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2.1 Introduction 

Photoemission experiments on surfaces of solids are basically concerned 

with the excitation of electrons by the incident photon energy,'A simple 

calculation of photocurrent (in one electron approximation) involves t~e 

evaluation of matrix elements (equation 1.1) of the form <tr; I H
1

1 fi >, 

where I ti > and I fr > denote the initial and final one-electron states 

whose energies •are connected by 
I - 4-+-"~ 

H =(e/2mc}. (p.A+A.p). 
~ 

p 

_, 
being the one-electron momentum operator and A, the vector potential 

' . 
associated with the photon field. The states I ti> and I tr > are modified 

from the bulk states by the presence of the surface. Similarly, the 

photon field also ha~ a spatial variation in the surface region. 

In standard photoemission calculations27 •28 the one-

elect~on states are calculated with a high degree of accuracy ~ but the 

~ariation of the photon field is generally neglected. Depen~in% on the 

type of the experimental data one intends to compare ~he calculation 

with, this may or may not be a reasonable approximation. Ip ~he case 

where ,one look~ at the photoemission current as a function 6f phot~n 

energy:with a constant initial state, the photon field variation in the 

s~rface region needs to be considered more carefully. However, a first 

principles calculation of the electromagnetic field in the presence of 

the surface is· an extremel'y complex problem - only fo·r the case of 

jellium the results are ava ilable 19 •26 • Bagchi and Kar33 , on the other 

hand, computed the field in a simple 'local' model, using experimentally 

determined frequency-dependent dielectric functions as para~e~er, and 

they used this for calculation of photocurrent from the surface state of 

tungsten. This simple model is applicable to those elements for which-

the frequency-dependent dielectric functions are known. In this chapter, 

we use this model in conjunction with free-electron wavefunctions for 
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electron states and show that the results obtained agree qualitatively 

with experimental data and tbe theoretical results obtained by more 

sophisticated jell ium field calculations. This would indicate that. w~. 

may use the simple model ·for calculation of photoemission cros$-section 

of other metals for which the jellium results would not be applicable. 

The contents· of this ch.apter have a'lready been published38 . Subsequently, 

a successful application in the case of berryllium has also been made 39 . 

We are considering the photoemission to take place along z-axis, 

I 
which is normal to the surface. We may therefore write H as 

H" 

whe:re, - ( . A(ot ( z) A z) = --=:;..__-
r,) A 

0 

wH:h A
11 

( z) as the component. of the vecto'r potential _along z-axis, and 

A0 is the amplitude of the incident beam. The formula for photoemission. 

cross-section (equation.l.l) can be written·as 

do k: I I ... d 1 d .. I 12 
do Jlj - <llf.., A (z) -+--A (z) •••1> 

CA> ... r,) dz 2 dz w ., 

( 2 .1) 

To evaluate the matrix element in equation (2.1) we ha~~ to construct 

-+ 
tp tr and determine Aa· 
2.2 Initial and final state wavefunctions 

The wave functions for both the initial and final states are 

calculated in the free electron model with the potential given by 

EF being the energy at the Fermi J.evel in the free electron model and ··-· 

the work function, B{z) is the step function defined as: B(z)=O for z<O 
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and 8(z)=l for z>O-as shown in fig 2.1. By matching the wavefunctions at 

the surface plane z=O, we may write the initial state wavefunction as 

2 'k 
• ~ 1 e -:x:z e i1c •. .i:'l 
~k -'IP i ,., 

z>O 

where, k 2 2n1 k-2 ·=-·Ei- I ~ 'h2 I X2= 2m ( v: -E ) +f2 
7~2 o i I 

( 2 . 2 ) 

..., 
and k 

1 
and 1-

1 

~ 

are the components of k and ~ in the x-y plane 

plane parallel to the surface, 

Similarly, the final state wavefunction may be written as 

z>O 

z<O 

where, 

( 2. 3) 

2~3 Photon field· 

i.e. · tne 

Th d 1 f B h . d 1·· 33 . 1 d f h . f e mo e o age 1 an Lar 1s emp oye or t e computat1on ~ 

A
11

( z). We assume the z-qirection to be perpendicular to the' nominal 

surfade which is chosen as z=O. The slLght change made from the mod~l of 

Bagchi & Kar seems to be more realistic to us and is also more 

convenient when we want to include the periodic potential later. The ____ , 

metal is assumed to occupy all space to the left of the z=O plane as 

shown in fig 2.2. The response of the electromagnetic field is bulk-like 
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Fig 2.1 Model potential used for calculating wavefunctions for 

initial and final states, clr4.25 eV ~< V.:.=15.95 eV 
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·, .... , 
.··. everywhez;'e ·except in the surface region defined by -a:Sz:SO. In this 

·:·. 

region~£he model dielectric functi0n is chosen to be a locaL· one which 

interpolates linearly between the bulk value inside the metal and the 

vacuum value (unity) outside. The model frequency-dependent dielectric 

function is therefore given by 

E1 ((I)) +iE2 ((I)) 

E ( (I)) i!i 1 + ( 1-E ((I)) ) ~ 
a 

1. 

z<-a 

-a~z~O 

z>O 

For the complex dielectric function e(~ 1 z) we use the experimental 

values given by Weaver35 .-we conside~ p-polarised light to be incident 

on the surface pl'ane making an angle ei with the z-axis. We have chosen 

the origin to be at the metal-vacuum interface instead of at the centre 

of the ·surface region and by substituting (z+a/2) for z in equation 

(1.3) the calculated vector potential of interest, Ai(z), in the long

wavelength limit (~a/c)~O is 

z<-a 

sin28.1 ae(w) 

J[e(w) -sin2 8:i1 +E((I)) cosfJ1 [1-E((I)) l z+a 
-a~z~O 

E (w) sin281 z>O 

( 2. 4) 

2.4 Cross-section calculation 

To calculate the photoemission cross-section we have to integrate 

the matrix element in equation (2.1) over the different regions of the 

solid i .. e., vacuum, surface and bu:~k region using the expressions forti,· 
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..., 
tr and t\ (equations 2.2-4) as 

f .. . r.... d 1 d - ) ] I = ,.,tlA ( z) - +·- [-·-A ( z ] t 1dz 
· -oo 't' fo) dz 2 dz (() 

( 2 . 5 ) 

In the following sections we shall calculate each of the ·integral in 

equation (2.5) over the different region of the solid 
i- ' 

a) Bulk region 

The photon field equation ( 2. 4) is a constant here an,d we calculate 

analytically the first term of equation (2.5) as 

.,,., 0 . . f-a .., a.., i . 
I = t ~ll (z) --dz 

1 _.., fA .. fo) dz 

where, 
2 q:ll 

.. ""1 and A
1 

= 
q+kt 

( 2 . 6 ) 

·b) Surface region 

It is already mentioned that the extent of the surface region i~ 

-a~z~O and the photon field has a spatial variation over this reg.ion and.,,.· 

we calculate numerically two terms (2~d & 3rd term of equation 2.5) as 
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f o - dt · 
I 2 = 1i' t;A(I) ( z) -d ~ dz 

-a Z 

and 

where, 

( 2 0 7) 

c) Vacuum region 

Photon field has no spatial variation in the vacuum region and · 

we calculate the 4th term of equation (2.5) 

( 2 • 8 ) 

. ii . q-k& . ] =~k ,c e -.lqz+ L e~qz e -xzdz 
~ 3 (1 q+kf 

=ik C (_:_L + q-kf 1 ] 
1 3 iq+x q+kf x-iq 

where, 

The general expression for pho.toemission (equation 2. 1) in terms of r1 ,, .. 

r 2, 13 and 1
4 

would be 
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( 2. 9) 

Using equations (2~6-2.9) we have calculated photocurrent numerically.· 

Some portions of the computer programs are given in the appendix-II. 

However, to ensure convergence for z<O, one has to introduce a 

convergence factor due to lifetime effects. This is a standard ptocedure 

in Low Energy Electron Diffraction and photoemission calculations (see, 

for example, Pendry~). We do it here by introducing a factor e-az (for 

z<O) in the calculation of the matrix element - this is to take into 

account the inelastic scattering of electrons. 

2.5 Results and discussion 

We have .applied OUI" results for computing the normal 

photoemission from the Fermi level of aiuminium (100) face, for which 

the experimental results as well as theoretical calculations using 

jellium model are available. The e~perimental results are shown in fig 

2. 3' the data of Levinson having been used .. for our 

38 calculations , we have taken+ = 4.25 eV and EF=11.7 eV - thrs~ values 

have been given.by Ashcroft and Mermin37 • Since normal photoemission is 

considered k
1 

=0; also ei is taken to be 45° as in the experiment. Our 

results for the photoemission cross-section are shown in fig 2.4 (with. 

a= 10 atomic units). We see that there is qualitative agreement between 

the experimental data and the calculated photo-current. The calculated 

curve shows a peak at 11 eV 1 a·minimum at 15 eV (-plasmon energy ) and 

again a broad peak around 20.5 eV, These features are also present in 

the experimental curve- although the ratio of the peak heights.of the·· 

two peaks (below and above the plasmon energy) in the calculated and 
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experimental curve is different, 

We further investigated the origin of the peak at 11 eV in the 

calculated spectrum and concluded that it is a surface feature. As 

evidence for that we plot the fieJd I AQ( z )I as a function of z in the 

surface region for ~~=11 eV (fig 2,5). We see that there is strong peak 

in the middle of the surface region. For ~~=15 eV and 20 eV, on the 

other hand, the plot of J A
61

( z )I does not show any peak in the surface 

region. 

As further evidence of the peak at 11 eV . being surface 

related, we show the results of a calculation of photo-current with 

fields given by the Fresnel refraction formula (obtained by putting ~=0 

in equation 2.4) 

J (E (6>) -sin2 0i] +e (f») COSB 

e (6>) sin261 ·=-----
J[E(f») -sin2 8i) +E(f») COSO 

z<O 

z>O 

and the (free-electron) wavefunctions are the same as in equations (2.2-

3), We see that, although there is a minimum around 12 eV, there is no 
,'1 • • 

peak around 11-12 eV (fig 2.6). Above the plasmon frequency, the curve 

shows a peak which is much more pronounced than that in the calculation· 

with a surface ~egion (fig 2.4). The peak in the experimental d~ta above 

th~-~lasmon frequency is also mqch less pronounced. Anyway, it is quite 

clear tha~ the calculations with the simple Fresnel refraction tormula 

is not even qualitatively correct - in particular, it comple~ely fails 

to reprQduce the peak around 11-12 eV. 

We have thus shown that with a simple local model for the .. ·· ·. 

dielectric function, we can get a qualitative agreement with 

experimental data. There have been previous calculations, notably by 
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Levinson· et a120 and Barberan and Inglesfield22 for aluminium. Kempa and 

others21 have also considered the photoyield in terms of . the 

hydrodynamical model and attributed the 12 ev peak to plasma waves. The 

calculations of Levinson et al, employing the self-consistent jellium 

model for fields in the surface region are more sophisticated and their 
:r 

result~ are in better agreement with the experimental data. However, 

the calculations for jellium can not be extended to more complicated 

cases, e.g. 1 transition metals and semiconductors, while the model we 

have employed can be extended to these cases. So the qualitative 

agreement we obtain in aluminium and the previous application of -the 

d 1 t th f t t 33 . f. d . 1 same mo e o e case o ungs en g1ves us con 1 ence to app y our 

model to photoemission calculations for other metals and semiconductors. 

However, for these cases, we can not use free electron wavefunctions any 

more. 

In conclusion, although there are shortcomings in the. model 

for electromagnetic field employed here (for example, since 

experimentally m'easured dielectric functions are used as inputs, the 

physic~l origin of the surface- related peak cannot be pin-pointed) -it 

gives iesults in reasonable agreement with experimental data, and has 

the potential of being used for a number of metals and semiconductors. 

In the next chapter, we shall combine a better description of the 

wavefunction with the field given by this model for photo-current 

calculations. 
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