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The Photoemission of Tungsten in the Region of Predicted Schottky Deviations*

E. E. BUDXR, J. J. RUDDICK, AND A. H. WEBER
Physics DePartment, Saint Louis University, Saint Louis, Missouri

(Received January 26, 1953)

Experimental evidence for the existence of deviations from the photoelectric Schottky line theoretically
predicted by Guth-Mullin has been obtained. In the phase of the periodic deviations an averaging of data
yields for example a maximum at 219&18 (v/cm)& and a minimum at 278+16, in agreement with theo-
retical values of 215 and 285, respectively. The amplitudes of the deviations are 0.3—1.5 the predicted values
with smaller than theoretical values predominating.

A noted difference between data from ac and dc heated filamentary cathodes is considered in relation to
the effect of emission surface roughness on electric field strength calculations. Also, patch theory has been
applied to the photoelectric data, supplying evidence of patches of about 6 microns in extent for dc heated
wires. An electron microscope study of the tungsten filament emission surfaces supports the conclusions.

The inQuence of more recent theory on the, interpretation of the experimental results is briefiy discussed
in an appendix.
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e= electronic charge,
E=applied electrostatic field,
y= Euler's constant (0.5772),
v= incident frequency,

vo
——threshold frequency, and

*Assisted by the U. S. Once of Naval Research.
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4 W. B. Nottingham, Phys. Rev. 57, 935 (1940). See also the

last reference of footnote 1.
' Munick, LaBerge, and Coomes, Phys. Rev. 80, 887 (1950).' E. A. Coomes, Phys. Rev. 85, 392 (1952).

I. INTRODUCTION

~~UTH and Mullin, ' employing an electric-field-~ dependent electron transmission coefficient, theo-
retically predicted a photoelectric analog of the well
established deviations of thermionic electron emis-
sion from the straight Schottky line. For photoemission,
their field dependent photocurrent i is, to a good ap-
proximation, zp cc 0+5E~+cE. (2)

The experimental investigation of Eq. (1) for tung-
sten is the subject of the present paper, which appears
to be the first experimental study of this eGect for a
metallic element. Carroll and Coomes' have done simi-
lar work on Bao, finding qualitative agreement with
the Guth-Mullin theory.

To interpret the experimental results it is convenient
to plot hi%p, where Ai is the last term of Eq. (1) and
i p is given by Eq. (2). The reference photocurrent i p as
a function of E& is shown by Fig. 1 for two important
incident light frequencies. For the present experimental
conditions the parabola of Eq. (2) is practically a
straight line for the fields plotted.
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FIG. 1. Photoemission vs the half-power of the applied electric
field according to Eq. (2). The upper plot is for the present ex-
perimental conditions (T=293'K and h(v —vp) =0.368 ev), with
the proportionality constant of the theory taken as 10'. The lower
curve is for v=u0. The transmission coeKcient of the barrier is
considered constant.

' P. E. Carroll and E. A. Coomes, Phys. Rev. 85, 389 (1952).

8' is the barrier height, which for the assumption of
one free electron per metal atom is 10.33 ev for
tungsten.

For a field-independent transmission coefficient (nor-
mal Schottky effect) the theory shows that the last
term of Eq. (1) is zero, yielding
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This change, corresponding to the Schottky lowering
of the potential barrier at the metal surface, is amply
justified by the experimental confirmation of the ther-
mionic Schottky eGect and by the photoelectric study
of Lawrence and Linford. " (4) The surface is considered
to have a constant work function. "
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FIG. 2. Phototube. A, 3-in. tantalum cylindrical anode of in-
ternal diameter 0.75 in. with 1-mm slit in wall; J3, quartz window
in wall of main glass tubing; C, 0.015-in. tungsten filaments (for
outgassing A by electron bombardment) welded to two-wire
presses; D, 0.004-in. tungsten filamentary cathode; E& and E&,
access tubes for changing filament D, with E2 connected to ioniza-
tion gauge; G, 0.020-in. nickel wire for by-passing spring H during
cathode (filament) outgassing; H, 0.015-in. coiled tungsten spring
for filament tautness; Ei, E~, E3, nickel chucks for fastening wires
to press leads.

The Guth-Mullin theory involves several assump-
tions: (1) The Fowler theory of the photoeffect, the
basis of the work of Guth and Mullin, relies on the
assumption that the incident frequency is near the
threshold frequency. The frequency used in the present
work (li, 2537A) differs from the threshold frequency
by only 8 percent, well within the range allowed by
Fowler. ' (2) The problem is considered as one-dimen-
sional. This is a considerable assumption in view of the
periodic structure of the metal surface. However,
Herring and Nichols' indicate that the assumption is
at least reasonable. (3) The zero-6eld threshold energy
difference h(i —io) is replaced simply by the field de-
pendent threshold energy difference h(v —i 0)+e&E&.

' R. H. Fowler, Phys. Rev. 38, 45 (1931).' C. Herring and M. H. Nichols, Revs. Modern Phys. 21, 185
(1949l.

II. EXPERIMENTAL

The evacuation and outgassing procedure used on
the several phototubes was standard. The earlier tubes
were sealed o8 containing Kemet Laboratories KIC
barium core getters. .However, on a suggestion of W. B.
Nottingham the later tubes were sealed off without
getters to avoid introducing foreign substances into the
tube. After seal-oG further lowering of the pressure was
obtained by continuous operation of the ionization
gauge. "

Pressures were measured with either VG-1A or
Bayard-Alpert" ionization gauges.

The phototube design is shown by Fig. 2. The quartz
window opposite the slit in the anode enables the in-
cident radiation (from a narrow slit) to enter the tube
without appreciable scattering. Although the light is
incident predominantly on one portion of the central
wire filament, emission also occurs from the other areas
of the cathode surface due to reQections of the radiation
from the inner surface of the anode. The electric field
at the surface of the central filament is calculated from
the assumed ideal cylindrical geometry of the tube.
For the 0.004-in. wire used, E is 37.7 U v/cm, where U
is the magnitude of the applied voltage. It can be shown
that the centering of the filament is not critical for the
dimensions actually used.

The light source was a Hanovia Sc-2537 low pressure
mercury arc which is practically a monochromatic
ultraviolet source of 2537A radiation. "

For most of the work the phototube potential was
provided by a bank of 45-v 8 batteries which with a
specially constructed voltage divider provided a con-
tinuously variable voltage from 0 to 4500 v. The
batteries gave a very steady voltage when new and
well cared for but developed leakage paths to ground
with the passage of time. To overcome the inconveni-
ence of the batteries, an electronic power supply was
constructed. It was a simple half-wave rectifier with
a 2-pf output capacitor and a 20-megohm filter resistor.

The photocurrent amplifier was a DuBridge-Brown
dc ampli6er using an FP-54 electrometer tetrode. " It
was stable (zero drift of about 0.3 percent of the usual
photocurrent per hour) and, over the range of input
voltages used (0—0.25 v), quite linear. The output

' E. O. Lawrence and L. B.Linford, Phys. Rev. 36, 482 {1930).
~' Deviations were studied only for regions where patch e6'ects

could be neglected."W. v. Meyern, Z. Physik 84, 531 (1933)."R.T. Bayard and D. Alpert, Rev. Sci. Instr. 21, 571 (1950).
"A. H. Weber, Phys. Rev. 53, 895 (1938). See also manu-

facturer's data.' L. A. DuBridge and H. Brown, Rev. Sci. Instr. 4, 283 (1933).
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current of the ampli6er was measured either by a
Leeds and Northrup wall galvanometer of sensitivity.
4X 10 i amp/mm or by a Minneapolis-Honeywell
Brown recording potentiometer. Leakage currents, me-
chanical vibrations, and variations of arc intensity were
minimized. Arc current fluctuations were not more
than 0.25 percent, with resultant photocurrent changes
of less than 0.13 percent.

When the galvanometer was used for readings the
method of observation was to wait for about 10 minutes
after changing the voltage to obtain a practically con-
stant background of low magnitude and then to take
2 readings of photocurrent in succession. The average
of these is the value plotted on the curves. When the
recording potentiometer was used it was found possible
to decrease the ~aiting period since accurate readings
could be taken from the record obtained.
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III. RESULTS .OI-- ~ ~

Graphical analysis is the most convenient method
of examining the experimental data. Figure 3 presents
the essential results of the Guth-Mullin theory. The
principal di@.culty of working the experimental data
into the form of Fig. 3 was in determining the correct
Schottky line representing the theory for constant
transmission coefficient, analytically expressed by Eq.
(2). Since the actual experimental currents represented.
the sum of undeviated currents and corresponding
deviations, the observed currents could not yield' a
unique undeviated line.

The method of analysis was to represent the data by
a straight line, visually adjusted to give a good 6t over
the signi6cant portion of the curve. This could be done
more accurately for those curves of larger abscissa
ranges than for those of limited extent. In any case
the line was somewhat arbitrary. Since Eq. (2) involves
an undetermined proportionality constant, the slope of
the experimental line cannot be compared to the theory.
After determination of the line for the undeviated cur-
rent io the difference hi between the measured and the
undeviated currents for a given '6eld value was ob-
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FIG. 4. Experimental results for dc-heated wires and unpolished
tungsten. The dashed lines are the theoretical predictions; the
dotted lines in Curves 4 and 7 are extensions of the experimental
curves in ambiguous regions; the dotted lines of Curves 6 and 8
are the experimental curves obtained when the surface field is
increased i.2 and 1.5 times, respectively, to allow for surface
roughness. The curves are numbered in the order in which the
data were obtained, with the 6rst three sets of data obtained from

'

one tube and the other two from another tube.

.05--

FIG. 3. Deviations, calculated by the Guth-Mullin theory
Eqs. (1) and (2), from the photoelectric Schottky eGect. The
ordinates are the. fractional magnitudes of the deviations from
the constant transmission coefBcient theory. The calculations
have been made for 293'K and an incident wavelength of 2537A.

tained. The experimental Ai%O can then be compared
with the theoretical curve of Fig. 3.

The essential results of the present investigation are
shown in Figs. 4 and 5. The curves of Fig. 4 are for
filaments that were not polished and were outgassed
with dc. Curve 2 was obtained from a tube at a pressure
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It is seen that the amplitudes of the Schottky deviation
are greater than the usual standard deviations of the
individual points and this is generally true of all the
curves obtained.

Table I gives a summary of the experimental data
and the corresponding theoretical positions of maxima,
minima and intercepts. The data for four runs not
plotted in Figs. 4 and 5 are included. These four runs
show less favorable agreement in general between theory
and experiment than is indicated by the eight runs of
Figs. 4 and 5. Table II contains the results of averaging
the values of Table I.

The amplitudes of the deviations are not uniquely
established but appear usually to be somewhat smaller
than theory predicts, varying from 0.3 to 1.5 the cor-
responding calculated values.
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IV. DISCUSSION

A. Surface Roughness

A factor of importance is the roughness of the emitting
surface. In addition to changing the eGective area for

TABLE II. Phase relationships of observed to
predicted deviations. '

FjG. 5. Experimental results for ac-heated wires. The dashed
lines are the theory; the dotted extensions of Curves 11 and 13
are for ambiguous regions. Standard deviations of the current
readings are given for some of the points of Curve 11. Curve 13
is the only curve for the electronic power supply and recording
potentionmeter.

of 10 7 mm Hg or less; 4, 6, 7, and 8 were obtained
from tubes at about 5&(10 ' mm Hg.

Figure 5 shows three curves for wires manually
polished and outgassed with ac. Curve 11 was obtained
from a phototube at a pressure of 3&10 ' mm Hg,
while the other two curves were taken at about 2)(10
mm Hg. To indicate the accuracy of the deviation
amplitudes, the fractional magnitudes of the standard
deviations of important points are shown on Curve 11.

Experiment
Average of

Table I values

First zero
First maximum
Second zero
First minimum
Third zero
Second maximum
Fourth zero
Second minimum
Fifth zero
Third maximum
Sixth zero

120b
133~4b
148~8b
178~5b

196~19
219~18
237&18
278~16
324&19
342&23 b

383&29b

a All data in (v/cm&).
b Not reliable due to insufhcient data.

120
135
150
165
185
215
240
285
325
390
460

108
120
130
145
160
180
204
235
266
315
360

Theory
Guth- Juenker
Mullin et al.

TABLE I. Observed and predicted deviations.

9ns
10 ns
11
12
13

Accurate field measurements (ac heating)

200 260 325
200 260 305

170 195 225 270 330
160 205 245 295 335

120 127 135 170 200 230 265 315 385

2
3 Ils
4
5 ns
6
7
8

Theory

Inaccurate field measurements

205 235 255
255 270 280

160 185 205 220 230
200 240 280
170 200 225

175 215
225

120 135 150 165 185 215 240

(dc heating)

295 335
315 345
250 285 315
300 320
250 300
280 350 390
250 275 320
285 325 390

a All measurements are in (v/cm&).
b ns, not shown in Figs. 4 and 5.
& G, good; F, fair; P, poor,

Curve& 0 Max 0 Min 0 Max 0 Min 0 Max

Agree-
ment
with

0 theorye

F
F
G
G
G

G
F

350 P
P
G

445 F
355 F
460

photoemission and gas adsorption, roughness aGects
the magnitude of the applied electric 6eld. Since the
field strength is inversely proportional to the radius of
the filamentary cathode any sharp irregularity will in-
crease the local field.

The first sets of data (Fig. 4) obtained in this study
were for filaments that were rough due both to lack of
polishing and to the etching effect of dc heating. "Later
filaments (Fig. 5) were polished and heated with ac to
avoid the roughness. An electron microscope study of
the filaments used in this research (Callite No. 200-H)
has shown that unpolished, dc heated wires are rougher
than polished wires comparably heated with ac. The
notable di6erences between the curves of Fig. 4 and
those of Fig. 5 are probably due to the smoother fila-

ment surfaces of the latter. The dc roughness is ap-

"See reference 9, pp. 202, 261.
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parently time dependent for runs taken before and
after heating are not consistent in the phase locations
of the deviations. The electron microscope study also
indicated that even moderate dc heating can change
filament surfaces. Hence if the filament is dc heated
between runs, the values of the applied fields for given
voltages will generally be different due to the changes
in the surface structure.

As an example of how this dc roughness may affect
the experimental data, it is interesting to examine
Curve 6 of Fig. 4. If a multiplying factor of 1.2 for the
field is assumed as a correction for the roughness of the
emitter, the experimental curve becomes that shown by
the dotted line. The improved agreement with theory
over a complete cycle may mean that surface roughness
for dc heated filaments is a source of experimental error.

The evidence indicates that ac heated filaments are
not rough enough to have surface fields materially
larger than calculated.

B. Patch Effects

The tungsten filament wire used is polycrystalline.
Before heating in a vacuum, its crystals are of the
order of half a wire diameter or less in length, as deter-
mined by inspection under polarized light. Heating
recrystallizes the wire, for examination after the heat
treatment showed crystals in a wire diameter or more
in length.

The crystal structure of the wire leads to the problem
of patch effects. ' Since the various crystal planes of
tungsten diRer in their work functions, the presence of
different planes at the surface of the metal produces
patches of different work functions. "Furthermore, the
roughness of the surface aRects the size of the patches
exposed at any place.

Application of the theory of Herring and Nichols'
yields the result that the empirical slope of the straight
line approximation for the normal Schottky effect [Eq.
(2) with the cZ term dropped] should be smaller than
the calculated slope in the weak field region and larger
in the strong field region.

Of interest in the present investigation is the location
of the breaks in slope in the region between inter-
mediate and large fields. Many of the photocurrent
verses (applied field)i curves obtained (from which the
deviation curves of Figs. 4 and 5 are derived) have a
sharp change in slope near 180 (v/cm) l. If such a break
occurs where the field satisfies the strong field criterion
5 to the extent that 2E= 100(5$/Ay), and if 6P be taken
as 0.4 v, the indicated patch diameter would be of the
order of six microns. ' This agrees reasonably with the
patch size indications given by the electron microscope
study of the filament surfaces.

' M. H. Nicols, Phys. Rev. 78, 158 (1950).
'8 See reference 9, pp. 204—205, 214.
» IvVriting the inequality E))8$/riy (reierence 9, p. 204, II.5.4)

as the equality 2J-'= 100(e&/Dy).

V. CONCLUSIONS

The present investigation has produced good evi-
dence for the existence of the quasi-periodic deviations
of the photoemission of tungsten from the Schottky
effect for a constant transmission coefficient. Errors
were carefully considered and the usual causes of
current Ructuations were systematically eliminated.
The main dependence for the conclusions is on the
statistical nature of the data. Of especial importance is
the fact that the standard deviations of the current
readings for the individual points near practically all
of the maxima and minima are appreciably less than
the amplitudes of the deviations.

The amplitude of the measured deviations is 0.3—1.5
the theoretical value, being generally smaller than
theory predicts, while the phase locations averaged
from the curves of Figs. 4 and 5 are in closer agreement
with the theory. Thus, a maximum (average) at 219
&18 (v/cm)' and a minimum (average) at 278&16
correspond to calculated values of 215 and 285 (v/cm) r

and intercepts at 196&19,237&18and 324&19 (v/cm)'*
correspond to calculated values of 185, 240 and 325
(v/cm) l.

It is particularly noted that: (1) dc heating of fila-
ments may cause sufficient surface roughness to make
the actual applied field noticeably larger than ideally
calculated and to cause patch breaks in the region of
fields of interest; (2) since all readings were taken for
filaments with one or more layers of adsorbed gas the
presence of such layers does not completely inhibit the
Guth-Mullin deviation effect, ' though it may be a con-
tributing cause to the small amplitudes of a number of
deviation curves.

The authors are indebted to Harry U. Rhoads, Re-
search Associate in Physics, for the electron microscopy.
They also acknowledge with thanks the helpful com-
ments of J. A. Becker and Conyers Herring of the
Bell Telephone Laboratories who read a preliminary
draft of this paper.

VI. APPENDIX

A subsequent consideration of the experimental re-
sults presented above in light of the recent theoretical
modifications of Juenker et al."of the original theory'
of Schottky deviations yields these conclusions. (1) The
present photoelectric experiments agree somewhat
better in average with the original Guth-Mullin theory
in the phase of the deviations, although several in-
dividual curves (such as Fig. 4, curve 8 and Fig. 5,
curves 11 and 12) suggest deviation phases rather close
to those of the Juenker theory which are shifted about
a quarter-period relative to the older theory. Hence
there remains the possibility that the proposed dc
roughness factor suggested (Fig. 4, dotted curve 6
and 8) may be invalid with the correct explanation of
the out-of-phase character of the experimental and

20 Juenker, Colladay, and Coomes, Phys. Rev. 89, 894 (1953);
90, 772 (1953); and private communication.
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theoretical results lying in the incorrectness as to phase
locations of the old theory. (2) The present photoelectric
experiments agree approximately in amplitude of the
deviations with the Guth-Mullin theory with, as has
been pointed out, the experimental amplitudes coming
out somewhat smaller usually. The experimerital amp1i-
tudes therefore are smaller than predicted by the old

f

theory and larger than by the Juenker theory. (3) The
present photoelectric experiments agree quite closely
with the Juenker theory in the magnitude of the dif-
ference between positions of successive zero deviation
points; 0.9x comes out of the experiments as the average
value of the half-period of the appropriate parameter as
'against m in the theory.
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The Storage of Energy in Silver Activated Potassium Chloride*

C. E. MANDEVILLE AND H. O. ALBRECHX'

Barto/ Research Fonndation of The Frank/in Institnte, Swarthrnore, Pennsylvania

(Received February 2, 1953; revised copy received April 20, 1953)

Crystals of KC1-Ag and NaCl-Ag have been excited by x-ray irradiation. The photostimulated light
yield of the ultraviolet emission band has been observed simultaneously with application of the stimulating
near-ultraviolet light. The decay with time of the stored energy in the two phosphors is compared.

HE energy storage properties of some silver
activated alkali halides have been discussed in

several recent publications. '' The procedure outlined
in references 1 and 2 has been to irradiate an excited
phosphor with long wave light and observe in a photo-
tube (RCA-1P28) what may be described as a "post-
stimulation phosphorescence" of the ultraviolet emis-
sion band after the stimulating long wave light has
been extinguished. In using the 1P28 as a detector,
difhculties are encountered if attempts are made to
measure the stimulated emission while the stimulating
light is on, because the phototube's spectral response
is such as to respond to the stimulating light as well.
The stimulated light emitted while the stimulating
light is on might be called "co-stimulation phosphores-
cence." To avoid this problem, the writers have em-

ployed photosensitive Geiger counters to detect the
stimulated emission. It has long been known' that
photosensitive Geiger counters can be produced which
have an excellent sensitivity at 2500A but no response
to near-ultraviolet or visible radiations. Accordingly,
in the present investigation, photosensitive Geiger
counters have been employed to detect the photo-
stimulated emission of the ultraviolet bands of KCl-Ag
and NaCI-Ag, the ultraviolet band of KCI-Ag being
centered at 2800A and that of NaCl-Ag at 2500A.
Irradiation, storage, and measurements relating to all
phosphor samples were carried out at toom tempera-
ture (25'C).

To study the photostimulated emission from XaCl-Ag

*Assisted by the joint program of the U. S. OKce of Naval
Research and the U. S. Atomic Energy Commission.' M. Furst and H. G. Kallmann, Phys. Rev. 82, 964 (1951);
83, 674 (1951); Kallmann, Furst, and Sidran, Nucleoriics 10,
No. 9, 15 (1952).' Bittman, Furst, and Kallmann, Phys. Rev. 87, 83 (1952).' P. B. Weisz, Electronics 19, No. 7, 106 (1946); H. Friedman

, and C. P. Glover, Nucleonics 10, No. 6, 24 (19521; C. E. Mande-
ville and H. O. Albrecht, Phys. Rev. 79, 1010 (1950).

and KCl-Ag, a polycrystalline mass of KC1-Ag (AgC1
concentration 0.10+0.02 percent by weight) and a
single crystal of NaC1-Ag prepared by The Harshaw
Chemical Company (AgC1 concentration 0.37+0.06
percent by weight) were irradiated by x-rays of max-
imum energy 25 kev for ten minutes to receive a
dosage of three roentgens. The irradiation s were
carried out in total darkness, and the materials were
stored for twenty-four hours in light-tight containers.
At the end of that time, the crystals were each stim-
ulated by a one-watt tungsten lamp at a distance of
seven centimeters for a period of one minute. The
counting rates of NaC1-Ag and KCl-Ag before, during,
and after the one-minute period of photostimulation
are shown in Fig. 1. A time of one minute before the
stimulating light was turned on was taken arbitrarily
as time zero. Prior to stimulation, the slow normal
unphotostimulated phosphorescence of NaCl-Ag was

35 counts per minute, rising immediately to 50 000
counts per minute in the form of co-stimulation phos-
phorescence. After one minute of photostimulation,
the stimulating tungsten lamp was extinguished, and
the luminescence from NaC1-Ag dropped immediately
to a post-stimulation phosphorescence count of about
9000 per minute. Thus, photostimulation with the
one-watt bulb of NaC1-Ag twenty-four hours after
receipt of a dosage of three roentgens gave rise to a
co-stimulation phosphorescence 1400 times greater than
the residual unphotostimulated phosphorescence (35
counts per minute) existing prior to stimulation, and
to a post-stimulation phosphorescence greater than
the same quantity by a factor of 257. The similarly
exposed KCl-Ag gave no evidence of slow unphoto-
stimulated phosphorescence at 25'C, twenty-four
hours after excitation. The counting rate in the photo-
sensitive Geiger counter was only the natural back-
ground count, However, upon photostimulation, the


