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Comment on ‘‘Uncertainty, topography, and work function’’

Tomasz Durakiewicz
Institute of Physics, Maria Curie-Sklodowska University, 20-031 Lublin, Poland

~Received 1 December 1998!

In his paper@Phys. Rev. B51, 13 660 ~1995!#, Brodie gives a very interesting and simple method of
calculation of work function of planar surfaces. However, he makes a few errors in derivation of the formula
for the Schottky effect, which are discussed and verified in this Comment. The corrected procedures of
calculation of the Schottky effect according to Brodie’s idea are given.
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Brodie’s1 novel approach to the work function~WF! cal-
culation without use of theab initio methods was used b
numerous researchers2 and it was substantially improve
most recently.3 His concept is based on the image force c
culations for an electron leaving a surface of spherical ge
etry. Real surface is represented by an array of sphero
Integration of the image force acting on an electron is p
formed to obtain WF. Integration limits ared and infinity,
where d is a certain distance from the surface, calcula
from uncertainty principle.

In his paper, Brodie1 demonstrates the applicability of h
approach by calculation of the magnitude of lowering of t
work function in presence of external electric field of ap
riopriate direction, recognized as the Schottky effect.4 He
derived the following equations for the image force,FC , and
electric field force,FE , acting on an electron in the vicinity
of the sphere of radiusR:

FC5
e2

4p«0

R~R1x!

@~R1x!22R2#2
,

FE5eE0

R2

~R1x!2
,

where«0 is vacuum permittivity,x is distance from the sur
face, andE0 is the electric field at the surface of the sphe
One should keep in mind that the signs of acting forces
opposite. To find the WF of a planar surface in absence
external fields one should integrate the image field for
ew5*d

`FCdx, and find the limit of obtained expression fo
R→`. In presence of an external electric field, there is
certain distance,x0.d, at which the sum of the two forces
acting in opposite directions, equals zero. This distance m
be found by solving theuFCu5uFEu equation. Brodie pro-
poses to solve this equation assuming thatR→`, which
radically simplifies the calculation and yields a value ofx0

5 1
4 Ae/p«0E0. In the presence of an external field Brod

proposes to calculate WF as
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0

x0
FEdx. ~1!

Image force is integrated tox0, which is the distance from
the surface of a sphere to the point whereuFCu5uFEu.

The error made by Brodie is that theFE force should not
be integrated from 0. It was one of the foundations of B
die’s approach that the electron at distances from the sur
smaller thand are subjected to ‘‘continuous decoheren
from quantum states at the first boundary to classical state
the second’’~Ref. 1!, where ‘‘the second’’ boundary isd.
According to this point of view, the electron below a di
tanced from the surface of the sphere may not be describ
by classical methods, as it is done in formula~1!. The appli-
cation of the uncertainty principle is proposed by Brodie
planar surfaces in the absence of electric fields and shoul
used consequently in presence of external fields. Theref
the corrected formula~1! should be

ew85E
d

x0
FCdx1E

d

x0
FEdx. ~2!

The Schottky lowering of WF is given by Brodie as

D~ew!5E
d

`

FCdx2E
d

x0
FCdx2E

0

x0
FEdx

5E
x0

`

FCdx2E
0

x0
FEdx.

By integration of the above erroneous formula, Brodie o
tains his formula~13! for Schottky lowering,

D~ew!5
e2

4p«0

R

~R1x0!22R2
2eE0R2F 1

R
2

1

R1x0
G ,

~3!

and commits three mistakes. First, the correct value
*x0

` FCdx is
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e2

8p«0

R

~R1x0!22R2
,

being half of the value in Brodie’s formula~13!. The ‘‘1 ’’
sign should be taken instead of ‘‘2 ’’ before the second term
because the forcesFE andFC act in opposite directions. Bro
die states also that ‘‘asR tends to infinity, the first term@of
the above formula# tends to the conventional Schottky rel
tion . . . and the second term tends to zero, as expecte
This is not the case. The second term, namely,

eE0R2F 1

R
2

1

R1x0
G ,

tends toeE0x0 instead of zero, asR tends to infinity. Taking
into account the three errors listed above, the corrected
culations forR→` are

Dew5
e2

8p«0

R

~R1x0!22R2
1eE0R2F 1

R
2

1

R1x0
G
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e2

8p«0

1

2x01x0
2/R

1eE0

x0

11x0 /R

→ e2

16p«0x0
1eE0x0 .

By substituting, after Brodie,

x05
1

4
A e

p«0E0

we obtain

Dew5A eE0

16p«0
1A eE0

16p«0
5A eE0

4p«0

which is a conventional Schottky relation, valid for ve
large R values andx0@d. To obtain the real values o
Schottky lowering for spherical geometry by use of Brodie
approach one should~i! calculatex0 by solving equation
uFCu5uFEu, rejecting the complex solutions and choosi
this one of the two real solutions which is larger thand, and
~ii ! calculateDew by use of the correct formula~2! from this
Comment instead of Brodie’s formula~12!:

Dew5E
x0

`

FCdx2E
d

x0
FEdx. ~4!
.’’

al-

The correct solution forR→` is

Dew5
e2

16p«0xo
1eE0~x02d!.

For planar surfaces we may substitute Brodie’s soluti
x05 1

4 Ae/p«0E0, in the equation above and find th
Schottky lowering as follows:

Dew5A eE0

4p«0
2eE0d.

The traditional Schottky relation predicts a slightly larg
value. Penetration of electrons, extending beyond the g
metric surface,5 seems to be successfully described by
cluding thed value into calculations. Obtaining values o
Schottky lowering for anyR is possible only ifx0 is obtained
by numerical solving ofuFCu5uFEu equation. Results ob
tained by use of formula~4! are shown in Fig. 1.

It has to be noted that the main concept of WF introduc
by Brodie is very interesting. The necessary correction
errors allows us to demonstrate the general applicability
the Brodie’s approach.

Thanks are due Dr. Stan Halas for discussions on
Comment. T.D. was supported by the Foundation for Po
Science, Warsaw, Poland.

FIG. 1. Plot of the Schottky lowering~eV! calculated according
to formula~4! for an electric field varying from 1 to 1010 V/m and
a sphere radius varying from 0.5 to 15 Å.
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