TID=7687

g 5

1{

wiak,

CAMBRE

29

| sponsored by
f The UNIVERSITY
of ARIZONA

in cooperation with
ARGORNNE
NATIONAL
LABORATORY

Tueson, Arizona February 19-21,1964

Argonne National Laboratory, Argonne, Illinois is operated by the
University of Chicago under contract with the United States Atomic Energy Commission.




WORK FUNCTION AND DESORPTION ENERGIES AND
RATES OF REFRACTORY METALS COATED WITH CESIUM*

by

Elias P, Gyftopoulos

Department of Nuclear Engineering and
Research Laboratory for Electronics

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

*Presented at the Symposium on High Temperature Conversion of

Heat to Elegtricity at the University of Arizona, Tucson,
February 1964,

117



INTHODUCTION

This paper is a summary of some work on the theoretical

(1)

correlation of electron work function znd atom and ion

desorptién energies(z) and desorption rates(B) for metallic
surfaces coated by monatomic metallic particles, The emphasis
of the summary is on surfaces coated by cesium.

Reviews of the models and results of other workers are
given in references (1-3) and they will not be repeated here,

The basis of the derived correlations is the assumption
that, in the intermetallic adsorption systems of interest,
the adsorbate particles are chemisorbed as a single species
and that they are held onto the substrate by partially ionic
and partially covalent bonds. The chemical nature of the sur-
face bonds is suggested by thelr magnitude which is of the
order of ev,

The surface is visualized as a composite "molecule®,
Thus, computational techniques developed for molecular physics
are extended to adsorption systems., This procedure is suggested
by the similarity of the physical interpretation of such quan-
tities as ionization potential and electron work function,

molecular dissociation energy and atom desorption energy etc.

ELECTRON WORK FUNCTION

The electron work function of a composite surface 1is
calculated through use of the concept of electronegativity,
This is suggested both by the direct proportionality between

the first ionization potential and the relative electronega~
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tivity of an atom(a) and by the semi-empirical linear rela-

tionship between the work function, f_, of a pure metallic

e
surface and the relative electronegativity of the constituent

element.(5) Specifically, in the latter case:
ﬂe = 292735 + 0031"" (1)

where x 1s the relative electronegativity.

Congider a homogenecus composite surface., This surface
exhibits a relative electronegativity, x{6), which determines
an electronegativity barrier, e(6), according to Eq, (1).

This barrier would be identical with the work function if the
individual molecules, made of substrate-adsorbate atoms, were
not polarized, Since, however, the sﬁrface bonds are partially
ionic and partially covalent, the surface molecules have &
dipole moment which results in an electric double layer. The
double layer determines a dipole bafrier, d(6), and thus the

work function is

Bg = o(0) + ale) . (2)

The exact analytical representation of the electronega=
tivity barrier\is difficult to compute, It can be approxi-
mated, however, by a series expansion which satisfies the
following boundary conditions. At 8 =0 the electronegativity
barrier is that of the pure substrate and it is not substan-

tially affected by the addition of a few adatoms.(é) There~

fore

e(0) = g ; de{0})/de 6o’ 0 (3)
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where ﬁm is the work function of the substrate, At one mono-
layer (6 =1), it is experimentally observed that the work
function reaches a constant value, ﬁf, characteristic of the
adsorbate., This value does not change with the addition of

more adatoms. Thus:

1) = ; de(e)/de = 0 (4}
(1) = #, s(e)/ae|
The simplest polynomial expansion that satisfies Egs. (3-4}
ist
e(6) =g, + (#, - #,)G(6) (5)
a(e) =1~ 3e° + 207 (6)

The dipole barrier can be derived from the electronega-
tivity barrier, Indeed, a molecule consisting of two dissim-
ilar atoms of relative electronegativities x; and x,, exhibits
g dipole moment proportional to the difference of electronega-

tivities, (xl - xz)»(u)

Assuming that this is also applica-
ble to molecules formed between a site of a partially covered

surface and an adatom, the surface dipole moment is:
M(8) = M (x(8) = x.)/(x, - %) = M _G(68) (7)

where Mo is the dipole moment of & single substrate~adsorbate
molecule at zero coverage and X.s Xo the electronegativities
of the substrate and the adsorbate atoms, respectively, Eq.
(7) does not account for dipoie-dipole interactions. If

these are taken into consideration an effective dipole moment



(7)

results which is:
M (0) = M(8)/ (2 + 900, %6/%) (8)

where o is the polarizability of the substrate-adsorbate
molecules and Tp is the number of sites available for adatom
occupancy per unit substrate area to form a monolayer. Thus,

the dipole barrier is
a(e) = -4m6G(0)o M /(1 + 900, 267/ %) (9)

The dipole moment at zero coverage is evaluated by
assuming that the adatom is nested on four substrate atoms,
Using the proportionality between dipole moment and electro-
negativity and accounting for self-depolarization(g) it is
found that:

M, = 4k(xm-xf)cosﬁ/(1-la/33) (10}

cos8 = (1 -1/20 8%)/2 (11)

where k 1ls the constant of proportionality between dipole

moment and difference of electronegativities (k=1.15 x 10”18

esu-em),(u) O the apparent surface density of the substrate

and B the sum of the covalent radii of the substrate and the

adsorbate,

Combination of Egs. (2) through (10} yields:
B, - B.(0)/ (B, -8.) =08/ (8_ - Be) =
=1-Gw3[-

0.765 x 10-14%.90039
(1+a/B?) (1 + 00, 267/ 2)]
{(12)
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Note that the normalized variation of the work function
is independent of electronegativities and any arbitrarily
ad justable constants, It depends only on the lattlice para-
meters of the substrate and the adsorbate. It is also worth
noting that if ﬁe admits a minimum smaller than ﬁf, then
there is a value of 0< @< 1 for which ﬁev-:,@f0 This value
of & is independent of G(6) and it suggests that the derived
formuls is reiatively insensitive to the somewhat arbitrarily
chosen expansion for e(@). _

Figure 1 is a comparison of Eq. (12) with reported ex-
perimental data for Cs on W,(9) Other implications of Eq.

(12} are discussed in reference 1.

ATOM AND ION DESORPTION ENERGIES

The chemical nature of the surface bonds suggests that

the atom desorption energy, ﬁa, can be written as:

By = Hyy + Hy, (13)

where H,, 1s the ionic and H,, is the covalent contributiona(ujr
The computa%ion of the two contributions must be such that

at least threerconditions are satisfied. Pirst, Hy4 must
vanish for purely covalent bonds, Second, Hcc must vanish

for purely covalent bonds. Third, when material X is adsorbed
on bulk material X, Hcc must reduce to the heat of sublimation
of material X,

The ionic contribution Hii is assumed to arise from a



fractional chargs, P, of the adsorbate which 18 transferred

to the substrate, The value of Hii is calculated through the
following thought process. Pirst, an adsorbed perticle with
& fractional charge F is removed to infinity. This requires
an amount of energy ﬁzezfx where ¢ is the electromic chargs.
Hext, the fractional electronic charge P iz removed from the
surface to infinity, fThis requires am amount of energy

Eﬁae Pinally, the two charges are combined to produce & neu~
tral atom. This step requires an amount of energy szf@

where V, is the lonization potential of the adsorbate. Summa-

tion of all the energles of the thought process vields:
Hyy = P (1+8) ;&= Ple’/R-V,)/0, (14)

Eq, (14} satisfies the stipulated requirement for F=0,

The fractiomal charge iz related %o the surface dipole
‘moment but it is not uniquely definsble because it iz not
possible to ascertain whether dipole~dipole intersctions
and/or_self-depolarization correspond to charge transfer from
- the adsorbate to the substrate or ﬁote Assuming that dipole~
dipole interactions do not lead to charge transfer, it is
found that
0.422 (8, - 9,)G(8)
| B(1+a/B0)
where § and f; are in (ov) and B in &,

{15)

The covalent contribution Hcc arises from pairing of
rvalence charges, Thus, both the substrate and the adsorbate
contribute to the bond. The contribution of the substrate is
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taken oroportional to the heat of sublimation, ﬁég the square

. of ths angular strength, 323€4,10) and the velence charge,

m
Qs of the substrate. In other words the contribution of the

gubstrate is v!ﬂ; Sﬁ Qe Similarly the contribution of the
adsorbate is taken v‘ﬂ; S?{;qfo The simplest relationship
that combines these two contributions and guarantees the
necessary limiting requirements - K, wg; for m=f and Hcc =0

for Qp = 0 = ig thelr normalized geometrlic mean:

2l
_— gﬂjﬂs . usfsm . kqfqm ]1/2

ce f"m : . :

(87 +5,) (ap+q,)
The valence charge dependence can be further simplified by

(16}

the epproximate relationships
Qe = v-F : Q, = V+F {17}
where v is the largest number of valence electrons particips-

ting in the covalent bonrnd. Thus:
g 2 1/2
Boo = (Befip)™ “Sorlpy (18
Spm = 2/(Sp/S,45,/5,) 1 Qg a-F#»4 Y2 a9
The geometric mean of the heats of sublimation in Eq. {18)
is analogous to the expression derived for moleculsar bondso(h)
The factor sfm can be interpreted as the angular efficiency

and has been calculated for different adsorption systems in

reference 2., ¥The factor Qfm can be interpreted as a charge
efficliency.

The atom desorption energy is

8, = FB (1+8)+ (8,802 Q. (20)

Note that it depends explicitly on physical properties of the



materials of the adsorption system and it does not involve
any adjustable constants.

Figure 2 presents a comparison of theoretical and experi-
mental results.(g) Other comparisons are given in reference
2

The ion desorption energy, #_, is readily calculated

P
_from the simple energy balance equation:

B, = B, *V, - B, (21}
ATOM AND ION DESORPTION RATES

The atom and ion desorption rates are computed by means
of statistical mechanics.(ll3 The adsorbed one species
particles are assumed to have two degrees of translational
freedom parallel to and one degree of vibrational freedom
perpendicular to the surface. They are also assumed toc be
in eqjulibrium with the vaporthase. From the equality of
the chemical potentials it is found that:

Atom desorption rate: Eé==maofuexp(AS/k}exp(aﬁa/kT) (22)
Ion desorption rate: Ep==mpcfeexp{AS/k)exp(-ﬁp/kT) {(23)

where w; 1is the statistical weight of the ith species of

vapor particles, AS is the configuration entropy change given

by
S = Kin[(Ay/Ac)expodin(A,/ac)/00 | , (24)

T is the surface temperature, At is the total and A, is the
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free area for translation, v is the effective vibration fre-

quency given by
v o= vlexp(Qc}lnvl/c)G) . (25)

and vy is the vibration frequency.
The free area is estimated through a combined consider-

ation of the Van der Wasls and the cage models:

A, = a (1-0)%-0V% (26)

T
This estimate fails for 8 51 because then AS-—»@ , The rea-
son for this failure is that Eq. (24) does not account for

the buildup of the second layer before the completion of the

first., A discussion and computations on this subjsct are

given in reference (3).
The vibration frequency v, is derived by assuming that

(123

the surface molecules are harmonic oscillators. The agd-

sorbed particles of mass mf are negted on four substrate

particles each of mass m,. The reduced mass of the oscllla-

tor i=s

m= umfmm/(mf.-bmm} . (27)
its energy is @, and the amplitude of the oscillation is

BcosB. Thus:

m

121 m(I/ZHHCOSB)[ﬁa(mf-khmm)/szm }1/2 (28)
The desorption rates can also be written in the form

logB, = A, - 50500,/T ; A, =1log[s,o.0vexp(aS/K)|  (29)



long = Ap = 5050ﬂp/T : Ap=nlog{@pof8vexp(AS/k)] (30)

In this form rates are in (##/cmz-sec), energies are in
{ev) and temperature in (°K).
Figure 3 is a comparison of theory with experimental

results for the system cs—w.(93

GONCLUSIQNS

The physical chemispry approach to the problem of theo~
retical correlations for the work functlion, desorption energies
and desorption rates of intermetallic adsorption systems,
yields results that are in good agreement with experimental
data for €s on different substrétes as illustrated by Figures
1 through 3 and for other systems as discussed in references
(1-3),

The derived correlations can be combined with Richardson's
equation to establish electron emission S-curves fo& diff-
erent adsorption systems.(la) These curves are also in agree-
ment with experiment.

It is felt that the same approach will yield practical
results for the case of gages adsorbed on metals, This prob-

lem is currently under investigation.
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Figure 1

Theoretical curve and experimental data for the electron
work function of tungsten coated by cesium,
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Figure 2

Theoretical curve and experimental data for the atom
desorption energy from a tungsten surface coated by
cesium,
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Figure 3

Theoretical curve and experimental data for the desorp-‘
tion rate constant Aa for tungsten coated by cesium.
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