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Calculation of photocurrent in Al and Be by using the free electron
potential model for the crystal
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Abstract . We have used fice electron model potential in the calculation of photocurrent from metals like aluminmum and beryllium by using a
spatially dependent vector potential The tesults had been compared with the one caleulated by using the diclectric model as proposed by Bagehr and
Kit {Piny Rev BIB, 5230 (1978)]
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I Introduction In this report, we present a different type of *local’ dielectric

function, which is a logarithmic function of z, and use it in
deriving the vector potential in the bulk, surface and vacuum
regions. The vector potential so derived will be used to calculate
photocurrent from metals like Al and Be. We will compare the
present results with earlier calculations [8,10-12].

*hotoemission from a metal, in which an electron is excited by

1incident photon and escapes to the vacuum by overcoming
he sutface potential barrier is well established as a technique
o studying the electronic states below the Fermi level [1.2].
Many methods for photoemission calculation [3,4] have been
leveloped where wavefunctions for the semi-infinite solids are 2. Dielectric model and calculations of electromagnetic
‘onstructed accurately. fields

However, in these calculations, the spatial variation of the We consider the metallic surface to be extended in the negative
hoton freld is generally neglected. An accurate calculation of  :-direction with surface parallel to the x-y plane such that the
he clectromagnetic field in the surface region is a complex  metal occupies all space to the left of z = 0 plane. The model
noblem and first principle calculations are available | 5,6] only ¥
“rJellium model. On the other hand, empirical calculations of . o e
1elds near the surface with ‘local’ dielectric function have been - L P
ed to explain certain qualitative features of photoemission .
;‘e“‘ht:‘df Luz?ggs;::nl ’lri.aa‘luminiunf [ 81,‘ palladium 9] ere. This / o S ur'agﬁ*‘"’"

§ sonably successful even with simple y, -
Yavetunctions for calculating matrix element for evaluation of e P
thotocurreny. . :

z=-d 2=0

('Onespund;ng Author Figure 1. Schematic diagram of model for dielectric function.
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dielectric function (Figure 1) for the bulk (z £-d), surface
(-d < z<0) and vacuum (z = 0) is given by

&, (w) z<—-d;
p =1 <
&w,z) = l+(i"————)-logr(l——). -d<zs0; (1)
log, 2 d
I, z20;

where &,(w) = &, (w)+i£- (w) is bulk diclectric function. For

w@ . .
p-polarized light, B(z) = B(K,w.z) (where K=—sin0, is
¢

small) and it obeys the tollowing equation [ 13]

(;& 2

_’Z(l;@}r(“f _ K- |B=0. )
£ ok ¢ &

To solve the above equation, we follow the prescription of
Landau and Lifsitz [ 14] where B = u(:)‘/g_:('},) , so that

-
d~u

2
dz~

+k*(£—sin? (),)u+lL. e 3 ‘L(""J }, =0.03)

dz
In vacuum, g£=1 and d&/dz =0 hence eq. (3) reduces to

”
d-u 2 2
k“cos"Qu=0

>

dz~

and its solution is

u= Age * + Bye™s, )

w
where k; = —cos6, .
p

In the bulk region, £=¢, and d&/dz =0 hence eq. (3)
reduces to

]
d-u

>
==

+k*(&, —sin> 6 Ju=0

and its solution is given by

W ey
w= Ao~ o )

In the surface region,

df_ 8[;"‘; 1

dz  (z=d)| log, 2+ (&, - log, | 1—%
[¢

de —(g-1) 1

and 2 log.2 (z-d)
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1 d*¢e 3(1 de

As [-2? dz2 —Z

€ dz

2o 6n?g)
<<k*(e-sin* ) in the st

region, hence neglecting it, eq. (3) for the surface region cap iy
S

written as

d?u k* :
2 llog.2+2(e, = Dlog,| 1= |-
Pt Jror 22t - o 1-5 1Ly

As

lap .
—d, we can write

log [1-2]===_
t"( (I) d

terms, we get

d*u k*
—_— +

dz” dlog,2
expressed as

A
d-u

£
el
<

with a =
dlog,?2

L—(l-— g,) and b=

< 1 in the surface region, since z lies between (1 p,

3 Neglecting second and higher oge

I .
(I-&,)z+— wu=0. which can be bene

+(az+b)uu=0

k-
-

Thus, the solution of eq. (6) is u(2) = A, (E)+ B,(E).

—(az+b)

where £ = .

Kl

[15] givenby

2
3

A= 3 f(

and A,(£) and B, (&) are Arry tunc

(1443) 1+ L e

b= 3 (L) Wa-)(eede

Absorbing the numerical coefficients and neglecting highe!
terms, we write the solution in the surface region as

1 1
u(z) = A3(1+§—!§3)+ Bz(£+z!-§‘)_

As B(z) = u(z)\Je(z) and using the boundary condition;
that B and JB/J are continuous at z=0 and z=—d , we obtil"

( c—ik cosé,.z

r

B(z)= 1+

A [

+y etkcmo,.z) s (vacuum)

k 2 1
%JH{{ “"% ](5)3. (surface) ®

(bulk)
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The electric field components can be obtained from the
e field by using the relation

1ne
¢ dB
~\ K [0' g
E(C D= iwe dz
sin 6,
E(K.w,z2)=———B.
£
Thus. we can write the vector potential in three regions as
Th &
i ()= Ap(2) _ E5(K —0.w,2)
et Ay E,
—-sin6, ( TheosOz 4 yett c‘””":) . (vacuum)
—sin® 3 2
S + -f——- [+ x| §+§— (surfuce)
Je 12 )
—sin 0, I’qe—:k\/z',, ~snd, c . (bulk)
AN P
y+1 [ 12
h P : ——
l+-’£—+,\(17+ /M i
(6} 12

art+(p-Vaz) e L

(\/g/l—ﬁ)[ Y‘*"}l:“;‘ ]— \/;’:(1.%(] +.}./;.

X=

4‘ 3
lkcos&,(f’+xd)—[ n +p1“)+x( J‘l-Hz*-’-%—-i-pél]

“2 772+pf+x[ at +a? '2 +pAJ+:kcns0 (I + x4)

3 - 1—b
=ik(e, —sin2@,, f=—=nl o0
4d \[g, log, 2
_~b __l '73 "-o
Sop=st r=i1+loand a=p+ L
e 2dlo 3 CANTRICY
Calculation of photocurrent

*Golden rule expression for the current density [16] may be

B L TS W ORI
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written as

%(__(? = .2,7”2‘4'(:,/', |H Yy, )ro‘(ls— E,)S(E, —E, —hw)

X fo(E —hew) [1- [, (E)], an

where g is the perturbation responsible for photoemission
by a radiation of frequency @, ll//,-) . and E refer to the inital
state wavefunction and energy and ‘l//, ) and £ to the final
state wavefunction and cnergy and f,(£) denotes the Fermi
occupation function. We are considering the photoemission to
take place along z-axis, which is normal to the surface plane 2
0. We may therefore write g7/ in one dimension as

1 d -
= A, ()],

¢ | = d
H=—|A,6()—
mr[ o )(I: 2 dz

(12)
where A, (z) = (A;:,(;:))/A“ with AJ (z) as the component of
vector potential along z-axis and A, is the amplitude of incident
beam. The formula for photoemission cross section can be
written as

do k*

) A, )| vi)

(13)

We will use here the formula deduced in eq. (9) for A, (7).
To evaluate the photoemission crosssection (eq. (13)). we also
need the initial and final state wavefunctions.

BULK

Figure 2. Schematic diagram of model potential for calculating initial
state wavefunction in free clectron model.

By matching the wavefunction at the surface planez=0, we
may write the initial state wavefunction [17] as

m 1) xpik, z)+‘ Ki ¥ X exp(-ikiz) | (z<0)
27 hk; ) -x
v ()=

m 2ik;
2e 3k, ) iki—x

exp(—x 2), (z>0)

14)
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21:: Vo —E,). L 2/;1 -

where X :

The final state wavetunction is the scattering state [ 18] of
the step potential encountered by the electron and may be written
as

l 2u o T
27 h° M) HEEK,

(:=0);

v, ()= s
} 't""':-#-ﬂe"’c-l. (z20); (1s)

\27hp H+k,

Z
where &7 =%E, and #* hl':l (E, =Vo)-
1

The matrix element in eq. (13) for photoemission can be
evaluated by using the above expressions for the vector potential
and the wavefunctions. However, to ensure convergence [4] for
<0, we introduce a convergence tactor ¢ als] (for z<0)nthe
calculation of the matrix element due to lifetime etfects.

Expanding the matrix element in eq. (13), we have

- . dA, (D)

—d
do .~ dl/l, 1 .
a2 [vidu@ 2 Jvi == az V=

II/I,A")( ) l‘//‘ (l-+"— J.l/" MW:"“
-d ~d
« dA,(2)
jy/,Aw() dz+ = J' | ey a6)

where in ecach region, the wave functions and the vector
potentials corresponding to that region have to be used.
FORTRAN program was developed to evaluate the integrals in

eq. (10).

4. Results and discussion

We have used the formula of eq. (9) for vector potential in
calculating A (z), asafunctionof few forthree locations of
the planes at z = 0 (vacuum), z=-d/2 (surface) and z = —
(bulk). By incorporating this vector potential A,(z) .
photocurrent has also been calculated as a function of A for

two values of surfaces, namely, ¢ = 5 a.u. and d = 0 (narrow
surface width). We have employed the initial state wavefunction

¥ deduced by Thapa er al[17] tor free electron model, hence

the formalism developed has been applied to the case of Al and
Be which are prototype free electron metals. For each case,
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experimentally determined dielectric constants [ 19, 20| b,y be
used and also the following parameters were used for both ¢
cases ;

Initial state energy E;=11.7cV,

Work function ¢» =498 eV,

Height of the step potential V,, = 1595 eV,
Surface width ¢ =2.65 A,
Scattering constant ¢ =0.2 .

Angle of incidence 6, = 459.

5 00E+01
. -z=-d
€ 4.00E+01 A —zed/2
£ 3.00E-+01 -z=0
g 2 O0OE+01
b
= 1.00E+01 {

-
0 OOE+00 it L et G

8 10 12 14 16 18 20 22 24
Photon energy (eV)

Figure 3. Plot of |A((u.:)|" as a function of photon encigy for \:
In Figure 3, the plot of variation of |;4',,, (:)r agaimst phot
energy 1s shown for three locations of surface planes indl
case of Al. For the surface region (z=-—d/2). we tind th
IZ‘” (:)ll increases to a maximum at photon energy /i - 17¢
itthen decreases as fiw is further increased. There 1s a nunimu
in A,(2) at s =15 eV and with further increase in phot
energy, it showed a second hump of very small magnitude
A, (2)|
Z,,, (2) showed a minimum at f¢ =15 eV, which is the plasni
energy of Al. Similar trends had becn observed by Levinson
al [21], Feibelman |5] and Barberan and Inglesfield [22] Il

at s ~ 18 eV. The important point to note here isth

behaviour of A, ( z)l in the case of other locations of suitx
planes, for example at £ = — ¢ (bulk) and z = O (vacuum).
different than in the case of surface (z =—d/2).

The plot of variation of IZ,,, (z)r zigainst photon energy fe
Be shows same behaviour as in the case of Al and is shown!

Figure 4 In the case of Be also we find that the variatont

|A,,, (z)' with photon energy is interesting only for lhc surfac

ag eain

region ( z =-d/2). Here also, the plot of IA,,,( )|
hew showed a maximum at s =13 eV, and decreascd towards
minimum as #e was increased further. Most mnimum !

. 2 ,
lAm (z)I in the case of Be occurred at sy =20V and sho¥
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4 constant minimum as A increased further. Similar

almost ' . ‘
wehaviour was obtained by Thapa and Kar [24} in which minimum
wasobtmmned at hw = 20eV.
1.40E+01 T—————
= 1.20E+01 A
5 1.00E+01 A
©
S 8.00E+00
g -
3 6 00E+00 -
4 i
o  4.00E+00
]
*  2.00E+00 -
0 00E+00 f S coma— |
13 16 19 22 25 {
Photon energy (eV)
tigure 4. Plot of |/-\',,,(z)l_ as a function of photon energy for Be )

In Figures 5 and 6, plots of photocurrent as a function of
hw in the case of Al and Be are shown respectively. for two
-ases of surface widths namely d = 2.65 A and d = 0 (narrow
wrface width). As it is a model calculation, we have chosen the

4 90E+02 -

3 90E+02
—e— d=0.0

2 90E+02 —O0— U4=50

1.90E402
2

9 OOE+01

-1.00E+01 W= = - =
11 12 13 14 15 16 17 18 19 20

Photon energy (eV)

‘igure 5. Photocurient as a function of photon energy for Al with

1.60E+01 -[’ T

1.40E+01 |
1.20E+01 |
1.00E+01 4
8 00E+00 -
6.00E+00 |
4.00E+00 4
2.00E400 4
0.00E+00

—0— d=5.0
—@— d=0.0

Photocurrent (arb unit)

15 17 19 21
Photon energy (eV)

fgy
ag:;f;- Photocurrent as a function of photon energy for Be with
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same value of physical parameters for £,, @, V,, etc. However,
the respective values of dielectric constant of each metal had
been used for the calculations. In both the metals, we find that

- 2
A, (:)l . the behaviour of photocurrent is similar to the

for
behaviour of Zw(z)lu. The reason for this being that s
involved in the matrix element of eq. (11). The results of
photocurrent in the case of Al showed trends as obtained by
Levinson [21], Feibelman [5], Thapa and Kar [8,11]. Similarly, in
the case of Be, we find that the photocurrent results showed
similar behaviour as obtained by Bartynski er a/ [23], Thapa and
Kar{[24].

5. Conclusion

The plots of photon field as well as photocurrent (Figures 5.0)
agree qualitatively with the experimental results. We feel that
proper choice of Initial and final state wavefunctions will enable
us to extend the model (o transition metals and semiconductors.
Even though the choice of this dielectric model has no theoretical
background, the dielectric model does work well specially in the
case of Al
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