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A model calculation of phototicld emission is discussed in which initial state wave func-
tion has been deduced by using projection operator method of group theory. A spatial
dependent vector potential is used to evaluate the matrix element for calculating the
photoficld emission current density:

Keywords: Photoficld emission; vector potential; projection operator.

PACS Number(s): 79.60-1, 52.40.DD, 34.50.Dy

1. Introduction

Photoficld emission (PFE) is a technique in which a metal is irradiated by a laser
radiation of photon energy fw. Photon energy is usually less than the wuorkfunc—
tion (¢) of the metal under investigation. The incident radiation photoexcites the
electrons to a final state which lies below the vacuum level, hence these electronsl‘
are confined within the metal surface. A strong static electric ficld of the ord *
of 101" V/m when applied to the surface of the metal causes the phot()(; ; t(l
electrons to tunnel through the surface potential barrier into the vac1‘1uI‘r.1 \i((
which then constitutes the photoficld emission current (PFEC). In phétoﬁ \ldr(l%lf)f1
sion, in addition to transmission probability D(W), the transition matri oo
(yig|A-p+ P - Al also plays an important role. In this matrix el TIX elem'em
that the important ingredients are the vector potential A, initial Stemult’ e
tion v; and final state wave function 4y. There are seve;‘al met}k '?;'G‘e \Ya\-‘e axre:
the initial state wavefunction ¢; and the exactness of the model’ le( PR
can hence correctly interpret the results in photofic A T

ld emission calculations. For
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2

e Pendry 1,
L1 tates d(%dllbtd by )

example, the LEED (low energy clectron dliha.(,mou) sta . the —hid

for band structures and photovmissi()n calculations are accu,rft:l;e Green function
is too complex and involves heavy computations: One also 15E2 done by Bagch'lg
method for obtaining the appropriate wavefunctions 85 ha.s bee'n 1 théc')ry5”7 are
and Modinos.* Mult.ﬁﬂe seattering technique and denb‘lt,y tuncm.?{l.d )

also being used in the interpretation of results of photohcld er‘msblonb.. 0 - sion

Tn this report, we are presenting a model calculatior_l of photohc enins?

current by using the initial statc wave function i which 15 déduced by pr(?JeC 1011.
operator method of group theory. As an example, hasis functions Were derived for

W (100) surface states. The vector potential A will be the one deduced by Thapa
et al®

2. Theoretical Formalism

A p-polarized radiation of photon energy hw is considered to be incident on the
metal surface. The surface normal is defined by the z-axis which is perpendicular to
the ry-plane. The incident radiation, a laser beam, causes the transition of electrons

from the initial state ¢; to final state vg. We consider the electron states to be
lying below the Fermi level, and final state

s are states in the vacuum (detector).
Therefore, the photoficld emission current density formula can be written® as

dj BN, a2 £ DWW M2
’ Jverhw  (W(W — hw)]z

>

where

25.32_*43(74)2 ~
6 ‘\ Ao \ = Au ()P
and A% (z) 18 the :

~-component of vector potential along the z-axis wi ‘

w, Ao is the amplitude of vector potential associated \Vithl /«-a?cls with frequency
fLL - hiw) is the Fermi-Dirac distribution function. The m t'h_e incident radiation,
expanded in One dimension along the z-axis is given by pirix element My; when

-0
* z ]V .0
M= / Py Aw(ﬁ(f‘)( ~ hidz + P dzA;(Z)
I dz RS e (—-;h d ) y
[ ¥4 SLET I ‘27

0 dAR (%) 12
_*_ ‘(I)* — w d__ . -2 (‘ , ‘() .
/ a0 dz ( & dz'3> Pidz + / L dAG (2)

— obabilit " —d T‘(/)idz. (r)
The transmission probability D(W) in Eq. (1) descril 2)
transmission probability that the photoexcited elédll des the quantum mecp,
trons wi echanic:
) R With energy el
. 2m
will travel across the surface potential barrier wy; | (3)
et atl 1¢ ¢ ,-,' age Ry 11¢ 1a

electrostatic ficld and the image potential barriey. Herl(.\ 15 deforme



Photoficld BEmission Caleulations by Using Projection Operator Method 1

hw T
Ekin
vacuum
________________ !
lo |1
metal N\l 7] Er

ed

v

Fig. 1.

Schematic representation of Kronig Penney é-potential model for calculating the initial
state wave function.

of energy E. D(W) used in Eq. (1) is obtained by solving!® the Airy’s differential

equation and is given by

1.0 v 2ik; ) 1 ‘ fow3 vV2m o7
= 2 12 - =——
D(W) (o) (“ﬁ-i—l—x (2m) ‘ exp[ i <3 T 4)J ;

(4)

3. Description of Initial and Final State Wavefunctions

To calculate the initial state wavefunction 4);, we have assumed the cryst

al potential
to be defined by d-potential and represented by the Kronig-Penney potential. The
potential is periodic with the periodicity of the lattice as shown in F ig. 1. In one
dimension, one can write ¢; as
_ P(z) + Ryp* () %z < 0 (bulk and surface)
'R Z p—a -

i TeX= % 2 0 (vacuum) (5)
where ¢* (%) is the complex conjugate of 4(z), R is the reflection cocfficient T is
the transmission cocflicient acress the boundary plane. Matching the wavefunction
and its derivatives at z = 0 gives the value of coctlicients R and T

as
D =X+ — ik

N = b — ik (6)
and

T ( —2ik
=0 —=
X T p— ik

) i1 e
o= -2 0y —__Sinka

where

(7)

—
cos ka — ¢og k;a

5

03
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and

JJ(O) = —-27,(' 1+ cos k:j,(lﬂ _ 4sin kiu‘

_ : ior and is assumed

In the above equations, p is the strength of the 5-potential barriel

e _ N 11 . ing factor.
to be positive, and ju 18 used as the converging fac / i _
. [ — lnea‘I
For W (100), surface state occurs'! in the energy band ng,) (Ai A‘)Z) Ehe Lore
combination of atomic orbital (LCAO) representation for Ag iS 5 (32 - %), W 16_" t,
12 = 22 + y? + 2%, We have, therefore, considered the point Ag for which the pont
group is Cyp. The basis function for the Cy, point group corresponding to W (100)
surface state by using projection operator formula'?

Pﬁh'll = l_p ZI‘T)(T):I,T!P(T‘) * (10)

Here I, is the dimension of the unitary irreducible representation of the group G,
g is the order of G and 3 is the summation over all the transformation 7" of G.

Now introducing the atomic orbital ®(z), which includes the basis function
derived by projection operator method of group theory obtained from Eq. (10), the
final form of the initial state wavefunction can be represented by

IN

o|®(2)et*? + RO*(z)e k=
w(z):{ b (2)e™*]
Te X

Z
z

0,
0. (11)

vV

The description of the final state wavefunction 4 is already given elsewhere. 13 '
: s re.

4. Dielectric Model and Calculations of Vector Potential

‘We consider the metal to occupy all space to th 't of
o 8 ! e left Of Z == 0 r
2 plane. The mod
el

dielectric function (Fig. 2) for the bulk (z < —d) :
< —-a), surface (-d < z < 0)
=~ > U) and vacuum
Bulk S"{;rf
?S;e 8; Vacuum

-d

Fig. 2. Schematic diag:
agram of mode] f,
i or dielent..:

_—
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(z > 0) is given by

cal(w) 3 g0
[y % € - 12)
f(d). 15) = ( b _Q y 1T - — -—(l < 2 S 0 (
bt log,. 2 log, (l d> '
1 z>0

where ey, (w) = ¢y (w) + re2(w) is the bulk dielectric function. For p-pOlaTi?Cd light,
B(z) = B(K.w. z) (where K = Zsinfl; is small) and it obeys the equatlon

o 79 2 -2
0 [LeBY . w? B\ p_g. (13)
Dz \ € 0z 2 3

To solve the above equation, we follow the prescription of Landau and Lifshitz

where B = u(z)/€(z), so that

2 /1 a2 31 (de\ ,
(] L k2 (e — sin® 6;)u + k de 432 (ﬁ) u=0. (14)
(

26 dz2  4¢e2 \dz

In the surface region,
de . Ep — 1 1

dz (2= d) {logﬂ 2+ (ep — 1) log, (1 - %)}

e —(sp—1) 1
a2 log,2 (z—d)r

and

As

r1 d%2 3 [1lde
| 2¢dz? 4

2
— — "2 / . — ‘- 2 .
. (lz) } & k*(e — sin” 0;) ,
hence Eq. (3) for the surface region becomes
d?u

]——-{—({l/ +b)u =0 (15

dz? D)

where o = mf;_;,,_z'(l - gp) and b = "7 Thus the solution of Eq. (15) is u(z)

A;(£) + Bi(€) where £ = —(%?—bl and A;(¢) and B;(£) are Airy functions® given by

A4(6) = [3r(§ﬂl +V3) (1 HEVC )
Bi(€) = {3?’7[’( )] (V3 —1) ({+__{ . >

Absorbing the numerical cocflicients and neglecting high
.. § . ; g higher terms, we write th
solution in the surface region as e the
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k]

D 2 o and %= are

As B(z) = u(z)\/e(z), and using the boundary conditions that B 0z

continuous at z = 0 and z = ~d, we obtain

ikcos0;-z ‘ (V&Cllum)

/ ((I—ik cosl; -z + ye )

¢3 3 |
g Kl - i6_> T & (5 + %)} (e)? (surface)
qu 51,(:—'ik\/5—bm—’)7-z (bulk)

agnetic ficld by using the

B(2) = (17)

—

The electric ficld components can be obtained from the m

relation
c dB
K. w, 2) = ——
E*(K.w.7) Twe dz
= sin#;
E*(K,w.z) = — - B.

Thus, we can write in the long wavelength limit (5’(2 — 0) the vector potential for

the surface region —d < z <0 as -

_ Az (2) EZ(I{ — 0,w, %) —sinf; &3 _ 4
Au(e) =" = B =\ ? [1+g+ﬂr <&+ i)” . (18)

where

/);3 "/4
+ 4 al~ )
y+1 1% "’(“LE)

P= 3 VRN q=
[/ n VEperd 2
1+ 5 + @ (i7+ 12)

1 D) 1)13
a3 ey + (B - VErd) (1 + E)
1 1 3 1
(\/5’1)/\ — /3) <’)’+ 12> — \/Epr3 (1 e L)
3

‘ 1
3 4 Y p
7) 7) >> (aa, ) o3
4 () L zln+ — _ iy L 1
_..Lkwboz(l_*_ 6 +7(7 L PR G )>+T(aJ +a%ﬁ+p nl
L l’ s 1 153 4n 3 n+ i
42 2 1- -—) +;;(( 3 4 a3 - n* _ ' /
5 +/’( s e Y 2))+1kcosoi(1+ﬁ+w('r’+ﬂ
6 12
- (19)
;1 Sy / . ep — 1
\ = iky/Ep — S ;. = —1- ac —
4(1\/8_’)1()&‘(:2. T= '\‘)b,
a3
-0
= ——=. '(l-nd p = €y - l

2
a3 ng? .
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5. Conclusion

Gao and Reifenberger” have given a detailed study of photoficld emission from W
but the theoretical interpretation was based on the free electron concept. Keeping
in mind that W is a strongly bonded metal and application of free electron model
may not be appropriate, we have presented here a model for photoficld emission
calculation. This model had also been used by Thapa et al.® iu photoemission calcu-
lations and the results on metal and semiconductors showed qualitative agreement
with the experimental results. However the point of difference with the model pre-
sented here is the dielectric model for the calculation of vector potential. With this
vector potential, we intend to calculate photoficld emission current in the strongly-

bonded metals like W, Mo, efic. and compare the results with the other methods of
calculations and the experimental values as given by Gao et al.”
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