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ABSTRACT

Effect of heat treatment on the photo-currents from Pt.—The total photo-
electric emission from a strip of Pt foil excited by the full radiation from a
quartz mercury arc was studied while the strip was put through an extended
heat treatment in pressures as low as 10 ' mm Hg as read on an ionization
gauge. Prolonged heating at 1200'—1400'C caused the photo-current to
decrease to 'a, final value which could not be further reduced by additional
heating for as long as 300 hours at temperatures up to the melting point. The
photo-current was found to increase spontaneously from the low values
observed immediately after a heating interval to much higher values if the
strip was allowed to remain at room temperature for a short time. After
thorough outgassing of the strip and the tube however this "recovery" effect
finally disappeared.

Effect of heat treatment on the long wave-length limit of Pt.—The long
wave-length limit was determined by using filters of dilute acetic acid in a
Huorite cell to cut out the shorter Hg lines. The threshold was found to shift
during outgassing from above 2500A to a final steady value of 1958+15A;
This is at variance with Suhrmann's value of 2675A but is shown to be in

agreement with the work of Tucker and Woodruff. Pressure readings taken
with an ionization gauge of high sensitivity confirm the conclusions (a) that
decreasing photo-currents are caused by the evolution of absorbed gases,
(b) that increasing photo-currents (recovery effect) are due to the adsorption of
gas by the cool Pt surface, and (c) that the fina low values of the photo-
emission are characteristic of the gas-free Pt. Heating an outgassed strip in

air at 0.015 mm pressure caused the photo-currents to disappear; heating
in hydrogen at the same pressure caused them to increase. They were brought
back to values characteristic of the completely outgassed state in each case by
heating for 30 sec. at a pressure of 10 ' mm.

Influence of temperature on the photo-emission from Pt.—The photo-
electric effect of Pt is found to be independent of the temperature only in

the region below 500'C. At higher temperatures up to 1200'C the photo-
currents increase considerably with temperature and the threshold shifts
slightly to the red. Several explanations of the effect were tested and are
discussed, the conclusion being that it is a genuine temperature effect char-
acteristic of the metal itself and due to the increase in the thermal energies of
the "free" electrons which may become appreciable at the higher tempera-
tures.

INTRoDUcTIQN

N SPITE of the large amount of recent research on the subject, the.. status of the problem of the photoelectric behavior of metals which
have been thoroughly cleaned of occluded gases is still a rather un-

A preliminary report of this work appeared in Proc. Nat. Acad. Sci. 12, 162 (1926).
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certain one. Strange to say, however, the principal points of disagree-
ment between various observers lie not so much in the experimental
facts observed as in the conclusions drawn from them and in the
explanations overed. In the case of platinum, for example, while there
is general agreement as to the type of behavior observed when the
photo-current excited by the radiation from a quartz mercury arc is
studied as a function of the time for which the specimen has been
outgassed by heating, there are still three questions at least upon which
the experimenters in this field are divided, namely: (1) the old problem
of whether the observed decrease in the photo-current with outgassing
continues indefinitely, or whether it is possible to reach a limiting state
characteristic of the cleaned metal itself; (2) the question as to which,
if any, of the many observed values of the photoelectric threshold
may be accepted as the true value characteristic of the platinum;
(3) the problem of formulating a theory to explain the e&ects of gases
and to account for the observed results. The experimental work to be
described. in the present paper was undertaken for the purpose of
obtaining further evidence on all three of these questions. Reviews of
previous work in this field have been given by other writers' and only
a brief statement of the present status of each problem will be given
here.

In regard to the first, Wiedmann and Hallwachs' and their students
have been led to the view that the photoelectric effect is not an
intrinsic property of the metal at all but that, as outgassing progressed,
the photo-currents excited by the light ordinarily used would disappear,
and the long wave-length limit would shift steadily further into the
ultra-violet, reaching finally the region near 1200A where ionization
of the gas atoms themselves begins. Other observers'4' are inclined.
to the view that the platinum itself is the seat of the photo-currents
and that the absorbed gases merely assist (or hinder) their escape;
that it should be possible to reach a state where the photo-currents
from the Pt itself are obtained and where the threshold, while it may
be far in the ultra-violet, still has a value characteristic of the cleaned
metal, unaffected by the presence of gases. Actually to reach such a
state has proved to be a difficul task.

The second problem, that of the characteristic long wave-limit of Pt,
is thus seen to be intimately connected with the first. Observed values
of the threshold have been pushed steadily to shorter wave-lengths
as more complete outgassing has been attained, and Tucker' and

' See Wiedmaan, Jahrb. d. Radioakt. u. Elekt. 19, 112 (1922). See also refs. 5, 6, 9.
3 Welo, Phys. Rev. 12, 251 (1918);Phil. Mag. 45, 593 (1923).
4 Piersol, Phys. Rev.~s, 238 (1916).
~ WoodruA, Phys. Rev. 26, 655 (1925).
~ Tucker, Phys. Rev. 22, 574 (1923).
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Woodruff' have reported specimens which were insensitive to the
mercury arc radiation for a short time after long heating. Tucker
concludes that this indicates a threshold below 1850A though Woodruff
believes it may be as high as 2200A because of the observed weakness
of the shorter lines in the spectrum. Suhrmann~ on the other hand
reports a limiting value of 2675A after long heating. Obviously before
acceptable final values of the threshold can be obtained, a stable limit-

ing state of the specimen must be reached in which the photo-currents
remain unchanged during further intense treatment. This condition
has not heretofore been realized in the case of Pt, though Kazda' seems
to have attained an analogous condition in the case of Howing mercury.

The third problem —that of formulating a theory to account for the
effects of gases —has also presented difficulties. The theory which has
been most widely accepted as explaining the largest number of observed
facts is that of Wiedmann and Hallwachs' who assumed, (a) that the
initial low sensitivity observed for a fresh platinum specimen is due to
the presence on the surface of an adsorbed layer of electro-negative
gases which tends to prevent the escape of electrons, this surface layer
being quickly removed by the heat treatment giving rise to a large
initial increase in the photo-current; (b) that in addition there are
gases absorbed within the body of the metal itself which in some way
aid in the ejection of electrons, and their gradual removal during
heating causes the photo-current to decrease slowly and the threshold
to shift into the violet. The implied consequence of this theory was
that if all absorbed gases could be removed the photo-currents would

disappear.
These assumptions have been confirmed in many respects by the

experimental work of Sende and Simon, "Suhrmann, "and Herrmann, "
but Welo, ' Piersol4 and Woodruff' have been led to the conclusion that
they do not account for many observed facts. The latter observers
regard the Pt as the seat of the photo-electrons and believe that
occluded gases retard rather than assist in their emission. An attempt
was made in the present work to obtain- a more direct test between
these viewpoints.

METED

Several experimental tubes of slightly different forms were used,
a diagram of one of the later ones being shown in Fig. 1. The specimen

~ Suhrmann, Zeits. f. Physik 33, 63 (1925).
' Kazda, Phys. Rev. 26, 643 (1925).
' friedmann and Hallwachs, Verh. d. Deutsch. Phys. Ges. 16, 107 (1914)."Sende and Simon, Ann. d. Physik 65, 697 (1921),
"Suhrmann, Ann. d. Physik 67, 43 (1922); Zeits. f, Physik 13, 17 (1923).
"Herrmann, Ann. d. Physik 77, 503 (1925).
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to be tested consisted in a strip of Pt foil, .01 mm thick, 2 mm wide and
about 10 cm long, hung in the form of a loop inside the receiving
cylinder C of nickel or molybdenum. The strip could be heated by a
current from a 20 volt storage battery conducted in through the
tungsten leads T to which the strip was spot-welded. Its temperature
could be measured by means of an optical pyrometer focussed onto it
through the thin window R'. The true temperature was determined

Ionization
gauge

c"

Charcoal

Fig. 1. Photo-electric tube. Q, quartz window; W, pyrometer window; c, collecting
cylinder; GG, Pyrex tubes to shield tungsten leads, T.

from the observed black body temperature using data published by
Mendenhall. " Light from a Cooper-Hewitt Type Y, 110 volt quartz
mercury arc, or from a metallic spark, could be focussed by means of a
quartz lens through the quartz window Q onto the Pt. The window Q
was sealed to the pyrex tube without the use of wax or cement by a
graded quartz to pyrex seal. Since nearly all the runs were carried out
at pressures below the range of measurement of the McLeod gauge
these lower pressures were measured by a sensitive ionization gauge
of the type described by Dushman and Found. ' The apparatus was

"Mendenhall, J. Astroph. 33' 91 (1911).
'4 Dushman and Found, Phys. Rev. 23, 734 (1924).
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connected to the pumps without the use of wax or cement joints to
avoid troubles arising from their use. Outgassing at 550'C was possible.

The photo-currents were measured by a Compton electrometer whose
sensitivity was 5000 mm per volt. A resistance of 400 megohms shunted
across the quadrants permitted the currents to be measured by the
"steady deHection" method, the current sensitivity being 5)&10 '~

amp/mm.
In order to prevent scattered light from striking the tungsten

supports T, or the upper parts of the strip which were not thoroughly
outgassed, these were kept well above the top of the cylinder and
were enclosed in small pyrex tubes GG which prevented light of shorter
wave-lengths from reaching them and also prevented, any electrons
leaving them from reaching the cylinder. All of the observed currents
then came from the lower parts of the strip which were heated to a
uniform temperature.

To furnish to the strip if necessary more energy in the shorter wave-
lengths, the region H could be converted into a hydrogen discharge
tube by an obvious device. The hydrogen discharge is known to be
rich in wave-lengths between 2200A and 1600A.

After an initial cleaning of the Pt, the entire apparatus was baked
out at temperatures up to 550'C for periods varying from several
hours to several days —or until the pressure with the tube hot had
been reduced to 10 ' mm Hg or less. In some cases the Pt strip was
glowed at a dull red heat during baking. After this treatment the
photo-current was quite large, its actual value depending upon the
time for which the treatment had been continued in each particular
case. The Pt strip was then heated by an electric current for various
intervals of time and at various temperatures, photo-current readings
being taken intermittently during the process. The heating current
through the strip was shut off while the photo-current was being
measured. During the heating at higher temperatures the cylinder C
could be rotated about a vertical axis by means of an external magnet
to bring the holes in the cylinder out of line with the windows Q and W'

to prevent condensation of platinum on these windows.

THE TOTAL PHOTOELECTRIC CURRENT

Photo-current readings using the mercury arc as a source were taken
on 15 different specimens of Pt, cut from foil obtained from three
different sources, all of high purity. The strips were subjected to a
variety of cleaning treatments before being introduced into the tube,
and to many different forms of heat treatment after being sealed in. .

All, however, exhibited substantially the same form of anal behavior
of the total photo-current as a function of the time of heating, viz. , in
every case in which the heating was carried on for a sufhcient length
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of time the photo-current eventually reached a final limiting value,—not zero—which value could. not be further reduced by heating of
any kind.

Observations on three typical specimens have already been published'
and those for a fourth are presented herewith (Fig. 2). This curve
may be taken as typical of all the runs which were taken. The maxima
in the curve at 22 hours and 50 hours of heating are characteristic of
the irregularities which often appeared in the erst part of the curves
and seemed to be due to incidental pressure variations which were
unavoidable during the initia. stages of outgassing. Many of the curves

"
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Fig. 2. Variations in the total photo-current during outgassing.

showed no irregularities at all, but in any case they all gradually dis-

appeared as the heat treatment progressed, so that the photo-current
approached a limiting value which was truly a stable one.

It should be emphasized that this limiting value is reached only
after the heating has been carried on for long periods of time at tem-
peratures higher than 1100'C and at pressures lower than 10 ' mm.
While the actual number of hours of heating required varied consider-

ably with the temperature and the pressure conditions, in no case was

a true 6nal value of the photo-current attained, even at the highest
heating temperatures, in less than 10 hours of actual heating time.
In most cases at moderate temperatures (2200'—1400'C) from 20 to
50 hours were required, while in some cases, as in Fig. 2, the limiting
value was reached only after 150 hours of heating. Furthermore, the
value of the photo-current observed in the Anal outgassed state was
the same for all Pt specimens which were studied under the same set
of incident light conditions.

Every effort was made to determine whether this Anal value of the
photo-current could not be reduced by some type of further treatment.
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Among the procedures which were tried were the following: (a) heating
for still longer intervals of time at the higher temperatures, up to
1500'C; (b) "flashing" intermittently for intervals of a few seconds
each at still higher temperatures, close to the fusion point (a procedure
suggested as the most effective one by Herrmann"); (c) heating for
long periods at temperatures at which considerable vaporization of the
Pt took place, thus cleaning off the outer surface of the specimen;
(d) heating in the immediate presence of a mass of charcoal cooled by
liquid air the more rapidly to absorb the evolved gases; (e) heating
the strip while the entire tube around it was lowered to liquid air
temperatures by means of a copper jacket; (f) further reducing the
pressures to as low as 10 ' mm by additional baking out and heating
of all metal parts at the highest possible temperatures. All these
methods were, however, equally ineffective in lowering the final value
of the photo-current, though most of them when tried on a fresh
specimen did cause it to reach its limiting value more quickly. A thor-
oughly cleaned specimen is thus still sensitive to the arc radiation.

A phenomenon reported by Woodruff' and by Tucker and referred
to as the "recovery" of the' photo-emission was also studied in this
connection. When the Pt strip is allowed to stand at room temperature
for a short time immediately after a heating interval, the photo-current
increases spontaneously up to a value which depends upon the previous
heat treatment and the pressure and which may be only a few percent
less than the maximum value observed during the initial stages of
outgassing. It was found by the author, however, that this recovery
becomes less rapid and the final value reached becomes steadily smaller
as the outgassing progresses and the pressures in the tube become
smaller. If the outgassing is carried on long enough that the pressures
are reduced to below 10 ' mm the effect finally disappears entirely
and the photo-currents observed immediately after heating remain
constant for many hours. This phenomenon will be more fully discussed
later in connection with the pressure effects which were found to accom-
pany it. (See Fig. 3.)

THE LONG WAVE-LENGTH LIMIT

The variations of the long wave-length limit of Pt described in the
previous paper' have been checked on other specimens, using as before
light filters to cut out successively the shorter lines in the mercury
spectrum, —a method used by Williamson. ' These experiments quite
definitely place the photoelectric threshold for Pt cleaned by the
process already described in the region between the mercury lines
X1943 and ) 1973.

The filters used in these determinations consisted of weak solutions
of acetic acid in distilled water, introduced into an absorption cell with

~ Williamson, Phys. Rev. 21. 107 (1923).
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fluorite windows which was placed in the path of the incident light.
The thickness of the fluid layer in the cell was 3.2 cm. Photographs
taken with a Bausch and Lomb quartz spectrograph, using Schumann
plates, " showed that in the light transmitted by the empty cell the
shorter mercury lines including ) 1850 were present with considerable
strength. Distilled water in the cell served to cut out the 1850 line
alone, leaving X1943 still quite strong. A solution formed by adding
three drops of 36 percent acetic acid to 25 cc of water when placed in
the cell cut out the 1943 line and all below, leaving 1973 still quite
strong. Adding six drops of acetic acid to 25 cc of water gave a solution
which cut out ) 1973. The longer wave-length lines were cut out using
the solutions described by 'W illiamson. "

When a fresh strip of Pt was tested after a long initial baking at
about 500'C the photo-current could be reduced to zero only after all
lines of the mercury spectrum up to and including )2482 had been cut
out by filters. The threshold for such a specimen is thus in the neighbor-
hood of 2500A. After long outgassing, however, and after the photo-
current had reached its limiting value, it couM be reduced to zero by
the filter which cut out the 1943 line and all below it leaving )1973.
It was not reduced to zero by cutting out ) 1850 alone leaving X1943.
The threshold has thus been shifted to the region between 1943 and
1973A. Using an aluminum spark as a source the threshold was simi-
larly found to lie between the Al lines X1930 and 1990. The photo-
current was taken to be "zero" in the above observations only when
no observable deflection of the electrometer was obtained even after
its sensitivity had been increased up to its maximum value by increasing
the potential on the needle. In every case a current as great as .05
percent of that produced by the total arc radiation could be easily
observed. These results appear at first sight to be in conflict with those
of Tucker' and Woodruff, ' but there is a possibility, suggested by
Woodruff, that in their work the radiation below about 2200A was
too weak to be effective.

If we assume the photoelectric threshold for thoroughly outgassed
Pt to be in the neighborhood of 1958A and make use of the quantum
relation

hvo =pe,
we may calculate the work function P for such a surface. The value
so obtained is 6.3 volts. The commonly accepted value for the thermi-
onic work function of Pt is 5 volts though this is probably not the
value for a thoroughly outgassed surface. Langmuir'~ reports a value

"The author is indebted to Mr. H. R. Lillie of this laboratory who made up the
numerous Schumann plates required.

'~ Langmuir, Phys. Rev. 2, 452 (1913).
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of 6.6 volts for a surface which had been subjected to special heat
treatment, and Woodruff also found high values for his outgassed
surfaces.

RELATION BET'glEEN PHOTOELECTRIC CURRENTS AND

SURFACE GAS-CONTENT

In order to obtain more exact information on the observed variations
in the photoelectric emission as related to the corresponding changes
'in the gas-content of the specimen and the gas pressures in the tube,
a close record was kept of the ionization gauge readings during the
runs on several Pt strips. The erst point of interest in connection with
these readings was to determine how the amount of gas being given
off by the specimen during heating varied as the outgassing progressed.
The readings for a typical run are given in Table I. In this table are

TABLE I
Progressive changes in pressure and photo-current during heat treatment.

Time of
heating

Temp.
'C

Pressure
X10 'mm

Fil. cold Fil. hot

Ratio Photo-curr.
X 10-»amp.

Fil. cold

10 min.
3 hr.

19 c(

39
107
296
320

1250'

1360'

5.2
4.0
3.2
2.2
0.8
0.25
0.10

120.0
14.0
7.3
4.0
1.2
0.25
0.10

23.1
3.5
2.3
1.82
1.50
1.00
1.00

84.0
26.0
21.0
12.0
8.6

~ 8.5
8.5

recorded the steady pressures as read by the ionization gauge while
the Pt strip was glowing and while it was at room temperature, at
various stages during the heat treatment. The pumps were running
continuously during all readings.

These readings were taken on the same specimen whose photo-
electric behavior is recorded in Fig. 2. It is seen at once that initially
the 61ament was so saturated with gas that bringing it to a temperature
of 1250'C caused-a 23-fold increase in the pressure in the tube. After
296 hours of heating, however, during which time the photo-current
had reached its limiting value, there was no change in the pressure
when the heating current through the strip was turned on, showing
that the evolution of gas from the specimen had practically ceased. .
After the readings recorded in the table were taken the strip was heated
irregularly at various temperatures up, finally, to the fusion point,
over a period of several days while temperature variation runs were
in progress. During this time the pressure and the photo-current
remained practically unchanged at the Anal values given in the table.
Evolution of gas from the Pt thus ceases only after extended periods
of outgassing —and only after this evolution of gas has ceased are stable
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values of the photo-current attained. These observations then confirm
the view that occluded gases assist rather than hinder the escape of
photo-electrons and that their gradual removal causes the photo-
currents to decrease.

Further confirmation of this view was found in a more careful study
of the "recovery" of the photo-current when the strip was allowed to
stand at room temperature for a short time. It was found that after
such a period of standing, switching on the heating current through
the Pt strip released a large amount of gas from the strip causing an
instantaneous increase in the pressure in the tube. In the curves of
Fig. 3 the magnitude of this pressure increase is plotted as a function
of the time for which the strip had been standing cool. After only
50 hours of outgassing (Curves I and II) if the strip was allowed to
stand at room temperature for 10 minutes, turning on the heating cur-
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Fig. 3. Recovery of photo-current and accompanying pressure eKects.

rent caused a sudden rise in the pressure from 2.0 X 10 ' mm to a peak
value of 123X10 ~ mm. During the same interval the photo-current
nearly doubled its initial value. After 200 hours of outgassing (Curves
III and IV) the pressure rise due to 10 minutes of standing was only
from 1.2 to 40X10 7 mm and the rise in photo-current during this
interval was only 4 percent. After 300 hours of heating (curves not
shown) the rise in pressure as well as the increase in photo-current had
practically ceased. The pressure rise caused by heating after a 10 minute
interval at room temperature was only from 0.18 to 0.20)&10 ~ mm
and after a two hour interval was only to 1.1&(10 '. The photo-
current during the 10 minute interval now remained constant within
the limits of observational error and in the two hour interval increased
less than 8 percent.

These results point at once to the conclusion that the recovery of
the photo-current is due to the formation on the cool Pt surface of a
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gas layer which increases the photo-sensitivity of the metal. This
layer evaporates at once when the strip is again heated, causing the
instantaneous rise in pressure observed. When the Pt strip as well as
the rest of the tube have been thoroughly cleaned of occluded gases
this surface layer no longer forms and the recovery of the photo-
current disappears. The fact that both these effects may be made to
reappear by admitting a small amount of air into the tube indicates
that the surface layer is formed by deposition on the cool Pt of residual
gases in the tube. On the other hand the fact that the formation of
the layer ceases only after the strip itself has been thoroughly outgassed
might lead to the conclusion that the layer was formed on the surface
by diffusion of gases from the interior of the metal. More data are
needed to settle this point. In any case the above data on the formation
of loosely bound surface layers seem to be in definite disagreement
with the view advanced by Woodruff and Welo that the low final
values of the photo-current are due to the presence of retarding layers,
and in favor of the view that they are characteristic of the outgassed
Pt itself. A Pt strip when most completely freed from gases is sensitive
only to radiation of wave-length shorter than about 1958A.

If then the final low values of the emission are characteristic of the
metal itself, the initia/ low values observed before any outgassing is
begun must be due to a retarding layer formed on the specimen before
it is introduced into the vacuum chamber. It seems probable that this
may be a layer of oxide or adsorbed oxygen and nitrogen since it was
found that heat ng the outgassed strip for 30 seconds in dry air at a
pressure of 0.015 mm actually caused the photo-current to disappear.
Heating again in vacuum brought the sensitivity back to the value
characteristic of the outgassed metal. On the other hand heating the
strip in hydrogen admitted through a palladium tube to a pressure of
0.0&5 mm caused a large increase in the photo-current, and it was
again brought back to normal by short heating in vacuum. The high
values of the photo-current which persist even after considerable
outgassing are thus probably due to the presence of hydrogen, and
possibly water vapor, which are notably hard. to remove from the tube
and which are readily absorbed, by the Pt. Herrmann" and Suhrmann"
have arrived at a similar conclusion, which also is consistent with data
obtained by Welo."

VARIATIQN QF THE PHQTQ-CURRENT WITH TEMPERATURE

.The temperature variation of the total photoelectric current
previously reported' has been more carefully studied and its existence
more firmly established. At temperatures between 1100'C (at which
the thermionic emission is just perceptible) and 1250' (ab«e which

"Melo, Phil. Mag. (7) 2, 463 (1926).
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the thermionic emission swamps the photoelectric current) the value
of the photo-current was obtained by subtracting the electrometer
reading obtained when the light from the arc was cut off from that
obtained when the light was focussed on the specimen.

The results show that for thoroughly outgassed Pt the ordinarily
assumed independence of the photoelectric effect of the temperature
holds quite accurately for temperatues below about 500'C. Increasing
the temperature of the specimen above this point however causes the
photo-current to rise, slowly at first and then more rapidly, until at
1200' it is practically double its value at room temperature. Three
explanations for such an eff'ect may be offered, namely: (f) The varia-
tion might be due to the change with rise in temperature of the thick-
ness or density of a surface gas layer; (2) it might be due primarily
to the heating current through the strip rather than to the temperature,
as suggested by the work of Shenstone'"; (3) it may be a true tempera-
ture effect characteristic of the metal.
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Fig. 4. Temperature variation of the photo-current.

To test the first possibility a large number of runs were taken on
several specimens to determine whether the phenomenon exhibited
the characteristics which would be expected of a gas effect. The
results may be summarized as follows:

(a) The temperature variation described above is characteristic only
of the thoroughly outgassed metal. During the earlier stages of out-
gassing the photo-current showed wide, irregular and non-reproducible
changes with temperature, of the type obviously caused by the presence
of gas. As the outgassing progressed the behavior gradually became
more regular and ultimately settled down to the consistent type of
variation shown in Fig. 4.

» Shenstone, Phil. Mag. 41, 916 (1921);45, 918 {1923).
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(b) When this stage was reached the photo-current —temperature
curves taken with temperatures increasing were coincident with those
taken with decreasing temperatures, —a result which might not be
expected of a phenomenon conditioned by gas-content.

(c) In the thoroughly outgassed state the ionization gauge showed
no observable change ip pressure in the tube when the temperature
of the Pt strip was raised from 20' to 1250'C even when connection
with the pumps had been broken by means of a mercury cut-off. The
temperature variation thus cannot be due to evolution of gas from
the specimen.

(d) The values of the photo-current at the various temperatures
were independent of the residual gas pressure in the tube, as long as
this was below 10 ' mm. In the curve of Fig. 4 the crosses and circles
represent points taken with the tube pressure at 10 ' and 10 ' mm re-
spectively. This result would also not be expected were thephoto-currents
being affected by the presence of a gas layer, since the characteristics
of such a layer should depend upon the surrounding pressure.

It is considered that these results contain sufhcient evidence to
warrant discarding (1) as a possible explanation of the temperature
variation.

That this variation is due primarily to the change in the current
through the strip rather than to the temperature seems improbable
since the variations of this type reported, by Shenstone were very
irregular in their nature, showing many time-lag effects when the
current was on, and persisting for some time after the current which
produced them had been shut off. The variation observed by the author
showed none of these effects. Shenstone reported no results for Pt,
but it seems evident from the results reported herein that the type
of effect which he discovered does not exist for outgassed Pt.

We may then conclude that we are dealing with a true temperature
variation of the photoelectric effect. It will be seen from the curve
that the type of variation observed is not in disagreement with the
results of previous observers who have reported the photoelectric
current to be independent of the temperature, since previous observa-
tions were carried out in nearly every case at temperatures below
about 600'C. It is only at higher temperatures that an appreciable
variation is observed.

An increase in the photo-current with rise in temperature might be
caused either (a) by an increase in the number of free electrons in the
metal made available for ejection by the incident light, (b) by a decrease
in the surface work function, or (c) by an increase in the thermal energy
of the electrons. In the case of (b) or (c) the increase should be accom-
panied by a shift in the long-wave limit toward the red while no such
shift would occur if the increase were produced by (a) alone.
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To determine whether there was such a shift in the threshold,
measurements were made of the ratio of the photo-current at 1200'C
to that at 20', first using the total radiation of the arc and second,
when the 1850 line had been cut out by a filter. If these two ratios
turned out to be equal this would have been evidence of no shift in
the limit. It was found, however, that in the. first case the ratio was
approximately 2: 1 while in the second it was nearly 4:1. In other
words the change in the photo-current with temperature is greater for
the longer wave-lengths (1850 cut out) than for the shorter (1850
included). There has thus been a shift in the threshold toward the red,
though it still remained in the region between 1943 and 1973A. Kop-
pius" also found evidence for a similar shift in the limit as the tem-
perature was increased from 500' to 700'C. In view of this conclusion

(a) must be eliminated as a complete explanation of the temperature
variation and we are left to choose between (b) and (c).

Now the work function of a thoroughly cleaned metallic surface is
presumably a constant characteristic of the metal itself and is theoreti-
cally nearly independent of temperature. Within the (relatively large)
limits of error available in thermionic measurements the work function
for clean metals is found to be constant over quite wide ranges of
temperature. Nearly all the variations in work function (or contact
potential) which occur under ordinary conditions can be traced directly
to changes in surface contamination, —a factor which it was hoped
had been eliminated in these experiments. Moreover any changes in
contamination which might be expected to take place with increase
in temperature would, in the light of the present results, cause the work
function to increase rather than decrease.

We are thus led to conclude that the increase in the photo-current
and shift in the threshold toward the red with rise in temperature are
due to the increase in the thermal energies of the electrons within the
metal. That these thermal energies become appreciable only at the
higher temperatures is in line with the postulates of Hall's dual theory
of metallic conduction" and also with the conclusions to which Millikan
and Eyring" have been led by their experiments on pulling electrons
from metals by intense electric fields. The latter agreement is of
interest in its confirmation of the view that the electrons pulled from
the metals in these experiments (the "free" or conduction electrons)
are the same as those ejected photo-electrically. Moreover if the shift
in the threshold is due to the thermal energies of electrons there should
be a relation between this shift and the Thomson effect as pointed out

"Koppius, Phys. Rev. 18, 443 (1921).
g' Hall, Phys. Rev. 28, 392 (1926).
~ Millikan and Eyring, Phys. Rev. 2'7, 51 (1926).
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by Nielsen, " and the specific heats of metals at high temperatures,
as suggested by the work of Eastman, Williams and Young. '4

Now in the Einstein photoelectric equation as ordinarily written,
t

Ve = hI —hap

Ve represents the maximum energy with which the electrons emerge
from the metal, hv the energy they receive from the incident light, and
hs p is usually assumed to be equal to Pe, the energy lost by the electron
in leaving the surface. Now if the electron through thermal collisions
acquires the kinetic energy By, in addition to the energy received from
the incident light, the energy with which it should emerge from the
metal is given by

Ve =he+By, —Pe.
On comparison with the previous equation we may now set

hpp =P8 —Zyc,

an equation which has also been used by Nielsen. " Thus even though
the work function P remain constant, vp may alter through a change in
By, in the sense that it mill shift slightly to the red at the higher tem-
peratures. As Nielsen has pointed out, the values of BJ, will not be the
same for all electrons but will be distributed according to Maxwell's
law, so that at the higher temperatures the threshold should also show
an appreciable lack of sharpness.

Suhrmann' has obtained results which he interprets as indicating a
shift in the limit toward the red between the absolute zero and room
temperature, and also finds an apparent lack of sharpness in the
threshold even at room temperature. He attributes both effects to
thermal collisions suffered by a few of the electrons even at these
lower temperatures. A more detailed study of the variation of the
photo-electric threshold with temperature is now being undertaken
by the author.

In conclusion the author wishes to express his appreciation to
Prof. R. C. Williamson for numerous valuable suggestions and to
Mr. A. B. Cardwell for his assistance during the latter part of the
experimental work; and especially to acknowledge his very great in-
debtedness to Prof. C. E. Mendenhall under whose kindly supervision
the above work was carried on.
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