THEORETICAL STUDY OF PHOTOEMISSION
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INTRODUCTION \':

Photoemission 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. Photoemission spectroscopy has now been widely used as a
method for studying the electronic properties of solids. But the detailed interpretation
of the photoemission data requires the use of a theory of photoemission 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
photoemission matrix element i.e. <y, |H'|y; >. Except Feibelman, very few authors
have taken care to evaluate the initial state wave function y/, involved in the formula
for photocurrent in photoemission. 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 which
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 ab initio treatment of the 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 of the 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 for calculating the
photoemission cross-sections for determining the photocurrent as a function of
photon energy by evaluating the matrix element <y, | |y; > The behaviour of
photocurrent especially near the plasmon energy of metals under study would be of

particular interest.

The exact formulation of the initial state wavefunction by choosing the
appropriate potential model for the surface and the bulk regions of the solid is very
important and complex too in photoemission study. There are various approaches to
surface and bulk photoemission calculations which had been applied to real cases. In
this proposal, we are considering as a first step, the applications of
Kronig-Penney(KP) model potential as applied by Thapa and others to metals and
semiconductors. We have formulated the initial state wavefunction y,; insucha
way that it takes into account both the surface and the bulk potential using the Mathieu
potential model. A realistic type of calculations for the surface state in photoemission
has been done by Levine using this model which was proposed at first by Statz. In this
type of potential givenby V=V _cos( -7-§£), the amplitude V_ is a measure of the crystal
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
Electron(Tight Binding Approximation) 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 wavefunction
and its derivative being evaluated at z =0 plane. The formulated Vi would be then
used to calculate the photocurrent from metals and semiconductors. The final state
wavefunction W will be the scattering final state of the step like potential existing
at the surface defined by }(z)=-V,0(z), which an electron encounters when it is
being transmitted through the surface. The Golden Rule formula for calculating the

photocurrent density is given by

-}{,'; =283 | <y H\wi> PHE - EpdEs- Ei - ho) L(E - ho) |1 - £,&)]  (1.1)

where /' is the perturbation responsible for photoemission by radiation of
frequency, |y, > 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 which is normal to the

surface. We may therefore write /' as

H' = 5eldo@rg + 78400 (12)
where 4, 2= -A# with Az (7) as the component of vector potential along

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

cross-section can be written as

L2 b <y Mo@f+ 3440 > (1.3)



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 calculation.
Levine had also used Mathieu potential for calculating the condition for arbitrary
surface termination. 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 wavefunction 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
wavefunction W, > We have considered, at first an empty lattice with a finite step
potential. The photocurrent was calculated as a function of photon energy (fiw)-
The formalism was then applied to the case of free electron metals like aluminium and
berylium. 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 wavefunction
derived with this model, we used the field obtained from the experimental data of

dielectric functions 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 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 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, 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 surface region. This 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 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 from it.

2.1 Calculation of Dielectric Model and Electromagnetic Field :
The dielectric model used is the one given by Bagchi and Kar which is shown
inFig. (2.1). The metal is assumed to occupy the space to the left of the z-plane. In the

region—q <z < 0 , the dielectric constant is chosen to be a local function which



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

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

e1(w) + iex(w), for z<—a
dw,z)= 1+[1-ew)fs for -a<z<0
1, for z>0. 21

The incident radiation is taken to be p-polarised of frequency ¢, 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,w,z) is expressed

in terms of the vector potential as

EQ,1,2)~ 2 4(Q, w,2) 2.2)

where O = %lsino,.. The magnetic field B(z)= 4(Q, w, z) points in the y-direction

and it follows that :
. / ) + ( 3 ) B o, (2.3)

where ¢ = g(w,z). The electric field component can be obtained from the magnetic
field as

E*Q,w,2)= < daB

icoe dz
E(Q, 0,2~ - 8% B @4)



To solve Eq. (2.3), a new variable u(z) was introduced according to the discussion of
Landau and Lifshitz which is given by B(z) = u(z) fg. Then u(z) satisfies the
equation :

2 2 2
For the dielectric model used, %ﬁ is finite only in the region —g<z<( and %;—g—

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

~ Ez
An(@) = —g_,@l in the long wavelength limit (w%) — ( isthen givenby :
o

- si|120,-
[8(w)—sin20,-]'%+,o,(w)cosg ; Z2<-a
. sin20; ac(w)
4@ = T orsin?0F et cose, IO —a<z<0
8(60) sin20,-
- 2.6
[e(e)-sin?6;] 7 +e(@) cos b, z>0. (26)

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
|4,(z)| s a function of photon energy ( /i ) and the distance (z) from the surface of
the solids and the results are discussed.



CHAPTER 3

PHOTOCURRENT CALCULATIONS USING
KRONIG-PENNEY MODEL

We have used the Kronig-Penney model potential to find the initial state
wavefunction. The initial state wavefunction y/; 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
Ashcroft have calculated numerically the photoyield by using 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 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 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.



To evaluate the initial state wavefunction (), one can solve the

one~dimensional Schroedinger’s equation given by :

f;‘f‘g'z')'+k?(2)=—2 V(2)w(2), (3.1)

where k?=2F; and V(z) isthe §-function potential of the K-P model.

Let ¢(2) denote the Bloch wavefunction deep inside the metal and g+ (2) the time reversal
of ¢(2). The eigenfuction in the semi-infinite solid (z <0) was chosen to have the

form as :

wi(2)=H2)-P¢* () (3-2)

where P is the reflection coefficient obtained by matching the wavefunction and
its derivative at z=0. The potential }/(z) was considered to be one-dimensional

Kronig-Penney type given by :

V@)= =28 dlz— 2n+1)%] (33)

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

regions may be written as

(1 - iPe P sind)e™* — (P — ie® sind)e %+, z<0
(bulk & surface)

Te ", z<0 (vacuum) (3.4
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where cotd=—4, ¢ is the phase shift introduced in the transmitted wave, g is the
strength of the § - potential which describes the bulk potential, T being the
transmission coefficient across the boundary plane and 2 = 2(V, - E;), where V/,
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 valuesof P and T in Eq. (3.4) which isgivenby:

(k= ik) — (ks — iK)eP sind

P == i%) — b —i)eBsmd (3:5)
_ ok 5in 26
and T= 6Tyt ) Bsmd (3.6)

The proper evaluation of P and T with the correct numerical values for other factors
enables one to write the most explicit form of initial state wavefunction |y; > .

The photo emission cross-section was obtained by using the formula
&=5Z| <yiHyi>|? 7
The matrix element given in Eq. (3.7) can be written as
I= 2 w1 Au@ySdz+ 12 i A Sds

10 virey dz +1; vidoCysid: (338)



In Eq. (3.8), the final state wavefunction y (2) is the scattering state of the

step potential V(z) given by V(z)=- V,0(z) - Here J,=Ep + ¢, where E is
the Fermi level and ¢ is the work function. The final state wavefunction can be

written as (in atomic units) :
( _24"7 ).;-T"%?If(_'eikfze-a(zl , Z < 0 (bulk & surface)
wA2) =

(2 )2 [07" + dyg-iar], 250 (vacuum) (3.9)

where k?=2E; q?=2(Er- Vo) and E;=E;+hw. In Eq. (3.9), the factor gl
(o 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). 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 Kronig-Penney model calculations using Lorentz-Drude dielectric model :

In this section, we show the behaviour of photocurrent caiculated 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 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 which will be applied to the

case of silicon and gallium arsenide.

The Drude-Lorentz model for calculating the frequency dependent dielectric
constants which is given by :

o} (0~ )03

In Eq. (3.10) above, ¢, and ¢, are the static and high frequency dielectric
constants. By using the appropriate values of constants ¢, , g, , y1, y2 €tc. respectively
for silicon and gallium arsenide, the real and imaginary parts of g(e) 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. In our calculations though we have
not taken into consideration the 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 one can employ the method
as developed by Cappellini er. 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 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.
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3.3 Relativistic Kronig-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 wavefunctions were not taken into considerations. This implied that the
relativistic effects were omitted and it was purely a non-relativistic 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 wavefunctions for
the initial state of the electrons as developed by Davison and Steslicka. We have
introduced the surface of width ‘4" into the potential model and used the wavefunctions
for the evaluation of the matrix elements for photocurrent calculations. The model

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

The crystal potential model as used by DS for deriving y; has a surface

width 4. The crystal potential is given by [tV3b=q, With p as the width of
V3-0
b-0

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

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

1)
ihe™ D= = (e, - V)¢ @3.11)

(2)

and iho = (@0~ Vi) + 2moc?} 40 G12)



Decoupling Egs. (3.11) and (3.12) leads to

i c-‘-'{-g)-=—p,2,¢£”, j=1.2 (3.13)
where wave vector  p? = (g, — Vi)[(8o — Vi) + 2m,c?Yhic.

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

$2(x) = agz){[ —f 2 Je"’z" + l[ };2 Je””z"}, x>0

1) =( A ]ﬁ&%h& x<0 (.14)

can be written as :

wilx) =

where [, =—jp, >( and isreal. The constants in Eq. (3.14) are defined as

1 2
omammect o=l
) @ and 1= f_aL) 1024
k =ykﬂk » Yk = hepy’ and T o@D T -iotuwa_y:

a3
u 1is the wave number and is given by U =-ﬂ}-+j( where { is real and (>0.
The final state wavetunction y/, which is correctly normalized in energy will

be the scattering state of the step potential }/; = —F/,6(x), where g(x) is a unit

function. The vector potential 4 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

Ay, x<0 (bulk)
Arelw

4o®)=  Toripad
A (o) x > 0 (vacuum) (3.15)

-d < x <0 (surface)

where 4, isa constant depending on dielectric function g(w), photon energy hw
and angle of incidence ¢;,

We have calculated photocurrent against the incident photon energy () asa
function of the band number (#) in the case of W and Si for » = 2,4,6,8,10. The
photoemission calculations in the case of W and Si using the non-relativistic
Kronig-Penney(NR-KP) model have been done earlier. However, the behaviour of
photocurent data in RKP case is completely different 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 difference is that in the case of W, the highest peak on photocurrent is observed at
hw ~haw, (plasmon energy of tungsten which is 26 eV), 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 relativistic correction reduces AE, 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 7 in



both the cases of W and Si. In both the 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
photoecmission 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.
However, the occurrence of peaks in photocurrent data in the case of the relativistic

treatment is attributed mainly due to inclusion of relativistic effects in photoemission.

The main drawback of including the initial state wavetunction y; 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 wavefunction y;. We also conclude from this
study 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 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 photocurrent 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 energy.
In the case of copper, maxima in photocurrent was measured at #, =20eV with
a minimum at f#g =26 eV. 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.



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
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 of solids, while Morse used it in his study of electron diffraction. 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 symmetries of Mathieu
functions, and the relations between the functions and the electron wave functions at
the centres and edges of the crystal 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 wavefunctions 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() = Vocos(22%) @.1)

where ‘a’ is the period of the potential having a maximum value p, at x = 0.



The one-dimensional Schrodinger equation can be written as

v @+ (a-2g9cos22)y@) =0 42)

2
where z= ZX 7-Z_ a-“% and 2q= Y2

at’” "

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 y,(x)in Eq. (4.2), we have included a surface
of width ( g) in the crystal potential. The initial state wavefunction for the bulk and

surface and for the vacuum regions is given by

) xog)e ™D x20
yix,q)=
&) % e-texo) x>0 (43)

where x, = location of the crystal surface. In Eq. (4.3) above, we have k, = 2,

and

#(x0,9)= Acosm’'x —sinm'x,

A=tanm'(xo - &™), 4.4)

such that ' = %l’- » 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 at x = 0, the photocurrent density is calculated by using the Fermi golden rule

formula as

LBy | <y H ly, > E - ENNE— Ei - ha)foE - h)[1-foE)]

4.5)
Here the perturbation is given by

H = 5(pA+Ap) 46)
and in one dimension, /' can be written as
H' = el Auty e + 4 4,0)
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

Ala x<—d
Ay .e(w).d
Ao(@,%) = 'ﬁ:ﬁ%@ , -d<x20 4.7
Al.g((D)s x>0

where 4, is a constant depending on the dielectric function g(e), photon energy #w

and angle of incidence g, . We have chosen x, = -‘-21-, &= laZ_ and ;= 1. Thereason



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 the following for

calculating the photocurrent :

I=2 wi Ao,y Eedx+ [0 wid, Ztdx

*djm © .7 dy;
++ 1% v 20 vy idx + §§ w iAoy Lidx. (4.8)

Photocurrent was calculated as a function of photon energy (fw) 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 ¢4,/dx 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 #w < #iw, has been explained by Karlsson
et. al. from band picture. He attributed this to the existence of surface state at T~ with

energy 2.8 ¢V in the bulk energy band gap 13 -T';.
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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 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 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 ¢(x; g) in Eq. (4.3) to
derive the intial state wavefunction y,(x). The most general form is a linear
combination of all the bulk standing states se, (x ¢) and cen(x; ¢) forall the Fermi
energy gap m . Thus the surface states will be largely a hybrid of sine and cosine

elliptic functions which is given by

$0:0,9) = Amcem(x0,9) ~ sem(x0,9) (4.9)

where 2, is the hybridization parameter which can be written as

) sem(x0,q) — (& +p) ' sen(x0,9)
"7 cem(x0,9) — (& +u) cem(xoq)

(4.10)

Here sej,(xpq) and cen(xg q) are the sine and cosine elliptic functions in Eq. (4.9).

These functions in expanded form can be written as

sinfm +2)xo _ sin(m — 2)x, ]

sem(x0,g) = sinmxg — %[ 1 —

q2[ sin(m +4)x,, sin{m — 4)x,
+'3'2‘[(m+ Xm+2) T m- 1)(m-2)] o

(4.11)



m+1 m-1

cos(m + 2)x,, _ cos(m—2)x, ]

and cem(xoq) cosmxg — 4[

L2[ cos(m +4)x,,  cos(m—4)x,
32|+ Dm+2) T - D(m-2)

+.. (412)

For finite surface potential, surface state existence condition implies that

xXp=x0%, =4, 1>0 and m=3,5,.. (4.13)

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

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

2
ces(x,,9) =0 ce3(xo,9) =3(1+ 1q6 (&0
Al 2

ses(x,, @) =—1+ ==~ 5409" ses(x), q9)=0 (4.14)

aps -

Hence, we may obtain the value of }, as:

(é"'ﬂ)[l 16 + 6404 ]
31++¢ 16 640)

As = (4.15)

Using Eqgs. (4.13) and (4.14) into Eq. (4.9), the intial state wavefuntion in the case of
strong periodic potential becomes

@1+t - dhae e x20

vilgq) =
() et x>0 (4.16)



The final state wavefunction y/, 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 (#i) 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 er. al. 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 energy.

It has been reported by Himpsel and Ortega that for Cu(100), Fermi level
photoemission intensity when plotted as a function of photon energy, the data showed
maxima at iy = 10.5 eV. Similar reports were also given by Eastman et. al. but with
maximum intensity occuring at fj¢p = 10.6 eV. In our case, our model calculations has
shown peak in photocurrent at fj¢p = 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 A, 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.



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 ficld. 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 features 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.
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CHAPTER 1

INTRODUCTION

_ Photoelectron spectroscopy has been used as a method for studying the
clectronic 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 sclectivity, 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
photoemission and to formulate a theoretical fr;xmework, 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 furction’
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 the 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
photoemission®® 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 exf)erimental system became increased and single crystal faces were studied
with the synchrotron radiation, it was clear that several drawbacks existed. Some were
cxplained in terms of a possible lack of conservation of momentum in the bulk
photo-cxcitation 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 states 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 Energy
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 wavefunction,
such a formulation could avoid many difficulties inherent in the three-step model of
Berglund and others**4, 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 radistion 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 g = ’—'2—:'— .



Figure (1.1) illustrates the method of ARUPS. The UV radiation is incident on
the crystal at an angle g, = 45° with respect to the normal. The angle of the electron
encrgy 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

ficld variation to obtain a good agreement with the experimental data.
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A simple calculation of photocurrent involves the evaluation of the matrix
clement <y |H'|ly, > where y,; and y, are the initial and final one-electron states
whose energics are related by E, = E; - hw - The perturbation in the Hamillonian

responsible for the photoexcitation of electron is given by

H' = 3=(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 {4’ in one-dimension as
H = mc [A (”(Z).C—l;— + 5 m( )] (12)

where Aw(z) = ”’( ) with Az (7) as the component of vector potential along
z-axis, A, is the amplitudc of the incident bedm. 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
carcfully. 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 diclectric response function.



Several authors*!$1%24 have derived the photocurrent due to the interaction of
the clectromagnetic field with the solid. The photocurrent density formula may be
written with the help of Fermi golden rule® as

gj(€)

18 _ 21y < yilH lwi > POE - ENOEr - Ei - ha)folE - haw)[1 - fo(E)]  (1.3)

In Eq. (1.3), E, and E_ are the initial and final state energy, f  is the Fermi occupation
function, ¢ - function describes the conservation of energy. The formula for -

photoemision cross-section can be written as

2 - -
9T K <y L+ LAy, > P (1.4)

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

matrix clement < .,/,[H'Wi >.

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
cnergy 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'8

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
w; and y . Liebsch®, Pendry? and others have recognised that the calculation of
wi and g 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 4 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
onc-clectron surface potential barrier. The potential barrier completely determines the
clectronic 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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gas (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 unrcal 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 pholoemission
experiments that describe the nature of electromagnetic field in the case of free
clectron 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-Kchn 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
Fcil)cllna!13()'3[ 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 Lundgvist™® and Bagchi* have also proposed similar methods

for calculating the electromagnetic fields near the surface.

Kliewer® considered the semi-classical infinite barrier (SCIB) model which
has a sharp surface, but it did not take into account the particle-hole and plasmon
cxcitations. The surface is taken to be an abrupt discontinuity between the vacuum and
the clectron gas. In this model, the structure in A, found in Feibelman’s calculation
that results from a varying ground state charge density is not reproduced. As the
clectron 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 cnergy and below it is in contrast to the

experimental data of Levinson et al *. The semi-classical infinite barrier 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
considcred 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
obtaincd by them had shown similar experimental behaviour as obtained by Levinson
¢t al*'. Barberan and Inglesfield® also have done a detailed calculation on
photocmission 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
photocmission results arising out of the screened electromagnetic field inside the metal.
They found that below plasmon frequency (w,), A, r.ises rapidly near the surface due
lo the polarisation charge but at ¢, , there are plasma oscillations. A is almost zero
inside the metal at w, » which means that E is also zero inside the metal. These
results of Barberan and Inglesfield®® is in good agreement with that of Feibelman
et. al™ for the case of aluminium, apart from the oscillations in A_ below plasmon

frequency (@, ). This had been attributed to the excitations in A, below ¢, duc to

Fricdel type of oscillations from the clectron-hole excitation which were not

included in the hydrodynamic calculation.
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Maniv and Mectiu?® also have made progress in the calculation of
clectromagnetic field in the metal-vacuum interface region. They mainly considered
the ficlds in the 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 cncrgy did not show the behaviour as obtained by Feibelman™ and Levinson
ef. alM in the case of aluminium. They found that the model was true for photon

cnergy 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
Thupuw. He applicd the diclectric model developed by Bagchi and Karm to various
metals like aluminium, nickel, silver, ctec. Thapa and olhcrs‘“'42 have also calculated
photocurrent in the case of aluminium by using the dielectric model of Bagchi and Kar

Bl
which showed good aglreement with the experimental results . The pholocurrent

calculations by using the Kronig-Penney model ** in the case of a number of melals

and semiconductors was also done by Thapa et. al*!42,

A realislic 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 givenby V=V _ cos(z—;’i), where the amplitude V _is a measure of
the crystal potential strength in a mono-atomic crystal, and the ionicity in a di- atomic
one. When V is small (farge), the Mathicu potential model approaches the Nearly
I'ree Election (Tight Binding Approximation) limit, and thus acts as a bridge between

these two extreme conditions. Davison and Levine®®, Slater*” and Carver*® have also

uscd the Mathicu potential to describe  the encergy bands in a realistic crystal.

We, therefore, find 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 devcloped 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 w > we have considered
an emply lattice with a finite step potential and a strong periodic lattice*®*’, The
photocurrent was calculated as a function of photon energy(ficw)- 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
clectromagnetic field (photon field vector) for the vacuum, surface and bulk regions of
the metals like beryllium, molybdenum, tungsten and silicon. In Chapter 3,
photocmission calculations using the Kronig-Penney model will be discussed. The
diclectric model of Bagchi and Kar and also Lorentz-Drude dielectric model will be
uscd 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 relativistic 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
wavefunction by using the Mathieu potential model, in the case of an empty lattice
with a [inite step potential and a strong periodic lattice and discuss a number of

applications to metals and semiconductors.
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CHAPTER 2 '
DIELECTRIC MODEL AND ELECTROMAGNETIC FIELD

In this chapter, we shall discuss the dielectric model used and the calculation of
clectromagnetic 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*2%. However, these calculations have not been extended
1o 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 clectromagnetic field in the bulk, surface and vacuum regions.
This model involves the lincar 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
tequired 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 diclectric model used for the calculation of electromagnetic fields is shown
mm Fig. (2.1). The metal is assumed to occupy the space to the left of the z-plane. In

the region -4 <z <0, the dielectric constant is chosen to be a local function which
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interpolates linearly between the bulk value inside the metal and the vacuum

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

therelore, given by

e1(w) + igx(w), tor z<-a
dw,z)= 1+[1-¢e(w)F for ~a<z<0
1, for z>0. (2.1)

The incident radiation is taken to be p-polarised light of frequency , 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, w,z) is

expressed in terms of the vector potential as

E(Q,w,2)= ‘% A(Q,w,z) 2.2)

where (O = —Cg-singi. The magnetic field B(z) = A(Q, w, z) points in the y-direction

and it follows that :

_d_(l_éﬁ_ + (Q)_z__ QZ)B: 0

dz* & dz) e

2.3
c? € 2:3)

where the value of ¢ is given by ¢ = ¢glw,2)
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The clectric ficld components can be obtained from the magneltic field as

c dB

EQ.0,2)* o5 dz
EX(Q,w,2)=- 300 B (2.4)

To solve Eq. (2.3), a new variable u(z) was introduced according to the discussion of
Landau and Lifshitz*® which is given by B(z) = u(z) fg. Then u(z) satisfies the

equation :

2 2 2
TL 4 2o - sing)ur 2% - 2L )

2y
dz?
vanishes cverywhere except for singularities at z= + a. The normal component of the

. . : de . .. , :
For the diclectric model used, 2; is finitc only in the region -g <z < () and

electric field vector potential in the long wavelength limit (w%) — (0 is then given

by:

- E’,(2)
Anld)="g,~
sin 20,'
- ‘ _
[e(w)-sin®6;]Z +&(w) cos 6; z2<-a
sin 26; at(w)

[s(w)—sinzﬁ,-]Ji +e(w)cos §; (I-t@)lera —a<2z<0

&(w)sin26;

]
[8((,())—Sir120i]7+g(w) cosS gi > 0. (26)



19

The electromagnetic fields have been calculated for photon energy below and
above the plasmon energy of the metals and semiconductors. We have considered
the plasmon energy to be the energy at which the real part of diclectric constant of
the solids is minimum i.e. g, — (). In calculating the electromagnetic field, the value of
the diclectric constant g(¢) is unity for vacuum region. For the bulk and the surface
region, we have used the experimental data for g(¢y) as given by Weaver™ and
Edwards®' and have calculated the frequency dependence of the magnitude of A o(2)
and |4, (2)|* for a number of cases. The solids whose dielectric functions were used
are the free electron metal beryllium, transition metals molybdenum, tungsten and
scmiconductor silicon. Mw (z)|2 has been plotted against photon energy( fi¢,) ) for
diffcrent plances in the surface region by changing the values of z/a. The thickncess of
the surface is a parameter in our calculations. However, it has been found by
Appelbaum®® that for most metals, the surface width a ~ 15 4 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 4.

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 |4 ,(2)] as a function of photon energy ( /iy ) and the distance (z/a)

from the surface of the solids.

(a) Beryllium :

Fig. (2.2) shows the plot of variation of Mw(z)lz against the photon encrgy

in the case of beryllium for different locations of the surface planes at z/a = -1 (bulk),
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Field plot for Beryllium
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zla = - 0.5 (surface) and z/a = 0 (vacuum). Here ‘a’ is the thickness of the
surface. For regions at the surface, we find that the peak occurred at 12 eV and shows
aminimum at 19 ¢V (the plasmon energy of Be is 19.5 eV). For regions in the vacuum
side, we find that the greph shows a broad peak at photon energy larger than the
plasmon energy. The behaviour of (¢4 /dz 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 °
ofl A »(2) is directly involved in the matrix element for photocurrent calculations,
Thapa and K'clr52 and Bartynski et. al.53 have obtained similar trends in the behaviour
of photocurrent in the case of beryllium. Inthe case of f, =7eVand 18 eV, we
find that in the plot of ¢4 /dz 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 ‘Aw(z)lz 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 9.2eV
and 9.6 ¢V (Fig. 2.5a). We found that for cach of these energies, there is a peak in the
surface region. Also there is a peak in the surface region for energies at 19.6eV, 20eV
and 20.6 ¢V as shown in Fig. (2.5¢). The photon energy dependence of |4 ,(z)| and
M«"(Z)P on both the sides of the interface (z/a = -1 and z/a = 0) is clearly seen in
Fig. (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 Beryilium

Figure 2.3
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Field plot for Molybdenum
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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 ncar 25 ¢V and inside the surface, it has a maximum at around 27 eV. For
photon encrgy greater than 27 eV, it decreases rapidly(slowly) towards the low (high)
photon encrgy side. Similar feature has been shown by our calculated data
of the ficld 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 ct. al.™®,
(c) Tungsten :

Fig. (2.6) shows the variation of I/i,,,(z)|2 against photon cnergy in the case
ol tungsten 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 a promin'ent peak at photon energy 21 eV.
The photon energy dependence of |4,,(z)] and Hw(z)lz on both the sides of
the interface (z/a=-1and z/a =0) is seen from the Fig. (2.6). We found that for the
ficld in the surface region, there is a minimum at /iy = fw, ( 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
the same leature as shown by Weng e al™®. We also found that there are two
peaks at 9 eV and 145 ¢V for z /a = - 0.5 . This may be attributed to high

lying resonance for tungsten as shown in the photoemission calculation of

Weng of. al.™,



28

Field plot for Tungsten

1.6

Photon Energy(eV)

Figure 2.6



29

(d) 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®"2 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(111) surface. A freshly
clecaved surface structure can be prepared by the rapid quenching from a high
temperature which stabilises the surface®. The Si(111) 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 ficld calculations with respect to the photon energy give us the first
hand information about the photoemission cross.- section, we have calculated
|A~m (Z)I2 and |4,,(z)| against photon energy also in the case of silicon. The plot of the
ficld against the photon encrgy 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 = O (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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Field plot for Silicon
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Field plot for Silicon
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plasmon cnergy 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 reflected in the ficld 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.



CHAPTER 3
PHOTOCURRENT CALCULATIONS USING KRONIG-PENNEY MODEL

The calculations of photocurrent frorn the band state(Fermi level) and surface
state of free electron metals have been extensively done by Thapa et. al*'4? in the
case of aluminium. Since aluminium is a weakly-bonded metal, they used a free .
clectron initial state wavefunction y; for the calculation of band state photoemission.
The initial state wavefunction y/; 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
photocmission phenomena from free electron metals. However, it has drawback in
cxplaining 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***%7, Schaich and Ashcroft'® have caiculated
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®
lor free clectron gas in a semi-infinite box and considered the photon ficld vector
A~W(z) to 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.
Steslicka®® had done a detailed calculations of the surface states using the

Kronig-Penney model both for the semi-infinite and infinite crystals. Eldib er. al.%
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has also applicd the Krouig-Penncy model to one dimensional crystal. They had
calculated only the electronic energy bands for mono and poly-atomic cystals and

comparcd the data with the one computed by using the Lincar Combinations of

Atomic Orbitals(LCAQ) 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 §- function
potential well such that the area of each well remains constant. The initial state

wavefunction was obtained by matching at the surface.

To evaluate the initial state wavefunction wi(Z), one can solve the

onc-dimensional Schroedinger’s equation given by :

d?y(2)

7 +ki2)=-2V(@2)y(2), (3.1)
where k? = 2E; and V/(z) is the §_function potential of the K-P model.

Let ¢h(z) denote the Bloch wavefunction deep inside the metal and ¢ * () the time reversal
of ¢(z). The eigenfuction in the semi-infinite solid (z < ) was chosen to have the

form™ as

wi(2) = §(2)-Pd*(2) (3-2)



35

N7
, E.
bulk i v vacuum
HIRRES
—d

Figure 3.1



36

where /” s the reflection coefficient obtained by matching the wavefunction and

its derivative at z = 0. The potential V/(z) was considered to be one-dimersional

Kronig-Penney type given by :

V)= =28 0lz- 2n +1)%] (3.3)

One can then show*? that the initial state wavefunction for the bulk, surface and vacuum

regions may be written as

(1-iPe ?sind)e** — (P —ie? sind)e~*i?, 2<0
(bulk & surface)
Wi=

Te™, z < () (vacuum) (3.4)

where Cot()"=—%, O is the phase shift introduced i.n the transmitted wave, g is the
strength  of the § - potential which describes the bulk potential, T being the
transmission coefficient across the boundary plane and 2 = 2(V, - E}), where v,
is the potential at the surface which an electron encounters while transmitting
through the boundary surface. From the matching conditions at z = (), one can

casily deduce the valuesof P and T in Eq.(3.4) which isgivenby:

> (I\' - lk,) — (k, - ilc)e"5 sind
P= (k= ik;) = (ki — iK)e ® sino (3.5)

2k; sin 20

and r= (= ik;) + (ki — in)e-9sind (3.6)
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The proper evaluation of P and T with the correct numerical values for other factors
enables one to write the most explicit form of initial state wavefunction lwi>

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

Gy <ydH|yi>|? 3.7)

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

I= f waU,(z) dz+fdt//f wdzdz

310w Gy de + 5 v Au@ % (3.8)

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

potential V(z) given by V(z)=- |/ o(-}(z). Here V,=E + ¢ where E is the

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

written as (in atomic units) :

(znq,) Qﬁk,e'k'z e, z < 0 (bulk & surface)
wdz) =

(an )% [e/Z + ( )e"qu] z> 0 (vacuum) (3.9)

where ? = 2E; g} =2(Er- Vo) and E;=E,+hw InEq. (3.9), the factor g-ull
(o 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) Molybdemm and Copper :

Photocurrent was calculated for these metals for two values of the surlace
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 @, = 459,
Figure (3.2) shows the plot of photocurrent as a function of photon energy (#¢,)) in the
casc of molybdenum. We find that for a = 10 a.u., a maxima in the value of
photocurrent occurred at f¢) = 10 eV. With further increase of the photon energy, the -
photocurrent decreased to a minimum value at £y = 12 eV and showed a small
hump at ¢y = 14eV. 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
cnergy in the case of copper. For the surface width a = 10 a.u., the peak in the value
of photocurrent occurred at fy =20eV and decrea;ed to minimum at 26 eV photon
cnergy. A second peak is also seen in the case of copper at ) =30eV. Copper also

showed totally different behaviour for the narrow surface width (a = () which is

evident {rom Figure (3.3).

We find that both metals Mo and Cu have shown atlcast the qualitative
{caturcs with the behavior of photocurrent as indicated also by other metals like
Pd”, Wn, Si72 etc. in which the Kronig-Penney potential model was used.
However, we sce that the model employed do not exactly reproduce the earlier

reported results. For example, in the case of molybdenum, Weng et. al.58 have

shown that for high lying surface state, photoemission intensity was maximum at
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photoncnergy 15¢V, then tends toward a minimum at 25 eV photon energy followed
by a hump at f¢) = 30 eV. Our result did not show minimum in photocurrent at
plasmon energy of molybdenum i.e. 24.4eV. The reasons for not exactly conforming
to other models and the experimentally measured dalam may be attributed to the fact
that our model is quite poor. For example, it is not considering the detail of the band
structure e{fects. Also the matrix element is mainly dependent on the variation of the
vector potential as evidenced in  previous cases-’"n. The variation of the vector
potential mainly monitors the matrix element which causes the change in-
photocurrent. This fact had been also discussed by Weng et. al.58 that the causes
in the occurrence of peak in photoemission intensity for molybdenum is due to
¢xcitation of clectrons by 4, componcnet of the vector potential perpendicular to
the surface planc.

(b) Silicon :

We have also used the Kronig-Penney model*? in conjunction with the
diclectric function z(¢) for a semiconductor silicon as given by Edwards®'. Using the
same Kronig-Penney parameters and the same value of initial energy E; asused inthe
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 (w),) of silicon.
There is a peak below the plasmon energy and the photocurrent also rises above fi,.
But in this case, another minimum occurs at 21 eV. This can be attributed to the
behaviour of g(¢)) for silicon®” which has a resonance at 21 eV (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 at 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 sut faces are more complex than metal surfaces for the reason that
semiconductor surfaces reconstruct™. T'he 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 :

2 2
wp (Eo—t)w
&) = ex[1 — o1+ (w%—wz—ly:w) (3.10)

In Eq. (3.10) above, ¢, and g, are the static and high frequency dielectric
constants. By using the appropriate values of constants ¢, . &, » y1, y €tc. respectively

for silicon and gallium arsenide. the real and imaginary parts of e(w) were calculated.
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Using the electromagnetic fields for p-polarized radiation, we calculate the

photoemission 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 (/i) for silicon. For the surface width a =10 a.u., we find that at jy = 12
¢V, photocurrent peak is maximum. It shows a minimum at jg = 16 eV followed
by a small hump at 17 eV. Further, the increase of }q, causes the photocurrent to
decay towards a minimum value. We have taken the plasmon energy (hw)p) of silicon
to be 16 ¢V. The interesting feature that is seen here in the case of silicon is that
photocurrent data’® showed similar behaviour at least qualitatively with the
carlicr rcsults77 when fields were calculated by using the experimentally measured
diclectric constants. For example, the maxima in photocurrent was obtained at /i) < hwp
i.c., at 12 eV photon energy followed by a minima occurring at fe = hwp. 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
encrgy 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 fy = 10 eV, 12 eV and 15 eV respectively but showing a minimum at
hiy = 16 ¢V (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
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casc of silicon. The reason for this being that for a = (), both silicon and gallium
arscnide had almost same values of dielectric constants as calculated by using the

Drude-Lorentz 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 galiium arsenide(GaAs). For example, we find three
peaks occur in photocurrent for hw < hwp, @ result seen quite different from that of
silic0n77 and other metals like a]uminium“, palladiumﬂ, tungsten77 etc. The reason
for this may be attributed to the fact that the Drude-Lorentz model for the calculation
of diclectric constants is not applicable to the case of gallium arsenide. The other
reason for the occurrence of such peaks may be that for hw < hwp , the photon field
vector as deduced by using the model of Bagchi and Karm is not applicable
to the casc of compound semiconductor. We cannot rule out the weakness of the
K-P model potential as used by Thapa and Kar42 for deducing the initital state
wavelunction y; . The effect of the surface was not taken into consideration while

formulating y,; for a semi-infinite solid. However, the occurrence of peaks at

hay < hap both for silicon and gallium arsenide can be attributed to the spatial

variation of vector potential.

Lapeyre and Anderson78 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

photoemission intensity was strongly a polarization dependent. Though we have not
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taken 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 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 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 photoemission from gallium arsenide -
by using the one-step model of photoemission had been done by Schattkem. He had
used the Green function formalism to define the valence states in terms of LCAO
basis functions by taking photon ficld vector as constant in dipole approximation.
The photoemission 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
mctals and seminconductors, the spin of the electrons in the formulations of the
inmtial state wavefunctions were not taken into considerations. This implied that the
relativistic effects were omitted and it was purely a non-relativistic 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 wavefunctions for
the initial state of the electrons as developed by Davison and Steslicka®'. We
have introduced the surface of width ‘d’ into the potential model and used the
wavefunctions for the evaluation of the matrix e¢lements for photocurrent

calculations. The model was applied to the case of heavy atomic solids like

tungsten and silicon.
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It has been seen that most of the authors have not taken into consideration the
effect of relativity while applying the Kroning-Penney(KP) modei to band
structure  studies in photoemission. For example, Thapa and othersdmmb'77 have
applied it to study the photoemission from metals like W, Si, Al, Pd, etc. Butin
their studies the relativistic effect on the motion of the electron in the potential well
was nol taken into consideration while deriving*? the initial state wavefunction y; of
the clec/tron. 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
photocmission study by using the wavefunction as deduced by DSSI for the

clectronic states and then applied it to the case of W and Si.

The crystal potential model as used by DS38! for deriving y, is shown in
Fig. (3.8) which has a surface width 4. The crystal potential is given by

LtVib=q, With p as thewidth of the potential barrier and (a+b) the period of
Vi-0
bh-90

the potential, ¢, being a positive quantity. The crystal surface potential is such that
Vy>s, where g, is the kinetic energy related to the energy (E) of the electron
given by the relation E =g, +m,c? m, being the rest mass of the electron.

In the g- region of constant potential v, , the one-dimensional time-independent

Dirac cquation can be written as :

. d (1)
ihe™= = (6, - Vi)$ G.11)

. d )
ihc™= = {(8, - Vi) +2moc?} $° (3.12)
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Figure 3.8
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Decoupling Eqgs. (3.11) and (3.12) leads to

el _ _p240 j=12 (3.13)

dx
where wave veetor  p = (g, = Vi )[(eo = Vi) + 2m,c?Yh2c*

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

can be wrillen as:

—)’2 ipax 2 y2 -ipax
¢z(x)=a(22){[ | Je” +/{ 1 }e 2 }’x>0

yi(x) =
PV a@
g1(x) = 1 1B el x <0 (3.14)
where /| = ~jp, > and isreal. The constants in Eq.(3.14) are defined as :
1 2
8() =8_,’l()C27 aE() =-’})ka2 ),
£o-V,
(1) (2) _ Lo
B =i Yk = Tep
B iogitvaim

and A ="G =

ab e-«(p?_«v;l\a_l .

u 15 the wave number and is given by ;= &= 4 j{ where ( isrealand (> 0.
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The final state wavefunction y, which is correctly normalized in energy will
be the scattering state of the step potential V| = -V,6(x), where @(x) is a unit
function. The vector potential 4 is 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

potential in one-dimension following the model of Bagchi and Kar s given by

Ay x <0 (bulk)
Are(w)d
Aw(x) = E‘dﬁ?jj, -d < x <0 (surface)
Aelw) x > () (vacuum) (3.15)

where A, isa constant depending on dielectric function ¢(¢)), photon energy 4,
and angle of incidence (),, Such models have been used in photoemission calculation
with simple forms of initial state wavefunction . We have used the expansion
of the matrix element in Eq. (3.8) for evaluation of the photocurrent. Since the

integrals in the matrix element cannot be solved analytically, FORTRAN programs are

developed to evaluate for computing photocurrent as a function of photon energy.

We have used the experimentally determined dielectric functions g(w)
50
corresponding to W and Sias given by Weaver . Since it is a model calculaticn, we

have chosen the same values of the following data (in atomic units) :

Fermi energy(f, ) = 0.3768, Potential strength(v,) = 0.5864,
Work functon(¢) = (.1746, Potential width(a) = 6 4, (¢, = Bohr radius)

Velocity of light(c) = 137,  Surface width(d) = 10
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The relativitistic parameter used in the calculations are given by :

P =i0.4178,p7 = 0.613

Iy =0.4178,7 = -i0.001525, 7 = 0.00224, 4 = 6x10~4

The values of relativitistic Kronig-Penney(RKP) parameters like (3, f,,
(“,(1‘23’, a, and } 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
(1)) as a function of the band number (n) in the case of W and Si®* forn =
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 f = 10;18,26 eV respectively.
The photocurrent peak was minimum at ¢ = 14 eV and maximum at f, =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 sy =11 eV and 20 eV respectively,

but for ;) > 20 ¢V, the peak went down drastically to a minimum and then decayed.

The photoemission calculations in the case of W and Si using the
non-relativistic Kronig-Penney (NR-KP) model have been done earlier*'”’*77. It has
been obscrved that in the non-relativistic case, the photocurrent showed maxima at
values of i) < ﬁ(,)p and a minimum occurred at f¢) ~ ha),, forboth W and Si. For
cxample, in the case’' of W maxima occurred at fiy = 21 eV and a minimum at 26 eV

(for tungsten,  fy, = 25.3 ¢V ). However, in the case*! of Si the photocurrent data
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showed a lot of structures instead of a single maximum at f) < ﬁw,, . It also did not
show a minimum at jw,( for silicon, fiw), = 16 eV ). The reason has been attributed
to the behaviour of the dielectric function g(w). 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 iy = 26 €V, very close to fosp. This is
in fact in contrast to the data obtained earlier by other methods*™#!5%7¢ where a
minimum was observed at hop = hw,. Also for the values of j < ﬁcu,, , we find -
two peaks in photocurrent at 4y = 10 and 18 eV with a minimum at jq, = 14 eV.
Similarly, in the case of Si as shown in Fig. (3.10), we find that for a lower photon
cnergy range the behaviour of photocurrent data showed features similar to that
obtained in surface photoeffect. For example, a maximum was observed at i) = 10
eV followed by a minimum at f = 16 eV (the plasmon energy of Si). There is
increase in photocurrent for hey > fw, and a maximum is observed at photon
energy of 20 eV for all the band numbers. The graphs showed a minima again at
hoy = 22 eV and decreased down towards a minimum for all the band numbers for

further increase of photon encrgies.

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
al fiw = hiw,,, 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,
gocs on decreasing for the increase in band number. In other words, the
relalivistic correction® reduces AE, 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 causcs the cnhancement of photocurrent with the increase in n in both the cases
of W and Si. Inboth the NR-KP and RKP treatment of photoemission, we find that
only in the low frequency region photocmission is dominant due to spatial variation
of the photon field vector. The evidence for this is the occurrence of peaks for the
value of fiw < fiw,,» 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
scen 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 %) below
and above the plasmon energies. Such deviation both in the case of W and Si may be
duc to the fact that the initial state wavefunction y; as deduced by DSBI 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
for 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 Wi as

81
derived by DS s 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 donc any

detailed caleulations to derive the initial state wavefunction ;. 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 state calculations using the K-P model potential. We also conclude from this
studly 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 photoemissin spectra®-#,
Also the solution of Schrodinger’s equation without the inclusion of spin-orbit
interaction will become more and more inadequate® in 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 last few decades, interests in detailed understanding of the physical -
propertics of condensed materials and their surfaces have grown up fastly. Further, the
development in micro-clectronics have reached a point where surface propertics 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 impor.lant 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 29899 In order to interpret the experimental spectra, it is useful to have a
(uantitative comparison between the theoretical and experimental photoemission data.
This demand has led to the developments of various approaches for calculating

photocurrent which ranges from accurate many-body theories9! (o one-electron

formulations.

In the previous chapters, we have seen that photocurrent calculations was done

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

example, free clectron*'?2 and  Kronig-Penney potential”’*7” 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 fjy =20eV with a4 minimum at f =26¢eV. 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
measurcd data in photoemission when onc 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

cxplain 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
reduces o the Mathicu equation whose solutions have been discussed in detail by
McLachlan”. The Mathieu potential had becn used early by Brillouin’ and Morse®”.
Brillouin had used this model as an appropriate model for developing the energy band
thcory of solids, while Morse used it in his study of electron diffraction. Slater’® used
the Mathicu 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
functions at the centres and edges of the crystal bands. The Mathicu potential has been
at first used by Statz45 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 potential44. Two cases will
be discusscd 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

Vix)=V, cos(-z—an-x- (4.1)

where ‘a’ is the period of the potential having a maximum value v, at x = 0. The

onc-dimensional Schrodinger equation can be written as

w' @)+ (a-2gcos22)y(z) =0 (4.2)

where 2 = Z%,T

!
Ny ,:i
(228 BV
=
!
~em
=5
=
c.
[\
Ko
1}
\1!§

Lq. (4.2) is the Mathicu equation and its solution is derived for free electron or nearly

emply potential ( g ~ 0) when the crystal potential is flat as shown in Fig. (4.1). To
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determine the initial state wavefunction y (x) in Eq. (4.2), we have included a surface

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

97
surface and for the vacuum region is calculated as:

A

(4nlk,- )%¢(x0,q)e—/l(xu—x)
wilx,q) =

s0 @)
(28 b et ’

where x, = location of the crystal surface. In Eq.(4.3) above, we have k; = /2E,.

and

¢(xo.q) = Acosm'x - sinm'x,

J=tanm’'(xg - &) (4.4)

such that m' = 8L, 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

polcntial as uscd in the case of Kronig-Penney model, the photocurrent density is

calculated by using the Fermi golden rule formula® as

ditl)

=L <y H lyi> POE -ENSE-Ei - hw)f(E - hw)[1 - f.(E)]

(4.5)
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The perturbation in one dimension, g’ can be written as

n - mc [A.,,(x)d + ;d,xA‘“( x)] (4.6)

With simple modification, the photon field used in our calculation can be written as

Ay x<—d

. Ay.e(w).d

Ao, )= Tstied ~dzx<0 (47
Ar.e(w) x>0

where A, is a constant depending on the dielectric function g()), photon energy fq,
and angle of incidence (); . We have chosen xg = f— —(;- and ;= | . 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 :

dy; dy;
I = j V//Aw( ) (//1 I - ¥ IAW 1|l/x dx

dy

l j() (IA, ,(\')
+3 dx

-d Y f dx Vlldx + j() W ‘Am ) —=dx. (48)

Photocurrent was calculated as a function of photon energy (f¢y) 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 function9:5! for calculating the photon fields

through the subroutine of the main FORTRAN program.
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The plot of photocurrent as a function of ;) for normal photoemission for the
case of Al and Be is shown in Fig. (4.2). We have shown here the photoemission {or
constant initial state  for which the cnergy was located at the Fermi level. As itis a
model calculation, we have chosen the Fermi level for both Al and Be as (.43 Hartrees.
The photocurrent data”” for Al showed a strong pholoemission at photon energy
hey = 10 ¢V. This was followed by a suppressed photoemission and therefore
photocurrent was minimum al fiy) = 15 eV (the plasmon energy of Al is hap = 15.3
¢V). There is another hump in photocurrent data at fip = 18 eV. Similar trends in the °

behaviour of photocurrent in the case of Al were also found by using other models like

frce clectron case*'”? and Kronig-Penney model *® . When the photocurrent data is

comparced with the cxperimental data of Levinson et. al.*' | we find that our results
atleast reproduced the measured data qualitatively. Levinson and olhers3| have
shown that maxima in photocurrent occurred at f¢y = 13 eV with the occurrence of
minima at the plasmon energy of Al. The photocurrent behaviour in the case’’ of
Be is also similar to that of Al. For example, it showed a maxima at f, = 10eV
followed by a minimum occurring at fiy = 19 eV (the plasmon energy of Be is
19.5 ¢V ). There was enhancement in photocurrent value for j¢, > b, - We see
from the variation of photocurrent data that even in the case of Be, it has shown
the qualitative behaviour as seen earlier in the theoretical results of

Thapa and Kar** and the experimental data of Bartynski et. al.*® and Plummer”’

as shown in Fig. (4.3).

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 Lo impart sufficient momentum for photoexcitation”. The surface photo-effect is

duc to the rapid variation of photon field in the surface region. This is evident from the
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matrix clement in Eq. (4.5) where A, /dx is directly dependent on photocurrent as
the photon energy passes through the threshold for plasmon excitation. Moreover, we
have considered a low photon encrgy photoemission and hence the incident radiation
is 100 weak 1o photoexcite electrons from the bulk bands. The origin of peak in
photocurrent data in the case of Be for i < fiw, has been explained by Karlsson
¢t. al.  from band picture. He attributed this to the existence of surface state at T°

with energy 2.8 ¢V in the bulk energy band gap I'i -T7;.

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 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 case of
cmply 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 1o evaluate the function ¢(x, ) more appropriately to define the existence of

surface states.

It is therefore, necessary to find an explicit form for ¢(x(',_q) in Eq. (4.4) to
derive the intial state wavefunction  (x). Here the coordinate x(’): i‘f-x(, unlike the
case of empty potential. The most general form is a linear combination of all the bulk
standing states se,, (x(')‘q) and ce,, (x(',‘q) for all the Fermi energy gap p; . Thus the
surface states will be largely a hybrid of sine and cosine elliptic functions which is

given by the expression

B0 g) = FmCem (X q) = ¢ (X0 q) (4.9)
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where /, is the hybridization parameter which can be written as

5(‘"'(-“(,),(1) - (S: +“)‘ISC;H(X(,L(I)
Ccm(x('l,q) - (é +,U)'| CC’;::(X('),Q)

\
Am =

(4.10)

The sine and cosine elliptic functions in Eq. (4.9) in expanded form can be written as

. . . q| sin(m+ x,  sin(m-2)x,
SCu(Xy q) = sinmx, — Y P - P
g2} sin(m+ 4)x,, sin(m - 4)x,,
33 [ mrDm+2) " m-Dm-2| * (4.11)
, .qg | cos(m+ 2)x(', cos(m—-2)x,
and Xy g) = cos nxg - 4 m+ 1 - m-1
42| cos(m + 4)x,, cos(m - 4)x,,
32 [ (m+ 1)(m+2) * (m-1)Y(m-=2) (4.12)
For finite surface potential, surface state existence condition implies that
! TT 12 ,
xg=%x0, E=75 A>0 and m =35, .. (4.13)

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

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

q 2

(v _ ol e ) 4q4 49
('(-3()(0’(])_0 ’ Cc:‘(x"’q)_3(1+1() 64())

K A 11 - SR
sei(x,,q)=-1+ 6~ 5409 333()(“,(1) =0 (4.14)



71

Henee, we may obtain the value of /4 as:

(& + 01 - 75 + 7154°]

A% pR— (4.15)
301+ 15 = o)

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

strong periodic potential becomes

L QAL 3y uiles
() (=14 e = gag@t)e™ ™™ x<0

y (X, q) =

(o) Testese) x>0 (4.16)

The final state wavefunction 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 ficld is the one described in empty potentid@l case in Section 4.1.
Photocurrent was calculated'" as a function of photon energy ( fi, ) in the case of
d-band metals tike molydenum, tungsten, copper and semiconductor silicon. For cach

. . - . . - S()‘Sl .
of these metals, the experimentally determined dielectric function werc used for

calculating the photon ficlds but the same surface parameters were used for all of

these solids as it 1s a model calculation.
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(2) Tungsten(W) and Molybdenum(Mo) :

The: plot of photocurrent as a function of photon energy ( /1)) ) for W and Mo
is shown in Figs. (4.4) and (4.5), both for surface width d = 10 a.u. and narrow
surfuce 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
lics at - 0.4 (- 0.3 cV)for W(Mo). The peak in photocurrent occurr‘cd at fy =15¢V
in the case of both W and Mo. But as the value of photon energy increased,
the photocurrent decreased and showed minimum at the photon energies 20 eV
(21 ¢V) inthe case of W (Mo). The plasmon energies of W and Mo are respectiviey
253 ¢Vand 24.4 eV. Both of these metals showed a shoulder in.photocurrent again
at fiiy =23 eV followed by a peak of smaller height at f, =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 et al.™® showed that the ratio between the
two peaks in photocurrent 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 photocurrent in our calculated data in both W and Mo is closcly related to
the experimnental 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 atleast the qualitative behaviour with the experimental results.
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Surface State Photoemission from Copper
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(b) Copper(Cu) :

We 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 = 10 a.u., the photocurrent showed a maximum at f¢) = 10eV and
decreased to minimum at 20 eV, the plasmon energy of Cu. At photon energy

(/1)) = 30 ¢V, it showed a sccond peak in current but of lower height than at

/1(1) = [0c¢V.

It has been reported by Himpsel and Ortega'®? that for Cu(100), Fermi level
photocmission intensity when plotted as a function of photon energy, the data showed
maxima at fi) = 10.5 ¢V. Similar reports were also given by Eastman et al ', but
wilh maximum intensity occuring at }¢y) = 10.6 eV. In our case, our model
calculations has shown peak in photocurrent at ¢y = 10 eV. The occurrence of such
peak in photocurrent in the band structure had been attributed to transition in energy
between the fower and upper s-p bands either at the Fermi level or near it and has A,
symmeltry. 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 Pd71 W72, Si72 elc. which were calculated earlier.

(¢) Silicon :

We 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 fy) = 10 eV followed by a minimum at fig» = 15 eV.

A sccond peak of small magnitude was found at i, = 17 eV and decreased again to
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Photocumrent for Silicon
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minimum at 21 ¢V with further increase in photon energy. This can be attributed to the
behaviour of () for silicon™ which has a resonance at 21 e¢V. In the case of Si
also, for the 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) forq = 0 to see
whether this can reproduce the results calculated in the case of empty potential (g ~ 1)
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 samc initial state wavefunction , is used to describe both the surface and
bulk regions of the solids under study. We have used the constant initial state
cnergy 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.



CHAPTER 5

CONCLUSION

In this thesis, we have shown the photocurrent calculations by using a modified
form of simple dielectric model as given by Bagchi and Kar®, At first, we have
calculated the variation of photon [icld 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 monotonic trend.

It was found that photoemission calculations by using the free electron model
could not cxplain the band structure effects. Thapa et. al*'*** has used the
Kronig-Pcnney model for derivation of the initial state wavefunction y; and applied
it to calculations of band state photocmission from aluminium, tungsten and silicon
with success. With this motivation, we have performed photocurrent calculations using
the diclectric 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 photocmission 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

inital state and final state wavefunction but with no surface region. In this case,
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the peak below the 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 catculations.
We have just used the wavefunction as derived by Davison and Steslicka®! 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 cffects due to spin-orbit coupling® cannot be omitted in photoemissin
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
Slcslicka(DS)w have used such type of sinusoidal periodic poteﬁtial 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)
mcthod. 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
chosen 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

satisfuctory. We have also then extended the model to the photoemission studies from
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copper and silicon with the motivation by this fact. Interestingly, the results showed

similar trends as wag  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
state 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
Egelhoff ¢t al.m4 in the case of photoemission da\ta58 of W and Mo where -
macroscopic effects on final state band structure was essential. It has also been seen
that diclectric response plays important role especially for surface photoemission in
metals. This is requird 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
stuides. This has been further evidenced by the theoretical and experimental studies
of resonant surface photoeffectm5 in the case of oxygen adsorbed on W(100) 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.w. Further, we have not
considered the role of symmetry points and the directions in the formulation of initial
statc wavefunction. For example, in the case of W, itis Al and As initial states
which can be excited on the (100) face of the bec crystal (W). M(;re()vcr, it is A'
symmetry ( initial states) which is photoexcited by only z-component of vector
potential A which is normal to (100) face. AS symmetry states are possible to be
cxcited by only A° and A component of Vt;,ctor potential A. Hence this do not

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 Energy
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 OF PHOTOCURRENT USING

MATHIEU POTENTIAL MODEL (EMPTY LATTICE CASE)

We will derive here the formula for calculating the photocurrent from the solids
using the Mathieu potential model as described in Chapter 4 (a) for empty lattice
( g ~ 0). The initial state wavefunction y,(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) = VOCOS('%;LX' where ‘a’ is the period of the
potential having a maximum value Vv, at x = 0. The one-dimensional Schrodinger

cquation can be written as

w' (2)+ (a-2gcos22)y(z)=0 (A-1)

2

e z= X 2 _E = Yo
where 2= - T= =T and 2q = -

The initial state wavefunction for the bulk and surface and for the vacuum regions is

given by

(47:/'\',- )%¢(xﬂ,q)e“"("'""’ x € 0 (bulk & surface)
wilx) =
(2{)‘%6‘:(*"""’ x > () (vacuum) (A-2)
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where v, = location of the crystal surface. In Eq. (4.2) above, we have k; = J2F;
and the matrix element in Eq. (4.5) can be expanded as the following for calculating

the photocurrent which is given by

-d . dy, 0 .= dy,
1=, WA, (x)dx+ j-—d y/,A,,,-%dx

o 10w ey + [ Wi A @) g d. (A-3)
=L+ It I3+ 1, (A-4)

The final state wavefunction y (x) of Eq. (3.8 ) and photon field vector of Eq.(4-7)
is uscd for the evaluation of the integral I in Eq. (A-3). Using Eqgs. (A-2) and (3.9),

the integrals in Eq. (A-3) can be expanded as follows :

I =.{:ZJ W; ~(,,(X)%'dx

L(_1 qr A kg yar -t d s ' x
-t J A T et et L Geosmx - sim o

- [ _1 T g R R I
"(2(1#(,] ‘Tf+ka|L P e et

[=gcosm'x + 7m' sinm'x + m' cosm’x + y sinm'x Jdx


file://'/2cifkJ
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T« LAy ..
= 'J'{ l 2 J py % 57 (cos kpx - isinkpx) elstox.
i

{Gim" + p)sinm'x = (G = m')cosm'x Jdx

-0 i dy,
L=V wiA., 7 dx

1
=__1__ | : 4qr 0 ~tkpx 1

2n\2qfk,) q,+k,A‘8(“’)‘”-de “Hodw)k+d

_il_[( 5 / H U —pt{x p~-x)

5 L(£cosm'x —sinm x)e Jdx

L
= __l_ | : qr . ,--’-‘21 0 —tkpx (asp)x 1
“(261//&) f1r+krA”'(w)dL Jgete [1-s(w)x+d

[~2p cosm'x + Am' sinm'x + g sinm'x + m' cosm'x Jdx

= __l_ I : 4qr . ,—'/-121 0 —icy S+ )x
“(quk,J qr+krA|s,(w)dc §_4(coskpx — isinkpx)e .

|
[1-ae)x+d

[(m = 2u)cosm'x + (Zm + y)smm'x )dx.

(A-5)

(A-6)
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dys,

l\ = % .‘.‘_),/ l//;/i,,,‘;i;_dx

= __l__ ] : qar . 0 »—tkgx ux d[ 1 }
Zn(?_qu,) el G LT R | T my

[ cosm'x - sinm'x] e#%—x) dx.

L

=___|_ i 4 . o N LU oA
Zn(quk,) qr+k[A|1,(w)[l s(w)lde=T I, e ¢ .

l >-(%cosm'x ~ sinm'x)dx.

{1 -eleNx+d}”

1
— _L_ | : qr . _ -—% 0 i Sla+pe)x
= _ 2n[2(1/k,J p” ka (@)1 - elw)de™7 [Zy(cosk x —isinksx)e .

1
{1 = (ol +d)°

(/. cosm'x — sinm'x)dx. (A-7)

dy,

Iv= Ty wiA(x)5=dx.

— é B . (2| -1 M,l(,\’
—(ﬁgf-) Ariw)e™ j()(e 1% + R 1t )

:;_J[\:l('*‘(/'. cosm'x ~ sinm’'x)Jdx
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L1

- It & : Ao (7] - _‘lL-:_kL,(
= 7(7@) Avilu)eT §, (L AN qr+k[c'//‘].

e (AEcosm'x = im' sinm'x ~ Esinm'x —m' cosm'x)dx.

-

— 1{Em : N N b PR q -k [
= 'E(T/}—) Aeg(w)e Io(c’ "/x+ﬁe"/").

(S =m'Ycosm'x = (2m' + &) sinm’'x )dx. (A-8)

Substituting these integrals [, 15, /5,1, in Eq. (A-3) the photocurrent 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
11,1-,15,1, is givenin Appendix-C. For the evaluation of photon fields in metals and

semiconductors, we have used the experimentally determined dielectric function™3!,
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APPENDIX - B

CALCULATIONS OF PHOTOCURRENT 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 y (x) derived by using Mathieu

potential model for finite surface potential can be discussed as follows:

Lect us consider a finite surface lattice (i.e. q > (}) with a finite step potential
having surface width ‘d’ and potential width ‘a’. The most general form for the
initial state wavefunction will be a linear combination of sine and cosine clliptic

lunctions for all the Fermi energy gap n which is given by
$(x0.4) = rncem(xo,9) = $em(x0,9) (B-1)
where ;,, is the hybridization parameter which can be written as

sem(x0.q) = (& +10) se(x,
. $€ ‘(',‘(]) (Cv I )_‘ - ,( ‘('».CI) (B-2)
Ccm("‘(l,q) —(C +/l) Lem(“(l.q)
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The elliptic functions can be expanded as follows :

. ) . g sin(m+2)x,  sin(m-2)x,
SCu(X0.g) = SNy = | = = T =
42| sin(m + 4)x,, sin(m - 4)x.,
* 32[(m+ Dm+2) Y m-Dm-2)] * (B-3)
, . gl costm+2)x, cos(m-2)x,
and cem(Xq.q) = cosmxy = pr - =
42] cos(m + 4)x, cos(m - 4)x,,
"3 [ mr Dm+2) " m=-Dm-2)| T (B-4)
For f{inite surface potential, surface state existence condition implies that
f 7[ "
Xy =xg, &= 2, />0 and m;=3,5,.. (B-5)

We are considering surface state occuring for m =3 and hence from Egs. (B-3), (B-4)

and (B-5), we can write,

2

C(’}(X,,,(]) =0 , ceg(x;,,q)=3(l +Tq(;—é%6)
e ly A | vt
S 3(X,,,q) =~1+ 16 - ()4()(1 y Se:;(x(,, Q) = 0 (B'6)

Hence, we can write the value of ;4 as:

Erll - 75 + g’
T oueL_oL D
1¢

v 640

3



97

Using Eqgs. (B-1), (B-2) and (B-6), the intial state wavcfuntion in the case of strong

periodic potential becomes

IO B S IR
e) -1+ 76~ gaga e x<0

wilx,q)= =

(4,[[( )2 e"k(rx_xn) x> 0 (B‘8) '

The photoemision cross-section formula for normal photoemission is given by :

.—_ = —l < '//['Au(x _ch + %% m(x)lWI > l2 (8-9)

The matrix element given in Eq. (B-9) can be expanded as

. - dy,
I= 1" ,z// Aoy iy + 10 wiAL, dex

dx

A 1 A e (7 A () S . (B-10)
=L+ Lh+L+ 1, (B-11)

The final state wavefunction in Eq. (A-4) and the photon field vector Aw(x) given in
Eq. (A -6) are used again for the evaluation of the integral / in Eq. (B-10). Using Eq.

(B-8), the integrals in Eq. (B-10) can be expanded as follows :
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dy,
(Ll:

Io=3 wrA, ()

(1) 29 a4, 1l
"27r[2q,k,)qf+ka'(2'u+§)L -5 a0}

" -d (,(uﬂ:)\e—lk,\dv

1 [ qr Y S A T
= n(u+,;)(2q,k,~)q,+k,"'(2/”‘-)‘ [ 16" 40‘1]

(,—l/l.\,.+(ll+/l)(” [“l e~y
R .

1 L4 oty 4, A
- n(nt+,u)(2q,l<,)q,4»/(;'4'(2’u+c')c '[1 16 * 6d0 1 ]

ebmatnndd) 74 (coskpx ~ isink px )dx

- dy,
1" _j ~d '//I'A"' dv

- (1 24y 4 11 5
B 2”(2«nk.)qf+k (G Qe [ 16 " 6407 ]

e(w)d. j

e(a +Hih e—lk,x dx

|
)~ ) + d

L R R | -
(7,AJ(,,+1< A+ Qe [ 16 " 6a04 ]

a|—

a(e)d fe v I]I_d ﬂ_-l(_ul)mc - [

(B-12)



99

1 1 9 11
- "(7//( )q,+k A+ G)ems [ 16 * 6404 ]

s(w)d Je e 1”-,1 m (coskyx —isink x)dx. (B-13)

1 ¢0 dy,
Iy= 31 wiA,g5dx

(1 4 el g1l
—3"(2q,k,)q,+k,-A'(2'“+é)° [1- 15+ 254’ )

S ) I —
"3 X =tk £ G
dw)de™ |24 ee de {1 -l +d]© &

a1 4qs q 11 5
—3"(2(//k1)6/r+k AvGu ke [ 167" 640‘1]

s 1 - ()] -{(—)d elHn p~tkpx . ‘;(wl)lx N d}z dx

T S R ey 4, 1
“2”(2q,k,)q,+k,A‘(2“+é)‘ "[1 16 " 640q]

= g(w)| l-g(w)] L - 1112,

{h —f‘(wl)lx +d}? (coskpx — isink px )dx

(B-14)

L= Jg t//,A{,(x)idx

dx
I (o2 1= pmrar , LKL g
- 2"(2(///(1}4‘(’(0))( L)[( T (/f+k[c at

<L iacer(eo,q) - sea(eo, g) .
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U O . - (2, -igx E_/L:_ki,aq,x]
= 3,,(2(“/(‘ 1a{w)e™ 2 L,{L x4 (1[+krc .

& x _4 11 2
¢S (28 + 3u)(1 16+640q )dx

- 1 e ...CL Ll— *
—ét(m}‘**(w)e F @+ 3= + 5T

ek B-15)

¥ ; . qf-kf ?
IU{({'“IIX + p_” kfe"lrx

Substituting these integrals 1, 15, 14,14 0 Eq. (B-7), the photocurrent from the solids
were calculated by numerical method by developing FORTRAN program which is

given in Appendix-D.
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APPENDIX - C

NAME OF PROGRAM : MATHIEU1.FOR COPY OF MATHIEU.FOR
WRITTEN ON 27-4-2000

PHOTOEMISSION CALCULATIONS USING THE MATHIEU
POTENTIAL MODEL

FREE ELECTRON CASE (Q =0)

BY DR.R.K.THAPA, DEPTT. OF PHYSICS, P.U. COLLEGE, AIZAWL
COMPLEX A1,C1,T1,T2,T3,T4,TT4,TTX,TTY,EPS,CMPLX,AQ
COMMON AKI, AKF, AQ,CI,D,A

Cl = CMPLX(0,,1.)

Pl=22./7.

READ (1,*) NP,NINT

READ(1,*)EL,THETA,D,VZ,ALPHA ,NE

READ (1,*)EL,THETA,D,A,LAMDA MU,XI,M,VZ,ALPHA,NE
WRITE (NP,2) WP,EI,THETA,D,A,LAMDA MU, XI,M,VZ,NE, ALPHA
AKI =SQRT(2.*EI)

A=06.

ALAMB =TANM*S$*P1/12)

ALAMB =(.02

AMU = (.5

Xl =3.81

M=1]

M*PI/A =0.52
ALPHA-AMU*PI/A=0.088

DO YO IE = [,NE

READ (1,*) W,EPS1,EPS2

WEV = W#*27.2

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

EX = EI+W-VZ

AQ =SQRT(2.*EX)

TTX = AQ-AKF

TTY = AQ+AKF

Tr4 =TTX/TTY

[EPS = CMPLX(EPS1,EPS2)

CALL REFRAC (W,WP,THETA EPS,Al)
CALLTERMI (ALEPS,TI,NINT)
CALLTERM2 (A1,EPS, T2,NINT)
CALLTERM3 (ALEPS,T3,NINT)
CALL TERM4 (ALLEPS, T4 NINT)
WRITE (NP,3) W,AQ,T1,T2,T3,T4
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XINT = CABS(T1+T2+T3+T4)
XCUR = XINT*XINT
CUR = (XCUR*AKF*AKF)/W
CUR = ALOG(CUR)

90 WRITE (NP,5) WEV,EPS I,EPS2,CUR
C 3 FORMAT(2X,2F8.4,2X,4(F15.6,1X))
5 FORMAT (2X,'W = F7.4,2X,’EPS =, 2(F10.6,2X),"CUR = *,F12.6)

C 90 CONTINUE
STOP
END

SUBROUTINE TERM1 (A1,EPS,T1,NINT)
COMPLEX EPS,A1,T1,R1,R2,CLF1,F2,Q
DIMENSION F1(701),F2(701)
COMMON AKIL,AKF,AQ,CI,D,A
Cl = CMPLX(0.,1.)

Q = (1./A)*A1*SQRT(1./(AQ* AKI))
AG =-5.*A

AH=-D

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

DO 101 =1, NINT

X = AG+(I-1)*DD

C  ZX=0.088"X

C  7Z=AKF*X
F1(I) = COS(AKF*X)-CI*SIN(AKF*X)
F1(I) = FI(1)*EXP(0.088*X)

10 F2(1) = 1.01*COS(0.52* X)-0.48* SIN(0.52* X)
CALLSINT(AG,AH,FI,NINT,R1)
CALL SINT(AG,AH,F2,NINT,R2)
Tl = R1*R2
T1=-T1*Q*AQ
T = TH/(AQ+AKF)

C WRITE (NP,22)R1{,R2,T1
C 22 FORMAT(2X,6F10.6,2X)
RETURN
END
C

SUBROUTINE TERM2 (A1,EPS,T2,NINT)
COMPLEX EPS,A1,T2,R1,R2,CL,F1,F2,T22
DIMENSION F1(701),F2(701)

COMMON AKI,AKF,AQ,CI,D,A

Cl = CMPLX(0.,1.)

O = -AT*H(D/AVSORT(LAAQ* AKI)
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AG=-D

Al = 0.

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

DO 101 =1, NINT

X = AG+(1-1)*DD

ZX = 0.088*X

7Y = AKF*X

F1(1) = COS(AKF*X)-CI*SIN(AKF*X)
F1(1) =F1(I)*EXP(0.088*X)

F2(I) = 1.01*COS(0.52*X)-0.48*SIN(0.52*X)
F2(1) = F2(1)*EPS/((1.-EPS)*X+D)
CALL SINT(AG,AH,F1,NINT,R1)
CALL SINT(AG,AH,F2,NINT,R2)

T22 = R1*R2

T2 = T22*Q

T2 = T2*AQ/(AQ+AKF)

WRITE (NP,22)R1,R2,T2

FORMAT (2X,4F10.6,2X,2E16.6,6X)
RETURN

END

SUBROUTINE TERM3 (A1,EPS,T3,NINT)
COMPLEX EPS,A1,T3,R1,R2,CLF1,F2,CMPLX,Q
DIMENSION F1(701),F2(701)

COMMON AKI,AKF,AQ,CL,D,A

Cl = CMPLX(0.,1.)
Q=A1*D*SQRT(1./AQ*AKI)

Q = Q*(1./2.*PI)

AG =-D

AH = 0.

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

DO 10 1= I, NINT

X = AG+(1-1)*DD

ZX = 0.088*X

77 = AKF*X

F1(1) = COS(AKF*X)+CI*SIN(AKF*X)
F1(1) = FI(1)*EXP(0.088*X)

F2(1) = 0.022*COS(0.52* X)-SIN(0.52* X)

10 F2(1) = F2(1)*EPS*(1.-EPS)/((1.-EPS)* X+D)**2.

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

CALL SINT(AG,AH,F2,NINT,R2)
T3 = R1"R2
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T3 = T3*AQ

T3 = -T3/(AQ+AKF)
WRITE (NP,22) R1,R2,T3
FORMAT (2X,6F10.6,2X)
RETURN

END

SUBROUTINE TERM4 (A 1,EPS, T4,NINT)
COMPLEX EPS,A1,T4,R1,R2,CL,F1,F2,Q,TT4,CMPLX
DIMENSION F1(701),F2(701)

COMMON AKI,AKF,AQ,CL,D,A

Cl = CMPLX(0.,1.)

Q=0.5*A1*EPS/A

Q = Q*SQRT(1./(AQ*AKI))

AG =0

AH =2.*A

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

DO 101 = 1, NINT

X = AG+(I-1)*DD

ZX = 0.088*X

7Z = AQ*X

F1(1) = COS(AQ*X)-CI*SIN(AQ*X)+TT4*(COS(AQ* X)+ CI*SIN(AQ*X))
F1(I) = F1(1)*EXP(-6.)

F2(I) = -0.92*COS(0.52* X)+3.7977*SIN(0.52*X)
F2(1) = F2(1)*EXP(2.*X)

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

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

T4 = R1*R2

T4 = Q*T4

WRITE (NP,22) R1,R2,T4

FORMAT (2X,6E12.6,4X)

RETURN

END

SUBROUTINE REFRAC (W,WP,THETA,EPS,A1)
COMPLEX A1,CX,CSQRT,EPS,CI,CMPLX,CY
$2 = SIN(2.*THETA)

S1=SIN(THETA)

Cl = COS(THETA)

Bl =1.-EPS
Bl =1/(B1"X+D)
CY = EPS-S1*S1

CX = CSQRT(CY)
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Al =-S2/(CX+EPS*CY)
RETURN
END

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

DIMENSION F(N)

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

S =0.0

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

M = N-1

DO 101=2,M,2

S = S+4.*F(1)+2.*F(I+1)

R = H*S/3

RETURN

END
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APPENDIX - D

NAME OF PROGRAM : ZPMATH3. FOR WRITTEN ON 20-02-2001
PLIOTOEMISSION CALCULATIONS USING THE MATHIEU
POTENTIAL MODEL

( FINITE SURFACE & STRONG POTENTIAL, Q> 0)

BY ZAITHANZAUVA PACHUAU, DEPTT.OF PHYSICS, GAC,AIZAWL
COMPLEX A1,CI,T1,T2,T3,T4,EPS,CMPLX,AQF,EX,TTF,TTX,TTY
COMMON AKI,AKF,AQF,C,D,A

Cl=CMPLX(0.,1.)

PI=22./7.

READ (1,*) NP,NINT

READ(1,*) EL,THETA,D,VZ ALPHA,NE

READ (1,*) EL,THETA,D,A,MU,X1,VZ,ALPHA NE

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

A=6.

ALAMBS3 = (XI+MU)*0.295

ALAMB3 = 1.275

MU=0.5

X1=2.0

M=3.

QM=1.

DO 90 IE=1,NE

READ (1,*) W,EPS1,EPS2

WEV=W*27.2

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

EX=El+W-VZ

AQF=SQRT(2.*EX)

TTX=AQF-AKF

TTY=AQF+AKF

TTF=TTX/TTY

EPS=CMPLX(EPS1,EPS2)

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

CALLTERMI (A1,EPS,TI,NINT)

CALLTERM2 (A1,EPS,T2,NINT)

CALL TERM3 (A1,EPS,T3,NINT)

CALL TERM4 (A1,EPS,T4,NINT)

WRITE (NP,3) W,AQF,T1,T2,T3,T4
XINT=CABS(T1+T2+T3+T4)

XCUR=XINT*XINT

CUR=(XCUR*AKF*AKF)/W
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CUR=ALOG(CUR)

WRITE (NP,5) WEV,EPS1,EPS2,CUR
FORMAT(2X,2F8.4,2X,4(F15.6,1X))

FORMAT (2X,"W=",F7.4,2X,"EPS=" 2(F10.6,2X),’CUR="F12.6)
CONTINUE

STOP

END

SUBROUTINE TERM1 (A1,EPS,T1,NINT)
COMPLEX EPS,A1,T1,R1,R2,CL,F1,F2,Q,AQF,XX
DIMENSION F1(700),F2(700)
COMMON AKI,AKF,AQF,CI,D,A
CI=CMPLX(0.,1.)

Q=A1"SQRT(L./(2.* AQF*AKI1))*0.912
Q=A1*SQRT(1./(2.*AQF*AKI))
AG=-10.*A

AH=-D

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

DO 10 I=1, NINT

X=AG+(I-1)*DD

F1(1)= COS(AKF*X)-CI*SIN(AKF*X)
F1(1)=F1(I)*EXP(-(1.5 + D))

F2(1)= COS(AKI*X)-CI*SIN(AKI*X)
CALL SINT(AG,AH,FI,NINT,R1)
CALL SINT(AG,AH,F2,NINT,R2)

Tl =RI

XX=AQF+AKF

T1=T1*Q*AQF/XX

WRITE (NP,22)R1,R2,T1

FORMAT (2X,6F10.6,2X)

RETURN

END

SUBROUTINE TERM2 (A1,EPS,T2,NINT)
COMPLEX EPS,A1,T2,T22,XY,R1,R2,CI,F1,F2,Q,AQF
DIMENSION F1(700),F2(700)

COMMON AKLAKF,AQF,CI,D,A
Ci=CMPLX(0,,1.)

Q=A1*D*SQRT(1./(2.* AQF*AKI))*0.203
Q=A1"D*SQRT(1./(2.*AQF*AKI))

AG=-D

AH=0.

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

DO 10 I=1, NINT
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X=AG+(I-1)*DD

F1(I)= COS(AKF*X)-CI*SIN(AKF*X)
F1(1)=F1(1)*EXP((-D)- 1.)
XY=AQF+AKF
F2(1)=EPS/((1.-EPS)*X+D)

CALL SINT(AG,AH,F1,NINT,R1)
CALL SINT(AG,AH,F2,NINT,R2)
T22 =R1*R2

T2=T22*Q*AQF/XY

WRITE (NP,22)R1,R2,T2

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(0.,1.)

Q=A1*D*SQRT(1./(2.* AQF*AKI))
Q=Q*0.035

AG=-D

AH=0.

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

DO 10 1=1,NINT

X=AG+(I-1)*DD

F1(I)= COS(AQF*X)-CI*SIN(AQF*X)
F1()=F1(1)*EXP((-D)-1.)

AXY=AQF+AKF

F2(1)= EPS*(1.-EPS)/((1.-EPS)*X+D)**2.
F2(1)= F2()*EXP(0.5*D - 1.)

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

 CALLSINT(AG,AH,F2,NINT,R2)

22

T3 =R1*R2
T3=T3*Q*AQF/AXY
WRITE (NP,22) R1,R2,T3
FORMAT (2X,6F10.6,2X)
RETURN

END
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SUBROUTINE TERM4 (A1,EPS,T4,NINT)
COMPLEX EPS,A1,T4,R1,R2,C1,F1,F2,Q,CMPLX,AQF
DIMENSION F1(700),F2(700)

COMMON AKI,AKF,AQF,CI,D,A
Cl=CMPLX(0.,1.)
Q=A1*EPS*(.835

C  Q=AI*EPS

Q=Q*SQRT(I./(2.* AQF*AKI))

AG=0

AH=10.*A

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

DO 101=1, NINT

X=AG+(I-1)*DD
F1(1)=COS(AQF*X)-CI*SIN(AQF*X)

C  FI()=FI(I)*EXP(6.)*EXP(-2.*X)
F1(1)=F1(I)*EXP(6.)

10 F2(1)=(COS(AQF*X)+CI*SIN(AQF*X))*TTF

CALLSINT(AG,AH,F1,NINT,R1)
CALL SINT(AG,AH,F2,NINT,R2)
T4 =R1*R2
T4=Q*T4

C  WRITE(NP,22) R1,R2,T4

C 2 FORMAT (2X,6E12.6,4X)
RETURN
END

SUBROUTINE REFRAC (W,WP,THETA,EPS,A1)
COMPLEX A1,CX,CSQRT,EPS,CI,CMPLX,CY
S2=SIN(2.*THETA)

S1=SIN(THETA)
C1=COS(THETA)

C  Bl=1.-EPS

C  Bl=1/(B1*X+D)
CY=EPS-S1*S1
CX=CSQRT(CY)
A1=-S2/(CX+EPS*C1)
RETURN
END
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SUBROUTINE SINT (A,B,F,N,R)
INTEGRATION BY SIMPSON’S ONE-THIRD RULE
COMPLEX F,R,S

DIMENSION F(N)
H=(13-A)/(N-1)

S=0.0

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

M=N-1

DO 101=2,M,2
S=S+4.*F(1)+2.*F(1+1)

R=H*S/3

RETURN

END
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APPENDIX - E

MAIN PROGRAM FOR PHOTOEMISSION CALCULATIONS USING
KRONIG-PENNEY MODEL
SURFACE WIDTHIS Z= -A TO 0.
Bi = .- EPS AND UPDATED ON 19.9.1999
COMPLEX A1,CI,T1,T2,T3,T4,EPS,B1, ASP,AST,SP1,SP2,SPA,SPB,AQ,EX
COMMON AKLAKP,AKF,AQ,AG,A,ALPHA,CI,DELTA,ASP
Cl = (0.,1.)
READ (1,*) NP
C  WRITE(1,*) ‘WP,EL, THETA,A,ALPHA, DELTA,AG,VZ NE’
READ (1,*) WP,El,THETA,A,ALPHA,DELTA,AG,VZNE
C  READ(,*)W,EPS1,EPS2
WRITE (NP,2) WP,EI THETA,A, ALPHA DELTA,AG,VZNE
AKI = SQRT(2.*El)
AKP = SQRT(2.*(VZ-El))
SP1 = AKP-CI*AKI
SP2 = AKI-CI*AKP
SPA = (COS(DELTA)+CI*SIN(DELTA))*SIN(DELTA)
SPB = (COS(DELTA)-CI*SIN(DELTA))*SIN(DELTA)
ASP = (SP1-SP2*SPA)/(SP1+SP2*SPB)
AST =2.*AKI*SIN(2.*DELTA)/(SP1+SP2*SPB)
DO 90 IE=1,NE
C  WRITE(1,*)“W,EPS1,EPS2’
READ (1,*) W,EPS1,EPS2
W =27.2*W
AKF = SQRT(2.*(E1+W))
EX=Ei+W-VZ
AQ = SQRT(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)
CALLTERMI1 (A1,APA,APB,EPS,T1)
CALLTERM2 (A1,B1,EPS,T2)
CALLTERM3 (A1,B1,EPS,T3)
CALLTERM4 (A1,EPS,AST,T4)
T2=R1 *APA-R2*APB
T2 = CI*A1*Q*T2*2.
C  WRITE(6,91)AG
CY9l FORMAT(3X,"TERM2 COMPUTED",F10.2,/)
RETURN
END

N O™
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SUBROUTINE INT2 (N,RI,R2,B1)
COMPLEX RI,R2,CI,CMPLX,Z1,Z2,B1
COMMON AKI,AKP,AKF,AQ,AG,A ALPHA ,CI,DELTA,ASP
R1=CMPLX (0.,0.)
R2 = CMPLX (0.,0.)
D = A/FLOAT(N-1)
X=-A
1=0
2 I=1+1

IF (1.GT.N) GO TO 10
E = EXP(ALPHA*X)
21 =(COS(AKI-AKF)*X + CI* SIN(AKI-AKF)*X)/(B1*X+A)
72 = (COS(AKI-AKF)*X - CI* SIN(AKI-AKF)*X)/(B1*X+A)
Z1 =E*Z1
72 =E*Z2
Rl =Ri+ZI
R2 = R2+7Z2
IF (I.LEQ.1) R1 =R1-0.5*Z1
IF (1LEQ.N) R1 = R1-0.5*Z1
IF (LEQ.1) R2 = R2-0.5*Z2
IF (LEQ.N) R2 = R2-0.5*%Z2
X =X+D
GOTO?2

10 RI=R1*D

C WRITE(6,91)AG
C91 FORMAT@A4X, INTEGRAL-2 COMPUTED’,F10(.2,))

RETURN
END

SUBROUTINE TERM3 (A1,B1,EPS,T3)

COMPLEX A1,R1,R2,CI,T3,B1,EPS,APA,APB,Q,AQ
COMMON AKJ,AKP,AKF,AQ,AG,A,ALPHA C], DELTA, ASP
N =201
CALLINT3 (N,R1,R2,B1)
Q = (SQRT(AQ)*EPS)/(AQ+AKF)*EPS*A
APA = 1.-ASP*(SIN(DELTA))**2 -CI* ASP*SIN(DELTA)*COS(DELTA)
APB = ASP + (SIN(DELTA))**2 -CI*(SIN(DELTA))**2
T3 =R1*APA - R2*APB
T3 =T3*Q*Al

¢ WRITE (6,91)AG

C 91 FORMAT(5X, TERM3 COMPUTED’,F10.2,))
RETURN
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END

SUBROUTINE INT3 (N,R1,R2,B1)
COMPLEX R1,R2,CMPLX,Z1,22,31,EPS,APA APB,CI
COMMON AKI,AKP, AKF,AQ,AG,A, ALPHA,CI,DELTA,ASP
R1 = CMPLX(0.,0.)

R2 = CMPLX(0.,0.)
D = A/FLOAT(N-1)
X=-A
[=0
2 =1+l

IF (1.GT.N) GO TO 10
C = COS(AKI-AKF)*X
S = SIN(AKI+AKF)*X
CP=COS(AKI+AKF)*X
SP=SIN(AKI+AKF)*X
E=EXP(ALPHA*X)
Z1=(C+CI*S)/((B1*X+A)**2.)
Z2=(CP-CI*SP)/((B1*X+A)**2.)
Z1=E*Z1
22=E*72
R1=R1+Z1
R2=R2+Z2
IF (1.LEQ.1) R1=R1-0.5*Z1
IF (LEQ.N)R1=R1-0.5*Z1
IF (LEQ.1) R2=R2-0.5*Z2
IF (1.LEQ.N) R2=R2-0.5*Z2
X=X+D
GOTO 2

10 R1=R1*D
R2=R2*D

C  WRITE (691)AG

CYl FORMAT(6X, INTEGRAL-3 COMPUTED’F10.2,/)
RETURN
END

SUBROUTINE REFRAC (W,WP,THETA,EPS,A1,B1)
COMPLEX A1,CX.CSQRT,EPS,B1,CI,CMPLX,CY
S2=SIN (2.*THETA)
S1=SIN(THETA)
C1=COS(THETA)

C  EPS=1.-(WP/W)**2.
Bl=(1.-EPS)
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CY = EPS - S1*S1
CX=CSQRT(CY)
Al=-S2/(CX+EPS*Cl)
RETURN

END

SUBROUTINE TERM4 (A1,EPS,AST,T4)
COMPLEX A1,R1,R2,C1,T4,EPS,AST,QF,Q,AQ
COMMON AKI,AKP,AKF,AQ,AG,A,ALPHA,CI,DELTA,ASP
QF=AKP*AST

Q=(QF*A1*EPS)/SQRT(AQ)
R1=(AQ-AKF)/((AQ+AKF)*(CI* AQ-AKP))
R2=1./(CI* AQ+AKP)

T4=-Q*(R1-R2)

WRITE (6,91)AG

FORMAT(7X,"TERM4 COMPUTED’,F10.2,/)
RETURN

END
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APPENDIX F

PROGRAM WRITTEN BY DR.R.K.THAPA,DEPTT. OF PHYSICS,
PUC, AIZAWL.

NAME OF FILE: SRLTRA1.FOR (14-6-98)

LAST UPDATED ON 12:06-1998 BY DR. R.K.THAPA, PUC, AIZAWL.
PROGRAM TO COMPUTE PHOTOCURRENT USING K-P MODEL
MAIN PROGRAM TO STUDY PHOTOEMISSION INCORPORATING
RELATIVITY.

COMPLEX A1,B1,CL,GAMMA I,BETA12,BETA22,AQ,RHO1,EX,EPS
COMPLEX ALPHA22,CMPLX,LAMDA,AMU,T1,T2,T3,T4,CSQRT
COMMON A,CL,AQ,AKF,ALPHA

CI=CMPLX(0.,1.)

READ (1,*) NP

READ (1,*) WP,El, THETA,A,ALPHA VZ,C,NE

READ(1,*) AA,RHO2

WRITE(NP,2) WP, EL,THETA,A, ALPHA,VZ,C

EK=EI-VZ

EK1=EK+2.*C*C

EK 1=EK*EK1/C

RHO1=CSQRT(EK1)

EK2=El+2.*C*C

EK2=EI*EK2/C

R1102=SQRT(EK2)

GAMMA 1=EK/C*RHOI1

GAMMA2=El/C*RHO2

ALI1=-CI*RHO1

BETA12=-2.*SIN(RHO2*AA)*(SIN(AMU* AA)+CI*COS(AMU*AA))
BETA22=1.-(COS(RHO2-AMU)*AA+CI*SIN(RHO2-AMU)*AA)
ALPHA22=(COS(RHO2+AMU)* AA-CI*SIN(RHO2+AMU)*AA)-1.
LAMDA=BETA22/ALPHA22

AA=3.

AMU=(NN*PI/AA)+CI*ETA

DO Y9 IE=1,NE

READ (1,%) W,EPS1,EPS2

WX=W*27.2

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

EX=El+W-VZ

AQ=CSQRT(2.*EX)

EPS=CMPLX(EPS1,EPS2)

CALL REFRAC (W,THETA,EPS,A1,B1)

CALLTERMI (A1,B1,EPS,T1)

CALLTERM2 (A1,B1,EPS,T2,N)
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CALL TERM3 (A1,B1,EPS,T3,N)

CALL TERM4 (A1,B1,EPS,T4)

CALL TERMS (A1,B1,EPS,TS,N)

WRITE (NP,5) W,AKF,AQ,A1

WRITE (NP,7) W,T1,T2,T3,T4
CUR=CABS(T1+T2+T3+T4)
XCUR=CUR*CUR*AKF*AKF/W
CURMAX=XCUR/).368163E+18
X=LOG1((XCUR)

WRITE (NP,6)WX,W,EPS |, EPS2,XCUR,CURMAX
FORMAT (2X,F6.3,2X,6(F8.4,1X))

FORMAT( 2F10.6,1X,4(F12.6))

FORMAT (2X,F7.4,8(E12.6),2X)

FORMAT (2X,2(F7.4),2X,2(F10.6,1X),E14.6,2X,F10.6)
STOP

END

SUBROUTINE TERM1 (A1,B1,EPS,T1)
COMPLEX ALI1,T1AT1,AQ,CLATI,BETA12,GAMMA1,AKQ,T11,AT2
COMPLEX AL12,T12,T1B,CMPLX,EPS
COMMON A,CL,AQ,AKF,ALPHA
CI=CMPLX(0.,1.)

AL1=0.5909

GAMMA 1=CMPLX(0.,0.002156)
BETA12=CMPLX(-0.00006486,-0.8784878)
ALI1=ALI-CI*AKF
AT1=COS(AKF)-CI*SIN(AKF)
T11=ATI/ALII
AKQ=(AKF-AQ)/(AKF+AQ)
AT2=COS(AKF)+CI*SIN(AKF)
AL12=AL1+CI*AKF

T12=AKQ*AT2/AL12

CALLTERMS (A1,B1,EPS,TS,N)
TI1A=A1*EPS*BETAI2
TI1B=TIA*ALI*(L.+GAMMA1)/SQRT(AKF)
TI=T1B*(T11+T12)

TI=TI*EXP(ALI*A)

WRITE (NP,11) T1

FORMAT (2X,10F12.6)

RETURN

END
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SUBROUTINE REFRAC (W, THETA,EPS,A1,B1)
COMPLEX A1,CX,CSQRT,EPS,B1,CMPLX
S$2=SIN(2.*THETA)

S1=SIN(THETA)

Cl=COS(THETA)

EPS=1.-(WP/W)**2

B1=EPS-1.

CX=EPS-S1*S|

CX=CSQRT(CX)

A1=-52/(CX+EPS*C1)

RETURN

END

SUBROUTINE TERM2 (A1,B1,EPS,T2,N)
COMPLEX EPS,A1,B1,T2,CI,T2A,T2B,T2C,R1,R2,AQ,AQR,ALPHA22,
COMPLEX LAMDA, CMPLX

COMMON A,C1,AQ,AKF,ALPHA
Cl=CMPLX(0.,1.)

N=201

RHO2=0.8681

GAMMA2=0.003168
ALPHA22=CMPLX(-1.901744,-0.439176)
LAMDA=CMPLX(-0.898692,0.438541)
AQR=(SQRT(AKF))/(AKF+AQ)
T2A=-2.*A1 *EPS*A*AQR

CALLTERMS (A1,B1,EPS,T5,N)
T2B=ALPHA22*(1.-GAMMA2)*CI*RHO2
T2C=CI*RHO2*LAMDA*(1.+GAMMA2)
CALL INT2 (R1,R2,A1,B1)
T2=T2B*R1+T2C*R2

T2=T2A*T2

RETURN

END

SUBROUTINE TERM3 (A1,B1,EPS,T3,N)

COMPLEX A1,B1,EPS,CI,T3A,T3B,T3C,R1,R2,AQ,AQS,ALPHA22,
COMPLEX LAMDA, CMPLX

COMMON A,Cl,AQ,AKF,ALPHA

Cl=CMPLX(0.,1.)

GAMMA2=0.003168

ALPHA22=CMPLX(-1.901744,-0.439176)
LAMDA=CMPLX(-0.898692,0.438541)
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AQS=(SQRT(AKF))(AKF+AQ)
T3A=A1*EPS*A*B]
T3A=-2.*AQS*T3A
T3B=ALPHA22*(1.-GAMMAZ2)
T3C=LAMDA*(1.+GAMMA2)
CALLINT3 (N,R1,R2,ALB1)
T3=(T3B*R1+T3C*R2)
T3=T3*T3A

RETURN

END

SUBROUTINE TERM4 (A1,B1,EPS,T4)
COMPLEX Al,B1,EPS,T4A T4B,T4C,T4,C1,AQ,AQS, ALPHA22
COMPLEX LAMDA,CMPLX

COMMON A,Cl,AQ,AKF,ALPHA
Cl=CMPLX(0.,1.)

RHO2=0.8681

GAMMA2=0.003168
ALPHA22=CMPLX(-1.901744,-0.439176)
LAMDA=CMPLX(-0.898692,0.438541)
AQS=(SQRT(AKF))/(AKF+AQ)
T4A=2.*AQS*Al

CALLTERMS5 (A1,B1,EPS,T5,N)
T4B=CI*RHO2*ALPHA22*(1.-GAMMA2)
F4A=1./(ALPHA-CI*(RHO2-AQ))
T4C=CI*RHO2*LAMDA*(1.+GAMMA2)
I'4B=1./(ALPHA+CI*(RHO2+AQ))
T4=(T4B*F4A-TAC*F4B)

T4=T4*T4A

WRITE (NP 44)

FORMAT (2X,2F12.6)

RETURN

END

SUBROUTINE INT2 (R1,R2,A1,B1)

COMPLEX R1,R2,Z1,722,AQ,B1,CMPLX,CLEPS
COMMON A CI,LAQ,AKF,ALPHA
Cl=CMPLX(0.,1.)

N=201

RHO2=0.8681

R1=CMPLX(0).,0.)

R2=CMPLX(0)..00.)

D=A/FLOAT(N-1)
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X=-A

I=0

I=1+1

tF(L.GT.NYGOTO 10

E=EXP(-ALPHA™*X)
Z1=(COS((RHO2-AQ)*X)+CI*SIN((RHO2-AQ)*X))/(B I *X+A*EPS)
72=(COS((RHO2-AQ)*X)-CI*SIN((RHO2-AQ)*X))/(B1*X+A*EPS)
ZI1=E*Z1

22=E*72

R1=RI1+Z1

R2=R2+Z2

IF(I.LEQ.1) RI1=R1-0.5*%Z1

IF(LLEQ.N) R1=R1-0.5*Z1

IF (I.LEQ.1) R2=R2-00.5*Z2

IF(LLEQ.N) R2=R2-().5*Z2
X=X+D

GOTO?2

RI=R1*D

R2=R2*D

RIETURN

IIND

SUBROUTINEINT3 (N,R1.R2,Al1,B1)
COMPLEXR1,R2,721,72,AQ,B1,CI,CMPLX,EPS

COMMON A,C1LAQ,AKF,ALPHA

Cl=CMPLX(0.,1.)

N=201

RHQO2=0.8681

R1=CMPLX(0.,0.)

R2=CMPLX(0.,0.)

D=A/FLOAT(N-1)

X=-A

1=().

I=1+1

IF(I.GT.N)GO TO 10

E=EXP(-ALPHA*X)

Z1=(COS((RHO2-AQ)*X)+CI* SIN((RHO2-AQ)*X))/(B1*X+A*EPS)**2
72=(COS((RHO2-AQ)*X)-CI*SIN((RHO2-AQ)*X))/(B1 *X +A*EPS)**2
Z1=E*Z1

12=E*Z2

RI1=RI1+Z]

R2=R2+72
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IF(LEQ.I)RI=R1-0.5*%Z1

tF(LEQ.N)YRLI=R1-0.5*Z1
IF(1.LEQ.1) R2=R2-().5*Z2
IF (LEQ.N) R2=R2-0.5*Z2
X=X+D

GOTO?2

R1=R1*D

R2=R2*D

RETURN

END

SUBROUTINE TERMS (A1,B1,EPS,TS,N)
COMPLEX CI,AMU,AX,AB,AC,AD,BETA12,BETA22,Y,CMPLX,CCOS,
COMPLEX CSIN,ALPHA22,LAMDA,AX1,AB1,AC1,AD1,AX2,AY2,AXX
AA=3.

RHO2=0.8961

Pi=3.1416

NN=()

DO 9 J=1,10

NN=NN+1

ETA=0.001
AMU=(NN*PI/AA)+CI*ETA
Y=AMU*AA

AX2=CSIN(Y)

AY2=CCOS(Y)

AXX=AX2+CI*AY2
BETA12=-2.*AXX*SIN(RHO2*AA)
AX=(RHO2-AMU)

AX=AX*AA

AB=CCOS(AX)

AC=CSIN(AX)

AD=AB+CI*AC

AD=CABS(AD)

BETA22=1.-AD
BETA22=CABS(BETA22)
AX1=RHO2+AMU

AX1=AX1*AA

AB1=CCOS(AX1)

AC1=CSIN(AX1)
AD1=ABI-CI*ACl
ALPHA22=ADI-1.
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(F20.8,2X),6(F20.6,1X))
C  STOP
9 CONTINUE
RETURN
END
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Photoemission from the band states of free electron
metals aluminium, beryllium and potassium has been
discussed. Free electron wavefunctions are used for the
evaluation of the photocurrent by incorporating the lo-
cally variant spatially 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-function discontinuity in the potential. In
bulk photoemission, the necessary momentum is
provided by the lattice and surface induces the
surface photoeffect as the incident photon carries
too little momentum to be able to photoexcite
electrons. The perpendicular component of the
electromagnetic  field undergoes a rapid spatial
variation in the surface region of a metal and this
is the main factor responsible for the cause of the
surface photoemission. In this-note, we will discuss
the photoemission from the free electron metals
aluminium, beryllium and potassium.

‘We considered a p-polarised radiation in the
long wavelength fimit w:thz—component -of vector
potential A, (z). The relevant expressions for the
electromagnetic field for the bulk (zX —w4R2), sur-
face (—a/2< z< a/2) and vacuum (z=a/2) regions
are:

A s-aR2
Al adelizdel _pgca
Ag(w) z=al2

.. (1)

where

= —5in26/[e(w)—sin%0]'/? + £(w) cosO

B=[1+¢w)]/2[1 - &(w)]
The photoemission cross-section (PEC) was calcu-
lated by using the formula:
do Kk
1= Kupele)l e

in which the perturbation /# due to the incident
photon radiation in one dimension is given by

~flipd,1d
”'mc[A‘"()dz 2dzA"'( )]

..(3)
The initial and final state wavefunctions y; and ¥y
in Eq. (2) are derived by using the free electron
model, the detailed discussion of which is given
elsewhere!/2. A factor e~ % is introduced in the
calculation of the matrix element for the region
2<0. This is done ta take into account the inelas-
tic scattering of the electrons. The matrix element
in Eq. (2) can be expanded as

(vl )= _f Y¥2)# yi(z) dz

~a/2

- wm(z)“—"’—'dz

s | wAl) "*'dz

~a/2

+-1- f :p‘,dA"’(z) p.dz
2-:/2
a/2
+I 'k A...(z)
a/2
1 f v},d.&(z w.dz

+ y:%(z);’;’-‘dz @)

a2

Photoemission cross-section was calculated from
the band state (Fermi level) of these metals by
evaluating the integrals in Eq. (4). These integrals
cannot be solved analytically and hence Fortran
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programs were developed for numerical evalua-
tion.

Photocurrent for normal photoemission (k;=0)
was calculated as a function of photon energy (hw)
from the band state (Fermi level) of metals under
study for the same value of the surface thickness
(a=10 au.) 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 A,(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 (Ex=11.7 eV) of aluminium.
The plasmon energy of aluminium is 16 eV (hw,).
We find that the graph has sharp peak at hw=11
eV and is followed by a minimum at 15 eV. A sec-
ond broad peak is obtained at hw=20.5 eV. The
detailed photoemission study of aluminium has
been reported elsewhere!-2.

In Fig. 2, the plot of photocurrent against
photon energy from the Fermi level (Ep=14.30
eV) of beryllium is shown for photon energy in
the range of 7-30 eV. There is a qualitative agree-
ment with the measured data of Bartynski et al®
only for hw <hw,. 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

PHOTOCURRENT

8 12 16 20 24
PHOTON ENERGY (in oV)

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 level 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
I'+M symmetry line. Recently, Bertel’ 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 aluminium. 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(w) which leads
to this peak may be due to low-energy band struc-
ture 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 electronic states. The photocurrent data are calculated in the case of tungsten and

silicon.

There has been a lot of interest in photoemission
studies of bulk and surfaces 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 consid-
eration the effect of relativity while applying the
Kronig-Penney (KP) model to band-structural stud-
ies in photoemission. 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 1; of the electron. De-
tailed energy band calculations using the relativistic
Kronig-Penney (RKP) model have been developed

*Author for correspondence.
PACS number: 79.60
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by Davison and Steslicka® (DS) by solving the Dirac
equation for bulk spinors for which the surface state
calculations were also given. In this report, we shall
discuss a simple relativistic approach to photoemis-
sion study by using the wave function as deduced by
DS for the electronic states but by incorporating a
locally variant spatial 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

BE) 28 1) PO (B~ E)O(E7 ~ o~ )

X fo(E ~ hw)[1 — fo(E)]. (1)

The crystal potential model as used by DS® for
deriving 1; is shown in Fig. 1. We have included a
surface of width d. The crystal potential is given by
Lt ¥-a V3b = an, with b as the width of the potential
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Fig. 1. Model potential as used by DS with the inclusion
of a surface of width d.

barrier and a + b the period of the potential, and ap
is a positive quantity. The crystal surface potential
is Vi > g0, where gp is the kinetic energy related

1

Yi(z) =

where [} = —ip; > 0 and is real. The constants in
Eq. (6) are defined as

o = @,

D) @ o Ve
ﬂk '7kﬁk s Yk hepr s

g2 1-¢ilr-wa
@) T eimtma 1"

p is the complex wave number and is given by
p = BE +4(, where n is the band number and ¢
is real and > 0.

The final state wave function 4y, which is cor-
rectly normalized in energy, will be the scattering
state of the step potential V; = —Vp8(z), where 6(z)
is a unit function. The perturbation Hamiltonian H’
in Eq. (1) is given by

1= € (. .
H'=—(p-A+p-A), (N

$a(z) = ay) {(1_72) efr® 4 ) ('172) e"‘"’”} , >0,

$1(z) = (]‘)B%”e“‘, z<0,

to the energy (E) of the electron given by the re-
lation E = eo + moc?, mgp being the rest mass of
the electron. In the k region of constant potential
Vi the two-component form of the one-dimensional
time-dependent Dirac equation can be written as

(1)

iﬁcdz’; = (c0 - Vi)o, @)
(2)
e = (eo - Vi) +2mactlel).  (3)

Decoupling Egs. (2) and (3) leads to

) d¢(.’i) ) )
ihe—k- = gl¢), j=1.2, )

where the wave vector

p% - (€0 — Vk)[(soh;czvk) + 2'm0(:2] ' )

The plane wave solution of Eq. (4) for bulk (z > 0)
and vacuum (z < 0) regions as deduced by DS can
be written as

(6)

r

where p is a one-electron momentum 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 z being the
solution of Maxwell’s equation for dielectric function
e(x). The formula for the vector potential in one
dimension following Bagchi and Kar” is

A (bulk),
_ Are(w)d
AdD) =\ Eo - Tere@d ) ©
Aje(w) (vacuum),

where A; is a constant depending on dielectric func-
tion e(w), photon energy hw and angle of incidence 8;.
Such models have been used with success in photoe-
mission calculation with simple forms of the initial
state wave function.!3
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The matrix element in Eq. (1) can now be ex-
panded as

I=(9,|H'|¥:)

~d dy; /" av;
= A, ——dz+ | VA ——dz
14 4 TV dx

—00
0

dA,, /’m .. A%

+ U3 ——W.dr + VA, —dx

[—d e o Y dx

=hyh+ i+ 1.

The integrals I, I, I, and I cannot be solved ana-
Iytically, 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(w) 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 Vp = 0.5864,

Work function ® = 0.1746,

Width of the potential ¢ = 6ag
(ao is the Bohr radius),

Velocity of light ¢ = 137,

Surface width d = 10.

The relativistic parameters used in the calculations
are given by

m = i0.4178, py = 0.613,

l; = 04178, ~ = —i0.001525,

2 = 0.002240441
7=6x10"%.

The values of RKP parameters like £, B, oy,
a2 and A were calculated for each value of band
number n. These values were then substituted into
the matrix element I for the evaluation of photocur-
rent. We have calculated photocurrent against inci-
dent photon energy (fw) as a function of the band
number (n). Photocurrent was calculated for W and
Si for n = 2,4,6,8,10. These is no specific reason

SO0E7

e 110
——nel
D i
—trpd
—{—nez

4A%0EAT T
AOQE+17 ¥
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‘imm
290E+17

200E+17 |

130E17 1

100617 1

SO0E+16 +

Fig. 2. Plot of photocurrent against 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 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 hw = 10, 18,26 eV, respectively. The pho-
tocurrent peak was minimum at kv = 14 eV and
maximum at fiw = 26 eV.

We have also calculated photocurrent in the case
of semiconductor silicon, which is strictly an exam-
ple of a heavy diatomic solid. The photocurrent data
for silicon is shown in Fig. 3. For all the band num-
bers we find that maxima in photocurrent at photon
energy fiw = 11 ¢V and 20 ¢V respectively, but the
ratio between the peaks at 20 eV and 11 eV is ~ 2.32.
But for iw > 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 nonrela-
tivistic Kronig-Penney (NR-KP) model. It has been
observed that in NR-KP treatment, the photocur-
rent showed maxima at values of Aw < Awp and a
minimum occurred at fiw ~ hw, for both W and Si.
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Fig. 3. Plot of photocurrent against photon energy
for various values of band number n for semiconductor
silicon.

For example, in the case® of W, maxima occurred
at hw = 21 eV and a minimum at 26 eV (for W,
hw, = 24.7 eV). However, in the case® of Si, the
photocurrent data showed a lot of structures®® in-
stead of only a maximum at hw < hw,. It also did
not show minima at Aw, (for Si, fiw, = 16 eV). The
reason for this has been attributed to the behavior of
the dielectric response function e(w). However, the
behavior of photocurrent data in RKP treatment is
completely different from that obtained by using the
NR-KP model. For 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 fw = 26 eV, a value very close to fw,. This is
in fact in contradiction with data obtained earlier by
other methods®>"-10 wherein normally a minimum
was seen at fiw = Awp. Also for values of hw < fwp,
we find two peaks in photocurrent at hw = 10 and
18 eV with a minimum at hiw = 14 eV. Similarly,
in the case of Si as shown in Fig. 3, we see that
for a lower photon range the behavior of photoec-
curent data showed features similar to that obtained
in surface photoeffect. For example, a minimum was
observed at Aw = 10 eV, followed by a minimum at
hw = 16 eV, the plasmon energy of Si. There is

increase in photocurrent for hw > hw, and a maxi-
mum is observed at 20 eV photon energy for all the
band numbers. The graphs showed minimsa again at
hw = 22 ¢V 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 difference is that, in the case
of W, the highest peaks in photocurrent is observed
at hw = hwp, whereas for Si it is obtained at pho-
ton energy 20 eV, which is greater than its plas-
mon energy. This can be attributed to the fact that
the band width AE, goes on decreasing for the in-
crease in the band number. In other words, the rel-
ativistic correction® reduces AEs, which causes the
electrons to gain sufficient momentum due to rapid
spatial variation of the incident radiation to be pho-
toexcited. This in fact causes the enhancement of
photocurrent with the increase in » 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 regime 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 hw < hwp, which
has already been established also 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 ef-
fects in photoemission, which had not been seen in
the NR-KP cases.

The main drawback of including the initial state
wave function ¥; as derived by DS® in this type of
calculations is that it does not take into account the
surface 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 effects due to spin-orbit
coupling cannot be omitted!! in photoemission spec-
tra. Further Schrodinger’s equation solved without
the inclusion of spin-orbit interaction will become
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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detailed calculations in which the relativistic band-
structural effects in photoemission will be studied.
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Abstract : Photoemussion calculations have been done using the Kronig-Penney model
from band state (Fermu level) of senuconductors silicon and gallium arsemide. For the evaluauon
of photocurrent the initial state wavefunction used 1s the one deduced by Thapa and Kar {Indian
J Pure Appl Phys 26 620 (1988)] [1]
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The existence of surface states on semiconductor surfaces was experimentally verified by
using the angle integrated photoemission [2]. Moreover their 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 that semiconductor surfaces reconstruct {3]. The
presence of these reconstructions and atomic displacements on semiconductor surfaces
makes the studie's of electronic structure a very interesting tepic. 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

= 5 Lhvslolvi) s-5p 6, -5, -ho)

1, 5y 4

where |y, ) (l Vs )) refer to the initial (final state), A = (¢/2 mc)A.p #p.A), and p being
the one-elecuon momentum operator, A the vector potential of the photon field.
Although the one-electron states are treated quite accurately in many photoemission
calculauons, the variation of the photon fields in the surface region is usually neglected.

The model dielectric function which takes into account the bulk, surface and vacuum
regions 1s grven [6] by

E(y= | €) +162,T f(’@ Z2<-a
e, 2) =31 + [I-e(@)]%, ~a<z<0 )
= |1, z20.

Xfo(E-fw)[1 - fo(E)], (1)

We have used the Drude-Lorentz model for calculating the frequency dependent dielectric
constants which 1s given by

w? €p —€.)032
ew)=¢e.11~ i + €0 9 . 3)
w(w+1yy) (a)g—wz-—znw)

Ineq (3) above, €4 and €., are the static and high frequency dielectric constants. By using
the appropriate values of constants €q, €., ¥}, ¥ etcrespectively for silicon and gallium
arsenide, the real and umaginary parts of &) were calculated by using eq. (3) which were
then applied to eq (2) for computing the fields

Using the electromagnetic field for p-polanized radiation, we calculate the
photoemission cross section by evaluaung the matnix element :

(wrlalw,) = J‘: v (DAY, (2)dz

N Rl BN Ny 1L dA,
= Jl-wli!l/f (Z)Am(~)—E‘ + El//f —dz——ll/, (z)]dz. 4)
where {6]
= Al :<-a
ag(w)
A, (D) = ' eo)ra’ -a<:<0 (5)
= A e(w), 220

A; 15 a constant whose value depends on the angle of the incident radiation (6,) and 1ts
frequency (@) and diclectric constants £(w) In the surface region (—a < z £ 0), the dielectric
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function is lincarly interpolated between the vacuum and the bulk values. y/(2) in eq. (3) is
the free-electron final-state wavefunction given by

Ta)—

Wf(:):-( ! ) 29 etst, z<0
2rnq) q+k;
1
=(___1_)2[elq:+(q—k/)e"qz]. z>0 (6)
2nq g+ky
where k}=2E,,q2=2(E,—Vo)andEf=E,+ﬁaJ.

To evaluate the imtal state wavefunction y,(z), one solves the one-dimensional
Schroedinger’s equation
d? ()
dz?

+ k() = =2V y(2), 0))
where k? = 2E, and V(z) is the &function potential of the Kronig-Penney (K-P)
model.

Let ¢(z) denote the Bloch wavefunction deep inside the metal and ¢°(z) the time
reversal of ¢ (z). The eigenfunction in the semi-infinite solid (z < 0) was chosen [7] to have

the form y,(z) = ¢(2) - 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

¥, (2) = (1-1Pe~¥ sin§)e*i2 — (P —ie* sin e, @)

k,
where cotd = ? & being the strength of the potential. The initial-state wavefunction
outside the metal (z > 0) is

v, =Te 2, ®

T being the transmission coefficient across the boundary plane and 2 = 2(V, - E,), where
Vy is the surface step potential. From the matching conditions at z = 0, one can easily

deduce the values of P and T in egs. (8) and (9) and write the most explicit form of initial
state wavefunction | y,>. The photoemission cross section was obtained via

N (21D (10)

The matrix element [ = (w, lA] ¥, ) in eq. (10) can be expanded as

dy, 0 dA,
I«J z;//A (z) dz J yf, ;Vd+—2- y// (Z)w,dz

+ Vit (z)-———dz (1)
T3IAQ2)-1S
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In calculating the photocurrent, these integrals were evaluated analytically wherever
possible, or numerically by developing a FORTRAN programme. To ¢ensure the
convergence, a factor of e-@l!l (ais 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 (Ep) = 0.463,

Work function (¢) = 0.198,

Surface width (a) = 10,

Height of the potential barrier (Vp) = 0.662,
Strength of the potential barrier (g) = 0.60,
Phase factor (6) = -0.5776,

Scattering factor () = 0.35.

|
We have chosen the initial state energy (E,) to lie at the Fermi leve]. The values of (he‘:
parameters g, 6 and « are chosen arbitrarily to fit in such a way that it can reproduce.
qualitatively the nature of the photon energy dependence of the square of the field, Th

reason for this being that the matrix element for photoemission cross section is a quadrali? }
function of the photon field. i

In Figure 1, we have shown the plot of photocurrent as a function of phaton energy °
(f w). For the surface width a = 10 a.u., we find that at i@ = 12 eV, photocurrent peak is

Silicon
7
~—&—3=10ay !
~—O~23=00au
(]
L)
E .
[y
g2
3 4
g
1
4]
8 10 12 14 16 18 20

Photon Energy (eV)

Figure 1. Plots of log (photocurrent) (1n arb units) as a function of photon
energy for sithcon for surface widths a = 100 au and 00 using the Drude-
Lorentz dielectric model
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maximum. It shows a minimum at i@ = 16 eV followed by & small hump at 17 eV. Further
increase of %o causes the phatocurrent to decay towards a minimum value. We have taken
the plasmon cnergy (i ,) of silicon to be 16 eV. Interesting feature that is seen herc in the
case of silicon is that photocurtent dua showed behaviour similar at least qualitatively with
the earlier results (8] when ficlds were calculated by using the experimentally measured
diclectric constants. For ¢xample. the maxima in photocurrent was obtained at fiw < fiw,
1.e., at 12 eV photon energy followed by a minima occurring at i w = fiw,. For the case of
narrow surface width (a = 0.0 the behaviour in photocurrent is completely different. We
find that a peak of low height in photocurrent occurred but at plasmon encrgy of silicon.
This is quite different behaviour obtained than with the one [8] calculated by using the
experimentally determined diclectric constants.

Gallium Arsenide

—&—3=10au
~0O—a=00au

log ( Photocurrent }
w

] 10 12 14 16 18 20
Photon Energy (eV)
.
Figure 2. Plots of log (photocurrent) (in arb. umits) as a funcuon of photon
energy for gallium arsemde for surface widths a = 10.0 a.u. and 0.0 using the
Drude-Lorentz 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 fiw = 10, 12 and 15 eV respectively but showing a minima at fiw = 16 eV (the
assumed plasmon energy of gallium arsenide). Another hump in the photocurrent is seen at
17 ¢V beyond which the 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 fiw < @, a resulf seen quite
different from that of silicon [8] and other metals like aluminium [9], palladium [10],
tungsten [8] efc. 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 that for e < fiw, the '
photon field vector A,(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 at i < £ @, 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
veclor 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 [12] 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 expériment 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 LCAOQ 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.
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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-
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pied and unoccupied bands and therefore reveals the
structure around the Fermi level with a high level of
accuracy [1-4]. In order to interpret the experimental
spectra, it is useful to have a quantitative comparison
between the theoretical and experimental photoemis-
sion data. This demand has led to the developments
of various approaches for calculating the photocur-
rent which ranges from sophisticated but tractable
many-body theories [5] to one-electron formulations.
Experimental data from ARUPS have been exten-
sively useful in surface physics, and to analyze the
data, methods for photoemission calculations have
been developed where the wavefunctions for the
semi-infinite solid are constructed accurately. How-
ever the spatial variations of the electromagnetic
fields is generally neglected in such type of calcula-
tions. The reason for this being that it is a complex
problem and ab initio calculations are available only
for jellium [6—9]. On the other hand, empirical calcu-
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lations of the fields near surfaces with the local
dielectric functions have been used to interpret the
qualitative features in photoemission data from met-
als and semiconductors. Free electron [10] and Kro-
nig—Penney [11,12] models have been used in such
cases for developing the initial state wavefunctions
which were then employed to calculate the matrix
elements for evaluating the photocurrent.

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

The photocurrent density formula [17] from the
golden rule approximation can be written as
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where ¢, () refers to the initial (final) state wave-
functionand A =(e/2m,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
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where A, is a constant depending on the dielectric
function &{w), photon energy A w and the angle of
incidence 6,. To determine ¢ (x) in Eq. (1) we have
included a surface of width d in the crystal potential
as shown in Fig. 1. We have considered a nearly
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Fig.1 Model potential used for calculating the 1nitial state wave-
function ¢, and the photon field.

empty lattice with a finite step potential [13,14]. The
initial state wavefunction is given by (in au)
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where x; is the crystal surface location. For a nearly
empty lattice with a height of the step potential as ¢,
we have since g ~ 0, a hybridization parameter A =
tanm'(x, — {*'). Also ¢(x,,q) = Acosm'x —
sinm'x such that m' = ma/n' where m is the band
index and a is the period of the potential. We have
chosen the following data both for the case of Al and
Be: x,=a/2, {=12/a and m = 1. The matrix ele-
ment in Eq. (1) for calculating the photocurrent now
reduces to the following:

- ~ dy,
I= f—xd(/lf*Aw( x) P dx

o L, =, 44
+[_d¢f () Ay(x) 7 dax
1o  dA,(x)
NP G vl Lk
= dy,
+f0 oAy (x) 7 dx. (4)

The photocurrent was calculated as a function of
photon energy (% w) by evaluating the integrals in
Eq. (4). The formalism was then applied to the case
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of metals Al and Be as they are free electron type of
metals. For these metals we have used the experi-
mentally determined dielectric function [18,19] for
calculating the photon fields through a subroutine of
the main FORTRAN programme.

The plot of the photocurrent as a function of
(% w) for normal photoemission is shown in Fig. 2.
We have shown here the photoemission for a con-
stant initial state for which the energy was located at
the Fermi level. As it is a model calculation, we have
chosen the location of the Fermi level for both Al
and Be to be at 0.43 Hartrees. The photocurrent
profile for Al showed a strong photoemission at
photon energy iw = 10 eV. This was followed by
a suppressed photoemission and therefore the pho-
tocurrent was minimum at e = 15 eV (the plas-
mon energy of Al is fiw, =153 eV). There is
another hump in photocurrent data at fw = 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
fiw = 13 eV with the occurrence of a minima at the
plasmon energy. However in the case of Be the
behaviour of the photocurrent is similar to that of Al
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Fig.2. Plot of photocurrent (normalized to umty) agamst the
hoton energy (eV) for Al and Be.

¢

For example it showed a maximum at iw= 10 eV
followed by a minimum but not occurring at iw =
fiw, (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 fiw> fiw,.
We see from the variation of the photocurrent data
that even in the case of Be, it showed a qualitative
behaviour as seen earlier in the theoretical [21] and
experimental data [22].

The features seen in the behaviour of the pho-
tocurrent in Al and Be can be attributed to the fact
that in the free electron metals the change in bulk
potential is too weak to impart sufficient momentum
for photoexcitation. The surface photo-effect is due
to the rapid variation of photon fields in the surface
region. This is evident from the matrix element in
Eq. (1) where dA~w/ dx is directly dependent on
photocurrent as the photon energy passes through the
threshold for photoexcitation. Moreover we have
considered a low photon energy photoemission, hence
the incident radiation is too weak to photoexcite
electrons from the bulk bands. The origin of the peak
in the photocurrent data in the case of Be for iw <
fi w, has been explained by Karlsson et al. [23] from
the band picture. He attributed this to the existence
of the surface state at I with energy 2.8 eV in the
bulk energy band gap I'y — T,

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 s, 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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