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SUMMARY

The concept of orbital electronegativity is
extended to metals coated by electronegative adsorb-
ates. Thus, each substrate atom on the coated sur-
face is characterized by a neutral electronegativity
which differs from that exhibited in the sbsence of
the adsorbate. The neutral electronegativity is
taken as linear function of the charge trahsfer a-
rising from absorbate-substrate interactions. The
amount of charge transferred is computed so that the
adsorbate-substrate bond energy is maximm, Pairing
of valence orbitals between neighboring adatoms is
neglected. The reason iz that, even at high coverage,
the average distance between adatoms is much larger
than the equilibrium distance characteristic of elec-
tronegative species in chemical combination.

Explicit relations are found for the work Puncs
tion and the deserption energy versus the degree of
surface coverage. These expressions involve well de-~
Tined properties of the adsorbate and subsirate mate-
rials. A comparative investigation of the adsorption
of different electronegative gases is presénted. This
investigation leads to two conclusioms which are of
rarticular Interest to the technolvgy of thermionic
energy conversion,

(a)} Oxygen =datoms are more tightly bonded

to a given substrate surface than are
any hilogen adatoms.

{(b) For the same density of adatoms on a
given surface, oxygen gives rise to a
higher work function change than does
flucrine.

JNTRODUCTION

The purpose of this paper is to present theo-
retical expressions for work functions of, and de-
sorption energies from metal surfaces coated by
electronegative adsorbates, if.e. oxygen and the
halogens.

In an earlier paper,1 work functions and
desorpbiocn energies of bimetallic adsorption
systems were described in terms of a chemical
view of bonds on the bimetallic surface. The
chemical description of surface bonds can be
applied, not only to bimetallic surfaces, but
also to other composite surfaces which exhibit
desorption enmergies of -chemlcal magnitude, i.e.,
~ lev. The desorption energies of electroneg-
ative adsorbates from metal surfaces are of this
order of magnitude. (Here, cnly the dissociative
adscrption of the diatomic electronegative gases
is considered.)

In this paper, the point of view advanced
in reference 1 is applied to composite surfaces
consisting of metals coated by electronegative
adsorbates. Specifically:

(&) the work function of the composite
surfdce is identified with the per-
turbed neutral (orbital) electroneg-
ativity of substrate, surface atoms;
and

{b) surface bonds are viewed as chemical,
and are assumed to arise from the
pairing of valence orbitals.

Explicit relations are derived for the work
function and the desorption energy versus the
degree of surface coverage. The relations in-
volve well defined properties of the adsorbate
and substrate materials.

The body of this paper is arranged as
follows, First, a chemical deseription of the
bonds on the composite surface is given. Then,
on the basis of this description, relations are
derived for the work function and the desorpticn
energy versus the degree of surface coverage.
Finally, a comparative investigation of the ad-
sorption of the gaéses is presented.
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BONDS ON A METAL SURFACE COATED BY AN
ELECTRONEGATIVE ADSORBATE

The bonds formed on a metal surface coated
by an electronegative adsorbate, denoted hereafter
as a G-8 surface, involve the pairing of valence
orbitals between adsorbate and substrate atoms.
Because the electronegativities of the pairing
crbitals differ, these bonds are polar and are
characterized by an amount of transferred charge,
F.

The pairing of valence orbitals between neigh-
boring atoms is negligible at all coverages of the
electronegative adsorbates. This is so, because
even at -high coverages, the average distance between
adatoms is much larger then thée equilibrium distance
characteristic of the electroneghtive species in
chemical combinations. TFor example, the average
distance between oxygen adatoms, agsumed to be ar-
ranged on a sguare array, 1s 3.16 A for a coverage
of 10'%#/cn (2 very high ccverage), while the
eguilibrium distance between oxygen atoms is 1.2 2
in molecular oxygen.

WORK FUNCTICN

The work function of a G-S surface is given
by the perturbed neutral electronegativity of sub-
strate atoms on the surface, This electronegativity
equals that of the bare substrate, surface atoms
plus the perturation introduced by bord formation.!
On the basis of the bond description presented
earlier this perturbation is interpreted as follows.

The charge transferred, ¥, assoclated with the
adsorbate-substrate bonds results in the formation
of & dipole double layer at the surface. The double
layer introduces an electrostatic potential which is
superimposed on the electrcnegativity of the bare
substrate, surface atoms. This potential is pro-
portional to F, It follows that the work functicn,
#, of a G-8 surface is given by the relation

=06, P , (1)

where $5 is the work function of the bare substrate,

and bF is the electrostatic potential of the dipole
double layer.

The coefficient b is given by the relationt

(o.9o5xlo"6)(vf}(ﬁ cosp) a8
b =

ev/electron, {2)
(10/87) (1309, 20/ 2)

where all quantities have the same meaning as in
reference 1. Notice that on G-3 surfaces negative
charge is transferred from the substrate to the
adsorbate.
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The number of bonding orbitals per adatom,
ve, is taken equal %o the valence number of the
electronegative adatom. Thus, V¢ equals two for
oxygen, and unity for fluorine or the other hal-
ogens. The bond length R is taken equal fo the
sum of the atomic radii®, im cm, of the adserbate
and the substrate. The adscrbate surface density,
op, at full coverage, &=1, is in atoms/cem® . The
polarizablility, o, in cn®, is taken as the sum of
the polarizabilities of the adsorbate and the
substrate. The individual polarizabilities are
computed by Eq. 12 of reference 1 using n=1 for
the elecironegative species.

The quentity cos B depends on the geometric
arrangement of the adscorbate on the substrate.
For most adsorption systems a good estimate of
cos B can be obtained by Eg. 13 of reference 1.
However, for adscrbates of small size on planes
of low surface density, e.g. oxygen on the (200)
plane of tubgsten, it is difficult to ascertain
the geometric arrangement of the adsorbate on
the substrate. For such situations cos 8 1s
estimated by assuming that the electronegative
adscrbate rests on @ hypethetical plane which
is tangent to the subsurface atoms of the sub-
strate, Por example, this geometric arrange-
ment is shown schematically in Fig. 1 for oxygen
on the (100) plane of tungsten. In this figure
all atoms are represented by hard spheres with
radii equal to thelr ¥espective atomic radii.

Tt is emphasized that this method of estimating
cos P is arbitrary. The only justification is
that it proves expedient in a comparative in-
vestigation of the electronegative adsorbates
which is presented later. :

To compute the amount of charge transferred
per bonding orbital of an adatom the adsorbate-
substrate bond energy, D, is maximized with re-
spect to F. For the electronegative adsorbates
the energy D is given by the relatiom'

D = Do(l-Fz/eE)l/E + (Ei%_ﬁ - ¢SS> F—-DlFE/Ee , (3)

where use has been made of the relations

I + 4 :
05 - —E_E_—i (see reference L) ,° (&)

§
D, = I =& + I, — A, —2ke/R (5)
(see reference 1) ,
D, is the.energy of a pufely covalent adsorbate-
substrate bond, e 1s the charge of the electron,

k is a coefficient which accounts for electro-
static repulsion between bonding crbitals, R 1is

e



the bond length, and I; and for i=f or s are
the ionization potential and the slectron affinity
of the unperturbed wvalence orbitals, respectively.
Note that the quantity (I+A)/2 is the neutral -
electronegativity4 of & valence orhital.

The purely covalent bond ener , D

ps 18 com-
puted by the approximate expression

D, = -23: [%5 + D(G—G)J , (6)

where hAg is the heat of sublimation of the substrate
and D(G-G) is the single bond emergy of the electro-
negative gas molecule. The form of this spproximate
expression for the energy of a purely covalent
electronegative adsorbate-substrate bond differs
from that of the approximate expression, adopted

in reference 1, for the energy of a purely covalent
metallic adsorbate-substrite bond. Both forms

have been used in mélecular physics®’? for the
energy of a purely covalent hetercatomic bond.
Presently there is no way of deciding which is

more appropriate.

The energy D is maximized with respect %o F
when

an
ﬁ =0 s (T)
or, after some elementary algebra, when
(I, + a2 - ¢
£ f 8
F/e ) (8)

T (m/) (/YR L,

Equation 8 can be solved for F provided that
the values of the quantities Ty, Ay and Dy (Eq. 5)
are known for the system under consideration.
Spectroscopically derived vaiumes of the ionization
potentials and electron affinities of oxygen and
the halogens are given in reference 8. Using these
values for I and Ap, the quantity Dy is estimated
by method,(bg of reference 1%, namely by taking

k = _—f =

s s 1.3 .

1, I

(9)

cl¢s and ¢, =

In summary, the work function of a -5 surface
is given by the relation

¢=¢S+b3‘ 5

*It is peinted cut that this method, i. e.
Eq. 9, for estimating the value of D, proved to
be quite useful for the systems considered in
reference 1. '

where
(0.905x10 °) (v )(® cos 8) 0,8
 (140/R) (2e500, V29 7)

ev/electron,

and
(If'+.AT)/2 - ¢s
T (/) (=-F /Y2 D,

Hote that at € = 0, b = 0 and ¢ equals the bare

substrate work fumction, ¢_.

DESORPTION ENERCY

The'desorption energy, Ez, of electronegative
adatoms from & G-8 surface is simply the bond

energy, D, ftimes the rumber of bonds, vg. There-
fore, EdJ is given by the relation
Eg =vgDd {10)

where

D=

A
%I’__gﬁ N D(G-G)J (15" /22 -

I+ A .
+<_f2 f—¢s>F-DlE2/2e ,

and F satisfies Eq. 8.

RESULTS
A number of investigators® W2 have measured
work functions and descrption energies of G-8
adsorpticn systems. However, these investigators
do not report surface coverages, and therefore, a
detailed comparison between the experimental data
and the expressicns derived here cannot be made,
For this réason, the derived relations are used
in a comparative investigation of the electroneg-
ative adsorbates.

Work functions and desorption energies versus
degree of surface coverage have been computed for
the adsorption system 0-W(100), i.e., oxygen on
the (100) plane of tungsten, F-W(100), C1-w(100),
Br-w{100), and I-W{100). The results sre presented
in Figs. 2 and 3, and in Table 2. For the cal-
culations, the following numerical data are used;
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(a) The adsorbate properties are given in
Teble 1, and the substrate properties
are ¢, = 4.60 ev,* A, = 8.68 ev,?
rt = 1.354,% end o = 4.068%.1

(b} The quantity Dy (Eq. 5} was calculated
using the tabulated wvalues of If and Af
(see Table 1), and Eg. 9.

(e} The adsorbate surface density, 0p, at
full coverage, 9=1, was taken as
10' %4/ cnf for each system, This value
corresponds to a l:l ratio of atems to
substrate atoms cn the (100) plane of
tungsten. This choice of Op is some-
what arbitrary, but it is reasonable
for a comparative study.

(d) The quantity cos B was computed by Eg.
13T of reference 1 for the adsorbates
ehlorine, bromine end iodine, For the
adsorbates oxygen and flucrine, the
alternate proceedure described earlier
was used to estimate cos B.

The figures include the computed values of cos B,
Dy, and Dq.

Plots of the work function of tungsten versus
oxygen and fluorine coverage are shown in Fig. 2.
It is seen from this figure that for a given degree
of coverage, oxygen adsorption results in a work
function increase which is about twice as large as
that which results from fluorine adsorption. The
reason for this is that =ach oxygen adatom forms
twe adsorbate-substrate bonds while each fluorine
adatom forms only cne adscrbate-substrate bond.
Thus, aithough the neutral electronegativity, i.e.
(I+Ay2,of a fluorine valence orbital exceeds that
of an oxygen valence orbital, {see column five of
Table 1) the effective dipole moment per oxygen
adatom exceeds that per fluworine adatom. This
cbservation is consistent with the recent experi-
ments of Lisb and Kitrilakis.'?

The estimated increase of work function of

the oxygenated tungsten (I70Q) plane is sbout 1.15 ev.

It is noted that the experiments of Engelmaier and
Stickney9 indicate that oxygen adsorption on the
(100) plane of tungsten increases the work function
by at least 0.8 ewv.

Plots of the work function of tungsten covered

by the different halogens are shown in Fig. 3. It
is seen from this figure that althcough the neutral
electronegativities of the valience orbitals of the
halogens decrease in the order

F2>Cl2>Br2>I

o {see column five of Table 1) ,

* .
This guantity is the atomic radius of the
substrate.

fIn this calculation the substrate surface
density, O_, is 10 .
of the {100) plane of tungsten.

S#/cn®, i.e., the surface density

the effectiveness of the halogens in Increasing
the. work function of tungsten is in the reverse
order, namely

>
jé>Br2>012 F2 .

The reason is that . the atomic radii and the quantity
R cos B {see Eg. 2) decrease in the order

IE>Br2>Clz>Fé

Regarding desorption energies, it is noted
that since the amount of charge transferred ¥
(Bg. B) is independent of coverage, these energies
{Eq. 10) are also independent of coverage. A%
presgent, there are not sufficient experimental
data to test the validity of this resuvlt., However,
the experiments of Zingerman and Ishchuk'? did
show that the desorption energy of oxygen adatoms
from the (110) plane of tungsten is independent of
coverage in the range 0.1=6<0.9.

Bstimated desorption energies of adatoms for
different G-8 systems are presented in Table 2.
The following observations can be made with regard
to these energies.

{(a) The estimated desorption energy of
oxygen is considerably higher than that
of any halcgen. The reason is that each
oxygen adatom forms two adsorbate-sub-
strate bonds, while each halogen adatom
forms only one adsorbate-substrate bond.
Experimentally, it is also found that
the desorption energy of oxygen from
tungsten is significantly higher than
that of either chlorine or fluorine from
tungsten.® 1+

(b) The crystallographic orientation of the
surface does affect the value of the
estimated desorption energy, ¢.g. By for
the O-W(100) system is 0.8 ev higher
than E4 for the 0-W(110) system. Formally,
this is due to the difference of neutral
electronegativities, i.e. work functiocms,
of the two planes.

{c) The estimated desorption energies of
halogen adatoms decrease in the order

> = .
F2 Cl2 Br2>Cl2

This i» the same order as that of the
neutral electronegativities of the
valence orbitals.
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Finally, it is pointed out that it is difficult
to determine experimentally whether electronegative
adatoms desorb as atoms or as molecules. Equation
10 gives the desorpticn energy for atoms. The de-
sorption energy for molecules is simply twice Eg,
Eq. 10, minus the energy of dissociation of the
electronegative gas molecule. The expressions dee
rived here may be helpful in determining the form
of the desorbed species. For example, if the
variation of the work function with surface cover-
age, and the gecmetric arrangemernt of the adsorbate
on the substrate are known experimentally, the
quantity D, can be fixed. With this value of Dy,
the desorption energies for atoms or molecules can
be computed by means of Fg. 10. The computed values
can then be compared with the experimental value of
the desorption energy. The relative magnitudes of
the computed and experimental desorption energies
may indicate whether the adatoms desorb as atoms
or &s molecules.

CONCLUDING REMARKS

A chemical view of bonds on surfaces, and the
concept of orbital €lectronegativity have been used
to derive relations for work functions, and de-
sorption energies versus degree of surface cover-
age, of any G-8 adsorption system. These expressions
have been used for a comparative study of the elec-
tronegative adsorbates, i.e. Os, F,, ete,, on the{too)
plane of tungsten. Although the estimated work
functions and desorpticn eneérgies reported in this
study represent approximate values, they lead fo
two general conclusions which are of particuler
interest to the techneclogy of thermionic energy
conversion.

(a) Oxygen adatoms are more tighily berded
to a given substrate surface than are
any halogen adatoms.

(b) For the same density of adatoms on a

given surface, oxyger gives rise tc a

higher work function than does fluorine.

REFERENCES

1. E. P. Gyftopoulos and D. Steiner, Report on ETth
Annual Conference on Physical Electronics,
Cambridge, Massachusetts, 1967, pp. 169-187.

2. J. C. 8later, Introduction to Chemical Physics,
(MeGraw-Hill Beck Co., Inc., New York, 1G63)
paperback edition, pp. 132, 133, and 452,

3. J. C. Slater, Quantum Theory of Mclecules and
Sclids, Vol. 2 (McGraw-Hill Book Co., Inc.,
New York, 1965) p. 103.

L. D. sSteiner and E. P. Gyftopoulos, Report on ETth
Annual Conference on Physical Electromics,
Cambridge, Massachusetts, 1967, pp. 160-158.

5.

13.

ik,

i5.

- 145 -

D. 0. Hayward and B. M. Trapnell, Chemisd tion;
{Butterworth and Co., Washington, T. C. 192!15
2nd edition, p. 202,

R. Ferreira, J. Phys. Chem. 68, 22ko (196L).

G. Klopman, J. Am. Chem. Soc. 86, 450 (1964).
J. E. Tiheey, J. Phys. Chem. 69, 3884 (1965).
W. Engelmajer and R. E. Sticknéy, Report on

the 268 Ammual Conference Physical Electronics,
Cambridge, Massachusetts, 1966, p. 260.

M. Silver and R. 8. Witte, J. Chem. Physics
38, 812 (1963).

D. Lieb and S. S. Kitrilakis, Proc. Therm.
Conv. Spec. Conf., Houston, Texas, 1966,
r. 3%0. . :

Y. P, Zingerman and V. A. Ishchuk, Soviet FPhys.
Solid State 8, Te8 (1966).

Jd. A. Becker, So0lid Btate Physics - Advanced
Research =nd Applications, Vol. 7, 1958,
pp. 379-L2k, :

I. Langmuir and D, §. Villars, J. Am. Chem.
Soc. 53, LB6 (1066).

L. W. Swanson, R. W. Strayer and F. M.
Charponnier, Report on the 24°" fnnual Con-
ference on Physical Electironics, Cambridge,
Massachusetts, 1964, p. 220. .



Table 1

Flectronegative Adsorbate Properties Used in Theoretical Calculations

Tonization Potential, I°

Nurber of Atomic® : e Blectron Affinity, Af Single Bond”
Adsorbate Bonding Radiys, POlaél?igj)'llty’ - Energy

Orbitals, v, géﬁ) f Ip+hs (ev)* IR (ev) D(G-a) (ev)

2

Oxygen 2 0.6 - 0.216 9. 653 15.27%% 1.52
Fluorine 1 . 0.5 0.125 12.18 17.36 1.56
Chlorine 1 1.00 1.00 9.38 11.30 2.48
Bromine. 1 1.15 1.52 8.40 9.ko 1.97
Todine 1 1.ko 2.7k 8.10 G.15 1.5k

*
This gquentity is the neutral slectronegativity of an adsorbate wvalence orbital.

These values correspond to the p orbital icnization potentials and electron affinities.

Table 2

Estimated Desorption Energies

System Eq {ev)
0-W(100) £.08
0-W{110) 5.25%
F-w(100C) L.hg

) £1-W(100) - 3.53
Br-w(100) 2.9h
I-W(100) 2.45

3

In this calculation, the work
function, ¢, is taken equal fo
5.3 ev,
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CXYGEN ADATOM

HYPOTHETICAL
PLANE TANGENT
TO SUBSURFACE
ATOMS

TUNGSTEN

SUBSURFACE

ATOM

Figure 1. Schematic showing hypothetical geometric arrangement of an oxygen
adatom on the {100) plane of turgsteén.
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Figure 2. Theoretical work funciion, ¢, versus coverage, 8, for 0-W{100) and
F-W(100) systems.
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Figure 3. Theoretical work function, ¢, versus coverage, 9, for F-W(100},
C1-W(100), Br-w(100) and I-W{100) systems.
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VACUUM WORK FUNCTION OF OSMIUM¥

J.M. Houston
General Flectric Research and Development Center
Schenectady, New York

SUMMARY

The thermionic electron emission
from three 0s balls was measured in high
vacuum using a novel spherical geometry.
The average zero-field Richardson con-
stants were determined to be A, = 120 %
40 amp/cm?°KZ, ¢, = 5,24 £ 0.05 e.v.
Extensive flashing at 2600°K did not alter
the emission. A few measurements were
also made on Ir samples, some of which
showed low-¢ contamirants not removed by
a 3-min. flash at 2565°K.

Introduction

Prior to the present measurements
three widely-differing values for the
vacuum work function of Os existed, any
one of which could have been correct.
Houston and Dederickl had measured the
thermionic emission of an Os-plated W
filament, both in vacuum (¢ &= 5.16 e.v.)
and in Cs vapor. The emissjon in Cs
vapor lay between that of Ir and Re
indicating (according to the Rasor-Warner
model4) a vacuum work function between
that of Ir (5.3 e.v.) and Re (4.9 e.v.).
Then Wilson3 published a value for the
vacuum work function of Os of 4.83 e.v.,
using a sample that had been flashed to
only 1680°K. Next, Zalm and vanStratum
briefly described a photoelectric
determination of the vacuum work function
of Os, which yielded ¢ = 5.93 e.v. How-
ever, they gave no details on sample
cleanliness.

The present research was undertaken
to obtain a definitive value for the
vacuum work functiom of Os. A problem
immediately arose, however, in that Os
cannot be fabricated in filamentary form,
which is the geometry usually used in
measurements of thermionic work function.
One could, of course, have eléctroplated
Os onto a W filament, but then the same
questions about possible interdiffusion
or plating-bath contamination can be
raised, which would leave the matter not
definitely resolved.

Therefore, it was decided to make
the measurements using a novel technique*¥
in which the emitting sample has the
geometry of a hanging drop. Such a sample
geometry can be produced by electron
bombarding an Os rod in high vacuum until
its lower end melts. Upon freezing, the
‘droplet” is found to have a nearly-
spherical shape with a smooth shiny sur-
face. Figure 1 is a photograph of Os
ball #1 (average diam. = 3.00 mm) which
was produced on the end of a sintered rod
of Os. The balls are usually composed of
a small number of crystals. After exten-
sive heating (below the melting point)
the grain boundaries become faintly visi-
ble because of thermal etching. A few
grain boundaries are visible in Fig. 1,
as well as a reflection of the camera lens
used to take the picture.

The next problem was how to heat the
ball to high temperature and yet measure
the electron emission from a well-defined
emitting area. A technique was devised

~in which the ball was placed in a hemi-~

spherical ancde (essentially at ground
potential) and run at a poteriial com-
posed of a D.C. plus an A.C. voltage.
During most of a c¢ycle the ball was
heated by electron bombardment from an
adjacent filament. During the remainder
of the cycle, the electrie field reversed,
and emitted electrons were then acceler-
ated from the ball to the anode. By
electrically isolating part of the anode,
the emission from a well-defined emitting
area could be measured with an

oscilloscope.

This technique has several advan-
tages: (1) Many metals cannot be heated
to a very high temperature in filamentary
form because of low tensile strength at
high temperatures. This is not & limit

**A similar technique has been used by
H.F. Webster of this laboratory to
measure the thermionic emission of
molten Mo and Re. This work is not
yet published.

*Sponsored by the Air Force Cambridge Research Laboratories, Office of Aerospace

Research, under Contract AF 19(628)-4339,
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