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Films of platinum, gold, and their alloys were prepared by vapor deposition of
the metals—either simultaneously or successively—and subsequent sintering under
ultrahigh vacuum. The photoelectric emission of these films was investigated and it
was found that equilibrated alloys of compositions within the miscibility gap of the
Pt-Au phase diagram possessed identical work functions. This agrees with the ex-
pectation, based on thermodynamic and diffusion data, that the gold-rich alloy should
envelop crystallites of the coexisting Pt-rich alloy. The work function of the gold-
rich alloy is lower than that of gold or that of platinum.

These results are completely analogous to those found previously for the Cu-Ni
system. The previously predicted dependence of surface composition on the sur-
rounding gas atmosphere has been experimentally verified.

Carbon monoxide causes an enrichment of the platinum in the surface. This
process takes several days at room temperature and may be reversed by pumping

off the carbon monoxide at elevated temperature.

INTRODUCTION

In previous work ({-4) it was shown that
the surface composition of clean copper—
nickel alloy films, prepared by evaporation
of the metals under ultrahigh vacuum fol-
lowed by sintering at 200°C, is constant
and independent of the bulk composition
within the limits of the miscibility gap of
this system. For these films the photoelec-
tric work function (1), the catalytic ae-
tivity for certain test reactions (4, §) and
the chemisorption of hydrogen per unit of
surface area (4) were found to be constant.
These results were interpreted in terms of
a model based on thermodynamic (6, 7)
and diffusion data (8, 9). The model as-
sumes that after sintering the films are
built up of crystallites, each of which con-
sists of a kernel of a nickel-rich alloy en-
veloped by a mantle of a copper-rich alloy.
The formation of this peculiar arrangement
is a consequence of two essential properties
of the copper—nickel system:

1. It possesses a miscibility gap.

2. The diffusion rate of one metal (i.e.,
copper) is significantly greater than that
of the other.

The predictions of this model were re-
cently confirmed for granular copper—
nickel alloys by Cadenhead and Wagner
(10). As the model makes use of simple
physical laws, one should also be able to
predict the surface composition and hence
also the chemisorption behavior of related
alloy systems. In this respect the platinum-—
gold system appears almost ideal for check-
ing the basic principles used. The platinum—
gold system is known to possess a wide
miscibility gap (11, 12) for temperatures
below 1258°C as follows from the phase
diagram shown in Fig. 1. The system also
satisfies the second condition, the diffusion
of gold being considerably faster than that
of platinum. The Kirkendall effect in Au-Pt
alloys was proved and studied by Bolk
(18, 14).

Although equilibration might be ex-
tremely slow for bulk alloys, the results ob-
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Fig. 1. The phase diagram for gold-platinum
alloys.

tained with the copper-nickel system
showed that for thin films, prepared under
ultrahigh vacuum, equilibration is possible
at moderate temperatures. It may, there-
fore, be expected that for platinum-gold
films a surface of constant Pt/Au ratio in
the film will be obtained for all alloys with
compositions within the miseibility gap.
Moreover, we expect that the Pt/Au ratio
in the surface should be that of the stable
gold-rich alloy at the left-hand edges of the
miscibility gap.

In the present article work is described
to check these principles. For this purpose
platinum—gold alloy films were prepared
under ultrahigh vacuum by various tech-
niques including successive and simultane-
ous vacuum deposition of the two metals
followed by sintering. The films obtained
were then studied by using them as
cathodes in photoelectron emission. In this
way each alloy was characterized by its
work function ¢. A second parameter de-
rived from the same measurements is the
emission constant M.

Besides the main purpose of checking the
two-phase model, for equilibrated films,
three additional phenomena are of interest
in the present work:

a. For the Cu-Ni system it has been
found that the work function is lower for
the alloys than both for copper and for
nickel. As the present theory of the metallic
state does not permit any predietion for
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the work function of alloys, it appears of
interest to explore by experiment whether
the work functions of the equilibrated plati-
num-gold films exhibit a similar minimum.

b. In the Cu-Ni work it appeared pos-
sible to “titrate” the surface composition
by chemisorption of a gas which is selective
for nickel. We thought it worthwhile, there-
fore, to study the change in work function
of platinum-gold films caused by chemi-
sorption of carbon monoxide. This gas is
known to be chemisorbed rather strongly
by platinum, its heat of adsorption being
at least 30 keal/mole (15, 16), but not by
gold, at room temperature.

¢. The composition of any alloy surface
in thermodynamic equilibrium should, in
principle, be dependent upon the surround-
ing atmosphere. The energy of a Pt/Au-CO
system would be lowered by enriching the
surface with Pt-atoms which can form
strong chemisorption bonds with CO mole-
cules. A dependence of the surface composi-
tion on the contacting atmosphere has re-
peatedly been postulated for alloys (2, 17),
but has never been confirmed experi-
mentally. The Cu/Ni-CO system proved
to be unsuitable for this purpose because
of the formation of gaseous nickel tetra-
carbonyl on the nickel parts of the cell and
the decomposition of this compound on the
alloy surfaces causes such a drastic change
in the surface composition that a possible
simultaneous slow diffusion of metal atoms
to the surface cannot be observed. In this
respect the Pt/Au-CO system provides
much better prospects.

2. EXPERIMENTAL METHODS

a. The phototubes

Two types of phototubes have been used.
The first one, based on the principle of the
phototube used for the copper-nickel sys-
tem (1) is shown in Fig. 2. In this tube
(I), successive evaporation of the metals
is carried out; whereas in the other photo-
tube (II) (shown in Fig. 4) simultaneous
evaporation of both metals is also possible.
The first phototube consists of a Pyrex
housing (1) having a diameter of 50 mm.
Through one end, two elongated parallel
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Fic. 2. Phototube, type 1.

tungsten rods (2) are fused. A polished
Pyrex photocathode (3) sliding over these
rods on four small tubes is provided with a
glass-clad iron bar in order to make mag-
netic operation possible from the exterior.
The surface of the cathode, to be coated
with the alloy films, is in electrical con-
tact with the tungsten rods through fused
platinum rods and spirally wound polished
platinum wire embedded in the inner sur-
face of the slide tubes. The cathode sur-
face is provided with two slots (4) having
a width of 1 mm and a depth of 1-2 mm,
in order to separate film segments from
each other (see Fig. 3). These slots prevent
lateral diffusion of metal atoms across
metal or alloy surfaces between film seg-
ments. The anode of the phototube consists
of a tungsten rod (5) carrying a small
platinum wire (6) embedded at a suitable
position in the interior of the phototube.
The tungsten rod is surrounded by a double
quartz-to-Pyrex transition in order to en-

sure the extreme insulation required for
reliable measurements of photocurrents in
the range of 10-13-10-*° A. Gold evaporated
from the source (7) forms the anode screen
in contact with the platinum wire (6) in
the upper section of the phototube. A
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Fic. 3. Details of the photocathode of tute I.
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plane parallel quartz window (8) is ar-
ranged parallel to the photocathode. The
two metal sources (9, 10) are situated on
either side of the quartz window with a
glass screen (11) to shield part of the cath-
ode during evaporation of one metal. In
this way the pure metals are obtained on
the terminal zones and a concentration
gradient is obtained in the alloys in in-
termediate positions. A screen (12) pro-
tects the quartz window from evaporated
gold from source (7). Two screens (13, 14)
are placed at the terminals of the tungsten
rods (2). Screen (13) serves as a support
for the rods, while screen (14) protects the
anode and cathode outputs from internal
shorting due to the presence of a condensed
metal film.

Phototube (II), shown in Fig. 4, used
for simultaneous evaporation, consists of a
Dewar type tube (1) terminating in a
polished cathode (2) provided with similar
current-transporting platinum rods (3)
fused within the glass and connected to a
cathode lead (4). Magnetically movable
shutters (5, 6) protect the terminal zones
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of the cathode which are reserved for the
deposition of the pure metals. The anode
(7) resembles that of tube (I). The anode
metal film in contact with the embedded
platinum wire (7) is formed during evapo-
ration of the two metals to be studied. In
tube (II) the sequence: gold-alloys—plati-
num was formed as follows:

1. A small proportion, roughly 10%, of
the first metal, [e.g., (8)] is evaporated
with shutter (6) in the open position and
shutter (5) eclosed, i.e., pressed flatly onto
the cathode.

2. Subsequently, a similar proportion of
the other metal (9) is evaporated with the
shutter (5) in the open position and shutter
(6) closed.

3. Finally, both shutters are closed and
the remainder of both metals is evaporated
simultaneously. Unfortunately, no slots
could be incorporated because of the danger
of implosions. (The slot then acts as a notch
for rupturing of the cathode, when the tube
is evacuated.) Therefore, the whole evapo-
ration process is carried out while cooling
the cathode with liquid nitrogen in order

Fic. 4. Phototube, type I1.
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to prevent the pure metals to become con-
taminated by premature lateral diffusion.
The films in the phototube could be sin-
tered by heating only the cathode by means
of a small furnace (not shown) which was
pressed against the rear side of the cathode,
so that only that part of the phototube
was heated during sintering.

b. Metal Deposition

The phototube is connected to an ultra-
high vacuum system evacuated by Edwards
rotary and oil diffusion pumps and a
Varian Vac-Ion pump. Ultrahigh vacuum
is attained by several bakeouts each lasting
about 15 hours, at a temperature between
400° and 450°C. Metals are evaporated
only when the residual gas pressure is be-
low 3.10%° Torr. Before depositing a film
on the photocathode a small proportion of
each metal is evaporated while the cathode
is shielded completely behind screen (11)
(Fig. 1). By means of this preevaporation,
volatile impurities are removed so that
during subsequent cvaporation the pres-
sure will remain below 5107 Torr.
With gold, it proved diffieult to maintain
a pressure in the range of 10° Torr, dur-
ing evaporation. This metal was therefore
pretreated before bakeout by heating it
above its melting point in hydrogen at a
pressure of 5-10 Torr. This treatment
greatly improved the vacuum during the
subsequent, deposition of gold.

Both metals were evaporated from speci-
ally shaped tungsten filaments, spot-
welded to tungsten rods. Due to the shape
of the filaments, resembling a recurring
hairpin, relatively large amounts of plati-
num could be evaporated without blowing
of the filament. Moreover, this special
shape had the advantage that very uniform
evaporation was achieved in a predictable
way. The filaments were always reduced in
a hydrogen atmosphere. After the first
bakecout-run, the supporting tungsten rods
of the filaments were degassed by a high-
frequeney induction heating until a steady-
state pressure below 10-® Torr was recorded.
In phototube (I) the ecathode was not
cooled during film deposition. Due to the
heat of radiation from the evaporation
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sources the local cathode temperature
varied between 100 and 200°C depending
on the place and the temperature of the
source.

In phototube (II) the cathode was
always cooled with liquid nitrogen during
condensation of the bimetal films.

c. Analysis of the Bulk Composition

The composition pattern on the photo-
cathode was determined by two independ-
ent methods:

1. By weighing the filaments before and
after evaporation and calculating the dis-
tribution of platinum and gold over the
cathode from the geometry of the system.

2. By neutron activation analysis. For
this purpose, the alloy film strips of in-
terest were dissolved in a small amount of
aqua regia prepared from p.a. acids. The
solutions were absorbed in ultraclean fil-
tration paper obtained by elution with
0.1 N HCI during 20 hr, followed by elution
with conductowater during 40 hr, and dry-
ing. The analyses were carried out at the
Reactor Institute of the Technical Uni-
versity of Delft¥. The results of both
analytical methods agreed within 5% and
were averaged. The removal of the strips
of the film from the Pyrex substrate gave
rise to the largest errors. We estimated the
accuracy of the reported bulk values at
about *=38 at. %.

The bulk alloy composition of the cath-
ode was also investigated by X-ray dif-
fraction®* in reflection.

d. Determination of the Work Function
and the Emission Constant

Light from an air-cooled, high-pressure
mercury lamp passing through a Bausch &
Lomb grating monochromator was focused
via a mirror system onto either the desired
location on the photocathode or on a cali-
brated tantalum reference tube. The photo-

*The authors are indebted to Professor P. J.
Houtman and his co-workers for the analysis of
the photocathode.

** The authors are very grateful to the con-
tribution of Dr. G. C. Verschoor with regard to
these measurements.
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current obtained, was amplified by an
EIL. vibrating reed electrometer, type
51A. The phototubes were coated with a
grounded “Aquadag” layer to protect them
against external electromagnetic stray
fields. Residual fields penetrating to the
cathode limited the lower value of reliable
measurements of photocurrents to 10-'* A.
According to the theory of Fowler, the
photoelectric yield I in electrons emitted
per photon is related to the frequency v of
the light by

V7LD
I=MT {6 + 5
e 2 g3z
‘(‘““?Jfg—z“ )} M

where M is the emission constant expressed
in electrons photon degree2, T is the ab-
solute temperature and =z :%=
E-9

k ’
E = hv, the energy per photon, both ex-
pressed in electron volts. For z>1 or
» > vo, (1) becomes to a good approxi-
mation:

where ¢ is the work function and

_ M(E — ¢)*
7 @

By plotting I'/? against the energy E of
the light one obtains ¢ from the intercept
on the abscissa and (M /2k?)Y/% as the slope

I
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of the straight line. In most instances, the
work functions could be evaluated with an
accuracy within +0.005 eV and the emis-
sion constants could be determined with an
accuracy of about 1.10-*? electrons photon!
deg2.

The photoelectric yield I is obtained
from the recordings of the photocurrents
at each frequency by the equation.

I=2 1, (3)
1Ta
where 1, is the photocurrent of the unknown
metal or alloy, ir. is the photocurrent of
the calibrated tantalum reference tube and
Iy, is the photoelectric yield of this refer-
ence tube in electrons per photon. Our
tantalum tube had been calibrated in the
Institut flir Physikalische Chemie of the
Technische Hochschule, Hannover (W.-
Germany) against the standard cells used
by Professor Suhrmann, Professor Wedler
and their collaborators, to whom we are
indebted for providing this opportunity of
creating a common standard reference.

3. REsSuLTS

The results are deseribed in terms of four
typical experiments, viz:

I. gold on top of platinum;

II. platinum on top of gold;

III. films prepared by simultaneous
deposition of both metals; and

Mio™
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Fig. 5. The work functions (lower curves), and emission constants (upper curves) of a film prepared by
evaporating gold on top of platinum (Expt. I): O, fresh films; A, film sintered at 200°C.
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1V. chemisorption of carbon monoxide
on alloy films.

Expt. I. Gold on top of platinum.
The freshly deposited bimetal films were
investigated immediately after evaporation
and again after sintering at 200°C during
16 hr. The results are summarized in Table
1 and plotted in Fig. 5. For the fresh films,

TABLE 1
Expr. I. Gop oN Top oF PLATINUM

]l’[fresh
X 1012
(electrons/
Pt Piresh photon
{at. %)  (eV) X deg?)  sintered Mintered

0 5.36 10.1 5.40 6.8
11 5.36 10.3 5.37 6.5
17 5.36 10.1 5.37 6.7
26 5.36 9.9 5.37 6.7
36 5.36 10.2 5.39 6.7
47 5.36 10.4 5.40 7.5
60 5.36 11.4 5.40 8.1
72 5.38 13.7 5.40 10.6
80 5.40 14.0 5.39 10.0
87 5.43 13.7 .43 8.7
92 5.45 13.7 5.4 9.5
95 5.45 13.7 5.44 9.5
100 5.70 25.1 5.72 28 .2

prior to sintering, a gold-like character is
detected throughout almost the entire range
of alloy compositions. The work funetion
deviates from the gold valuc only in the
region very rich in platinum. After sinter-
ing at 200°C, the work function of gold
has increased to 5.40 eV while most of the
other values have increased slightly. It
may be significant that the work functions
of some intermediate compositions is now
below those of the pure sintered metals.
The increase in work function due to sin-
tering of the pure metals is a common
phenomenon for most metals, usually ex-
plained by assuming that unstable crystal
planes and lattice faults disappear from
the surface. The increase in work function
of some platinum-gold segments can be ex-
plained by the same phenomenon of crys-
tallographic ordering and/or to some degree
by diffusion of platinum atoms from deeper
layers to the surface of the film. Although
it is very difficult to derive reliable and
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easily understandable information {rom
emission constants, which depend on many
factors (penetration depths of the photons,
escape depth of the electrons, absorption
and reflection coefficients, surface area of
the film, number and character of disloca-
tion, ete.), the conclusion may be drawn
that incomplete equilibration of the film
has occurred.

In order to study the effects of lateral
diffusion, the work function of Pt was mea-
sured in the immediate vicinity of the slot
both before and after sintering. While the
value, before sintering, was the same on
both edges, that of the film in contiguous
contact with the composite film showed a
lower value after sintering. This is a fair
indication for lateral diffusion of gold
across the platinum surface. This phe-
nomenon was not detected at the pure gold
edge of the cathode. These data suggest
that gold diffuses rather easily across the
platinum surface, whereas platinum diffu-
sion is not detected. This difference in sur-
face diffusion rates is not surprising; data
reported by Bolk (13, 14):also show en-
hanced diffusion rates for gold in the bulk.

Expt. II. Platinum on top of gold. The
results of this experiment are compiled in
Table 2 and plotted in Fig. 6. Again a

TABLE 2
Expr. II. Pratinum oNn Top or Goup

A’Ifresh
X 1012
(electrons/
Pt Diresh photon
(at'- (%)) (eV) X degz) ¢sin‘bered Msintered
0 5.38 6.7 5.38 6.5
12 5.36 14.0 5.34 15.0
19 5.39 14.2 — —
28 5.42 14 .4 5.38 12.5
39 5.41 12.1 5.38 11.7
52 5.40 12.0 5.38 11.7
65 H.42 13.3 5.40 14.4
74 5.49 18.1 5.45 18.8
84 5.60 23.8 5.563 24.6
90 5.70 28.7 5.58 27.1
93 5.75 29.2 5.64 30.0
100 5.70 27 .4 5.73 23.6

rather gold-like character is detected at the
gold-rich side of the alloy system, but the
work function rises sharply from about 60
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Fia. 6. The work functions (lower curves), and emission constants (upper curves) of a film prepared by
evaporating platinum on top of gold (Expt. IT): O, fresh films; A, film sintered at 200°C.

at. % of platinum to pure platinum, with
an intermediate maximum at about 95 at.
% of platinum. A shallow minimum at
about 12 at. % Pt appears prior to sinter-
ing. Sintering at 200°C causes effects
markedly different from those observed in
Expt. I. The work functions of all alloy
compositions now decrease. The work func-
tion of gold remains unchanged and that of
platinum increases.

The constancy of the work function of
gold upon sintering in Expt. IT can be
understood as in this case the gold film was
exposed to the high heat of radiation dur-
ing the subsequent deposition of the plati-
num film. Therefore, the gold film in the
“fresh” state is in fact already presintered.
Also the fact that the measured value of
the nonsintered film at 12 at. % lies below
those of pure gold and platinum suggests
that some equilibration of the film has been
effected, most probably due to the higher
heat of radiation during deposition of the
second metal, as compared with Expt. I.
The observed decrease in work function of
the alloys upon sintering in Expt. II is in
agreement with our expectation. From the
different rates of diffusion it is clear that
diffusion from deeper layers of gold (Expt.
11) should be faster than that of platinum
(Expt. I). The emission constant shows
hardly any dependence upon the alloy
composition. Sintering at 200°C did not
change the emission constant of gold sub-

stantially because platinum was evaporated
last in contrast to Expt. I. The emission
constant of platinum after sintering is even
lower than before, again in contrast to
Expt. L

Expt. III. Simultaneously deposited
metals. After our preliminary experiments
in phototube (I), Expts. III were carried
out in phototube (II). In this tube the al-
loy films were prepared by simultaneous
deposition on a cathode cooled by liquid
nitrogen. Immediately after deposition of
the alloy film, the cathode was heated at
room temperature and the spectral dis-
tribution curve was measured. The work
functions calculated from them are given as
¢rresn 1N Table 3. Subsequently, the film was
equilibrated by heating the cathode at
300°C. The method of simultaneous evapo-
ration has the advantage that the gold and
platinum atoms are brought into the vicin-
ity of each other. This does not necessarily
imply that a metastable solid solution with
random distribution of the atoms is formed,
as will be explained in part 4. But for those
compositions outside the miscibility gap
where a solid solution is stable, it may be
expected that this solution is formed in situ
by the present technique and that it will
remain almost unaltered.

In Fig. 7 a rather pronounced minimum
occurs at the gold-rich side at about 20
at. % Pt, whereas all other values lie on
a gradually increasing line from gold to



WORK FUNCTION OF Au-Pt ALLovs 135
TABLE 3
Expr. III. SiMULTANEOUSLY EvaPoraTED Pt-Au ALLovs; TuE Work FuNcrions
After CO-admission
Pt (B.t %) d’lresh (ev) ¢sintered A B C D E F

0 5.41 5.38 5.39 5.40 5.41 5.42 5.43 5.37
15 5.42 5.34 5.35 — — 5.41 5.43 5.35
20 5.35 5.34 5.35 5.37 5.37 5.41 5.43 5.35
25 5.36 5.34 5.34 — — 5.40 5.44 5.35
31 5.37 5.34 5.35 5.37 5.38 5.42 5.45 5.34
40 5.38 5.34 5.35 — 5.39 5.42 5.45 5.35
51 5.41 5.34 5.35 5.38 5.39 5.43 5.45 5.35
59 5.44 5.34 5.36 5.38 — 5.45 5.48 5.34
66 5.48 5.35 5.37 5.39 5.42 5.47 5.49 5.34
73 5.52 5.35 5.38 — — 5.49 5.50 5.34
79 5.56 5.36 5.39 5.42 5.45 H.50 5.51 5.35
84 5.59 5.37 5.41 — 5.46 5.52 5.52 5.36
88 5.58 5.38 5.43 5.45 5.48 5.51 5.53 5.34
100 5.64 5.72 5.75 5.75 5.75 5.75 5.75 5.73

¢ Legend: A = after 1 day under 107510~ Torr CO at ambient temperature; B = after 2 days under 105
10~ Torr CO at ambient temperature; C = after 4 days under 10-5-10~* Torr CO at ambient temperature;
D = after 16 hr under 10~°~10~% Torr CO at 100°C; E = after 80 hr under 10-*-10~¢ Torr CO at 100°C; and
F = after pumping and heating at 300°C during 16 hr.

platinum. A small dip in the curve at 90
at. % Pt might indicate the wn situ presence
of an appreciable amount of the stable,
platinum-rich composition in the surface
area irradiated by the light beam. After
sintering at 300°C during 2 hr the work
functions of the alloys appear to be lo-
cated on a plateau having a value of 5.34-
5.37 eV for a bulk composition from 10 to

$rev

90 at. % Pt. It is noteworthy that the al-
loys now possess work functions lower than
that of either pure metal and that the
value of the plateau coincides with the
value of the minimum at 20 at. % Pt of
the fresh film.

Expt. IV. Chemisorption of carbon mon-
oxide. After equilibration of the film of
Expt. IIT earbon monoxide was admitted

30

20 40

60 80
Composition (at.% Pt.)

100

Fic. 7. The work functions (lower curves), and emission constants (upper curves) of a film prepared by
simultaneous deposition of the metals (Expt. III): O, fresh films; A, film after sintering at 300°C.
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Fig. 8. The work functions of an equilibrated
alloy film after treatments with CO (Expt. IV): O,
film sintered at 300°C; A, after 16-hr exposure to
10~ Torr CO at 20°C; [, after 40-hr exposure to
10~ Torr CO at 20°C; V, after 90-hr exposure to
10~ Torr CO at 20°C; O, after 16-hr exposure to
10~¢ Torr CO at 100°C; @, after 80-hr exposure to
10~ Torr CO at 100°C.

for reasons given in the Introduetion. The
results shown in Table 3 and Fig. 8 were
as follows: Immediately after admission
of CO, no appreciable change of the work
funetion of gold and the alloys was ob-
served, while ¢p. was raised by about 0.03
eV. Upon maintaining the film under a pres-
sure of about 10-°-10* Torr CO during 1,
2, and 4 days, respectively, the work fune-
tion of all alloys slowly increased. After 1
day this increase was observed in the plati-
num-rich region only. During subsequent
days, the work funection increase also pene-
trated to the more gold-rich part of the
film,

Obviously, a slow diffusion process is
responsible for this phenomenon. This con-
clusion was confirmed by inecreasing the
temperature to a value which favors the
rate of diffusion in the solid state substan-
tially, without breaking the Pt-CO bonds
(18, 19). Figure 8 shows that a considerable
increase of the work functions was caused
by a treatment at 100°C during compara-
tively short periods of time. The change of
the emission constants differs markedly
from former experiments (Fig. 9). As the
major proportion of carbon monoxide is

BOUWMAN AND SACHTLER

30

o] 20 40 60 80 100
Composition (at % Pt )

Fr16. 9. The emission constants of an equilibrated
alloy film affer treatments with CO (expt. IV): A,
film sintered at 300°C; O, after 90-hr exposure to
10~ Torr CO at 20°C; [, after 80-hr exposure to
10=* Torr CO at 100°C.

desorbed from platinum at 300°C (18, 19),
one may expect that upon heating at 300°C
and pumping, the original plateau would
be regained. This expectation was indeed
confirmed by the results shown in Table
2 and Fig. 10.

4. DiscussioN

From Expts. I and II it became clear
that the interdiffusion of gold and platinum
is much slower than that of copper and
nickel. This is in agreement with diffusion
data from Jost (20). From the well-known
relation for the diffusion coefficient D :

D = D, eQET

wherein D, = 1.24 X 10-® em?/sec and the
activation energy of diffusion @ = 39.0
keal/g-atom, as reported for the diffusion
of platinum in gold between 740 and 986°C,
it was calculated by using Fick’s law that
the average displacement of platinum
atoms per hour will be of the order of 14
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Fig. 10. Re-equilibration of the CO-treated alloy
film (Expt. IV): O, final stage of CO-treatment; A,
after pumping at 300°C.

at 200°C and of the order of 10 & at 300°C.
The changes in the work functions of Expt.
IT are more pronounced than in Expt. 1.
This is in agreement with the fact that the
diffusion of gold into platinum is a faster
process than in the reverse direction. The
findings with respect to lateral diffusion of
gold over platinum support this conclusion.
The partial minima occurring at the gold-
rich side for Expts. I and II are ascribed
to the fast formation of a gold-rich alloy
while the neighboring segments are still
far from equilibrium. A further argument
for this explanation is provided by results
of Expt. I1I: in Fig. 7, the partial minimum
for the film deposited simultaneously at
liquid nitrogen, and subsequently sintered
at room temperature, lies at about the same
level as the plateau of the alloys equili-
brated after sintering at 300°C. It seems,
therefore, that the sintered films of Expts.
I and II were far from equilibrium, while
the sintered film of Expt. III was
equilibrated.

The maximum shown in Figs. 6 and 7 is
not representative for all measurements.
The peculiar values found near the edges
of the photocathode, especially at the plati-
num-rich side, however, always disappeared
after sintering. It seems plausible to as-
sume that premature sintering of segments
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near the platinum source might cause a
local maximum of the work function.

The results from Expt. III are in agree-
ment with our stated expectation: The Pt—
Au system behaves in a manner analogous
to the Ni-Cu system. The kinetic energy
of the impinging metal atoms in combin-
ation with the lattice energy liberated by
each condensing atom and the heat of radi-
ation emitted from the evaporation sources
will enable the growing film to acquire an
atomic arrangement which is somewhere in
between the metastable state of a random
distribution and the thermodynamically
stable state of two coexisting alloys of dif-
ferent composition. We visualize that sepa-
rate clusters of gold-rich and platinum-rich
nuclei are formed. The gradually increasing
work function from gold-rich alloys up to
Pt-rich alloys may be explained by repre-
senting a surface containing both platinum
and gold in about the same proportions as
represented on the abseissa. During sinter-
ing an accelerated interdiffusion of the
clusters takes place by relatively rapid
surface diffusion, migration along the
boundaries of neighboring ecrystallites and
by the relatively slow volume diffusion.
Gold having the highest mobility, the
lowest surface tension and in relation to
platinum, a pronounced Kirkendall effect
will diffuse rapidly over the platinum clus-
ters by surface diffusion and grain bound-
ary diffusion.

Our lateral diffusion data are in agree-
ment with this assumption. After and to
some extent during the surface migration
of gold, the composite clusters consisting
a platinum kernel and a gold skin, will
equilibrate by volume diffusion. This pro-
cess comes to an end after formation of
the stable gold-rich or platinum-rich alloys.
For those compositions where the phase
diagram predicts only one single phase rich
in platinum, an enrichment of the surface
with gold is still possible because in this
way the surface energy may be lowered.
This follows from the values of the surface
tensions which are for gold and platinum
754 (21) and 1885 (22) dynes/cm respec-
tively (measured at their respective melt-
ing points).
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Adsorbed carbon monoxide raises the
work function of platinum by 0.03 eV. This
result is at variance with the contact po-
tential values of Dorgelo and Sachtler (23)
(40.23 eV), the field emission data of
Rootsaert et al. (15) (4-0.68 eV) and the
field emission data of Lewis and Gomer
(18) (404 eV). However, our photoelec-
tric results on pure platinum, which will be
described more extensively (24), are in
reasonable agreement with the static capac-
itor data of Heyne and Tompkins (25) who
reported a change of the surface potential
of 0 = 0.01 eV on polyerystalline platinum
films.

This small effect of CO on the work
function of platinum severely limits the
usefulness of CO for chemisorptive titration
of platinum-containing gold surfaces. The
result that the work function of our alloys
was found unchanged within the experi-
mental error (=0.005 eV for a single
Fowler plot) after short exposure to car-
bon monoxide gas therefore permits only
the semiquantitative expectation that the
platinum content of these surfaces must
have been less than about 17 at. %.

The slow phenomena observed after ex-
posure to CO for extended periods of time
are, however, remarkable; these may be
summarized as follows:

1. The work function slowly increases
over a period of days. The highest rate of
increase is observed at the most platinum-
rich side of the plateau.

2. The emission constants of the alloy
change gradually with time (for the sake
of clarity, only three curves are shown in
Fig. 9).

3. Upon heating at a moderately high
temperature (100°C) the effects described
in (1) and (2) are accelerated and
completed.

4. After heating at 300°C while pumping
off the carbon monoxide, the work function
of the alloys return almost exactly to their
original values and the shape of the emis-
sion constant curve changes to its original
shape and almost to its original position
(Fig. 10). We interpret these phenomena by
assuming that in the presence of CO gas,
the alloy surfaces become slowly enriched
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with platinum, as predicted in the Intro-
duction. Even the shape of the curves in
Fig. 8 can be explained in this way. In the
platinum-rich region on the photocathode,
the crystallites consist of a rather thick
platinum-rich kernel surrounded by a thin
gold-rich skin, whereas the crystallites in
the gold-rich region comprise relatively
thick gold-rich jackets around a minor
platinum-rich kernel. The path of diffusion,
therefore, for Pt-atoms from the kernel to
the surface is shorter for the platinum-rich
film segments than for the gold-rich side.
As soon as a Pt-atom has arrived at the
surface a new bond is formed with an im-
pinging CO-molecule preventing diffusion
of this Pt-atom back into the interior. It is
obvious that the diffusion process will be
faster at higher temperature as was found
experimentally.

It may be that the process of thermal
diffusion of a Pt-atom from the interior to
the surface is accelerated by lattice de-
fects injected into the subsurface zone by
the phenomenon of corrosive chemisorp-
tion (26). As the heat of adsorption of
CO on platinum (15, 16) is at least 30 keal
mole?, the existence of corrosive chemi-
sorption in this case (24) is possible, The
behavior of the emission constant (Fig. 9)
indicates that bulk-effects become more in-
volved during the course of the treatment
of CO. According to the bulk diffusion
data of Jost (20), Pt-atoms can diffuse
through gold only over distances of less
than 102 A/hr at 20°C. As the changes
found by us are much faster it is not un-
likely that corrosive chemisorption of CO
is involved in this proeess of migration of
Pt-atoms from the bulk to the surface.

5. CONCLUSIONS

The equilibration model developed on
the basis of the copper-nickel alloy system,
showing a miscibility gap in the solid state,
is valid also for the platinum—gold system.
The model, therefore, appears to be repre-
sentative for the equilibration of alloys
possessing a miscibility gap and being com-
posed of metals having considerably dif-
ferent diffusion rates. The rate of equilibra-
tion depends on the temperature and the
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length of the diffusion path. For the Au-Pt
system only simultaneously evaporated
alloys were able to reach equilibrium at
300°C within a reasonable period of time.
The work function of equilibrated Au-Pt
alloys all lie below that of each of the pure
metals. This, again, is analogous to the
copper—nickel system. Although minima in
the work function were reported also for
other alloys (27-32), we are unable to say
to what extent this phenomenon may be
generalized. In the case of K-Na alloys,
Van Oirschot (33) did not observe a mini-
mum in the work function.

The results further show that the surface
composition of an alloy strongly depends
on the contacting gas. Chemisorption of
carbon monoxide induces a rearrangement
of the metal atoms in the equilibrated alloy
films, resulting in an increased Pt/Au ratio
at the surface. The major proportion of the
CO-Pt bonds are broken at 300°C; by
pumping CO at that temperature the Pt/
Au ratio of the surface returns to the value
prior to admission of CO.
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