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IV—Characteristics of the Adsorption of Indium and Thallium

Atoms on Tungsten Oxide

By C. F. PowerLL anp R. L. MERCER

H. H. Wills Physical Laboratory, University 'of Bristol
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O s 1—INTRODUCTION

=~ _

= O The subject of the adsorption of atoms on surfaces is of considerable theoretical and
E 8 technical importance. A knowledge of the processes involved is essential, for example,

before we can understand many industrial applications which depend for their
success upon the catalytic activity of metallic oxides. It is of great advantage in
making experiments in this field if the adsorbed atoms or molecules can be detected
by electrical methods, and TavLor and LaneMuir* have shown recently that these
methods allow us to make an extremely accurate and detailed study of the adsorp-
tion of caesium atoms on a tungsten surface. -

The object of the experiments described in this paper was to examine the extent to
which the adsorption of atoms on the surface of a metallic oxide can be described in
terms similar to those developed by TayrLor and LaNeMmuir in their work with
metallic tungsten. There is a marked contrast between the behaviour of metal atoms
adsorbed (a) on the surface of a metal, and (b) on the surface of a dielectric like glass,
and this difference is to be associated with the difference in the electrical properties
of the two types of materials. The metallic oxides are generally semi-conductors and
we can form no a priori estimate of the characteristics of adsorbed films on their surface.
In previous work, no precise observations have been possible, largely on account of
technical difficulties.7{ Experiments were made on comparatively large masses of
oxide and it is very difficult to maintain a uniform temperature throughout such a
mass, to measure this temperature accurately and to change it quickly in the con-
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< ditions imposed by the experiment. Further, the capacity for adsorbed atoms of
S E such an aggregate of micro-crystals, the number of adsorbed atoms which can be
e f * ¢ Phys. Rev.,” vol. 44, p. 423 (1933).

= O T BREWER, ‘J. Chem. Phys.,” vol. 2, No. 3, p. 116.

O 1 PoweLL and BrATa, ¢ Proc. Roy. Soc. A, vol. 141, p. 463 (1933).
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102 C. F. POWELL AND R. L. MERCER

accommodated in a complete monomolecular layer over the whole of the available
surface, is inconveniently large and the results are complicated by the comparatively
slow process of diffusion of the adsorbed atoms over the surfaces throughout the
crystalline mass.

In the present experiments these difficulties have been largely overcome by using the
thin skin of oxide which forms on tungsten when it is heated in air. This oxide can
be heated by passing a current through the tungsten strip or filament on which it is
formed. In these conditions the temperature of the oxide is uniform, it can be
accurately measured and it can be quickly changed. The resulting “field > pre-
sented by the oxide for the adsorption of atoms is still  three dimensional,”* so that
diffusion of the adsorbed atoms to and from the outer surface, on to which the atoms
are deposited and from which emission takes place, is still an important feature of the
behaviour of the adsorbed atoms. The oxide is sufficiently thin, however, to ensure
that this factor does not introduce serious complications in interpreting the results,and
in some experiments the comparatively large capacity is an advantage.

In addition to their bearing on the general problems connected with the adsorption
of atoms on oxide catalysts the results are of interest in connexion with the problem
of producing thermionic sources of positive ions in high vacua. They also enable us
to extend to the metals indium and thallium the methods of measuring and detecting
beams of atoms which have hitherto been available only for the heavier alkalis.

2—TuE ExPERIMENTAL TUBE

The final form of the apparatus is shown diagrammatically in fig. 1. It consists
essentially of three coaxial, cylindrical electrodes, the outer ones acting as guard rings
to the central short one, and insulated from one another by the method shown in
detail in fig. 1c. A tungsten strip 1-3 mm wide and 0-07 mm thick runs down the
axis of the electrodes. This strip will in future be referred to as ‘ the filament.” The
position of the filament relative to the electrodes is defined by quartz bushes in discs
attached to the main frame supporting the electrodes. The filament is put in tension,
so that it maintains its position when hot, by means of a tungsten spring. The heating
current to the filament does not pass through this spring but reaches the filament
through a flexible copper lead.

The temperature of the filament is measured by a platinum and platinum-rhodium
thermocouple made up of No. 48 gauge wire. The ends of the two wires were welded
together into a small blob in the oxygen-coal gas flame and the junction was then spot
welded on to the centre of the filament. The thermocouple leads pass down the tube
through small glass tubes supported by the flanges of the guard rings and then out of

* We use this expression not in the sense that the adsorbed atoms can migrate into the crystal
lattice, but that the effective surface on which adsorption can take place is not confined to the outer-
most surface of the oxide immediately accessible to the bombarding stream, as with caesium on
tungsten, but extends to the underlying crystal surfaces throughout the micro-crystalliuve aggregate.


http://rsta.royalsocietypublishing.org/

A A

JA '\

/ y

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A A

1~

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 103

the end through ordinary glass seals ; see fig. 1a.  Although the tube is of Pyrex glass,
the gauge of the wire is so small that no difficulty was found in sealing the wire
directly through the glass to make a vacuum-tight joint.

The electrode system is mounted in a glass tube supported by a large ground joint
so that it can berotated in vacuum. Twoslits, diametrically opposite one another and
parallel to the axis of the tube, cut the central electrode and two thirds of the length
of the two guard ring electrodes. In addition, two slits, coplanar with the two in the
electrode system, are cut in the supporting glass tube so that when the ground joint
is suitably orientated, atoms from one or other of the two furnaces, fig. 15, can pass
through the slit system to bombard the filament. In fig. la the thermocouple lead

(a)

A

' Thermo-couple
Central electrode | 0O dring J

Spri - Fl t Q It b sh h .. Electrode lead
pring 1lamen B ) uartz u Waterdcooleg f
Supporting rod—_ N ground join
of main frame Distance
\ 3 ] , Metal rod Géass sleeve 5/ pieee

............... > | i I—

Detail of insulation and
support of main frame

cooling

Section at A B

() Fic. 1 (¢)

and its insulating tube together with the lead to one of the electrodes are drawn out
of section in order to show the method of mounting. Asshown in the diagram, they
would shield part of the filament from the bombarding stream of atoms.

The furnaces were made by turning pieces of molybdenum to the shape shown in
fig. 15. They are heated internally by tungsten spirals placed inside thin quartz
sleeves and the metals evaporate from the small cups in the top of the molybdenum.
The slits in the glass canopies over the furnaces allow fan-shaped beams of atoms to
pass through towards the filament. The general features of construction are
sufficiently obvious in the diagram to need no further description.

P2
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104 ‘ C. F. POWELL AND R. L. MERCER

‘The tungsten filament was made by thinning down from strip of about twice the
required thickness*. The usual method of thinning by dissolving off the surface in
molten sodium nitrite was found to be unsatisfactory and the strips were ground down
on a surface plate by means of a fine stone. By this means they could be prepared of
very uniform thickness and they were polished almost optically smooth.  Before being
mounted in the apparatus with the thermo-junction attached, they were aged for
several hours at about 2700° C. The oxidation of the tungsten was carried out by
heating in oxygen at a pressure of 3 mm of mercury for a few minutes. The tempera-
ture of the filament was gradually increased from 550° C uatil its colour, having
passed through a series of characteristic changes due to interference effects in the film
of oxide, reached a deep blue similar to that of tungsten wire as usually supplied by
the makers. On heating to a temperature of 700° C in vacuo the oxide changes in
colour to a reddish mauve. The film of oxide remains adherent to the underlying
metal surface in spite of being repeatedly heated and cooled, and it is stable for an
indefinite period in vacuum at temperatures below 780°C, and in air at room
temperature. We estimate the thickness of the oxide film so formed to be 10~* cm.

EXPERIMENTS WITH INDIUM

3—CALIBRATION OF THE ATOM STREAM

When pure indium metal is placed in the furnace and a given current is passed
through the heating element, the temperature gradually rises to an equilibrium value
and, with the ground joint suitably orientated, a constant stream of indium atoms
then passes through the defining slits on to the filament. If the filament is now
heated, positive ions leave it and a current passes to the collecting electrodes. In
these experiments we measure only the current to the central collector.  This positive
ion current reaches an equilibrium value in a time which depends on the temperature
of the filament and on the intensity of the bombarding stream of neutral atoms. The
intensity of the bombarding stream depends very critically on the orientation of the
tube, the positive ion current from the hot filament, in the steady state, being at a
maximum at a particular setting of the ground joint and falling to half value at two
degrees on either side of the optimum setting. The maximum current is sensibly
the same whichever of the two sides of the filament is presented to the bombarding
stream. In making experiments one of the settings corresponding to the maximum
positive ion emission is always used.

With a given intensity of the bombarding stream and provided that the temperature
of the filament is above a certain minimum, the equilibrium value of the positive ion
current is independent of the actual value of the filament temperature. For a clean

* It is of importance to use strip of pure tungsten. We obtained some tungsten strip which con-
tained impurities, probably silica which completely changed its oxidation properties from that
characteristic of pure tungsten. ~We obtained pure tungsten strip through the courtesy of the British
Thomson-Houston Company, of Rugby.
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ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 105

tungsten filament bombarded with caesium atoms, a similar relation has been
observed, the positive ion current being independent of the temperature of the fila-
ment provided that this temperature is above a certain minimum value. This fact
has been interpreted by LaNemuIrR and others as due to a dynamic equilibrium in
which the number of neutral atoms reaching the filament per second is balanced by
the number of positive ions leaving it.

In the present experiments, following LANGMUIR, let us suppose that the rate of
emission of positive ions, v, and of neutral atoms, v,, from the filament, depends only
on the temperature of the filament, T°A, and on the population of the atoms on
the oxide surface. Let us express this population as a fraction, 6, of the number of
atoms which could be accommodated on the surface in a complete mono-
molecular layer.

Then Vi ::f(ea T) s =14 (9, T)

In the equilibrium conditions which are set up when the filament, at a certain
temperature, is bombarded with a constant stream of atoms, .,

ay,:—_—v++v,, (1)

where « is the fraction of the atoms incident on the surface which is temporarily
adsorbed by it. The coeflicient of reflection of the surface for these atoms is then
equal to 1 — «. In general we must regard « as a function of both 6 and T.

In these ¢ equilibrium * experiments, if the temperature of the filament is decreased,
we must expect the rate of emission of both positive ions and neutral atoms to fall
temporarily. The rate of emission of atoms plus ions will then be smaller than the
rate of condensation of atoms and the population of the surface will rise until a new
equilibrium is set up. For caesium on tungsten, where the ‘field > on which adsorption
can occur is confined to the outermost surface of the metai*, the total capacity of the
surface is so small that the change from one state of equilibrium to another follows the
change in temperature very rapidly. Inthe present experiments this is no longer so ;
the capacity of the oxide is large enough to ensure, for example, that when the tempera-
ture is decreased, a time of the order of minutes is required before the population of the
surface rises to a value corresponding to the new equilibrium. This effect is shown
in fig. 2 in which the positive ion current to the central collection electrode is plotted
against the time. In obtaining these curves the heating current in the furnace was
maintained at a constant value. The temperature of the filament was kept constant
for several minutes and then suddenly changed to a new value, the time required for
the change in temperature to be completed being of the order of five seconds. At
point “ a” in fig. 2 the temperature was suddenly lowered from 765° C to 749° C.
‘The positive ion current falls very rapidly to the value characteristic of the new
temperature and the old equilibrium value of the surface concentration. We must
therefore, suppose that the rate of emission of ions plus atoms is now lower than the
rate of arrival of atoms so that the population of the surface rises, together with the
positive ion emission, until a new equilibrium concentration is attained in which

* Compare however Bosworth, ¢ Proc. Roy. Soc.,” A, vol. 150, p. 58 (1935).
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106 C. F. POWELL AND R. L. MERCER

the rate of emission of ions plus atoms is once more equal to the rate of condensation
of atoms. These results provide particularly direct evidence in support of the view
that the constancy of the equilibrium positive ion current is a consequence of a
dynamic equilibrium. Further, although the temperature range in the experiments
we have described and, as we show later, the range in the values of 0 involved, are
small, the results do suggest that every incident atom is adsorbed by the surface and
that none is reflected, i.e., that the coefficient « is equal to unity. Otherwise, we
must assume that the reflection coeflicient has a value, different from zero, which is
independent of the temperature of the surface and of the population of adsorbed atoms
on it. Subsequently we give additional evidence in support of the view that « is

w
=)

765C | 749C \« 765 C
|4

T
< 30
—— a r" o \—}e
- X 730C
[=IES]
£ 2 24
=1 St
:Ei
o
'ggls
7 g
=Ry o
08_. OC)L. A\KGQOC
n 12 ;
3 fol
Ay

(-3

0 3 6 9 12 15 18
Time in minutes

Fic. 2—One side only of filament bombarded with constant stream of atoms.

equal to unity and we show further that with the low surface concentrations which
occur when the filament temperature is sufficiently high the positive ion emission is
accompanied by only a small emission of neutral atoms.

Equation (1} thus reduces to
= Bv,, (2)
where § = \%_—E, 8 is a quantity nearly equal to unity, which we determine by a
+
method described subsequently. When the filament temperature is sufficiently high
the positive ion current gives, therefore, a measure of the number of atoms striking
the filament per second and condensing on it.
If, with a given intensity of the bombarding atom stream, the temperature of the

filament is suddenly reduced below a certain critical value, the change in the positive
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ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 107

ion current with time is of a different form from that previously described. At point
“e,” fig. 2, for example, the temperature of the filament was suddenly reduced from
749° C to 690° C.  The current falls rapidly as at point “a.”” Subsequently, it
rises, reaches a value, g, less than that corresponding to the intensity of the bombard-
ing stream, and again falls towards a new low equilibrium value. We defer analysis
of this result to §56, but we may note here that in using the positive ion emission as a
measure of the intensity of the bombarding stream it is necessary to ensure that the
temperature of the filament is so high that the equilibrium positive ion current from
it is independent of this temperature.

4—DETERMINATION OF THE QUANTITY P

Applying the results described in the last paragraph a known number of atoms can
be deposited on to the oxide by the following method. The furnace heating current
is adjusted to a convenient value and the filament is maintained at a sufficiently high
temperature to ensure that the positive ion current gives a measure of the intensity
of the bombarding stream. When the value of the bombarding stream has been
determined the filament is turned out of the stream and kept hot until the positive
ion current has fallen to zero showing that all adsorbed atoms have been re-emitted
from the oxide. The filament is then allowed to cool and the ground joint is rotated
so that the atoms once more bombard the filament at a known rate. When a certain
number of atoms have been deposited on the first face of the filament the ground joint
is rotated through 180°, the same number of atoms is deposited on to the reverse side
and the furnace is allowed to cool. By this method we must expect any element of
area presented by the oxide film in the neighbourhood of the central collecting
electrode to receive the same number of atoms per sq cm, although this population
density must fall off slowly as we move outwards from the centre into the guard ring
electrodes. When we speak of the number of atoms per sq cm, of oxide, we shall refer
to the number of atoms per sq cm deposited on the oxide in the region of the central
collecting electrode. 'This population density cannot be expressed numerically in
terms of the quantity 6 because, in contrast with the experiments with caesium on
tungsten, which could be interpreted by assuming that the metal presented an almost
perfectly uniform two dimensional field for adsorption, we shall show that the film
of oxide consists of an aggregate of very small crystals and the total area of the
“field ” for adsorption which they provide is unknown. -

When the deposition has been completed, for reasons given later, the filament is
raised for half an hour to a temperature about 200° C below that at which the
emission is to be studied. It is then raised to the desired emission temperature, a
field is applied tending to drag ions to the collectors, and the way in which the
resulting positive ion current varies with time is determined. In all the experiments
described in this paper the accelerating potential dragging ions from the filament to
the collecting electrodes has been maintained at 240 volts.
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108 ' C. F. POWELL AND R. L. MERCER

When a comparatively small number of atoms has been deposited on the filament,
say, less than 8 X 10™* per sq cm, the variation of the positive ion current with time
when the filament is suddenly raised to the emission temperature is of the form shown
in fig. 3, curve “a.” The current quickly rises to a maximum and subsequently
falls off exponentially. The area under this curve gives a measure of the number
of the adsorbed atoms which leave the filament as positive ions during the emission.
Let us assume that the total number of particles, atoms plus ions, leaving the filament
during this period is 8, times the number of positive ions. This number can be com-
pared with the number of atoms originally deposited on the filament which depends
on the quantity £ of equation (2). If the number of atoms deposited on the filament
is equated to the number of particles subsequently emitted it is found that 8 = 8,.

Let us assume that for a metal we can define a quantity ¢, the electronic work
function for the oxide surface when it is free from adsorbed atoms. The presence of

o
Ry
w0
e o
g5 8 FL
QB X
2 §~ (\\
2y af—
§=2 :
E© 1-67 mins
RIS )
& | '
R
g
g I
— 0 5 10 15 20

Time in minutes

Fic. 3—Indium 656° C. Positive ion emission at constant temperature following deposition of
a small number of atoms.

an adsorbed layer of atoms on the surface will give rise to an electrical double layer
which will change the electronic work function.*  With electro-positive atoms ¢ will
be reduced by the presence of the double layer. We may expect the ratio of the
positive ion to the neutral atom emission from the surface to vary with the electronic
work function according to the relation

Yo DT

Vi

=+ o
where I is the ionization potential of the adsorbed atoms in volts and the other signs

. . N\ . . .
have their usual significance. The quantity £ ( = V_t-i_—v—"> in equation (2) is therefore
A v+ ‘

equal to 1 + .

The value of § (= B,) can be determined experimentally in the following manner.
The same number of atoms was deposited on the filament as in the experiment which
gave the result illustrated in fig. 3a. After the deposition the filament was raised to
the same emission temperature as before, but with the electric field between the

* See GURNEY, ‘ Phys. Rev.,” vol. 47, p. 479 (1935).
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ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 109

filament and the electrodes reversed, so that no positive ions could leave the filament
and it was maintained in this condition for forty minutes. The field was then
reversed and the variation of resulting positive ion current with time was measured
as previously. The result is shown in fig. 3, curve ““ 5. It will be seen that during
the period of “ ageing ** with reversed field, when only neutral atoms could leave the
filament, the number of adsorbed atoms which were lost was equal to the number
leaving the filament in 1 min 40 sec, when both neutral atom and positive ion
emission was allowed to proceed. We deduce, therefore, that at these low concen-
trations of adsorbed atoms,

v, + v, =924 v, + v,

v, v

23

and that y = ¢~ @~ DT = (-.044. Taking the ionization potential of indium
to be 5-76 volts, this corresponds to a value of 6-13 volts for ¢, the electronic work
function of tungsten oxide.

For caesium on tungsten an adsorbed layer of 2-4 x 10" atoms per sq cm,
corresponding to 6 = 0-5, produces a change in the electronic work function of
2-7 volts. At 656° G with indium atoms on tungsten oxide, such a change in the
electronic work function would change the ratio of positive ion to neutral atom
emission by a factor of 10%. The experimental determination of £,/8 in the
present experiments shows that the quantity y does not increase by more than 50 9,
when the concentration of atoms on the surface increases from very low values
up to 3 X 10" persqcm. We may assume that the strength of the electrical double
layer produced by a film of indium atoms on a surface of tungsten oxide is of the
same order of magnitude as that of a layer of caesium atoms of the same concentration
on tungsten. We therefore conclude that the source must be regarded as composed
of small micro-crystals which offer a very large field for the adsorption of atoms.
The deposition of a given number of atoms on to the outer surface of the oxide, on
to the surface, that is, which is immediately accessible to the bombarding stream,
results in the production of very much smaller values of 6 than would occur if the
atoms were deposited on to a tungsten filament. We show subsequently that the
deposited atoms do not migrate over the crystal surfaces at room temperatures. At
higher temperatures, however, they move comparatively freely so that we must
expect them to migrate into the interior of the oxide film, from the surfaces into
which they are directly deposned, immediately the source is heated. Otherwise
we should observe very large losses of adsorbed atoms by evaporation as neutral
atoms in experiments of the type illustrated by fig. 3 (b).

+

5—VariaTioN oF Positive Ion EmissioN witH SURFACGE PoOPULATION 0

(a) General Features of the Emission—When the number of atoms deposited on the
oxide is increased the form of the emission curves showing the variation of the positive
ion current w1th time when the filament is subsequently heated is of an entirely

VOL. CCXXXV.—A Q
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110 C. F. POWELL AND R. L. MERCER

different character from that for small deposits shown in fig. 3. The results of
a series of experiments made with successively increasing deposits are shown in
fig. 4. It will be seen that the current starts at a certain value, which is smaller the
larger the deposit, rises steadily to a pronounced maximum and subsequently falls
abruptly. The peak in the positive ion current is sensibly constant whatever the value
of the number of atoms originally deposited. Measurements show, further, that the
proportion of atoms emitted as positive ions becomes progressively smaller as the
number of deposited atoms is increased, corresponding to a rapidly increasing rate of
evaporation of neutral atoms at high concentrations.

(6) Uniformity of phase over the emitting surface—In their work with caesium on
tungsten, TAvyLoR and LANeMUIR have observed a similar variation of the positive
ion current with time when, following the deposition of caesium atoms, a tungsten
filament is heated. In this type of non-equilibrium experiment, however, they show
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Fic. 4—Indium, 690° C. Positive ion emission following deposition of large numbers of atoms.
Numbers represent atoms deposited per sq cm X 107,

that when the concentration falls below a certain critical value, the adsorbed layer
breaks up into two phases, one dilute the other concentrated, and that the positive
ions come largely from narrow regions of intermediate concentration between the
two phases where the adsorbed atoms are migrating from the concentrated to the
dilute areas. The areas of low concentration are regarded as practically devoid of
atoms and the emission from them is negligible whilst the emission from the areas of
high concentration consists almost entirely of neutral atoms. In the present experi-
ments we show that in contrast with the behaviour of caesium on tungsten, the con-
centration of adsorbed atoms throughout the emitting surface is uniform at any stage
in the emission. This conclusion is based upon the following observations. A large
number of atoms was deposited on the filament and the heating current in the furnace
was maintained at a value such that with the tube suitably orientated a known stream
of atoms would bombard one side of the filament. Having started the positive ion
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ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 111

emission in the usual way, the filament was suddenly turned into the atom stream, five
minutes after the start of the run. The results are shown in fig. 5, the point at which
the atom stream was allowed to bombard the filament being denoted by the arrow
{ a. It will be seen that the positive ion current is reduced as a result of the bom-
bardment and that it rises again when the filament is turned out of the stream at the
point marked + b. The filament was again bombarded at a time after the positive
ion current had reached its maximum value and had commenced to fall, point ‘’,
fig. 5. In this case it will be seen that the positive ion current is very much increased
by the atom stream. This definitely proves that above a small value of the concen-
tration at which the positive ion current has a maximum value an increase in the
population of the surface atoms leads to a reduction in the positive ion current at a
given temperature. Further, we cannot assume that any patches of low concen-
tration are present on the surface, before the maximum in the positive ion current is
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Fic. 5—Effect of bombarding filament at different stages during the emission.

reached, for they would give rise to large positive ion emissions when bombarded by
neutral atoms.

Further and conclusive evidence for the uniformity of phase over the emitting
surface is provided by the results of observations of the kind illustrated in fig. 2.
In these experiments the temperature of the filament, bombarded by a constant
stream of neutral atoms, is suddenly reduced from a high temperature, where the
equilibrium concentration of atoms on the emitting surface is small, to one of the
standard temperatures used in taking the non-equilibrium emission curves. The
positive ion current falls, e—fin fig. 2, rises to a maximum, g, as the population of the
adsorbed atoms on the surface increases and subsequently falls towards a new
equilibrium value, g—£. We can compare the maximum in the positive ion current
at a given temperature in such an experiment with the maximum in the positive ion
current in the non-equilibrium emission curves at the same temperature such as those

Q2
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given'in fig. 4. The ratio of the two peak currents is found to be one to two to within
a few per cent. In the experiments in which the filament is being continuously
" bombarded by atoms we must expect the adsorbed atoms to be distributed in a
uniform phase over the emitting surface. The fact that in these experiments only
one side of the filament is being bombarded and that the peak current is one half
that obtained in the non-equilibrium experiments when both faces of the filament are
covered with adsorbed atoms shows quite definitely that in the non-equilibrium
experiments also the adsorbed layer does not split up into two phases as it does with
caesium on tungsten. In the results published by TAavLor and LANGMUIR, the
maximum positive ion current from a tungsten filament at a certain temperature
when the whole of the emitting surface is bombarded continuously by caesium atoms
is four times that observed when caesium is deposited and the filament is subsequently
heated to the same temperature.

The fact that the emission curves, fig. 4, all rise to the same peak value shows that the
thickness of the oxide is uniform to a high degree of accuracy, for otherwise we should
expect that as the emission proceeded, different elements of the surface, covering
different thicknesses of oxide, would reach the value of the surface concentration
corresponding to the maximum rate of positive ion emission per sq cm at different
times. In these circumstances, which actually arise if the oxidation is not carried
out in appropriate conditions, the peak in the positive ion current is found to be lower
and more diffuse the larger the number of atoms deposited on the filament. Since
the peak current in these experiments attains a constant value in experiments with
widely different numbers of deposited atoms we may assume that the concentration
of adsorbed atoms remains accurately uniform over the whole of the emitting surface
throughout the emission. At a given temperature a given positive ion current thus
corresponds to a given concentration of adsorbed atoms on the emitting surface.

6—MIGRATION OF ADSORBED ATOMS

'In an earlier form of the apparatus no provision was made for depositing the atoms
onto both sides of the filament. It was then found that following the deposition of
a standard number of atoms the variation of the positive ion current with time in the
subsequent emission curves could be very much changed by maintaining the filament
for different periods of time at the emission temperature but with reversed electric
field so that the emission of positive ions from the oxide was prevented. In fig 6, a
typical series of curves is drawn showing the change in the form of the emission curves
after varying periods of this ageing process. It was found that the number of
adsorbed atoms leaving the filament as positive ions, measured by the area under the
emission curves, was becoming progressively smaller as the ““ ageing ” period was
increased and this was attributed to the uncontrolled evaporation of neutral atoms
from the filament during the ageing. Experiments were therefore made in which
the ageing was carried out at a temperature about 200°C below the emission
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temperature. If we assume the change in the emission curves to be due to the
migration of atoms from the region of high concentrations, where they are deposited,
round to the unpopulated regions on the other side of the filament, then we may
expect to be able to allow this migration to proceed at temperatures low enough to
ensure that the evaporation of neutral atoms is negligible.* We may expect the
diffusion coefficient for any concentration of adsorbed atoms to vary less rapidly with
temperature than the rate of emission of neutral atoms or positive ions since the energy
required to enable an atom to hop from one to another of the available spaces on the
surface lattice of the crystals must be less than that required to enable it to leave the
surface completely. It was found that after ageing for a sufficiently long period at
the lower temperature the positive ion emission curve in the subsequent emission
experiment reached a constant form, which remained unaffected by further ageing
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F16. 6—Effect of ageing following deposition of atoms on one side of filament only.

and which was of exactly the same character as the curves shownin fig. 4. The forms
of the curves shown in fig. 6 can all be explained by assuming that by migration
different elements in the surface have achieved different concentrations of adsorbed
atoms and that when the emission proceeds they make contributions to the variation
of the positive ion current with time which is characteristic of their initial concentra-
tion. We thus have particularly direct evidence for the migration of the atoms over
the oxide surface. The object of the thirty minutes ageing at a low temperature
which is applied to the filament after making a deposition in the present experiments
is to make use of the migration of the atoms to ensure that their distribution
over the micro-crystals throughout the thickness of the oxide film is uniform.
Although very long periods are required to produce equilibrium when the atoms
have to diffuse distances of the order of one millimetre, the thickness of the oxide is

* Becker. ¢ Phys. Rev.,” vol. 43, p. 428 (1933).
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of the order of a thousandth part of this distance and equilibrium is attained in a
correspondingly shorter time.

7—THE CONDENSATION COEFFICIENT o

The experimental result obtained earlier in the paper and expressed by the
equation B = B, shows that the condensation coefficient « is constant from room
temperatures up to the highest temperatures employed in these experiments,
when the surface concentration is small. We use the migration of the adsorbed
atoms to show that it has the same value when the surface population is high, for the
emission curves from the surface corresponding to the deposition of a given fotal
number of atoms, as calculated on the assumption that « is constant, is the same
whether these are applied half to each side of the filament directly or whether all are
applied to one face and the filament is subsequently aged to an equilibrium distribu-
tion. The form of the emission curves also remains the same if the filament during the
deposition is maintained, with reversed field, at any temperature below that at which
neutral atom evaporation becomes appreciable. These results show that « is
independent of both 6 and T over a wide range of values and strongly suggest that it
is equal to unity. In what follows we shall assume that « is equal to unity under all
conditions existing in these experiments.

8—THE EvAPORATION OF NEUTRAL ATOMS

Using the results of the previous paragraphs it now becomes possible to make
determinations of the rate of evaporation of neutral atoms corresponding to different
concentrations of adsorbed atoms on the emitting surface. This determination is,
however, somewhat complicated at the higher temperatures by considerations which
can be understood by reference to the emission curves shown in fig. 4. Starting with
a uniform distribution of atoms over the crystal surfaces throughout the mass of the
oxide, we must assume that as the emission proceeds the concentration of atoms at the
emitting surface gradually falls with time, thus giving rise to the observed changes
in the positive ion current. Let us assume that at the emission temperature the rate
of diffusion is sufficiently rapid to ensure that the concentration of adsorbed atoms on
the crystal surfaces is uniform throughout the thickness of the oxide right up to the
actual emitting surface. The total number of atoms emitted from the oxide while
the concentration changes from a value 6,, at which the positive ion emission has the
value i,, to the value 6, at which the positive ion current equals 7,, will then equal
N (6, — 6,), where N is the total number of atoms which could be accommodated as a
complete monomolecular layer over the whole of the crystal surfaces, and this quantity
will be constant whatever the number of atoms on the oxide at the beginning of the
experiment. Similarly, the number of positive ions emitted during this same period
will be the same in different experiments. From fig. 4 it will be seen that this
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condition is not fulfilled in the actual experiments. The total number of positive ions
leaving the oxide when the positive ion current changes from one to another of two
given values is increased by about 509, in going from the experiment with the
smallest to that with the largest of the deposits. This result must be a consequence
of the rate of migration being too small to maintain a uniform phase throughout the
thickness of the oxide when atoms and ions are being emitted from the outermost
surface. When, therefore, in any experiment, the surface concentration has reached
a given value, the distribution of atoms over the surfaces throughout the interior of
the oxide depends upon the number of atoms originally deposited. It will be seen,
however, that the curves corresponding to a wide range of the heavier deposits are
closely similar. At lower temperatures this range increases to include the experi-
ments with low deposits and for these temperatures it is possible to determine the
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Fic. 7—Variation in total number of positive ions leaving filament with the total number of atoms
deposited. (a) Total number of particles emitted ; (4) Number of positive ions emitted.

neutral atom emission at different values of the surface concentration by the following
method.
A curve is plotted showing the total number of positive ions leaving the oxide as
a function of the number of atoms originally deposited on it. Such a curve is shown
in fig. 7 for the results given in fig. 4. At any point, P, in this curve a tangent is
drawn and the inclination of the tangent to the axis determined. If the inclination
Vet Ve
Vi
number of atoms deposited on it represented by the point P. The positive ion
emission corresponding to this number of adsorbed atoms can be determined
unambiguously from the experimental results and the neutral atom emission is then
defined by the relation v, = v, (cot & — 1).

is £ then we can write = cot &, in the condition that the filament has the
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The speed of migration varies with temperature less rapidly than the rate of
emission of atoms, and we have seen that at the higher temperatures we cannot
assume that the positive ion emission determines unambiguously the number of atoms
left on the oxide. At these temperatures the above method leads to an error in the
determination of the neutral atom emission. The method, however, gives an
approximation which has subsequently to be adjusted. The final curve for the
neutral atom emission corresponding to different positive ion emissions from the
surface must have such a form that it fulfils the following conditions. In any experi-
ment of the type represented by one of the curves in fig. 4, the variation in the neutral

vz /

SN 1/

&
7
S
N

7
N\

P T

Rate of emission in particles
per sq cm per sec X 10~
(54
[

0 1 2 3 4 5
Number of atoms per sq cm X 10715
Fic. 8—Indium 690° C. Variation of rate of emission of positive ions and neutral atoms with

surface concentration. (a) Total emission; (&) neutral atom emission; (¢) positive ion
emission.

atom emission with time is plotted by reference to the corresponding positive ion
curve. The curve showing the variation with time of the rate of emission of atoms
plus ions from the surface can then be drawn, and the area under this curve gives a
measure of the total number of particles leaving the filament during the emission. The
curve showing the variation of the neutral atom emission with surface concentration
must be such that this number is equal to the number of atoms originally deposited
on the filament, and this condition must be fulfilled for all the curves of a series at a
given temperature corresponding to different numbers of deposited atoms. = This
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gives a unique determination of the neutral atom emission accompanying any value
of the positive ion emission. '

In order to associate these values of the positive ion and neutral atom emission with
the concentration of atoms in the emitting surface to which they correspond, we assume
that at the beginning of any experiment, when the emission is started, the concentra-
tion of atoms over the crystal surfaces is sensibly constant throughout the whole mass
of the oxide. In fig. 8 a curve is drawn showing the initial positive ion current
following the deposition of various numbers of atoms on to the oxide, together with
the corresponding values of the neutral atom emission. The sum of these curves
gives the total rate of emission of atoms and ions, and it will be seen that this rate
rises rapidly with increasing surface concentration, falls to a minimum and again rises
sharply. Included in the figure is a curve showing the variation of log,, v, /v, with the
number of deposited atoms. It will be seen that the electronic work function varies
almost linearly with the surface concentration of adsorbed atoms in the range covered
in the present experiments.

9—ALTERNATIVE METHOD OF DETERMINING THE NEUTRAL AToM Emission

In another form of the apparatus the rate of emission of neutral atoms has been
determined directly by employing a second oxidized strip parallel to the axis of the
tube which intercepts a certain fraction of the atoms evaporating from the central
filament.

If at any moment, during the emission of positive ions and neutral atoms from the
main filament, the auxiliary strip is suddenly heated, the positive ion current to the
central collecting electrode will be increased. This increase will in general be made
up of two parts ; that due to the atoms which have accumulated on the auxiliary
strip, and that due to the continuous arrival of atoms on it. After the auxiliary strip
has been at a sufficiently high temperature for a short time the increased positive ion
current to which it gives rise will be due entirely to the bombarding neutral atoms.
The number of these atoms can therefore be determined by switching off the heating
current through the auxiliary strip and observing the resulting decrease in the positive
ion current to the central collector. If the temperature of the auxiliary strip has been
sufficiently high, the concentration of atoms on its surface will have been low, and the
positive ion current from it will give a measure of the neutral atoms reaching it.

An example of the application of this method to the determination of the rate of
evaporation of neutral atoms from the main filament is shown in fig. 9. At the
beginning of the experiment, from & to b, the emission proceeds normally with
the auxiliary strip cold. At point b, the main filament was allowed to cool, and the
auxiliary strip was heated to drive off the atoms which had accumulated during the
time a-b. With the auxiliary strip still hot, the main filament was again raised to
the standard emission temperature and the positive ion current, and its variation
with time was determined, b-c-d. 'The positive ion current is greatly increased by

VOL. CCXXXV.—A R
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the presence of the heated auxiliary strip. At the point d the auxiliary strip was
suddenly allowed to cool, and the positive ion current dropped to the value e. The
drop in the positive ion current d-¢ gives a measure of the number of neutral atoms
reaching the strip when the positive ion current from the main filament has the value
e-f, and the corresponding value of the neutral atom emission from the main strip can
be calculated. From results of this kind we can determine the variation in the neutral
atom emission from the main strip with the concentration of deposited atoms on the
oxide surface and the results are in agreement with those deduced by the previous
method. This second method can only be applied in conditions where the neutral

Cc
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Fi1c. 9—Increase in positive ion current due to presence of auxiliary filament.

atom evaporation from the filament is large compared with the rate of emission of
positive ions since the auxiliary strip only intercepts a small fraction, about one-
thirtieth, of the neutral atoms leaving the filament.

10—TwuEe Posttive Ion Work FunctIiOoN

The fact that the migration of the atoms is insufficient to maintain a uniform phase
throughout the whole of the oxide when emission is taking place from the surface
prevents the determination of the work function of the positive ions for a range of
values of the surface concentration. For suppose that, with a given number of atoms


http://rsta.royalsocietypublishing.org/

JA '\

Y |

A A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 119

on the surface the positive ion current is measured at a given temperature, on
lowering the temperature to a new value the positive ion current will change not only
as a consequence of the reduction in temperature of the oxide but because the
concentration of atoms at the actual emitting surfaces increases as a result of the
reduced rate of emission at the lower temperature. It was found that if measurements
were made with a given number of atoms deposited on the oxide then the values of
log v, plotted against 1/T, where T is the absolute temperature of the oxide, gave
points lying accurately on a straight line. The gradient of this line could not, how-
ever, be regarded as a measure of the positive ion work function, because similar
results in experiments with a wide range in the number of adsorbed atoms on the
oxide gave a series of lines, all with the same gradient. In the experiments in which
the variation of the positive ion current with time, following the deposition of atoms,
is measured, fig. 4, the increase in the positive ion current as the emission proceeds
can only be explained as a consequence of a decrease in the positive ion work function
with decreasing concentration. The parallelism of the log v,, 1/T curves must
therefore be regarded as fortuitous, and due to the interplay of the various factors
which together determine the emission.

If we assumé that at different temperatures the maximum in the positive ion
current corresponds to a given concentration of adsorbed atoms on the emitting
surface, an assumption which must be very nearly true, then we can determine the
value of the positive ion work function corresponding to this concentration. The
value so found is 1-20 volts.

11—VARIATION IN THE ToTAL RATE oF EMISSION FROM THE SURFACE WITH
CONCENTRATION OF ADSORBED ATOMS

The form of the variation of the total rate of emission of ions, plus atoms from the
surface, given in fig. 8, has similar characteristics to that given by TAvLor and
LaNeMUIR for caesium on tungsten. The emission rises to a maximum, falls to a
minimum, and again rises sharply. It was first pointed out by BECKER that such a
curve showed that either of two phases of the adsorbed layer, such as those repre-
sented by the points B and C, could be in stable equilibrium with a bombarding
stream of intensity represented by OA. In non-equilibrium experiments with caesium
on tungsten when the concentration of the adsorbed layer falls below a certain value
the layer does break up into two phases. Although in the present experiments the
depth of the minimum in the total emission curve is of a different order of magnitude
from that for caesium on tungsten, the curve is of the form which might lead to the
growth of two phases. The fact that the adsorbed atoms remain on the field in a
uniform phase must be due to the rate of diffusion being sufficiently rapid to prevent
the appearance of a dilute phase.

R2
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EXPERIMENTS WITH THALLIUM

12—v /v, FoR Low CONCENTRATIONS OF ADSORBED ATOMS

The methods developed for the investigation of the adsorption of indium atoms on
tungsten oxide have been extended to the metals thallium and gallium. The results
for thallium will be described briefly, emphasis being given only to those points where
there is a difference between the new results and those already described.

Experiments of the type illustrated for indium in fig. 3 ¢ and &, show that with
thallium the rate of emission of neutral atoms is no longer small compared with that
of positive ions even at very low concentrations of atoms where the electronic work
function of the surface must be almost identical with that for the clean surface.
The mean value of the quantity v, /v,at low concentrations, in a series of experiments
at a temperature of 656° C, was found to be 3-4. If we substitute these quantities in
the equation

o= (b = DefiT
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Fic. 10—Thallium. One face of filament bombarded with constant atom stream.

taking the ionization potential of thallium to be 6-08 volts, we deduce a value of ¢
equal to 6-25 volts, in fair agreement with the result in the experiments with indium.
The appreciable value of the neutral atom emission has an influence on the equili-
brium experiments of the type represented in fig. 2. With indium the positive ion
current is sensibly independent of the temperature over a wide range when the
filament is bombarded by a constant stream of neutral atoms. It is shown in fig. 10
that with thallium, if the temperature is sufficiently high, an increase in temperature
produces a decrease in the positive ion emission. This result is easily explained since
the ratio v_/(v, -+ v,) varies with the temperature. The ratio of the total to the
positive ion emission is equal to 1-4¢~ @~V Since the total emission is equal
to the constant bombarding stream in these experiments, and since v,/(v, + v,)
decreases with increasing temperature, we must expect v, to fall as T increases. The


http://rsta.royalsocietypublishing.org/

JA '\

Y |

A A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ON ADSORPTION OF INDIUM ATOMS ON TUNGSTEN OXIDE 121

actual fall observed is too small to enable an accurate value of ¢ to be calculated,
but it is equal to that expected from the previously determined value of ¢ to within
the limits of the experimental error.

13—VariaTioN oF Positive IoNn AND NEUTRAL ATOM EMISSION WITH SURFACE
CONCENTRATION

A series of experiments was made, similar to those with indium in which a known
number of atoms having been deposited on to the oxide the emission at a convenient
temperature was studied. The curves show the same general features as in the
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Fre. 11—Thallium 656° C. Variation of rate of emission of positive ions and neutral atoms with
surface concentration. (@) v, + v, ; () neutral atom emission v,, ; (¢) positive ion emission v .

experiments with indium, and as with indium, it was shown that the phase at the
emitting surface remained uniform throughout the emission. Fig. 11 shows the
variation of the positive ion and the neutral atom emission at various surface concen-
trations of adsorbed atoms calculated by the methods previously described. It will
be seen that with thallium the total emission increases steadily with increasing surface
concentration, so that there is no possibility of the adsorbed layer splitting up into
two phases. The variation of the electronic work function with the number of
deposited atoms is also shown in fig. 11. This curve can be compared with the
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corresponding curve for indium given in fig. 8. The results for the two metals shown
in these figures were obtained with the same oxide film, and they therefore enable us
to make a comparison between the dipole moment to be associated with a thallium
and with an indium atom at low concentrations on tungsten oxide. The mean of a
number of determinations of this ratio, thallium to indium, is 0-80.

14—EXPERIMENTS WITH GALLIUM

It has not been possible to extend the results obtained with thallium and indium
to include gallium. The gallium atoms are much more tightly bound to the surface
than indium or thallium. In order to obtain appreciable emissions of positive ions
and neutral atoms it becomes necessary to heat the oxide to high temperatures where
it starts to disintegrate, either by decomposition, or, more probably, by evaporation.
At the temperatures at which the oxide is stable, the emission is veryslow,and quite a
small deposit requires a time of the order of three days before the atoms are completely
re-emitted from the surface. If a deposit of gallium atoms is made the adsorption
properties of the surface for indium or thallium atoms are completely changed. We
may expect such a deposit to act as a catalytic poison. In a previous paper using
iron oxide instead of tungsten oxide, a similar effect was observed, and it was suggested
that in some instances catalytic poisoning may be regarded as due to the adsorption
by the active surfaces of any substance which cannot be removed from the surface
without heating to such a temperature that the catalyst itself is destroyed.

15—GENERAL REMARKS

Experiments have been made with a number of other oxides in an attempt to find
the most satisfactory substance to serve as a base for the production of thermionic
sources of positive ions. The ideal material for such a source would be a highly
refractive oxide with a large electronic work function. So far we have examined
nickel oxide, uranium oxide, iron oxide, and molybdenum oxide. The electronic
work functions of nickel oxide and uranium oxide are lower than that of tungsten
oxide, and only very small emissions of positive ions of the elements indium and
thallium can be obtained. Molybdenum oxide is unsatisfactory because it evaporates
at a low temperature. Iron oxide has an electronic work function very close to that
of tungsten oxide, and the limiting temperature at which it can be maintained for
long periods is of the same order as with tungsten oxide. Other oxides are being
examined.

Tungsten or iron oxide, especially in the form of thin uniform layers produced by
the oxidation of the metal in air, give very satisfactory “ fields ” on which to study
the migration of the surface atoms, and, in particular, the variation of the diffusion
coefficient with surface concentration. The comparatively large capacity of such a
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film enables one to work with much larger numbers of atoms than are adsorbed on a
single surface, and with indium and thallium the interpretation of the results is not
complicated by a tendency of the adsorbed layer to split into two phases. We may
point out here that in the present experiments the observed migration cannot be
explained as a movement of the atoms by evaporation from one crystal face to
another in the interior of the crystalline mass. For if such a process were of import-
ance then we should expect large losses of adsorbed atoms by evaporation from the
outermost surface, whereas, even in the experiments in which the atoms are deposited
on to one face of the oxide and migrate round to the back, the long * ageing ™ period
produces no measurable loss of the deposit.

We are much indebted to Professor A. M. Tynparr, F.R.S., for his interest
throughout the course of these investigations and for numerous discussions; and
to the Colston Research Society of the University of Bristol for a grant for the
purchase of apparatus. We are also indebted to the skill of Mr. J. H. Burrow
and Mr. H. F. TrRESsIDER in the construction of the apparatus.

16—SuMMARY

A method is described for producing thin stable films of the metallic oxides of
uniform thickness. The films can be heated uniformly, their temperature can
be determined accurately and changed quickly. With a film of tungsten oxide an
accurate and detailed study of the characteristics of the adsorption and emission of
indium and thallium atoms on the * field ” provided by the oxide has been made.
These characteristics are compared with those of caesium on tungsten, and the extent
to which the conceptions developed by TayLor and LANGMUIR can be applied to the
case of atoms adsorbed on the surface of a metallic oxide is examined.

It is shown that of the indium or thallium atoms striking the surface a constant
fraction is adsorbed, independent of the temperature of the surface and of the number
of atoms adsorbed on it over a wide range of values. This fraction is probably equal
to unity. '

When the heated surface of the oxide is bombarded with indium atoms, a
dynamic equilibrium is set up in which the number of atoms arriving at the hot
surface is balanced by the emission of positive ions and neutral atoms. The ratio
of the positive ion emission to that of neutral atoms enables a determination of the
electronic work function of the surface when free from adsorbed atoms, to be made.
The experiments with indium give the value 6-13 volts and with thallium 6-25 volts.

The variation of the positive ion, v, and neutral atom emission, v,, with surface
concentration of adsorbed atoms has been measured. The ratio v,/v, increases with
surface concentration corresponding to a linear decrease of the electronic work
function in the range of surface concentrations examined.

When a large number of atoms of the order of 10'" per sq cm are deposited on
the surface and the oxide is heated, the positive ion current starts from a low value,
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increases with time to a pronounced maximum, and subsequently falls rapidly to zero.
It is shown that the adsorbed layer remains in a uniform phase over the emitting
surface throughout the emission.

The necessary characteristics of an oxide required to serve as a base for thermionic
sources of positive ions is discussed, and the actual characteristics of a number of
oxides are described.
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