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A simple procedure has been found that enables the zero-temperature, zero-field work function for
elemental crystal surfaces to be estimated within a few tenths of an eV. It uses the local-density-
approximation value for the Fermi energy to obtain the Heisenberg uncertainty distance, equates this
distance to the distance from the surface at which the image force begins to act, and further assumes that
the image force acts as if it were done to an isolated conducting sphere of the same radius as that of the
atoms of which the surface is composed. The importance of this result is that it gives a clear physical
picture of the emission process that takes into account the microscopic surface structure, and lends
credence to the concept of continuous decoherence from quantum to classical states. Variation of work
function between crystal faces is plausibly shown to be mainly due to variation with direction of the
effective mass of an electron with the Fermi energy inside the crystal. Work functions of optimum elec-
tropositive monolayer adsorbates on refractory metal substrates calculated by this method also agree
closely with experiment, indicating that the electrons are emitted from exposed substrate atoms. A mod-
el for the topological structure of a crystal surface on an atomic scale is proposed for which classical
methods indicate that the field at the tips of the atoms is typically 2.5 times that estimated on the basis
that the surface is a smooth plane. The consequential effect on thermionic and field emission is dis-
cussed. Order-of-magnitude estimates of the variation of the work function with temperature and stress
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are also made.

I. INTRODUCTION

With the advent of modern high-speed computers and
the development of sophisticated algorithms it has be-
come practical to compute from first principles, without
adjustable parameters and using only the Schrodinger
equation, many of the physical properties of crystalline
solids,! using a local-density approximation (LDA) to ac-
count for electron-electron and electron-core interac-
tions. In particular, the density of states in the conduc-
tion band and the Fermi energy at O K can be precisely
calculated, and the zero-temperature, zero-field work
function for the various crystal faces of metals can be es-
timated within a few tenths of an eV."? By making other
approximations the speed of computation may be in-
creased, and work functions for various crystal faces of
40 elemental metals have been calculated® with results
that agree with experiment within a few tenths of an eV.*

The importance of the present work lies in its ability to
give a clear physical picture of the electron emission pro-
cess from a metal surface that takes into account the sur-
face structure at an atomic level and, with its ability to
predict average work functions within a few tenths of an
eV, lends credence to the concept of continuous decoher-
ence from quantum to classical states.’”’ It is possible
not only to estimate the work function of a surface very
simply but also to gain an insight into the effect of surface
structure at an atomic level on the electron emission pro-
cess.

The results obtained from scanning tunneling micros-
copy® show conclusively that for metallic crystals a sur-
face can be identified that behaves as a classical metal
electrode to subangstrom precision. This surface can be
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represented as an array of atomic-sized spheroids, and
the tips of the spheroids may reasonably be assumed to
have a radius close to that of an isolated atom of the
species involved.

The work function may be defined as the smallest
amount of energy that must be given to an electron with
the Fermi energy inside a solid that is normally ap-
proaching an interface between the solid and vacuum to
enable it to be transported to a field-free region external
to the surface, when the solid is at a temperature of 0 K
and there is zero applied electric field at the surface. It is
perhaps most accurately measured by the appearance
photon energy for photoelectric emission from a surface.*

The force of an electron external to the metal surface,
without applied fields, is due to the charge induced on the
metal surface by the unscreened Coulomb interaction of
the electron on the surface. Classically, this is obtained
by assuming a ‘“‘virtual” image charge inside the conduc-
tor. There is a region bounded by a surface spaced d
from the classical metal surface that an electron inside
the metal can transverse by converting its kinetic energy
to potential energy without doing any work. At d the
kinetic energy of the electron is zero and it is assumed
that at this point the classical image force begins to act.
The work function is then the energy that has to be given
to an electron to take it from d where it has zero kinetic
energy to a field-free region far enough away from the
metal surface for the image force to be zero. The use of
such a surface where the image force becomes effective
was traditionally used in the early theories’ and has been
theoretically justified by using a first-principles evaluation
of the exchange-correlation potential for the electron-
gas—vacuum interface.!%!!
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Inside the metal, quantum theory is required to deter-
mine the highest kinetic energy an electron may have at O
K as it approaches the classical metal surface (namely,
the Fermi energy €p). Beyond d, classical mechanics is
adequate to determine the work function. Between the
classical metal surface and the d surface, the momentum
changes from (25,.~/m"‘)1/2 to zero, where m* is the
effective mass of the electron inside the metal as it ap-
proaches the surface. We identify the distance d with the
Heisenberg uncertainty distance associated with this
change in momentum, as appears to be required by con-
tinuous decoherence from quantum to classical states. In
appropriate cases the use of the uncertainty relation to
bypass equivalent but more complex methods of solving
wave equations is well known. For example, it can be
used to directly obtain exact values for the ground-state
energy and radius of the hydrogen atom.!? When we con-
sider the difficulties of measuring work functions to
better than 0.1 eV, and the lack of data on effective
masses, the remarkable agreement with experimental
values, as given below, support the validity of this model,
and offers a proof of the validity of the principle of con-
tinuous decoherence (see Sec. VII).

II. ESTIMATING THE WORK FUNCTION

To estimate the effect of a surface consisting of an ar-
ray of spheroids on the image force we consider first the
image force on an electron charge —e distant (R +u)
from the center of a conducting sphere of radius R. The
image charge inside the sphere has a value!?

+qg=eR /(R +u) (1)

and is located on a line joining the center of the sphere
with the electron at a distance from the center given by

z=R?*/(R+u) . ()

Thus the distance of the electron from its image is
[(R +u)—z] and the attractive force between them is

Fi=gqe /4m&y[(R +u)—z]*, 3)

where & is the permittivity of free space. Using Egs. (1)
and (2) in (3) gives

F,=[e?/4mE)]{R(R +u)/[(R +u)*—R?**} . @)

If a potential is applied to a distant concentric spheri-
cal anode such that it produces an electric field E, at the
surface of the cathode, then the magnitude of the field at
a point distant (R +u) from the center is given by

E(u)=EyR*/(R +u)* (5

and the force on an electron due to this field acts to pull
the electron away from the surface and is given by

Fy=eEyR*/(R +u)?. (6)
Thus the net force on the electron is
F=F,—F,=[eEo,R*/(R +u)*]—[e2/4n&,]
X{R(R +u)/[(R +u)*—R**} . (D

13 661
The zero-field work function (in eV) is given by
ep= f:Fldu (8a)
or
d=(e/87E){R /[(R +d)*—R?]}
=7.19X10""°{R /[(R +d)*—R?*]} . (8b)
For the case of a planar surface (R — »)
d=e/16mEyd (9a)
or
¢(0,d)=3.595/d (9b)

for d in angstroms, the same value obtained when using
the plane image force,’ as expected. Note also (for R and
d in angstroms) that

d(R,d)=¢(0,d)/(1+d /2R)=3.595/d(1+d /2R) eV
(10)

and the difference between the plane and spherical work
functions is :

8¢=¢(w,d)—¢(R,d)=3.595/2R +d) eV .  (11)

Figure 1 shows ¢ as a function of d (in angstroms) with
R as a parameter. The range of ¢ covered (0.5-8 eV) is
the range of the work function for most real materials.
Note the relatively small difference in the predicted
values of ¢ for given d over a range of R from infinity to
1.25 A.

There is also a distance u, at which the two forces on
the electron are equal, given by the solution to Eq. (7)
with F=0. The energy required to be given to an elec-
tron to escape is now
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FIG. 1. Work function (¢) as a function of the distance d
from the surface that an electron from the interior of a conduc-
tor of radius R reaches before experiencing its “image” force.
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¢’e=f0u0Ee du
+f:0[e2/47'r§0]{R (R +u)/[(R +u)>*—R>P}du .

(12)

Thus the Schottky lowering the work function due to the
electric field® is given by

Ap=p—¢’
:fu:[e/4ar§0]{R(R +u)/[(R +uP—R2P}du
B fouoEORz/(R +u)du .
That is,
Adp=[e/4mE]{R /[(R +uy)*—R?]}
—EoRY[1/R—1/(R+uy)] . (13)

As R tends to infinity, the first term tends to the con-
ventional Schottky relation for the lowering of the work
function,

Ap=(eE,/4me,)'?=3.792X 107 °E}"? (14)

for E, in V/m and the second term tends to zero, as ex-
pected.

If the energy of an electron inside the metal is mea-
sured from the bottom of the conduction band it
represents essentially the kinetic energy of the electron.
As an electron attempts to leave the surface, its kinetic
energy € in the escape direction is transferred to potential
energy and there is a distance &x at which its kinetic en-
ergy is zero. Classically, it cannot move beyond this
point. The change in momentum over this distance is
given by

Ap=02m*e)'/?, (15)

where m* is the effective mass of the electron inside the
metal.

According to the Heisenberg principle, the smallest un-
certainty in the position of the electron when its momen-
tum changes by Ap is given by

Apdx=h/2r . (16)
Thus
Sx=h/2m(2m*e)1/? . 17)

For an electron at the Fermi energy e=¢, the value of
8x at 0 K is given by

8x=1.953/e/2(m*/m)\* A , (18)

where m is the normal electron mass as measured in vac-
uum at low energies, and €5 is measured in eV from the
bottom of the conduction band. Since m* varies with
direction of motion of an electron relative to the lattice,
the momentum of an electron associated with the Fermi
energy will vary with direction, and the work function
may be expected to vary with the crystal face from which
an electron emerges. Identifying 8x of Eq. (18) with d of
Eq. (10), we obtain
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#(R,d)=1.841el/(m* /m)'/?
X[14+1.953/2Re}/*(m*/m)'/2171 . (19)

Of the three quantities required to evaluate this equa-
tion for specific metals, the atomic radii R are well
known'* and the Fermi energy €5 can be computed to a
precision of less than 0.1 eV using the LDA,! but the
effective masses m * at the Fermi energy vary with direc-
tion of motion inside the crystal and procedures for ob-
taining them using the LDA have not yet been developed.
In metals the effective mass of the electrons does not
differ substantially from the rest mass, but the change is
sufficient to cause differences in work function between
different crystal faces of the same metal. Thus setting
m*/m=1 will predict an average value of the work
function that may be compared with the preferred experi-
mental values obtained from randomly oriented polycrys-
talline surfaces* and from different crystal planes of the
same metal crystal.

Table I compares work functions of some elemental
metals from different parts of the periodic table estimated
using the above model with experimental values for poly-
crystalline surfaces* and values obtained from the more
conventional approach.”® The values of the Fermi energy
were computed for the author by Paxton and van Schilf-
gaarde!® using programs based on the LDA.

It will be seen from Table I that the present approach
predicts work functions within a few tenths of an eV of
the measured work function for polycrystalline surfaces.
The closest agreement is for Cu, Ag, and Au. The
poorest is for Ti, which is 0.6 eV lower than the measured
value. Next are W and Mo, which are 0.4 eV lower, and
the remainder are less than 0.3 eV lower. These results
compare well within the differences between predicted
and measured work functions for specific crystal faces by
the more comprehensive methods,”3 which as is shown in
Table I can be as large as 0.7 eV. The present model
could be used to predict values of work function for
specific crystal faces if the corresponding m*’s were
known. However, if the validity of the present model is
accepted, Eq. (19) can be used to estimate the effective
mass of the electron in a given direction from measured
values of the work function for specific crystal faces.
This has been done for W using the measured values
given in Table I, the results being given in Table II. The
values of m* /m so obtained are well within the range of
what might be expected.

The important conclusion to be drawn from this dis-
cussion is that the zero-temperature, zero-field work
function for elemental metal crystal surfaces can be es-
timated within a few tenths of an eV by using the LDA
value of the Fermi energy to obtain the Heisenberg un-
certainty distance, equating this distance to the distance
from the surface at which the image force begins to act,
and assuming the image force acts as if it were generated
by an isolated sphere of the radius of the atoms of which
the surface is composed. The latter point is important in
that it argues that a large fraction of the electrons must
be emitted from sites near the tips of the atoms where the
image force will be close to that of isolated atoms. This
point is discussed in more detail in Sec. IV.
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TABLE 1. Comparison between theoretical and experimental values for the zero-temperature, zero-

field work function.

Parameter/element Mo W Cs Ba Ti Cu Ag Au
2R (A) 2.80 2.82 5.40 4.48 2.93 2.551 2.883 2.878
ep (eV) %omputedb 8.01 10.46 1.76 2.85 6.50 9.75 8.21 10.44
6x=d (A) [Eq. (18)] 0.69 0.605 1.47 1.16 0.767 0.626 0.682 0.605
¢ (eV) calculated from Eq. (19)
4.18 4.90 1.92 2.47 3.72 4.62 4.26 491
¢ (eV) preferred experimental values® for polycrystalline surfaces
4.6 4.55 2.14 2.7 4.33 4.65 4.26 5.1
¢ (eV) preferred experimental values® for oriented crystal surfaces
fee(111) 4.55 4.47 4.98 4.71 5.31
fcc(100) 4.53 4.63 4.59 4.64 5.47
fce(110) 4.95 5.25 4.48 4.52 5.37
¢ (eV) computed by Methfessel, Hennig, and Scheffler?

fee(111) 4.98 4.67
fcc(100) 4.49 4.43
fce(110) 4.19 4.23

¢ (eV) computed by Skriver and Rosengaard®
fee(111) 5.09 5.09 2.10 2.23 4.63 5.3 5.01 6.01
fcc(100) 2.03 2.28 5.26 5.02 6.16
fce(110) 5.34 5.62 2.09 4.48 4.40 5.40

#Reference 14.
®Reference 15.
°Reference 4.
dReference 2.
“Reference 3.

III. THE EFFECT OF ADSORBED MONOLAYERS

It is well known that adsorption of a different atomic
species on a substrate of a metal at the monolayer level
can substantially affect the work function of the
substrate-—electropositive adsorbates lower the work
function and electronegative adsorbates increase it. One
of the most studied cases is that of Cs on W because of its
technological importance for thermionic energy conver-
sion. The classical work on this topic!® showed that the
work function of W decreases with the fraction of the
substrate surface covered until a minimum work function
of 1.68 eV is reached at a coverage of 0.67, after which it

TABLE II. Effective masses as a function of direction of
motion within the crystal estimated from the measured work
function for tungsten.

Direction ¢ (eV) (measured)® ep (eV) m*/m
[111] 4.47 10.46 0.87
[113] 4.18 10.46 0.795
[100] 4.63 10.46 0.91
[110] 5.25 10.46 1.09

2Reference 4.

increases slowly, reaching that of pure Cs at a coverage
of about three monolayers. More recent results!’ indicate
that a minimum work function of 1.55 eV is attained.
The difference between these results illustrates the experi-
mental difficulties of measuring work functions to an ac-
curacy of better than 0.1 eV.

The last atomic layer of the substrate and the partial
atomic layer of the adsorbate form a complex system in
which the Cs valence electrons in higher states transfer to
lower unoccupied levels in the metal, thereby changing
the electronic structure of the conduction band near the
surface.!® Equation (10) indicates that the work function
decreases with increasing d (corresponding to decreasing
er [Eq. (17)]) and decreasing R. Since Cs has a much
larger radius and a much smaller Fermi energy with W, it
seemed reasonable to try to adapt the theory outlined in
Sec. II, by assuming that the optimum substrate-
adsorbate system has the Fermi energy of Cs and the ra-
dius of W. Using the LDA value for ¢ for Cs in Eq. (19)
and R for W from Table I yields ¢=1.61 eV for the
monolayer, in remarkable agreement with the measured
optimum value.

This result indicates why the minimum work function
occurs at less than full coverage since a large fraction of
the W substrate atoms must be exposed to the vacuum
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TABLE III. Minimum work functions for adsorbed mono-
layers on refractory metals.

System Calculated work function (eV) Experiment®
W-Cs 1.61 1.55
W-Ba 2.20 2.5
Mo-Cs 1.60 1.65
Mo-Ba 2.19 2.9

2Reference 17.

for them to emit effectively. On the other hand, it
seemed improbable, on initial consideration, that a frac-
tion of a monolayer would be sufficient to develop a
substrate-adsorbate system with a Fermi energy close to
that of the bulk adsorbate material. For this reason
Table III was constructed to compare the results using
this approach and the data available from Table I, to the
experimental results for W-Cs, W-Ba, Mo-Cs, and Mo-
Ba.!” The relatively close agreement between the experi-
mental and calculated results indicates that the Fermi en-
ergies of the optimum monolayer cannot be far removed
from that of the bulk adsorbate, and the procedure out-
lined above can be used with a degree of confidence to es-
timate work functions of adsorbed monolayer systems.

IV. VARIATION OF THE WORK FUNCTION
OVER A LATTICE UNIT

The model for the surface of a crystal suggested by
scanning tunneling microscopy (STM),? and reinforced by
the fact that the work functions predicted using the
atomic radius (and the accurate LDA values for the Fer-
mi energy) are close to the measured work functions, is
that of a plane with a regular array of hemispherical
bumps of radius given by the atomic radius of the ele-
ment concerned spaced on centers given by the lattice
constants of the crystal face that it forms, as shown in
Fig. 2. This surface is assumed to behave as a classical
conductor to subatomic tolerances, for the purpose of
calculating surface electric fields and the image force on a
charge external to it.

The image force on an electron moving along a radial
line joining the center of a hemisphere with its tip will in-
itially, while it is close to the tip, be dominated by the
spherical component. On the other hand, an electron
leaving the flat part of the surface will be influenced by
the planar image force over its entire journey, the
influence of the surrounding hemispheres being both
small and tending to cancel out. Thus, for constant d
over the lattice site, the zero-field work function for an

Tl
FIG. 2. Proposed model for the surface of an elemental metal
crystal.
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electron leaving the tip of a hemisphere will be close to
that of an isolated sphere and lower than that for the
plane part of the surface. The work function will in-
crease to a value closer to the plane value as the depar-
ture point of an electron on the spherical surface moves
away from the tip. In principle, the variation of the work
function over the entire lattice site could be computed.
The largest total change is given by Eq. (11) as

8¢=3.595/(2R +d) eV .

Using the LDA values for Mo, W, and Ti from Table I,
a total change in the work function from tip to plane of
close to 1 eV is obtained. This work-function change
would reduce the zero-field thermionic emission at 2500
K at the plane compared to that at the tip by about two
orders of magnitude. Thus the effective emitting area
must be substantially (perhaps 20—50 %) smaller than the
total area. This casts doubt on the conventional practice
of attributing the entire deviation of the measured
Richardson A value’ from the theoretical value to a tem-
perature variation of the work function.!” For Fowler-
Nordheim field emission!® and Schottky emission® the
variation of the work function over a lattice site must be
folded in with the variation of electric field over a lattice
site to obtain a complete picture. This problem is con-
sidered in Sec. V.

V. ELECTRIC FIELD DISTRIBUTION
OVER A CONDUCTING SURFACE
DEFINED BY AN ARRAY OF HEMISPHERES

To estimate the electric field variation over the surface,
we first consider the well-known case!> of a hemispherical
bump on a plane electrode with a distant coplanar elec-
trode. When a potential difference is applied, a uniform
electric field E, exists perpendicular to the surface except
in the vicinity of the bump where the solution to
Laplace’s equation with the appropriate boundary condi-
tions gives the surface radial field as

E,=3E,cosf , (20)

where 0 is the angle between the normal through the
center of the hemisphere and the radius vector.

The case of an array of hemispheres as shown in Fig. 2
does not have an analytic solution, and readily available
computer programs for solving Laplace’s equation do not
allow for nonsimple, three-dimensional boundary condi-
tions. However, since the lattice spacings are larger than
those of the atomic diameters, the influence of the sur-
rounding atoms is minimal for 6 in a range of 0-30°.
This has been verified using the program EGUN?® with
which we were able to solve the case of a hemisphere sur-
rounded by a doughnut of the same radius. The shielding
of the hemispherical surface by the doughnut will actual-
ly be greater than that of an array of hemispheres. The
computer program was checked by first computing the
hemispherical bump on a plane and then with the sur-
rounding doughnut. The results for the worst case,
where the doughnut is touching the hemisphere around a
diameter (lattice spacing equal to atomic diameter), are
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FIG. 3. Computed variation of normal surface electric field
with polar angle for (a) a hemispherical bump on an infinite
plane and (b) a hemispherical bump surrounded by a half
doughnut of the same radius. E| is the background electric field
calculated on the assumption that the electrode surface is per-
fectly smooth and of curvature very much larger than the hemi-
sphere radius. E(0) is the electric field at the surface of the
hemisphere at angle 6 to the normal. B is the field enhancement
factor. Data denoted by open circles represent analytical value.

shown in Fig. 3. It will be seen that even in this case the
field at the tip of the bump is only reduced from 3E for
the single hemisphere to 2.37E, for the hemisphere sur-
rounded by a doughnut. The cosine variation with 0
remains valid up to about 25° after which the variation is
faster. At 30° the field at the tip of the single hemisphere
is 2.6E, (a 13% drop) compared with 1.76E, (a 26%
drop) for the doughnut case.

For Fowler-Nordheim emission!® using ¢=4.4 eV
(Mo), a change of E from 6 X10° Vm ! to 5X10° Vm ™!
(a 17% change) results in a reduction in current density
by nearly two orders of magnitude.

For Schottky emission, the lowering of the work func-
tion for a plane surface is given by Eq. (5) as

A$p=3.79X10°E!/? eV
for E in V m ™! so that at the tip of the hemisphere it is
Ap~5.99%X107°E}/? eV . 1)

The difference between the field-induced change in
work function at the hemisphere tip and the plane part of
the lattice unit is always a factor of ~(2.5)!/2=1.58.
Thus, if the reduction of the work function is 0.5 eV at
the tip (Eq~7X107 V. m™!), the reduction at the planar
part of the surface will be 0.32 eV. However, at 2500 K a
difference in work function of (0.5—0.32)=0.18 eV
causes the current density to change by a factor of 2.3.
Thus the integrated thermionic emission due to the
Schottky lowering of the work function for an array of
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hemispheres will be somewhat greater than that predict-
ed for the case of a plane cathode [Eq. (5)] for the same
applied voltage.

Taking into account the inexactness of the model we
may use as a first approximation for estimating the emis-
sion under the action of an electric field

E,~2.5E,, 0<6<20°,
0>20°.

(22)
E,~E,,

Thus the high emitting area over a lattice site will be
~ R *an? 20°. The ratio of the high emitting area to the
total area will then be approximately 0.42R2Z/A A,
(where A, and A, are lengths of the sides of the rectangu-
lar lattice), which usually has a value in a range of
0.1-0.2. Thus the effect for Schottky emission will be to
increase the total current per lattice site, in the example
given above, by approximately 20—-50 %. But in the case
of Fowler-Nordheim emission, effectively only the high
emitting area is contributing to the total emission, giving
the average emission density over a lattice site about
10-20 % of that at the tip (but still substantially greater
than that of a perfectly planar surface).

VI. VARIATION OF THE WORK FUNCTION
WITH STRAIN

Less exact values of the Fermi energy can be obtained
from the simple zero-order approximation (ZOA) for the
electron gas inside a metal that was originally used to ob-
tain the Richardson-Dushman equation for thermionic
emission of electrons with zero field at the emitting sur-
face.” The ZOA gives the Fermi energy as

ep=(h?/2m*)(3N /87)*"?
=5.842X10"8¥Xm/m*xXN?37J (23)

where N is the number of electrons per unit volume—
that is,

ep=3.651X10"Xm/m*XN?" eV . (24)

Combining Eqgs. (18) with Eq. (24) and assuming
m/m*~1 gives

$=1.23X10"°N3[1+1.62X10°/RN/*]7!

=AN'’[1+BN"']7!, (25)
where

A=1.236X10"° and B=1.617X10°/R .  (26)

Now N = (number of conduction electrons per atom

n) X (density p)/[(molecular weight M)X (weight of an
amu)], that is

N=np/(M X1.66X107?%") electrons/m> . 27

Fermi energies calculated using the ZOA, using Eq.
(27) in (24) and m /m * =1, usually differ from those cal-
culated using the LDA by at most a few eV (for example,
ZOA values for Mo and W are 5.77 and 9.19 eV, respec-
tively, compared with LDA values of 8.01 and 10.46),
giving corresponding differences in the values predicted
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for the work function using the method described in Sec.
II. However, the results are close enough to argue that
the ZOA may be used to predict approximately the varia-
tion of the work function with strain caused by a rise in
temperature or applied stress.

It is well known that the work function of many ma-
terials is temperature dependent!’ with average
coefficient a in a range of 107°~1073 eV/K. This can be
associated with the expansion of the material with in-
creasing temperature, as follows.

From Eq. (25) we have

de¢/dN=[ A/3N][(N'3+24B)1+BN"*)72] . (28)

Now
dT dN dT
and
N=n/V, (30)

where n is the number of electrons per unit cell and V is
the volume of a unit cell,

V(T)~V(0)X1+3yT), (31)

where V(T) is the volume of a unit cell at 7 K and y is
the coefficient of linear expansion. Thus

N(T)=NO)X1+3yT) ' ~N(0)1—3yT)
(since 3y T <<1) (32)
and hence
dN/dT~—N(0)3y , (33)
giving

d¢/dT~—[y AI[(NV3*+24B)1+BN~V3)72] . (34)

For W, R=1.41 A, ¥y ~5.3X107%/K (at 1400 K), and
using p=19.3X10° kg/m>, n=2 electrons/atom, and
M =184 amu we obtain N=1.26X10% electrons/m>.
Thus from Eq. (33) we obtain

d¢/dT~—2.16X107° eV/K (35)

in order-of-magnitude agreement with the experimental
values for the (112) and (100) faces of W in a range of
1700-2000 K, which are —8.3X 107> and —1.7X107°
eV/K, respectively.!”

This order-of-magnitude agreement given by combin-
ing Eq. (19) for the work function by using the ZOA for
the Fermi energy is striking and implies that change in N
with increasing T is a factor. However, the fact that
some crystal faces have positive coefficients indicates, as
expected, that the ZOA is not taking into account all the
factors involved. Other factors have been discussed by
Herring and Nichol.?!

Note that ¥ increases with increasing temperature and
at 2000 K reaches a value of 6.4X 107 for W. Since
needle-shaped field-emission cathodes heat up with in-
creasing current to the point where they can disrupt by
melting,?? the work function could change by over 0.1 eV
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at the high current densities obtained near breakdown.
This effect could contribute to the deviations from the
Fowler-Nordheim relation observed at high currents.
Smaller than expected currents are usually attributed to
space charge.?

The above discussion indicates that any change in the
size of the lattice unit cell will give rise to a change in the
work function. The tensile stress induced on the cathode
surface by an electric field may be considered approxi-
mately isostatic and is given by

F=§,E?/2=4.42X 10" 2E2 N/m?>=CE*? . (36)

The change in volume due to a uniform tensile stress F
is given by

V(F)=V()X1+F/M) , (37)
where M is the bulk modulus. Hence
N(F)=N(0)/(1+F/M)

=N(0)/(1+CE?*/M)~N(0)(1—CE?/M) (38)

since CE*/M <<1.
Using Eqgs. (25) and (36)

‘¢(E)= AN (0)'*(1—CE?*/M)'/?

X {1+B/R[N(0)X1—CE*/M)]'/*} ! 39)
~ AN(0)'?[1+B/RN(0)!*]"Y(1—CE*/3M) 0
~¢(0)X(1—CE?/3M) .
Hence
Ap=¢(0)—$(E)=—¢(0)CE?/3M . (41)

For W, we use ¢(0)=4.55 eV and M =3.2X10"
N/m?2?* With E in the field-emission range (say, 7 X 10°
V/m), this gives

Ap~—1.03X1073 eV. (42)

This value is too small to have any substantial effect on
the field-emission current density. Note that the bulk
modulus changes less with stress until the yield point is
reached; however, the bulk modulus does decrease with
increasing temperature, and the associated work-function
change could become comparable with that due to
thermal expansion at temperatures approaching the melt-
ing point.

VII. DISCUSSION

A simple procedure has been found that is able to pre-
dict the work function of metals, and the optimum work
functions for monolayers of electropositive elements on
metal substrates, within a few tenths of an eV, as well as
or better than the more comprehensive methods.>® The
procedure works well for metals from disparate parts of
the periodic table. The physical significance of this result
is that the Heisenberg uncertainty distance can be
identified with the distance at which the image force on
an electron external to the surface begins to act and the
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surface structure on an atomic scale must be taken into
account.

The postulate of a distance from the surface at which
the classical image force begins to act was at the core of
the early theories of field-electron-emission phenomena
(Schottky and Fowler-Nordheim emission).>!® The re-
markable agreement between the simple approach
presented here and experiment justifies the concept of
continuous decoherence®~” in which it is proposed that
“the environment surrounding a quantum system can, in
effect, monitor some of the system’s observables. As a re-
sult, the eigenstates of those observables continuously
decohere and can behave as classical states.”’” In the
present model, two surfaces are identified. The first sur-
face behaves as a defining boundary for electrons inside
the metal and as a classical metal surface for electrons on
the vacuum side some distance from it. The second sur-
face is that at which an electron approaching from the in-
terior will have lost all its momentum in the escape direc-
tion. Between these two surfaces is a region in which the
state of the electron continuously decoheres from quan-
tum states at the first boundary to classical states at the
second. The distance between the two surfaces is given in
this case by the position uncertainty of the electron,
which, for an electron with the Fermi energy, is about
half the atomic radius.

The work function of the various crystal faces of the
same material could be estimated by this method if values
of the effective mass of the escaping electron with orien-
tation within the crystal were known but this is difficult
to find out both theoretically and experimentally. Alter-
natively, if the validity of the present approach is accept-
ed then the LDA values of the Fermi energy combined
with an experimental value for the work function for
specific crystal faces enables an estimate of the effective
mass to be made and appears to give reasonable values.

Computed values for the variation of electric field (gen-
erated by a distant external electrode at a positive poten-
tial with respect to the cathode) over a cathode surface
with topographical structure on an atomic scale were ob-
tained by solving Laplace’s equation. The results indicate
that the field at the tips of the surface atoms is approxi-
mately 2.5 times that estimated on the basis that the sur-
face is perfectly smooth. Initially, the surface field de-
creases gradually with distance from the tip and then
much more rapidly until it approaches the “smooth flat”
value. This effect means that most emitted electrons
come from the tips of the atoms, reducing the effective
emission area compared with the total surface area. This
effect is of marginal significance for thermionic emission
in the low-field, Schottky region, but of major importance
for the high-field, low-temperature, Fowler-Nordheim re-
gion because the image force is dominated by the atomic
radius and not the macroscopic curvature of the cathode
surface.

For vacuum microelectronic devices, very small field-
emission electron sources are often used.?®> These consist
of metal cones about 1 pm high with a tip radius of cur-
vature of about 200 A. The accelerating electrode has a
hole coaxial with the cone of radius of about 0.5 um to al-
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low the electrons to be injected into the operational re-
gion. A number of computations using different pro-
grams have been used to estimate the electric field around
the tip.2%2” All have produced field values about 2.5
times smaller than that required to explain the experi-
mental results on the basis of the Fowler-Nordheim equa-
tion. Previous attempts to explain this effect have been to
assume that the emission comes from an increased field
due to isolated individual atoms resting on a surface,?® a
low-work-function atom embedded in the surface,?’ or
the change in image force due to the macroscopic radius
at the apex of the cone.?

The results of the research reported in this paper sug-
gest that the factor of 2.5 is due to the microscopic curva-
ture of the tips of the atoms themselves magnifying a
macroscopic background field. Once sufficiently removed
for the image force to be dominated by the macroscopic
curvature, the electron is too far away for this to substan-
tially affect the work function. Note that the electric field
at the tip of a single atom resting on a surface comprising
an array of atoms is larger but will not be much larger
than that at the tips of the atoms of the array itself, but
may be sufficient for this atom to dominate the field emis-
sion from the surface due to the exponential dependence
of the emission on the electric field.

Before the advent of modern high-speed computers, at-
tempts were made to estimate the field at the tip of con-
ventional freestanding single crystals typically a few
thousand angstroms in radius, based on the assumption
that the Fowler-Nordheim equation was valid!® and
E =BV over a constant emitting area. In this case, ad-
justment of the S factor would automatically take into ac-
count the field enhancement due to the atomic surface
structure, in addition to the macroscopic tip radius.

Since the ZOA enables order-of-magnitude estimates to
be made of work functions it may be expected to give
order-of-magnitude estimates of the change in work func-
tion with strain. The predicted decrease in work function
with temperature due to thermal expansion using the
ZOA is in fact shown to be of the same order as those ob-
served, but the theory does not account for the observa-
tion that some crystal faces show an increase in work
function with increasing temperature. Any decrease in
work function with field-induced tensile stress does not
appear to be important even at the very high fields re-
quired for Fowler-Nordheim emission, unless the temper-
ature becomes high enough to substantially decrease the
bulk modulus.
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