. Thapa). 

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-

0375-9601/00/$ - see front matter ©2000 Elsevier Science B.V. All rights reserved. 
PH: 50375-9601(00)00602-2 
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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 

vacuum 

&j{E) lit 

dl2 h 
El<V'/l/l|.A,>l'5(£-£^) 

X5(£^-£,-fta.)[l-/o(£)], ( 0 

where i//, {\\ij^ refers to the initial (final) state wave-
function and A = (e/2w^cXA p +p -A) 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 

(A, 

' ^ a , ( ^ ) = 

Afe{(o)d 

[l - s(co)]x + d 

A^s{(o), x>0 

X < —d 

-d^x^O (2) 

where A, is a constant depending on the dielectric 
function e((«)), photon energy hco and the angle of 
incidence 0,. To determine i/r,(jf) 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 

bulk 

^ 

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

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

= 1 ( 4 ^ ) <^(^o.?)e-" '<'»"", (for77>0). ;<:<0 

^ C Z n ' ^ ^ ' e " ' " - ' " * , (forf > 0 ) , ; t > 0 

(3) 

where XQ is the crystal surface location. For a nearly 
empty lattice with a height of the step potential as ^, 
we have since ^ ~ 0, a hybridization parameter A = 
tanm'(.^o ~ ^~ ' ) - Also </)(xg,^) = Acosw'x — 
sinm'x such that m' = majiT 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: XQ = a/2, ^ = 12/a and m=\. The matrix ele­
ment in Eq. (1) for calculating the photocurrent now 
reduces to the following: 

= / 
-d ~ ^ di//, 

'I'f ̂ a,{x) —- Ax 
GC \X X 

dtA, 
/

O uu/ 

^;{x)A,{x)-^dx 
-d d x 

2 / _ / / + 

-I-

d A j x ) 

dx 
i/f, d x 

/ 'P/ASx)-T-dx. 
•'n dx 

(4) 

The photocurrent was calculated as a function of 
photon energy {hoi) 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 [18,19] for 
calculating the photon fields through a subroutine of 
the main FORTRAN programme. 

The plot of the photocurrent as a function of 
{ho)) 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 ho) = 10 eV. This was followed by 
a suppressed photoemission and therefore the pho­
tocurrent was minimum at ho) = 15 eV (the plas-
mon energy of Al is fio)^=l53 eV). There is 
another hump in photocurrent data at ^ w = 18 eV. 
We find that there is a qualitative agreement between 
the experimental data [20] and the previously calcu­
lated results [10]. The experimental data of Levinson 
et al. [20] showed a maxima in photocurrent at 
fico= 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 

12 16 20 

Photon Energy (eV) 

24 

Fig. 2. Plot of photocurrent (nonnalized to unity) against the 
hoton energy (eV) for Al and Be. 

For example it showed a maximum at ho}= 10 eV 
followed by a minimum but not occurring at ha) = 
hco^ (the plasmon energy of Be is 19.5 eV) like in 
the previously calculated results [21]. 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 ha)> hto^. 
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 [21] and 
experimental data [22]. 

The features seen in the behavioiu- 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 dAJdx 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 fia)< 
h (X) has been explained by Karlsson et al. [23] from 
the band picture. He attributed this to the existence 
of the surface state at F with energy 2.8 eV in the 
bulk energy band gap F,^ — F^". 

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 i//, 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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