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1. Introduction

The purpose of this paper is to present a rigorous thermodynamic
analysis of uniform metal surfaces covered by monolayers of adsorbed
particles., The analysis applies to surfaces for which the work function
of the substrate surface is larger than the electronegativity of the free
atoms of the adsorbate. Such surfaces will be called electropositive.

The first detailed experimental and theoretical study of electroposi-
tive surfaces has been performed by Langmuir and his co-workers|[1]
who investigated the emission properties of a cesiated tungsten surface.
Subsequently, experimental and theoretical work has been presented by
many authors. For thermionic conversion the most practical work is
that of Rasor and Warner [2], and that of Gyftopoulos and Levine [3],[4].

The theories just cited have many common features. They also have,
however, substantial differences. In all three theories it is assumed
that a surface system can be identified and that electrons are transferred
from the surface system to the surface of the substrate thus causing the



creation of electrostatic fields that in turn result in a reduction of the
work function of the substrate. However, whereas Langmuir assumes
that one electron per adsorbate particle is transferred to the substrate,
both Rasor and Warner, and Gyftopoulos and Levine introduce in their
respective theories the possibility that less than one electron per ad-
sorbate particle is transferred on the average. This innovation, intro-
duced in different forms in the two theories, provides one possible cause
of the inconsistency observed by Langmuir at coverage greater than
about 0.5 between the change in work function of the substrate calculated
from electron emission data and that calculated from atom emission
data.

Langmuir uses some thermodynamic relations supplemented by
several correlations of his experimental results and derives the emission
characteristics of the cesiated tungsten surface that he investigated.
Rasor and Warner also use some thermodynamic relations supplemented
by Langmuir's ion emission data and derive emission characteristics of
cesiated refractory metal surfaces in general. Finally, Gyftopoulos and
Levine adapt to surfaces empirical correlations that have been developed
in the theory of molecular bonds, and combine these correlations with
thermodynamic relations to derive emission characteristics for any
electropositive surface.

For purposes of thermicnic conversion and for degrees of coverage
8 (8 =0/0,) greater than about 0.5 no satisfactory general theory exists
at the present time. On the other hand, for degrees of coverage smaller
than about 0.5, the range of operation of emitters in thermionic con-
verters, a complete and rigorous thermoedynamic analysis can be per-
formed without use either of emission data or empirical correlations.
The analysis is based on Langmuir's ideas. It is feasible because
Langmulr showed experimentally that for @ smaller than about 0.5 the
interparticle forces between cesium atoms adsorbed on tungsten are of
the dipole-dipole type, and that the work function change caused by the
adsorption can be fully accounted for by electrostatic effects only.

The analysis proceeds as follows. First, the thermodynamic _
potentials and random fluxes associated with a surface in mutual stable
equilibrium with the adsorbate vapor are computed. Then the results
are adapted to the problem of evaluation of the emission characteristics
of the surface in a steady state.

2. Model for Surface in Thermodynamic Equilibrium

We will consider a piece of a refractory metal enclosed by a uni-
form electropositive surface of coverage 8 in mutual stable equilibrium
with the vapor of the adsorbate at temperature T and at pressure p&.
The vapor pressure of the substrate at T is usually much smaller than
p€ and will be neglected.



For values of T and 'pg of practical importance the vapor behaves
as a mixture of perfect gases of electrons, singly-charged positive
adsorbate ions, and neutral adsorbate atoms. All thermodynamic
potentials and random fluxes of the vapor can be expressed as functions
of p€ and T by means of the perfect gas relations.

The interfacial region may be represented by an electrically neutral
surface system consisting of electrons and singly-charged positive ion
cores of the adsorbate existing in the force fields of a structureless per-
fect conductor, The perfect conductor represents the bulk of the substrate
and consists of electrons and ion cores of the substrate. The thermo-
dynamic potential of each species of the surface system can be expressed
as a function of T and the adsorbate density ¢ per unit substrate area (or
the coverage @) with the aid of a model for the interparticle forces., The
density ¢ (or the coverage @) as well as the random fluxes at the points
just outside the surface can then be expressed as functions of p& and T
by means of the conditions for mutual stable equilibrium between surface
and vapor, and for chemical equilibrium between species in the surface.

In the surface system, one effect of the force fields of the substrate
is that each electron is strongly correlated with a singly-charged adsorbate
positive ion core so that the pair may be regarded as an electrically
neutral species. FEach pair will be called an ionic particle. An approxi-
mate model for the ionic particles and their force fields may be based on
the following assumptions: (1) The net effect of interactions between
adsorbate and substrate is the formation of the ionic particles of the sur-
face system; (2) Each ionlc particle has two translational degrees of
freedom along the surface and one vibrational degree of freedom normal
to the surface; (3) The exchange plus correlation effects for electrons
near the surface system are identical to the exchange plus cerrelation
effects for electrons near the surface of the substrate in the absence of
the adsorbate; (4) The electrostatic effects of the surface system are
equal to the sum of the electrostatic effects of the ionic particles and of
the surface of the substrate in the absence of the adsorbate; (5) For
monovalent adsorbates, the ionic particle is defined as a neutral species
A such that : (a) in the absence of interactions with other adsorbate
particles, A has a permanent dipole moment M, and a ground state
energy ¢,; (b) A is polarizable and has a polarizability a; (c) interactions
of A with other particles of its species are described by the dipole-dipole
force law; and (d) the vibrations of A are represented by a one-dimensional
harmonic oscillator with g, -fold degenerate energy levels and a fundamen-
tal frequency v. The values of Mg, €5, @, and p are determined as follows.

The center of each adsorbate ion core is taken at a distance r; from
the surface of the perfect conductor equal to the ionic radius of the ad-
sorbate. The ground state of each ionic particle is regarded as that state
in which one valence electron of the adsorbate is distributed along the
surface of the perfect coenductor in accordance with the image-force law,
and a singly-charged positive ion of the adsorbate is within a sphere of
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radius r.. Thus the dipole moment M, including self-depolarization is
given by

er
M = L = % er,, {1

° 14 [ai/ﬁlc'rreo (2 r1)3] b

because the polarizability oy of the positive ion core may be estimated
by [3] '
o, = 4me r? . (Z)
i c i

By virtue of the image-force law the energy €, 18 found to be
2
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where Eoi is the energy of the internal structure of a free singly-charged
positive ion. Finally, Luke [5] has shown that
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The frequency v may be estimated by assuming that the energy and
amplitude of oscillation of the harmonic oscillator are respectively HI]
-e“/l6 me_r,and r, . It is given by

o i i ‘ 1/2

2
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where m, denotes the atomic mass of the adsorbate. In practical prob-
lems v and T are such that

KT >> hy.

3. Thermodynamic Potentials and Random Fluxes

The principal result sought in this study is the relation between the
work function ¢ of the surface system and T, pg, and other properties
of the substrate. This result may be obtained in two steps. In the first
step ¢ _ is expressed as a function of o (or 8) and in the second o is ex-
pressed as a function of T and p¥&.

Assumptions 3 and 4 imply that ¢ _ is equal to the bare work function
¢ plus the electrostatic effects of the depolarized dipoles of the ionic



particles. With respect to the points just outside the surface the dipoles may
be regarded as a continuous double layer [6]. It follows that

A
e 1\/10 0‘/60

A¢§¢em—¢e= 1 + bo 3 b:e r (6)

where it has been assumed that the average depolarizing field is equal teo

A¢/r,

The condition for mutual stable equilibrium between the surface and
the vapor requires that the potential p8€ of the neutral atoms in the vapor
be equal te the potential p. of the ionfe particles, namely-

R VI (7

This equation determines the dependence of ¢ on T and 'pg.
The potential p.i is given by the perfect gas relation

g P8 h’
e = kTIn . + &, (8)
a (kT)5/2 g, (@ f)3/2 oa

where g, and eoa denote the degeneracy and energy of the internal structure
of neutral adsorbate atoms.

By means of thermodynamic considerations it can be shown that |.L (6, T)
may be expressed as

A
8 s , ¥ 1 oF
p_ (8, T) = p_ (6, T)+§ — (-——) de, (%)
2 * gx OO 130ip

where y. (6 T) denotes the value of p. for an arbitrarily small degree of
coverage 0%, and 7 the spreading forde per unit length of the surface system.

Use of the condition for chemical equilibrium between species in the surface
yields that

b (8, T) = {pf_i (0% T)]' + [uf_,e (6%, T)]_ : (10)

1 1
s = 8 A .
where ["Lci (8, T)] and [P'ce {: T)] denote the chemical potentials
1 1

at the points just outside the surface for ions and electrons, respectively.

For 0* very small, [p':i (9*, T] 1 is given by the perfect two-dimensional
gas relation
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and [ p.s @, T)J1 is equal to the negative of the bare work functien,
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where g, denotes the degeneracy of the internal structure of the adsorbate
positive ions. The spreading force 7 can be expressed as

TET,HT) (13)

where ¢ and 4 denote the contributions to 7 of very short range forces
and veryolong range forces between ionic particles, respectively. Use of
the van der Waals excluded area assumption yields that T, is given by

Uf kT ckT

o™ "1-8  1-(o/o) ()

Two estimates of r3have been computed by Langmuir [7]. For rela-
tively small values of fan approximate expression 7, is found by means
of the second virial coefficient:

L1/3 4/3 2
trlv: DV T M o, (15)
where
Mo 19 2/3 4/3 . 1/3
M= T+50° and Dv = 9,287 x 107" (ev-cm }/coulom'b - K.

For values of § approaching unity, an estimate rlais obtained by assum-
ing that the lonic particles are arranged on a hexagonal array on the sur-

face of the substrate:
5/2
Tla = Da IVI2 o , _' (16)

where D =7.52 x 10°! (ev-cm)/coulombz.
For the purposes of this paper it will be assumed that

T = (-8 +7 (17)

1+ la

for all values of 8.



Combination of Eqs. 7 through 17 yields the relation

Ba pg
A - 2_ in = 1nI , (18)
a kT (2 Tm, kT)l/Z *
where
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_ f 20 6
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2
D M 1/2
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I, denotes the adsorbate neutral atom random flux density which is equal
to the neutral atom emission rate density, ¢* the value of @ in the
limit T = 0°K, o the temperature coefﬁci%%]t-, and V, the first ioniza~
tion energy of adsorbate atoms {Vj = €oa - €pi)- Equatilon 18 relates

o or A and, therefore, A¢ (Eq. 6) ta Tand p&. It is expressed in terms of
A, and B, because it can be shown that, in the limit T = 0°K, Ba is the
enthalpy of desorption of neutral adsorbate atoms.

An alternative way of writing Eq. 18 is given by

o s 26 é_|. _ae
kT kT-1n1~9“1-6)—len ,Pa . (23)
where v ro

_ f
1-‘euo T 2exp (am/k)

For electropositive surfaces of interest to thermionic conversion in the
range of § between 0.1 and 0.5 and a range of T of a few hundred degrees
centered about some practical temperature, the ratio Ba/kT is much
greater than unity whereas the quantity 1n [26/(1-8)] + 8/(1 - 8) is of the



order of unity. In addition, the dependence of B_ on T is weak. It follows
that the left-hand side of Eq. 23 may be regarded as a function of 8 or ¢

only and, therefere, that § or ¢ is approximately a function of kTln (}"ao/]_"a)
only.

The electron random current density (el” }, at the points just outside
is given by the Richardson equation. In additfon, it can be shown that the
adsorbate positive ion random flux density (T["l)1 at the points just outside
is given by

B

i
= — — 24
In (1"1)1 Ai T (24)

where Vo g,
24 2 8
- 26 . 6 25
Ai in Zga + 1n1-9+1—9 {25}
eZ

Bi % Towe_x, * AP Bk (26)

It can be easily verified that (1"1)1/1"& satisfles the Saha-Langmuir equation.

The preceding results can be represented in graphical ferms. For
example, graphs of A¢ vs. ¢ (Eq. 6) for Cs, K, Na, and Li on any uniform
refractory metal surface are shown in Fig. 1. The only input information
needed for each of these graphs is the ionic radius r, of the adsorbate.

For each surface a graph of Ap vs. 8 can be made provided that the
adsorbate density ¢, at a full monolayer is known in addition to r,. The
value of g. depends on the orientation of the surface of the substrate. For
a cesia.tedf tungsten surface graphs of A¢ vs. § are shown in Fig. 2 for
three values of o -

Again for each surface and T a graph of B, vs. 8 (Eq. 20) can be
made provided that the values of V, and ¢ _ are specified in addition to
those of r, and ¢, The value of thé bare Work function ¢:m in the limit
0°K depenas onthe orientation of the surface of the substrate. For a cesi-
ated tungsten surface graphs of B, vs. B are shewn in Fig. 3 for two values
of T. It is seen from this figure that indeed the dependence of Ba. on T is
weak.

Finally, for each surface and each value of T a graph of either Ag or
¢ vs. kTln (I"ao/fa) can be made by elimination of § between Eqs. 6 and
. 23. Three such graphs are shown in Figs. 4 through 6. They correspond
to ceslated surfaces with o = 3.56 x 1014 cm-2,

4. Comparisons with Experimental Data

Emission characteristics are measured under steady state conditions
and not under conditions of thermodynamic equilibrium. Because of



mathematical difficulties steady state data obtained at temperature T

and coverage § are analyzed by assuming that the work function ¢ , the
electron saturation current density J s’ the adsorbate positive ion current
density 58, and the adsorbate neutral atom emission rate density J': have
the same values as the ¢ and corresponding random flux densities of the
surface at T and g6 but in mutual stable equilibrium with the adsorbate
vapor.

Here 0 is determined not only by pg and T but also by the vapor tem-
perature T8 and the electric field conditions prevailing near the points just
outside the emitter. It is such that the total emission rate of adsorbate
particles, ions plus neutrals, is equal to the total arrival rate. The prob-
lem has been discussed by Maugis [8]. For present purposes it is suf-
ficient to indicate the fellowing.

Data reported vs. T and § can be compared directly with corres-
pending theoretical results. For example, Lapgmuir and Taylor 1]
investigated a cesiated tungsten surface for which they report that:
¢* =4.76ev; ¢y =4.62eviq = -2k; g, =3.56x 1014 cm~2. Their
data on Ag vs. @ and B, vs. 8 Th the range T = 600 - 1000°K are super-
impesed in Figs. 2 and 3 respectively. The agreement between theory
and experiment is satisfactory for values of @ up to about 0.5.

Data reported vs. vapor pressure pg and vapor temperature T8 can
be compared with theory as follows. For practical conditions of operation,
contributions of ion currents to the determination of the steady state value
of § may be neglected. The atom emissicn rate I"a (Eq. 18) is then taken

equal to the atom arrival rate 1"P_

atom random flux pg/(ZTr mfkTg)% in the vapor. Thus

a Which in turn is assumed equal to the

g '
2 = P 27)
A - =1lnT = 1n T, (
a KT pa @um kT8 *
or equivalently
B T
a 28 2] ao
a _ S« S - S = 28
kT "T 11'11”9 1-8 lenT‘ (28)

Equation 28 indicates that theoretical results on $e V8. kTln (T, ,/Ty)

can be directly compared with corresponding experimental data of ¢e VB.

kT In (rao/rpa.) taken over a limited range of T. Langmuir's data on Ag¢

are superimposed on Fig. 4, and data reported by Hatsopoulos and Rufeh (9]
on ¢, of a cesiated tungsten surface are superimposed on Fig. 5. The

data of Hatsopoulos and Rufeh correspond to: e = 4. 87 ev; ap, = 0;

Cof =3.56x 1014 cm‘z; T = 1600 - 2000°K. The agreement between theory
and experiment is satisfactory but limited to values of § up to about 0.5,
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The relatively small spread in A¢ or ¢, data plotted vs. kT 1n(Tho/Tya)
is achieved only when the range of T is limited to few hundred degrees.
Otherwise the spread can be larger as illustrated by the theoretical results
shown in Fig. 7. These results are based on Langmuir's values given
above.

5. Concluding Remarks

Attempts have been made to extend the preceding rigorous analysis
to degrees of coverage greater than 0.5. A second species was introduced
in the surface system with properties similar to those of the neutral
species of Rasor and Warner [2]. In spite of many and extensive calcu-
lations, the results proved unsatisfactory when compared with emission
data. The reason for the disagreement may be either that the force fields
between particles were not adequately modelled, or that assumptions 1
through 5 of Sec. 2 are not valid for § greater than 0.5, or both.

We conclude that no satisfactory general theory for electropositive
gsurfaces exists in the range & greater than 0.5.

REFERENCES

[1] LANGMUIR, I., TAYLOR, J.B., The evaporatien of atoms, ions and
electrons from cesium films on tungsten, Phys. Rev. 44 (1933) 423,

{2] RASCR, N.S., WARNER, C., Correlation of emission processes for
adsorbed alkali films on metal surfaces, J. App. Phys. 35(1964)2589.

[3] GYFTOPOULOS, E.P., LEVINE, J.D., Work function variation of
metals coated by metallic films, J. App. Phys. 33 (1962} 67.

[4] LEVINE, J.D., GYFTOPOULOCS, E.P., Adsorption physics of metals
partially covered by metallic particles, I Surface Sci. 1 {1964) 1713
II. Surface Sci. 1(1964) 225; III. Surface Sci. 1(1964) 349.

[5] LUKE, K.P., MIT, Sc.D. Thesis Nuclear Engng. (1964).

[6] MACDONALD, J.R., BARLOW, C.A., Jr., Theory of work function
change on adsorption of polarizable films, J. Chem. Phys. 44 (1966)
202.

[7] LANGMUIR, I., Vapor pressures, evaporation, condensation, and
adsorption, J. Amer. Chem. Soc. 54 (1932) 2798.

[8] MAUGIS, D., Etude thermodynamique de la jonction metal-plasma
thermique. Contribution a 1'étude de 1'ionization de surface, Ann.
de Radicelectricitd XXIII 93 (1968) 211.

[9] HATSOPOULOS, G.N., RUFEH, F., Thermodynamic correlation of
work function, Energy Conversion, 10 (1970) 135.



1

Bl

Fig.

TT T T T I T 7T T T T 11
o 27X % B
3 e e
1+4ra%10"
2I4x107H, 7]
| H2960"%
2} ;
>
- - .
€ | _
<
b 152x15's _|
Na —=———
L 141.5x1G'% _|
- . 096x10" -
" H06M0 %
A O N T Y I B B B
% 1 2 3

-2

Adsorbate surface density ox 0 " em

Fig. 1 Theoretical Reaults on Ad ve. ¢.

~14 -2
Cesium surface density oxI0, cm
1 2

T T T T

— Theory o =3.56>¢I0':‘c:n;2
x Experiment (600-1000°K) |

T=800°K

] 1 [ [ i I
o] 02 o4 06

Cesiurn degree of coverage, &

Compatlson of Theoretical and Euxperimental Values of B_ va. 8.
a

A, oy

Fig. 4 Comparisoa of Theoretical and Experimental

— Theory
X Experiment

i

H

[

1
[s¥]

04

0%

Cesium degree of coverage &

(7]

%
2 —
>
@
< | —Theory
< Experiment
= Fua xlO'a(#/cmz-sec) .
e Q47
x 216
8 9.85
© 390 I mweps2é®
[ |
0 2 3

KFEn{T/ Ty ), ev

Values of Ag va. kT In (Ty,/P4)

Fig. 2 Theoretical and Experimental Resylta on Ag ve. 8.




&

=4

1 T I T 4 T T T T T
—Theory
- T=1800°K
¢em=4.87ev

T=1800°K, ¢op=5.04ev

v b
T

B
i

Experiment -

° 1800 K

x |70

s 1800

o 1900

] 2000 -

Tao=ves /2

| E 1 1 1 2 =

[ 2 3 4
kTRn (G, /Tl ev . A . . )

Ol
T

L
T

Cesiatad work function by 0V
Cesioted work fraction g, ev

2 3
KT2n (vorp /21), 0¥

¥ig. 5 Comparlaos of Theoretical and Experimental

. kTle 2T,) for
Values of gg va. kTla (Tpo/T,) ¥ig. 6 Theoretical Graphs of ¢, vs (v /2T,)

Ceslated Surfaces {og = 3.56 x 1014 cm™2).

ry
]

dp 7 46260, T=800°K

1800°K:

[
I

Cesiated work function ¢, ev

~N
I
et

kTEn (I, /Tg), ev

Fig. 7 Theoretical Resulta on ¢, ve. kTIn (Ty,/Ty)
for T = 800 and 1800°K.

hommer WL








