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Photocurrent calculations in beryllium using a local dielectric model
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Photocurrent is calculated, using a local dielectric model, from the bulk {Fermi level) and surface
states of beryllium for low photon energy range ( ~ 30 eV). Free-electron wave functions are used in the
matrix element for computing the photocurrent. The calculated data are compared with the experimen-
tal data.

Angle-resolved photoemission spectroscopy (ARPES)
techniques have been used quite extensively in under-
standing the electronic structure of the surface and bulk
of various solids. ' Here both transitions between bulk
electron bands and excitations of electrons located in
surface-state bands have been detected, and a knowledge
of the bulk and surface electron structure near and far
away from the Fermi level obtained. The surface states
detected are located in energy-band gaps obtained by pro-
jecting the three-dimensional band structure onto the
two-dimensional surface Brillouin zone. This type of
band gap was also found by using ARPES in the case of
beryllium along the symmetry line I -M, with photon en-
ergy in the range 24—30 eV. A surface state was detect-
ed at I' in the I.3-I & band gap, with the initial-state ener-

gy located at 2.8 eV. Bartynski et al. also measured the
photon energy (fico) dependence of the photoemission in-
tensity in the case of beryllium. They measured the pho-
toemission intensity which shows agreement poorer than
was found in the case of alurninurn. This may be due to
the fact that aluminum is much more free-electron-like
than beryllium. Here we use the free-electron model that
was applied to the case of aluminum in calculating the
photocurrent from the surface and bulk states of berylli-
um.

The photocurrent is calculated by using the golden-
rule formula:

= „y[&l/I ~JV~@, &['5(E Ef)6(EI E, —ACo)— —

Xfo(E —A'co)[1 —fo(E)],
where & is the perturbation responsible for photoemis-
sion by radiation of frequency co, g;(E;) refers to the
initial-state wave function (energy), f&(Ef ) refers to the
final-state wave function (energy), and fo denotes the
Fermi occupation function. We consider that photoemis-
sion takes place along the z axis, which is normal to the
surface given by the z =0 plane. We may therefore write
& as

&=(e/mc ) A„(z) +— 2 (z)
1

dz 2 dz

where A„(z) is the vector potential. The model of Bag-
chi and Kar is employed to calculate A„(z). The metal
is assumed to occupy all space to the left of the z =0
plane. The response of the electromagnetic field is bulk-
like everywhere except in the surface region defined by—a/2 z a/2. In this region, the model dielectric
function is chosen to be a local one which interpolates
linearly between the bulk value inside the metal and the
vacuum value (unity) outside. The model frequency-
dependent dielectric function is therefore given by

s(co)=Ei(co)+iE2(co), z ~ —a/2

E(co,z ) = '
—,
' [1+e(co ) ] + [1—E( co ) ]—,—a /2 ~ z ~ a /2

a

1, z~a/2.

For the local dielectric function E(co,z), we use the ex-
perimental values given by Edwards. We consider p-
polarized light to be incident on the surface plane, form-
ing an angle 0; with the z-axis. The calculated vector po-
tential of interest A (z) in the long-wavelength limit
(coa/c~0) is

B, z~ —a/2
E(co) /[1 —s(co) ]

z 1 [1+E(co) ]
a 2 [1—E(co)]

8E(co)z, z ~ a /2,

—a/2~z ~a/2 (4)

where

sin20;B=
[E(co)—sin 8, ]' +E(co)cos8;

and is a function of E(co) and 8;. To calculate the photo-
current, the matrix element in Eq. (1) can be evaluated by
using the above expressions for the vector potential, for
which the initial- and final-state wave functions are the
ones used earlier.

The plot of the photocurrent from the band states (Fer-
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mi level) of beryllium is shown in Fig. 1 for a range of in-
cident photon energy of 7—30 eV. The data used for this
calculation are as follows: Fermi-level energy
(EF)=14.30 eV, work function (P)=4.98 eV, scattering
factor (u)=0. 35, and surface width a =10.00 (in a.u.).
We find that our calculated photocurrent data showed
only a peak at around 12 eV without going to a minimum
at 19 eV, the plasmon energy (fico ) of beryllium. How-
ever, a minimum in the photocurrent takes place at a
value of Sou=30 eV, which is far greater than %co . This
might be due to assuming a low value for the scattering
factor (a). A large value of a has some effect on the pho-
tocurrent behavior in beryllium, especially for %co& A'co .
For example, when a=1.0, we find' the peak in the pho-
tocurrent at %co=12 eV followed by a minimum at
around at 19 eV, then a small peak of very low magnitude
beyond it. This type of feature has also been found in the
case of aluminum. Since we have assumed that berylli-
um is a free-electron type of metal (in fact, beryllium
shows a large deviation from free-electron band struc-
ture), hence the necessary momentum for the photoexci-
tation is derived from the spatial variation of the vector
potential. This is because the incident photon energy is
too weak to photoexcite electrons lying in the Fermi lev-
el. Also, in free-electron metals, the bulk potential is too
weak to produce the bulk photoeFect. This means that
factor dA /dz in % is also important during photoemis-
sion in beryllium.

Further, to understand the occurrence of a peak in
photocurrent at 12 eV, we also plotted d A „/dz as a func-
tion of z for photon energies of 7, 12, and 18 eV (see Fig.
2). We find that, in the surface region, maxima in
dA /dz occur only for a photon energy at 12 eV. For a
photon energy at 7 eV, the peak in dA /dz is shifted to-
ward the vacuum side, whereas at 18 eV no such peak
was found. This implied that the spatial variation of A

in the surface region for A~ & Ace is responsible for maxi-
ma in photocurrent.

For the surface-state photocurrent calculation, the
initial-state wave function

~ g; ) was replaced by a proper-
ly normalized Gaussian type of the wave function cen-
tered at the z =z plane as used by Bagchi and Kar. By8

0
7employing the same final-state wave function, the photo-
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FIG. 2. Plot of d A (z)/dz against z for photon energies at 7,
12, and 18 eV.

current from the surface state was evaluated using the
following data: surface-state energy (E; ) =2.8 eV,
P=2.00, surface width (a) =10.00 a.u. , and angle of in-

cidence 0;=45'. The plot of the photocurrent against
the photon energy is shown in Fig. 3 for locations of

~ f; )
at the surface (zo =0.0) and at a distance zc = —1.00 and
—2.00 a.u. from the surface toward the bulk side of the
solid. In the surface region, we find a peak in photo-
current at A'co=12 eV followed by a minimum at around
17 eV. There is again an enhancement in photocurrent at
26 eV. Bartynski et al. measured a strong emission near
%co=14 eV with a suppression near 23 eV, and another
peak at 30 eV. Thus we see that the behavior of the pho-
tocurrent in the surface region at values of %co below and
above Au& showed a qualitative agreement with the re-
sults of Bartynski et al. , but the peak in photocurrent
curves (Fig. 3) continues to decrease for A'co) fico as the
location of

~ g,. ) is pushed further toward the bulk region
with respect to the surface. Here we find that the shape
and position of the experimental profile are reproduced
quite well, but the agreement is not as good as was found
in the case of aluminum. '" This may be due to the fact
that aluminum is much more free-electron-like than
beryllium, and is better described by jellium-model calcu-
lations. ' '
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FIG. 1. Plot of photocurrent against photon energy from the
Fermi level of beryllium.

FIG. 3. Plot of photocurrent against photon energy from the
surface state of beryllium for location of

~ g; ) at the surface and

at a distance —1.00 and —2.00 a.u. from the surface.
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FIG. 4. Plot of photocurrent against photon energy using
Fresnel Geld from the surface state of beryllium for location of
~tij;) at the surface and at a distance —1.00 and —2.00 a.u.
from the surface.

As further evidence of the occurrence of maxima in the
photocurrent at 12 eV, we have also performed calcula-
tions with the same data as used for surface-state calcula-
tions in beryllium, but using the Fresnel refraction for-
mula

B, z&0
z ='

BE(co), z )0,
and the same (free electron) wave functions. " We
found that the photocurrent curves for three values of zo
showed neither a peak at 12 eV nor a minimum at the
plasmon energy (Fig. 4). This means that photocurrent
calculations with the Fresnel formula completely failed to
reproduce the peak at 12 eV.

Feibelman' used nonlocal optics and performed mi-
croscopic calculations (ignoring the local-field effects) of
the spatial variation of the vector potential in the neigh-
borhood of the jellium-vacuum interface. He used the
Lang-Kohn potential barrier and evaluated A„(z) in
terms of the conductivity tensor for photon energies
below and above the plasmon energy. It was seen that

(z) showed a peak below the plasmon energy with a
minimum at Ace . Above fin, such a peak in the surface
region was not exhibited. Feibelman' explained from
nonlocal considerations that this had a direct relationship
with the charge-density variation in the surface region,
which he showed by plotting d A /dz and dno/dz against
photon energies below and above the plasmon energy.
He found that in both cases the graph did show a peak in
the surface region for Ace &A'co which was attributed to
the response of the solid to the electromagnetic field lo-

calized at the surface. However, for %co )%co, fluctuations
of the induced charge could not be localized at the sur-
face, because the induced plasmons transport the oscillat-
ing charges toward the interior of the solid, thereby re-
ducing the healing length of the electrons. This, there-
fore, is the reason for the occurrence of minima in the
photocurrent at a photon energy greater than the
plasmon energy.

We have thus shown that with a simple model for the
dielectric function, we can obtain a qualitative agreement
with the experimental data. The calculations of Feibel-
man' and Levinson, Plummer, and Feibelman, ' employ-
ing the self-consistent jellium model for fields in the sur-
face region, are more sophisticated, and their results are
in better agreement with the experimental data. Howev-
er calculations for jellium cannot be extended to more
complicated cases, such as transition metals or semicon-
ductors, while the model we have employed can be ex-
tended to these cases. ' ' Thus the qualitative agreement
we obtain here in the case of beryllium and the previous
application to the case of aluminum '" and tungsten
gives us confidence to apply this model to photoemission
calculations for other metals and semiconductors. How-
ever, for these cases, we can no longer use free-electron
wave functions. We are working to combine a better
description' of the wave function with the field given by
this model for photocurrent calculations from other met-
als.

There are shortcomings in this model for electromag-
netic field employed here, for example, since experimen-
tally measured dielectric functions are used as inputs.
However, it gives results in reasonable agreement with
the experimental data, and has the potential of being used
for a number of metals and semiconductors. This is evi-
dent from the data reported for palladium, ' tungsten,
and silicon' ' by using this model, also incorporating
the Thapa and Kar' wave functions developed with the
Kronig-Penney model. Though the model used for the
calculations is elementary, it contains much of the essen-
tial physics compatible with the model. Any improve-
ment in the model would require self-consistent calcula-
tion for the fields as well as for the initial and final states
such as those performed by Feibelman' for the spectral
dependence of the cross section for aluminum Fermi level
using jellium model.
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