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An extensive search for internal photoconductivity in NaCl,
KCl, KI, and LiF resulting from stimulation by light of wave-
length lying below the fundamental absorption edges of these
crystals has yielded negative results. Photon energies employed
ranged from about 6 ev to 21 ev. Calculations based on observed
external photoelectric emission currents indicate that photoelectric
quantum efficiencies as low as 10 electron per incident photon
could have been detected if electrons traveled completely through
the crystal.

Measurements of the quantum efficiencies for external photo-
electric emission by some of these crystals support the conclusion

of Phillip and Taft that the valence bands of CsI and KI lie about
6.0 and 7.2 ev below the vacuum potential, respectively, and in-
dicate that the valence bands of NaCl and KCl are 8.3~0.1 ev
below the vacuum. The valence band in LiF is tentatively placed
at about 13 ev below the vacuum level.

Energy distribution curves for the photoelectrons ejected from
NaCl and KCl by photons of energies of from 10 to 21 ev show
behavior similar to that reported for Cs3Sb, indicating that photo-
electrons which ha've insufhcient kinetic energy in the crystal to
ionize another electron from the valence band will lose relatively
little energy in escaping.

INTRODUCTION

HE alkali halides in pure crystalline form provide
prototypes for one of the simplest types of solid

compound, i.e., a cubic lattice made up of strongly ionic
atoms. Theoretical investigations of the electronic struc-
ture of these solids yield best results when a tight-bind-
ing approximation is used.

It remains true, however, that, according to the
general theory of the electronic structure of solids, there
should exist allowed energy bands for electrons which
permit the alkali halides to be electrically conducting.
Results of theoretical calculations on NaCl, KC1, and
LiF indicate that the conduction bands of all three
should lie at about 10 ev above their respective filled
valence bands, the gap being perhaps somewhat higher
in LiF.' The bottom of the conduction band is generally
presumed to be a few tenths of an ev below the vacuum
level '

The present work consists of an intensive search for
internal photoconductivity due to stimulation by light
of energy lying in the first few fundamental absorption
bands of NaCl, KCl, KBr, KI, and LiF, and of investi-
gations of the external photoelectric emission yields of
NaCl, KCl, CsI, KI, and LiF. The results of the photo-
conductivity measurements on all these crystals are
definite in showing no appreciable conductivity.

APPARATUS

All the measurements reported here were made in
vacuum, the crystals being irradiated with light from a
grating monochromator. The discharge lamp and mono-
chromator were those used in earlier work. ' The resolu-
tion of the instrument was about 5 A, disregarding the
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scattered light from the grating, which light was of major
importance in the photoelectric measurements. The
lamp, monochromator, and detector head were sepa-
rately pumped, being separated by baSes so that the
residual gas pressure in the detector head was 10 4 mm
Hg or less. During the operation of the lamp, the hydro-
gen pressure rose to about 10 ' mm Hg in the detector
chamber. The fact that this pressure was unimportant
in the measurements was determined by sealing off the
entrance slit to the monochromator with a LiF filter
and using a liquid nitrogen trap in the detector head,
thereby reducing the total pressure in the detector head
to about 5)&10 ' mm Hg.

Using data from Brode, 4 it was decided that at any of
the prevailing hydrogen pressures, the photoelectron
energy losses to the gas should be negligible. The results
of tests made at both the high and low hydrogen pres-
sures confirmed this, since they were identical within
the experimental errors. Because it was desired to mak. e
retarding potential measurements at photon energies to
which LiF is opaque, no windows were used in the final
measurements and the presence of the relatively large
hydrogen pressures was hence accepted. %hether the
presence of such hydrogen had deleterious effects on the
crystals is another and open question.

The intensity of the incident radiation was monitored
by means of a sodium salicylate transmission phosphor
which was sprayed directly over the photocathode of an
RCA 5819photomultiplier tube. This phosphor has been
studied and found to have a constant quantum e6ciency
at least between 900 A and 2000 A. ' The photomultiplier
was mounted directly in the path of the light beam by
means of an 0-ring seal through the end cover of the
detector chamber. The photomultiplier output was con-
nected through a 100-kilohm Ayrton shunt to a gal-
vanometer whose sensitivity was 5X10 "amp jmm and
whose time constant was 2 seconds. The photomultiplier
dark current was about 10 amp and the signals ranged

' R. B. Brode, Revs. Modern Phys. 5, 257 (1933).
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from 10 to 10 ' amp. The galvanometer readings were
stable to within better than 1% during any given
measurement.

Measurements of the external photoemission currents
for the spectral yield curves for crystals were made with
a Victoreen VX-41A electrometer tetrode connected as
a current amplifier with 10"-and 10"-ohm grid resistors
which could be used alternatively. The electrometer
tube and the associated circuitry were mounted on
Lucite insulation in vacuum within the detector head.
This arrangement kept the grid capacitance to a mini-
murn and precluded the possibility that the high-im-
pedance insulation would become dirty or contaminated
by moisture from the atmosphere. Such an arrangement
also serves to shield the sensitive lead from changing
electric fields in the laboratory and to keep the elec-
trometer tube in darkness, thus eliminating photoelec-
tric emission from the electrometer tube grid, which
can result in a spurious signal.

The output of the electrometer tube was connected to
the galvanometer through the Ayrton shunt, to which
was added a second set of resistors on a gang switch in
order to keep the resistive plate load on the electrometer
constant at 100 kilohms. The maximum current gain of
the circuit was 2/10' or 2&(104, depending on which of
the two grid resistors was used, and it was found that
currents as small as 5)&10 " amp could be detected
reproducibly. The drift rate of the output circuit was
not greater than 2)&10 amp per hour after a short
warm up period.

This circuit was also used for a few of the measure-
ments in which attempts were made to detect internal
photoconductivity. Most of these measurements, how-
ever, and all of the retarding potential measurements of
external photoelectrons, were made with an Applied
Physics Corporation vibrating reed electrometer. This
instrument was supplied with a range of input resistors
to 10"ohms, making it possible to detect steady currents
as small as 10 "amp, so that the practical lower limit
of detection was about 2)&10 "amp. For such measure-
ments, it was necessary to bring the current lead through
a high impedance shielded connection out of the vacuum
to the electrometer input. Ordinary glass seals are
notably inadequate. A useful and simple solution to this
problem was obtained with a demountable seal made up
around a short tube of Vycor glass. This is sketched in
the insert with Fig. 1. The sensitive lead is in two parts
which thread together within the Vycor tube, com-
pressing a 8-in. diameter 0-ring between themselves and
the inside wall of the Vycor tube, the ends of the con-
ductor then protruding somewhat from the tube. This
small unit is then passed in an external compression
0-ring seal around the outside of the Vycor through the
metal vacuum wall. This seal has been very satisfactory,
having a resistance of better than 10"ohms and being
quite insensitive to humidity. Cleaning in alcohol is easy
in case of careless handling.

A general schematic diagram of the detector head is

shown in Fig. 1. The adjustable defining exit slit (5) for
the light beam is mounted in a separate end plate (15)
on which was built up the supporting mount (4) for the
electrometer tube (2) and associated circuitry, and for
the electrode systems used for the various measure-
ments. It was possible to move in or out of the light
beam through a sliding seal various filters (6) to make
some degree of correction for scattered light.

The apparatus used for measuring spectral yield
curves consisted of a cylindrical brass collector electrode
(7) (referred to hereafter in the photoelectric measure-
ments as the external collector). This assembly and an
attached mounting (10) for the crystals (11) and thin
films was attached to the monochromator exit slit tube
by means of —',-in. diameter quartz rods (14).The collec-
tor electrode was 1 in. in diameter and 1—,'in. long. It
was closed at both ends and was milled off on the side
nearest the monochromator. To the milled-oG region
was mounted a separate brass electrode (9) which was
insulated from the main cylinder by Lucite spacers (8).
This separate electrode would thus be maintained at
any desired potential relative to the cylindrical collector.
The purpose of the second electrode was to collect any
photoelectrons from the exit slit of the monochromator
if this were found to be necessary.

Single crystals and thin films were mounted just in
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FIG. 1. Diagram of apparatus. Light comes from the grating.
far to the right, through the removable filter (6) and exit slit (5)
to the crystal (11}mounted on frame (10), which can be Ripped,
as indicated lower right, by means of crank (12) operated through
seal (13) so as to allow light to fall on the photomultiplier (1)
coated with phosphor. The back of the crystal carries an electrode
connected (3) to the electrometer tube (2) supported on a Lucite
pillar mounted on. the base plate (15}.In front of the crystal is
the collector electrode (7) and shield electrode (9) insulated from
it by Lucite (8), this assembly being supported from the exit slit
by quartz rods (14). The insert at the lower left indicates the
construction of the high impedance demountable seal used when
the vibrating reed electrometer was employed rather than the
internal electrometer tube. It is self explanatory.
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front of the exit slot in the collector electrode on frames
bent up out of quartz rod. These could be Ripped back
by the crank (12) rotated through an 0-ring seal (13)
so that the samples could be removed from the light
beam, thus allowing the light intensity to be monitored
by the phototube (1).

Retarding potential measurements were made by in-

stalling, as seen in Fig. 2, a separate base brass plate (11)
and monochromator exit slit (5) assembly in the detector
head. On this plate was mounted by the support (8) (9)
a spherical collector (6), which consisted of a 3-in. di-

ameter chemical flask coated internally with graphite,
to which the electormeter lead was connected by means
of a nickel contact spring (3). The resistance between
the sensitive leads and any attainable point on the
graphite was not much more than 10 kilohms, which
assured that there was no significant potential gradient
through the graphite.

Samples to be studied were evaporated on a nickel
plate (1) which was inserted into the sphere through
the neck of the chemical Qask, and which could be ro-
tated by means of an 0-ring seal (13) (10) through the
vacuum wall. In this way the reflected light beam from
the sample could be passed out through a hole (4) in the
sphere, 90' displaced from the entrance hole. This pro-
cedure eliminated the necessity of making corrections to
the data for reverse photoemission from the collector
sphere when large retarding potentials were used.
Directly behind the nickel substrate and attached to the
same movable mounting was a nichrome heater wire (2),
which was used for annealing the films. In order to
monitor the temperature of the films, a chromel-alumel

thermocouple was spot welded to the back surface of the
nickel. The detector chamber was pumped through (12)
(not seen in Fig. 1).

Sr'de

FIG. 2. Diagram of apparatus used on photoemission retarding
potential measurements. Light comes, as in Fig. 1, through a
removable 6lter and exit slit (5) to the emitter evaporated ex-
ternally on the electrode (1), heatable with heater (2). These are
carried on a crude Lucite bearing (9) and rods sealed (10) into a
head (13), rotatable to reflect light out hole (4) in the spherical
collector (6) connected through (3) to the electrometer as shown
at the right. The sphere is supported rigidly by clamp (7) and
rods (8) to base plate (11).Pumping is through port (12).

Some measurements were made at wavelengths below
900 A. These necessitated the use of a helium discharge
in the lamp. The precision of these measurements was
not as good as that of measurements made with the
hydrogen discharge, principally because the intensity of
the helium lines varied fairly rapidly in consequence of
the poor gas leak used to admit the helium to the lamp.

SCATTERED LIGHT

It cannot be overemphasized that discussion concern-
ing the magnitude of scatttered light from any mono-
chromator is not too meaningful without clearly specify-
ing what the detector is, unless, of course, one has the
spectral distribution of this light. The radiation from the
hydrogen lamp, and hence passing through the mono-
chromator entrance slit, ranges in wavelength from the
far ultraviolet to the infrared. The photomultiplier,
sensitized with a semitransparent phosphor on its face,
is sensitive to all wavelengths between the short-wave
ultraviolet and approximately 6000 A. Its response to
the total scattered light coming through at the particular
monochromator setting will represent one measure of
the scattered light. Other detectors, such as an alkali
halide photoemitter, to be discussed, are sensitive over
an entirely diRerent region of the spectrum and accord-
ingly "see" entirely different scattered light intensities.

The long-wavelength limit of the ionization continuum
of the hydrogen source was taken to be at about 800 A.
It was therefore assumed that for all monochromator
wavelength settings less than this, the entire beam inci-
dent on the exit slit was scattered light. This assumption
is not absolutely correct, but when one used the photo-
multiplier and phosphor as detector, the error is not
more than a few percent at most. Actually, a few lines
(probably due to impurities) were found down to nearly
300 A, but their intensities as determined by this de-
tector were not more than 3% of the total reading. The
true scattered light intensity rises continuously and
smoothly as the monochromator is turned to shorter
wavelength settings. The true and weak very-shor&-
wavelength lines are much more easily detected by the
photoelectron emission which they cause from I.iF, since
the I.iF is relatively insensitive to the scattered light
of longer wavelength.

The undesired light arises both from the fact that the
second order diffraction spectrum is nearly ~~ as strong
as the first order with the grating used, and from the
fact that there is some general true scattering by the
grating, seemingly rather more than is given by modern
rulings. The second order light is not very important
when the monochromator is set for wavelengths shorter
than about 1700 A, but for all longer wavelengths, it
becomes necessary to use filters in the beam. For wave-

lengths less than 1700 A, the unwanted light seen by the
photomultiplier is mostly due to scattering and increases
monotonically toward the shorter wavelengths. At wave-

lengths greater than 1000A, one can usually set the
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monochromator on a line for which the intensity is
suAicient, so that the scattered light is only a small
percentage of the total light seen by the photomultiplier.

The great difhculty arises from the fact that the
photoelectric yield of the alkali halides changes by about
10' over about 100 A range near the emission edge, and
consequently the positions and shapes of the edges are
obscured by short wavelength ultraviolet scattered light.
For example, with the lamp and monochromator used
in this work, at 1400A the photoelectric signal-to-
background ratio for KCl is one-to-one.

Such error introduced by scattered light can be mini-
mized in two ways: the short-wavelength scattered light
can be greatly reduced by means of filters cutting off
below the wavelength being used, or the contributions
of the scattered light must in some way be subtracted
both from the photoemission currents and the light-
intensity measurements. Both of these techniques were
employed, and, within the accuracy of either, they gave
the same results for the shape and position of the photo-
electric emission edge for NaCl and KC1. The filters used
were of CaF2, which has a short-wavelength cutoG at
about 1250A, so eliminating the strong lines of the
Lyman series.

The subtraction method was made as follows: for the
intensity corrections, photomultiplier current readings
were taken at wavelength settings of between 0 and
800 A, for which the output was taken as being caused
only by scattered light. A log-log plot of this scattered
light intensity vs wavelength setting yielded a straight-
line plot which was extrapolated into the interesting
and useful wavelength region to give the scattered light
correction over the range of wavelength settings of use-
ful light output. The validity of the extrapolation was
checked by putting LiF, CaF2, NaCl, synthetic sapphire,
and glass filters in the beam and making similar output
measurements and plots. These were made over a range
of wavelength settings less than the corresponding filter
cutoG, which are, respectively, 1050 A, 1250 A, 1450 A,
1750 A and, for the glass, probably around 3500 A. The
plots so obtained were found to be nearly parallel to each
other and to the curve taken with the unfiltered beam.

Since the intensity of the lamp varied from day to
day, these curves could not be used directly without
some sort of normalization for lamp intensity. It was
possible, however, to do this simply by shifting the curve
to a parallel line, the amount of the shift being deter-
mined by taking one normalizing datum point, say, at
a wavelength setting of 600 A.

To correct photoemission currents for the contribu-
tion from scattered light and because the spectral dis-
tribution of the scattered light was apparently not the
same at different wavelength settings of the mono-
chromator, a pseudo quantum efFiciency for the crystal
in response to the scattered light was determined at
wavelength settings below 800 A. For wavelengths
longer than that at the threshold there was no change
iri the observed photoemission between adjacent maxima

and minima of the hydrogen spectrum, so all emissions
in this region were likewise ascribed to scattered light.
Pseudo quantum efficiencies were therefore calculated
for these points and a smooth curve drawn through and
connecting the short-wavelength and long-wavelength
sets of points. Such curves, together with the above-
decribed scattered light intensity plots, both normalized
for lamp intensity variation, were used to correct data
in the intermediate and useful region of the spectrum.
This procedure was followed for the work on KCl and
NaCl.

The data on KI and CsI were taken with sapphire
and NaC1 filters in the beam, and no subtractive cor-
rections needed to be made. Nor did the data on LiF
require subtractive correction. As will be seen, up to
and in the vicinity of its poorly defined threshold, taken
to be at 12.5 ev where the second and sharp rise in the
external yield occurs (an energy high enough that there
is hut little scattered radiation of higher energy), LiF
has only a low yield. Furthermore, high-intensity lines
are available for use on the low-energy side of the
threshold, making intensity correction unnecessary. At
energies higher than the threshold, however, it did be-
come advisable to correct the light intensity as measured
by the photomultiplier and phosphor detector. Correc-
tion to the external LiF photocurrent was still neverthe-
less trivial in this region.

Photoelectric retarding potential measurements made
at photon energies of 10.2, 12.1, and 21.2 ev, discussed
later, required no scattered light corrections because the
spectral lines at these energies are relatively intense.
Retarding potential measurements made, however, at
13.8 ev required correction for scattered light by methods
similar to that outlined above.

PHOTOCONDUCTIVITY MEASUREMENTS

In this work, many attempts have been made to de-
tect intrinsic photoconductivity, resulting from the
direct transitions from the valence band to the conduc-
tion band in NaCl, KCl, KI, and LiF, principally the
first two. The experiments were done on optical-quality
single crystals obtained from the Harshaw Chemical
Company, and on evaporated films made from powders
ground from Harshaw crystals. Some experiments were
also tried on KCl and NaCl single crystals obtained
from Korth, in Germany.

One great difFiculty encountered in any attempt to
measure photoconductivity in pure alkali halide crystals
in the region of their fundamental optical absorption
bands is that the extinction coefficients for light in these
regions of the spectrum are between 10' and 10' cm ',
so that the density of free electrons and holes created
by the absorption of the light is appreciable only in a
very thin layer near the surface. Thus one might expect
a very high recombination rate and to observe, at best,
photocurrents which would perhaps not be proportional
to the light intensity. At the worst, it might result that
the recombination rate is so high, or that impurity or
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(a)
FIG. 3. Diagram indicating method of measurement of trans-

verse photoconductivity (a) and that longitudinally (b). The
direction of motion of negative charge arising from induced effects
in the external circuit and any direct internal electron motion are
indicated.

dislocation traps near the surface are so dense, or that
the surface properties are so different from the volume
properties of the bulk crystal, that no photoconductivity
can be observed.

Unpublished attempts to measure photoconductivity
and photoemission in NaCl were made a few years ago
in this laboratory. Silver electrodes were painted on
opposite thin edges of cleaved single crystals. External
collector electrodes in the same plane with these edges
were fixed in front of the broad face of the crystal as
indicated in Fig. 3(a). It was the purpose of these elec-
trodes to aid in establishing a field across the crystal
and to collect the external photoemission electrons. The
crystal was mounted on a Lucite holder so that it could
be removed from the beam in order to measure the in-

tensity of the beam, which irradiated the central region
of the crystal.

The measurements were made as follows: With the
electrometer grid connected to the electrode on one edge
of the crystal and to ground through the grid resistor,
and with the adjacent external electrode shorted to
ground, Fig. 3(a), the opposite electrodes were put at
the same potential of +1400 volts. While potential dis-
tribution measurements were never made, it was as-
sumed that a field was thus eventually set up, more or
less uniformly, over the whole of the crystal. A 6-second
light fash was allowed to fall on the crystal resulting in
a net ballistic signal current, I. External photoemission
(or any internal electron motion away from the irradi-
ated region) would leave a positive charge on the crystal
surface, which, by induction, shows up as a current pulse

II. , adding to any photoconductivity pulse I~,. Then
with the high-voltage electrodes negative, at —1400
volts, the induced-current signal from the photoemission

is still in the same direction but the conductivity pulse
is reversed. Thus, in the first instance It=I~.+It„, and

in the second case I2=I~„—I~„ the two relations allow-

ing both unknowns to be determined. The actual ex-
ternal photoemission current was to be measured by
connecting the electrometer grid to the external elec-
trode and performing a similar pair of measurements. In
fact, any photoconductivity current I„, would also
probably show as an induced signal only, since it is
extremely unlikely that any direct electron flow reaches
the electrometer electrode from the irradiated region.

After each such measurement, an attempt was made
to discharge the crystal by reducing the voltage applied
across it back to zero and then spraying the surface with
electrons emitted from a heated tungsten filament held
at ground potential. Upon then reapplying the voltage
to the crystal, one naively hoped that the original po-
tential distribution was re-established, or at least closely
approached. In fact, however, it was never possible to
obtain results which were sufficiently consistent to be
regarded as reliable, either the induced e8ects from
photoemission over-riding the e6ects of internal charge
motion, or variations in the potential to which the crys-
tal is returned leading to variations in the charge sub-
sequently removed in irradiation.

One of the great difhculties in any such measurements
on insulators is the effect of polarization and depolariza-
tion of the material. If the potential of a floating surface
of a crystal is suddenly changed, say to that of an ex-
ternal source supplying electrons which can reach the
surface, there is a corresponding transient change in the
potential of an electrode capacitively coupled to it, if
the electrode is grounded only through a high resistance.
This is the case in measurements here, where an elec-
trometer is driven by the voltage appearing across the
resistance. Following this, small internal currents may
continue to flow, lowering the surface potential with
time in a way not directly measureable. This therefore
allows the possibility that the surface is at a potential
not intended when subsequently irradiated with light.
At the same time it might appear, as it did here, that
such internal currents would also appear in the elec-
trometer. But this is not necessarily so. ' If one takes,
for example, a crystal with its front surface floating but
negatively charged, and releases electrons at the surface
into the conduction band by light absorption, it is all
too likely that no current will be seen by the back and
electrometer electrode, connected to ground through a
high resistance. Only if the front-surface capacitance to
external fixed potential electrodes is comparable with
that to the back electrode, will something be indicated.
The more familiar situation is that of an isolated and
charged two-plate condenser with one plate floating in
potential and the other connected to ground through a
galvanometer. The galvanometer will indicate no change
as the floating plate is moved toward the fixed plate.
The field and hence the charge at its surface remains
fixed. All the lines of force fro~ the charge on the float-

We are indebted to Dr. A. Rose for kindly pointing this out to
us in a comparison with similar measurements made at the RCA
Laboratories on zinc-oxide coated "Electro-fax" paper.



1426 J. W. TAYLOR AND P. L. HARTMAN

ing plate end on the fixed plate regardless of their rela-
tive positions. While all such effects should not be so
manifest in the case of a crystal clamped between two
electrodes held at a fixed potential difference (save for
transients), there is every likelihood even here tha, t at
least the potential distribution between them comes to
something diferent than linear as would be desired.

'Vhere was also concern in these early transverse con-
ductivity measurements that the magnitude of the elec-
tric fields obtainable by this method might not be great
enough to give appreciable electron displacement in the
crystal and, furthermore, that any possible conductivity
observed might be more indicative of the surface state
than of the volume state of the crystal. While there was
also concern over possible tungsten evaporation from
the discharge filament onto the surface of the crystal,
this could in principle be avoided by operating the fila-
ment at low temperatures, the vapor pressure of the
tungsten falling much more rapidly than the emission.

It was, in any case, decided that more unambiguous
results could best be obtained if the photoconduction
electrons were drawn into the crystal longitudinally with
the light beam, as in Fig. 3(b), which would allow the
external photoemission to be minimized and, where
present, to always subtract from the desired signal to
be observed (except where there is photoemission from
external electrodes to the crystal surface). By this
method it would also be possible to obtain higher electric
fields across the crystals, which could now be made very
thin. To avoid possible tungsten contamination, it was
decided to discharge the crystal by photoelectric emis-
sion from nearby metals, the light being incidentally
directed onto the metals by reRection from the crystal
or by merely making sure that a portion of the incident
beam touched a grounded metal surface. The apparatus
used has already been described.

Crystals of NaCl, KCl, and KI were cleaved to ap-
proximately 10X10&&0.5 mm (worked on under an
infrared heat lamp to inhibit deliquescence) and (while
still warm) were mounted in the vacuum chamber with
Duco cement onto the quartz frame mounts. An elec-
trode (and fine connecting wire) silver-painted to the
back surface was held at ground potential through the
electrometer while the front surface of the crystal was

brought to some large negative potential before each
measurement. Measurements were made by one of four
methods.

(1) After allowing a long time for the crystal to de-

polarize in the absence of any applied fields or stimula-
tion by radiation, the cylindrical collector electrode used
for photoelectric emission measurements was connected
to a high-voltage power supply and the potential was

gradually lowered to —1500 volts. The electrostatic po-
tential between the external electrode and the grounded
back electrode on the crystal was relied on to polarize
and establish an electric field across the crystal such that
electrons could then move into it toward the back sur-

face. The separate electrode mounted contiguously with

the external collector and insulated from it by Lucite
was set at a small positive potential so that photoelec-
trons created by rejected light falling on it could not
travel to the front surface of the crystal. However, in
spite of the intervening negative-potential region, elec-
trons were able to reach it from the crystal, such that
only a transient photoemission from the crystal surface
was detected. Because of this the separate electrode was
connected electrically to the cylindrical collector, and
the angle of the crystal carefully adjusted so that the
rejected beam from the crystal passed back through the
slot in the collector electrode without touching the
metal. With this arrangement, no current was observed
when light was incident on the crystal. The desired cur-
rent was sought for ballistically in this method.

(2) The front surface of the crystal was charged to
near the potential of the external electrode by photo-
emission from a small piece of tantalum sheet which was
kept at the same negative potential as the external elec-
trode. A mercury light source was used to stimulate this
emission and at the same time the vacuum ultraviolet
light was allowed to fall on the crystal. It had also been
hoped that if the previous negative results had been the
result of trapping of electrons to create F centers, the
mercury light would continually empty the traps and
lead to a steady state current. Actually, with the merc-
ury light alone, electron current Qow to the back elec-
trode was indicated. This would decay only somewhat
and then seemingly continue inde6nitely, possibly from
an electron fIow through vacuum from an unintended
photosource. Upon then irradiating the crystal with the
vacuum ultraviolet light, one then got only a transient
indication of the usual sign caused by the photoemission
from the crystal surface to the external collector.

(3) A nickel screen of three-mil wire and approxi-
mately six-mil spacing was laid directly on the front
surface of the crystal and held at negative potentials as
large as —1000 volts. It was found, however, that the
crystals here exhibited photoelectric emission to or from
the external collector electrode, depending on its po-
tential, indicating that the areas of the crystal between
the wires of the screen were not maintained at the po-
tential of the screen nor shielded by it, even though
they were charged by photoemission from the screen.
While no positive result was observed here, it has since
seemed that some possibilities of this arrangement or
variations on it were overlooked and that it might well
be tried again in future work contemplated.

(4) Onto the front surface of the crystal a thin film
of gold was evaporated, to one corner of which was
attached by silver paint a three-mil copper wire main-
tained at the desired potential, The thickness of the gold
61m was controlled by previously attaching a three-mil
wire to each of two opposite corners of a test sample
crystal and evaporating gold onto it until the electrical
resistance between the two wires, measured with an
ordinary ohmmeter, was approximately 1000 ohms. Im-
mediately adjacent to this crystal in the evaporator was
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a thin LiF crystal also taking on a similar gold film. Care
was taken to assure that the two crystals were arranged
symmetrically with respect to the evaporation filament
so that it could be then assumed that the thicknesses of
the two gold films were equal. The transmission of the
gold film in the vacuum ultraviolet was then measured
by using this gold-evaporated LiF crystal as a filter in
the vacuum monochromator. It was found that the
1215 A line could still be distinguished through a gold
film on LiF if the duplicate film on the crystal to be
studied had a corner-to-corner resistance of as low as
160 ohms. At a resistance of 1000 ohms, the films still
had on the order of 50/o transmission. In the photo-
electric measurements made on both NaC1 and KCI
crystals having such transparent front electrodes, no
photoconductivity was observed.

The greatest problem with these front-evaporated
films is that even if the corner-to-corner resistance is
made low, there may be areas on the surface which are
well insulated from the high-voltage lead, such that
upon irradiation with ultraviolet light, photoelectric
emission to or from these areas results in potential
changes of these areas. The resulting induced signal at
the back-surface electrode is easily mistaken for photo-
conductivity. In order to guard against such spurious
results, a sample was rejected unless it met the following
test: the connection to the thin front-surface electrode
was shorted directly to ground, and the external collec-
tor electrode was made 45 volts positive with respect to
it. If the gold film on the front surface of the crystal was
electrically continuous, no effect was observed on the
electrometer connected to the back surface electrode
when the ultraviolet beam was allowed to fall on the
front surface, even though there was a largephotoemis-
sion current from the front gold electrode.

The assumption that it might be possible to detect
fairly large ballistic signals with these techniques was
based principally on the alpha-particle work of Witt. 7

As in his work, some of the measurements in the present
experiments were made at field strengths on the order
of 10' volts/cm; yet even in cases where light from the
central image of the illuminated entrance slit was inci-
dent on the crystal, which illumination is many times as
strong as even that of the bright 1215 A Lyman alpha
line, no photoconduction effect was observed. This is
certainly not to be expected, for the penetration depth
of alpha particles and ultraviolet light are of the same
order of magnitude. However, the electrons released by
alpha-particle bombardment are of much higher energy
than those released by 10- or 20-ev photons. Actually,
some measurements were made at photon energies of
the latter value, when a helium discharge, substituted
in the lamp for hydrogen, made possible the use of the
21.2-ev line at 585 A.

From time to time in the measurements on these
crystals with the transparent front electrode, the latter

' H. Witt, Z. Physik 128, 442 (1950).

was allowed to Boat in potential and a check was made
to insure that the large photoemission current. from the
electrode would produce the expected drastic effect on
the electrometer indication. Most of the measurements
were made with the crystals in the dark (save for the
ultraviolet irradiation) but others were made with strong
mercury radiation falling on the crystals through a
quartz window from the outside. KCl, NaCl, KI, and
LiF were studied using this transparent electrode.

In LiF, small photoconductivity currents were ob-
served when the incident light was in the wavelength
range from 1200 A to 1050 A, but light at shorter wave-
lengths, where the absorption of LiF is high, produced
no measureable results. These currents behaved with
illumination and field as one expects of photoconduction
currents and are believed to be such. Since it is not be-
lieved that this conductivity is associated with the
fundamental absorption, it was not studied in detail in
this work. It is felt that the effect may be connected
with the long-wavelength tail observed in the LiF photo-
emission to be discussed later. This current is presently
being pursued further. It may be of considerable sig-
nificance to the other negative results, that this con-
ductivity disappeared when the absorption went to high
values.

Similar experiments to the above were carried out on
very thin single crystals. For these experiments, crystals
10&&10)(1mm were milled out on one side with a dental
burr over a central rectangular region until they were
about 0.010 in. thick, leaving a thick supporting rim
around the outside. These central regions were then dis-
solved away further on the milled side with a fine brush
dipped in water until they were 2 or 3 mils thick. They
were then annealed for an hour at temperatures in excess
of 500'C. When annealed in vacuum, the thinned region
frequently disappeared. One can go to higher temepra-
tures if the annealing is done in air but the uncertainty
concerning effects of air on the hot surface is also dis-
turbing. After annealing, these thinned crystals had
thick gold electrodes evaporated on the worked back
surfaces and, in some cases, thin transparent gold elec-
trodes evaporated on the cleaved and preserved front
surfaces. Such crystals were installed in the detector
head of the monochromator immediately after the last
evaporation in the same manner as with the thick crys-
tals. This type of crystal was checked for photoconduc-
tivity in the manner of methods (1), (2), and (4). Nega-
tive results were obtained for NaCl, KCl, and KI, all
thinned in this way.

One of these crystals, of KCl with a thin transparent
front-surface electrode, exhibited a very small voltage-
dependent signal, corresponding to electron emission
from the front to the back surface, when it was irradi-
ated with the 1215 A line or with the central image of
the entrance slit. When filtered by a thin wafer of CaF&,
which has a short-wavelength cutoff near 1260A, the
central image had no effect on this crystal. The magni-
tude of the observed current could be interpreted by
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assuming that photoemission electrons from the front
gold electrode, or from the KCl itself, had moved about
300 A into the crystal. On the other hand, since the
current was not observed to decay after times on the
order of 10 minutes, it would be more plausible to as-
sume that the electrons traversed the full distance across
the crystal, but were being released with an efficiency
some 10' times smaller than that at which external
photoelectrons are released when the 1215 A line is the
incident radiation. It was found that if the crystal was
exposed to the 2536 A line of mercury, with sufhcient
intensity to produce photoemission from the gold of
magnitude comparable to that produced by the 1215 A
line, a continuous photoconductive effect of almost the
same size was produced. The nature of this effect is still
not thoroughly understood, but it probably involves a
reduction of the finite dc resistance of the crystal in a
rearrangement of the electric field in the crystal, ' as well
as the sort of current injected from surface electrodes
into additively colored alkali halides as studied by
von Hippel and his co-workers. ' "

One crystal each of NaCl and KI, similarly prepared
to give a thin crystal, exhibited a photoelectric effect
which resembled photoconductivity, except that it was
completely independent of the potential of the trans-
parent surface electrode, even as to sign. In both cases
the front electrode effectively shielded the sensitive elec-
trode from the effects of photoemission from the front
surface, as it should. The signal which behaved in this
manner decayed rapidly in XaCl, but remained at full
value indefinitely, as long as the crystal was exposed to
light, in the KI. These were certainly not in the general
behavior pattern of most of the experiments. While it
is not understood, whatever was happening here is con-
sidered as spurious to true photoconductivity.

Experiments were tried in which photoconductivity
was looked for in thin films of NaCl and KCl. These
were evaporated over a thick gold film substrate and
themselves then covered with a transparent evaporated
gold electrode, the whole operation being performed
without removing the sample from the vacuum until
after the last evaporation. The area of the substrate
back electrode was considerably less than that of the
overlying alkali halide film and transparent electrode,
to minimize leakage current at the edges of the back
electrode. The KCl and NaCl films here had thicknesses
(estimated from the interference patterns produced by
the films deposited on glass slides in the same evapora-
tion) of between 10000 and 20000 A, and were ob-
viously not single crystals. The Alms had surprisingly
high ohmic resistances, that of the KCl presenting a
dark resistance of about 10" ohms between gold elec-
trodes while that of the NaCI, the thinner of the two,
was better than 10"ohms. No eGect of irradiation with

' F. Stockman, Z. Physik 147, 544 (1957}.' A. von Hippel et al. , Phys. Rev. 91, 568 (1953}.
' M. Geller, Phys. Rev. 101, 1685 (1956}.
"M. A. Gilleo, Phys. Rev. 91, 534 (1953}.

ultraviolet light which was voltage-dependent was de-
tected, although all the usual external photoemission
currents were observed.

Another attempt to measure any possible surface
photoconductivity in NaCl and KCl, in possible con-
trast to a volume eGect, was made by evaporating two
gold electrodes shaped like block T's on the surfaces of
single crystals of these salts. The two T's were placed
in opposition leaving a clear 2-mm strip of crystal sur-
face between the cross T-members, electrical connection
being made at the foot of each T. Over the entire surface
was then evaporated a thick layer of LiF. This was in-
tended to prevent any external photoemission, at least
to the I.iI' emission edge, thought to be well below that
of NaCl and KCl. The light beam was incident through
the I.iF on the 2-mm strip between the gold electrodes,
but overlapped onto them. Between the electrodes a
voltage of about 1500 volts was applied. All that was
learned definitely from this was that the I.iF has a rather
long tail in its photoemission yield curve which extends
well into the long-wavelength region, as will be discussed.
The currents measured were not freed of photoemission
effects and were simply some fraction of what would
have been obtained had the entire photoemission from
the LiF films been measured. For example, with the
external collector electrode positive to both of the crys-
tal electrodes, the observed currents were independent
of the potential di6erence across the irradiated gap.

On the suggestion that an etched surface might very
well be preferable to cleaved surfaces from the stand-
point of charge recombination and trapping, some ex-
periments were redone with the irradiated surface not
a freshly cleaved surface but rather one water etched
after cleaving. The arrangement described in the pre-
ceding paragraph was done over with such NaCI and
KCl crystals as were the experiments utilizing the thin
single crystals. All the results were negative. The KCl-
etched and thinned down crystal showed the small
voltage-independent current previously noted in the
case of NaCl and KI; these currents decayed rapidly but
would build back up after the light was removed for a
minute or so.

In all the arrangements having gold electrodes on
both the front and back of the crystal, an attempt was
also made each time to detect any hole conductivity,
by making the front-surface electrode positive instead
of negative. The results were again negative.

In evaluating the above results, it should be noted
that if the schubweg of 10 ' cm' per volt quoted by
Witt and Flechsig" (Harten" quotes 10 8 to 10 '
cm /volt on the basis of x-ray induced conductivity), is
valid in these experiments (it may well not be, since
these are uncolored crystals), a field of 10 000 volts/cm
should have been suffi. cient to move electrons all the way
through the very thin crystals tried here. Since no cur-

'2 W. Flechsig, Z. Physik 46, 788 (1928).
"H. Harten, Z. Physik 126, 619 (1949).



rent was observed at fields many times this strength
(the thin crystals were used with 150 volts across them—some of those between —', and 1/mm were tried with
voltages of up to 15 kv), one can put an upper limit on
how far they actually did move, on the basis of a few
experimental facts. It had been observed when photo-
emission data were taken, that under irradiation by the
strong 1215 A line, the front surface of a single crystal
charges up to a potential of 10 volts or more in about 1
second. With time, charge is building up in the surface
region so reducing the field intensity immediately behind
the front surface until, ultimately, no more charge is
moved out of the region and any detected charge Qow
ceases. In this state, the front surface equipotential has
been moved toward the back surface. If such a space
charge accumulation caused the potential of the front
surface to move toward the back electrode by as much
as one part in 10' of the crystal thickness, or a distance
of 100 A in the case of a 1-mm crystal, the e6ect could
have been detected on the vibrating reed electrometer,
which, with the 10"-ohm input resistor, has a time con-
stant of 1 second, and which is sensitive to input volt-
ages as small as 0.0001 volt. One would surely expect
the fundamental transition from valence band to con-
duction band to be as probable as the external ejection
of an electron, so that at least with the 1215 A line,
charge displacements of the above order of magnitude
(and less in the thin crystals) should have been detecta-
ble. For weaker irradiating lines, the process would go
slower and a larger upper limit on the displacement
would have to be given in such cases. On the other hand,
if charge were to move all the way through the crystals,
a limit on the quantum yield can be given. We take the
external photoelectron yield at 1215 A to be about 0.1
electron per photon, as will be seen to be the case, and
we measure, at the high lamp output level used to stimu-
late photoconductivity, an external current of about
10 ' ampere under this strong irradiating line. (In
general the source intensity was about 100 times weaker
when external photoelectric measurements were being
made, but at the intensities used for the photoconduc-
tivity work such external currents could be obtained. )
This gives us the photon Aux, which on producing an
an internal current of less than 10 "ampere leads to a
photoconduction yield of less than about 10 ' electron
per photon. It certainly seems more reasonable that
some process rather limits the electron motion to very
short distances.

Thus, the results of all these measurements would
indicate that there is no observable photoconductivity
induced in the alkali halides by light of wavelength in
their fundamental absorption regions, at least within the
limit of sensitivity of detectors used in this work. It
should be recognized that these measurements were all
done at room temperature, with commerically available
materials, in a not extremely clean vacuum system with
certainly a fairly high partial pressure of hydrogen
present, and in the presence of generally copious external

photoelectric emission. Nor were all of the measure-
ments done with the most sensitive detector.

It is very difficult to believe that our picture of ionic
crystals is grossly in error and that transitions from the
valence band to the conduction band cannot be induced
by photon irradiation. It consequently presents some-
thing of a problem to understand these results. It is true,
of course, that in the alkali halides, the optical absorp-
tions are very high and consequently the absorption
involves only a thin surface layer of the crystal, generally
about 100 A thick. It is quite conceivable that condi-
tions in this layer are considerably different than in the
bulk of the crystal. Trapping and recombination at the
surface, the state of which is only crudely known in this
work, may be so high as electively to prevent any
charge motion. This could be caused either by impurities
or by dislocations. There may also exist high electric
fields in this region which override any applied fields
used, such that no net accelerating field is present to
move electrons, except possibly out of the crystal sur-
face. In the light of this possibility, one may hazard the
suggestion that the sharp rise in copious external photo-
emission may itself actually reAect the valence to con-
duction band transition. It has been surmised' that the
conduction band lies within a few tenths of an electron
volt of the vacuum level, so this picture would be con-
sistent with that. Measurements are currently under
way to test some of these possibilities. One must recall
here, of course, that metals show a similar sharp rise in
quantum field at high photon energies.

The measurements reported here are at variance with
those reported from this laboratory before the war. "It
has been shown pretty clearly during the course of the
present investigation, that considerable error was intro-
duced in this earlier work in an assumed Qat response
for the silver photocell used to monitor the incident
light, and more serious, in the neglect of the effects of
scattered light which certainly contaminated the radia-
tion, assumed monochromatic. These effects combine
with the variation in lamp intensity with wavelength to
explain the puzzling spectral response obtained. That a
positive result was obtained at all for the photoconduc-
tivity was probably caused by similarly appearing cur-
rents induced instead by the copious photoelectric
emission from metallic electrodes illuminated by light
reflected to them by the crystal. These effects have all
been a source of difficulty in the present work and fit
well with what can be learned of the earlier work to
explain those results.

SPECTRAL DEPENDENCE OF THE
PHOTOELECTRIC YIELD

The external photoelectric yields on large single crys-
tals were made as follows in the basic apparatus already
described. Optical-quality Harshaw single crystals, ap-
proximately 10&10mm, were cleaved to a thickness of

"J.N. Ferguson, Phys. Rev. 66, 220 (1944).
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about 1 mm under an infrared lamp. The crystals were
attached to a quartz frame with Duco cement and had
a 3-mil copper wire attached to the back-surface silver-
painted electrode by means of a drop of silver paint.
The front surface, on which the light beam would be
incident, was the freshly cleaved surface. While still
warm, the crystals were installed in the apparatus and
the detector head was evacuated. For the photoemission
spectral response curves, data were taken at each of
many wavelengths, at each wavelength the external col-
lector electrode being raised to a potential of +400 volts.
The electrode on the back surface of the crystal was used
as the sensitive lead to the electrometer and thus held
essentially at ground potential. In order to make a
measurement of the photoemission current, the light
shutter was opened and left open until the galvanometer
deflection had reached its maximum and paused momen-
tarily before starting its decay as the crystal surface
charged to the collector potential. Following this meas-
urement, the electrometer grid lead was grounded and,
by turning the crystal and its mounting frame out of the
path of the beam, the light intensity was measured with
the phosphor-coated photomultiplier. The external col-
lector electrode was then grounded, the crystal was
turned back into the beam and discharged photoelec-
trically by electrons emitted from the electrode. This
was done by reflecting from the crystal surface the di-

verging beam from the central image of the entrance
slit back onto the external electrode and thus collecting
on the crystal electrons released by the metal. The exit
slit was then closed and the whole set of measurements
repeated at the same wavelength. Thus each datum
point is the average of at least two consecutive readings.
If two consecutive readings taken at the same wave-
length differed by more than 20% from each other, more
readings were taken until the estimated standard error
of all readings taken at that point were 20+~ or less. The
reasons for deviations of even this amount are not cer-
tain, since when the dependence of the readings was
checked at several wavelengths as a function of the
collector voltage, the magnitudes of the currents were
found to saturate at about 50 volts. Larger voltage
merely kept the readings at their values for longer times,
the crystal taking longer to charge up to the potential
of the collector. Consistent with this was the fact that
the decay of the signal was slower when the weak lines
of the spectrum were used. The greatest fluctuations
were observed for very small readings, on the order of
10 "amp, which represented the inherent noise level of
the electrometer tube as used.

Data on any given sample were taken by starting at
low photon energies and working toward higher photon
energies to minimize any e6ect through possible produc-
tion of F-centers; successive runs on the same crystal
duplicated within the errors of measurement, so no
permanent effect of irradiation with the high-energy
photons was observed. Data were corrected for scattered
light in the manner previously described. Some runs on

KC1 were taken with a CaF~ filter in the beam, thus
making the scattered light corrections less important in
the region of low photon energies. Corrected data ob-
tained with and without the filter agreed with each
other within the errors of either method.

In order to check the relative behavior of single crys-
tals and evaporated films, some sample-holders were
made up in which the crystal was replaced by a piece
of nickel. The nickel was cleaned electrolytically, rinsed
in distilled water and alcohol, and placed in the evapora-
tor where it was outgassed for 30 minutes at about
400'C by means of the nichrome heater placed directly
behind it. After the nickel had cooled, approximately
10 000 A of alkali halide was evaporated onto the front
surface from powder contained in a heated tantalum
boat. The powder was obtained by pulverizing scraps of
Harshaw optical-quality crystals. The thickness of the
evaporated films was judged during evaporation by
watching interference fringes as they appeared on a glass
slide placed near the nickel substrate. Following evapo-
ration, the sample was again heated to 400'C to stabilize
the film. After cooling, it was removed and transferred
to the detector head.

Continuous photoemission currents could be drawn
from the evaporated films, since they were thin enough
to have a reasonably high dark conductivity. It was
found that with these films even the largest currents
saturated with 10 volts on the external collector elec-
trode, but data were taken with 222 volts on the collec-
tor, to insure that all currents measured were saturated.

Data were taken on three KCl crystals, one NaCl
single crystal, one CsI single crystal, two evaporated
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FIG. 4. External photoelectron yield curves for KI and CsI with
comparison of curves obtained by Phillip and Taft.
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films of NaCl, two of KCl, one of KI and three of LiF.
Some data were also taken on a single crystal of LiF in
a manner slightly diQerent from the above. This crystal
was fastened with Duco cement directly over the exit
slot of the cylindrical electrode held at negative poten-
tial and all openings around it sealed to prevent the
escape of any electrons out into the detector head region
from the surface on which the beam was incident.
Photoelectrons leaving the surface from which the light
beam emerged were collected by a nickel plate immedi-
ately adjacent to this surface and grounded through the
electrometer. These latter data were norm. alized to unit
transmitted beam intensity. The measurements in this
case were ballistic since steady-state currents were not
obtained from the crystal. Thus the surface of the crystal
had to be made negative following each measurement.

The results on KI and Csl are not new, but it was
thought worthwhile as a check on the work to make the
measurements to compare with the results of Phillip and
Taft. '5 The agreement as indicated in Fig. 4, is seen to
be reasonable.

In spite of the questionable procedure of removing
the thin films, after evaporation, from the vacuum to
install in the detector head, the agreement between the
results obtained from single crystals and evaporated
films of NaCl and KCl is seen from Figs. 5 and 6 to be
quite good, except for one evaporated film of NaCl
which does not reach the usual high yield. However,
this film had a more cloudy appearance than the others,
which may have been a factor.
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FIG. 5. External photoelectron yield curves for NaCl.

'5 H. R. Phillip and E. A. Taft, J. Phys. Chem. Solids 1, 159
{&956).
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FIG. 6. External photoelectron yield curves for KCl.

The ordinates of all these curves are actually adjusted
by assuming that the photoelectric yield of gold reaches
2&(10 ' electron per incident quantum at 12 ev and by
using this point to calibrate the photomultiplier and
phosphor. Such an assumption was possible using known
data on nickel" and making comparison measurements
between nickel and gold. It leads to yields for CsI and
KI which agree within a factor of two with the results
of Taft and Phillip.

The yield obtained from LiF is indicated in Fig. 7.
Measurements for this were made on two films evapo-
rated from tantalum boats, one onto a nickel base and
the other onto gold. A third film was evaporated from
a platinum boat onto a gold base because it was feared
that the tantalum might be combining chemically with
the LiF and affecting the results. (After evaporation
from the tantalum boat, the latter was quite discolored. )
Since LiF is transparent for photon energies less than
12.5 ev, and since nickel is an scient photoemitter in
this region, there could be some concern that the ap-
parent yield in this region was because of the substrate.
However, the films all behave similarly and one of them
was 100 000 A thick, so it seems difficult to believe that
the relatively high yield obtained in this region could
possibly arise from the substrate. This would imply
that the yield per absorbed quantum is 10 ' or greater
in this region of the spectrum, since the absorption co-
efficient of LiF at 1215 A is only about 1 cm '. The
datum points at quantum energies greater than 14 ev
were obtained with the helium discharge and are less
precise for reasons explained earlier.

' K. Watanabe and H. K. Hinterreger, J. Opt. Soc. Am. 43,
604 (j.953).
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be better shown by taking photoemission data at liquid
nitrogen temperature. This has not yet been done.
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F?G. 7. External photoelectron yield curves for LiF.

TABLE I. Threshold energies for photoemission.

Film KI
Film KI
Film CsI
Crystal CsI
Crystal NaCl
Film NaCl
Crystal KC1
Film KCl
Film LiF

Observer

Phillip and Taft
Present work
Phillip and Taft
Present work
Present work
Present work
Present work
Present work
Present work

Threshold, ev

6.4
6.2
7.3
7.2
8.5
8.1
8.4
8.1

12.0?

It was not considered necessary to correct the photo-
electric yields of NaCl and KCl for the high reQectivity
these substances show in the region of their absorptions.
Although the reflectivities are quite high (as indicated
in Fig. 12), they do not vary enough as a function of
photon energy at room temperature to do more than
move the photoelectric yield data up and down by
quantities which are about of the order of the uncer-
tainties in these points. Inspection of an unpublished
reQectivity curve taken for LiF by J. R. Nelson leads to
the same conclusion as regards the data for this material.
If the photoelectric yield of LiF in the region of photon
energies between 12 and 14 ev were corrected for re-
flectivity, the structure in the yield curve would be but
slightly enhanced.

Some of the threshold energies for photoemission are
given in Table I.The 8.3-ev threshold for NaCl and KCl
will be seen to occur at a position in the reAectivity
spectrum at 1490 A, or at the position of the slight knee
on the high-energy side of the lowest energy peak in
Fig. 12. Any real correspondence between the two might

ENERGY DISTRIBUTION OF THE
PHOTOELECTRONS

The spherical collector and associated apparatus,
which have been described earlier, were used to make
retarding potential measurements on evaporated films
of XaCl and KCl. Two samples of each substance were
investigated, and all samples were similarly prepared.

The nickel substrate was cleaned electrolytically,
washed in alcohol, and outgassed for half an hour at
450'C in the evaporator at a residual pressure of about
10 ' mm Hg. This was allowed to cool to room tempera-
ture and the alkali halides, again obtained by powdering
Harshaw single crystals, were evaporated from a tanta-
lum boat, which had previously been outgassed and
cleaned. The samples were then transferred to the mono-
chromator, and, without admitting residual hydrogen
gas from the lamp to the system, they were first annealed
and stabilized by heating to 450'C for half an hour and
allowed to cool to room temperature. Film thicknesses
were between 10 000 and 20 000 A, estimated from the
interference fringes formed on a glass slide coated at
the same time as the nickel substrate.

Retarding potential measurements were made as fol-
lows: The appropriate line of the hydrogen spectrum
was made incident on the film, and the current reaching
the spherical collector electrode was measured with the
vibrating reed electrometer as a function of the potential
of the nickel, which was varied in steps of 0.05 volt. It
was found that the currents reached a maximum and
became constant for accelerating potentials greater than
0.4 volt, except when the light intensity was too great.
For example, when the 1215 A line was used at greatest.
intensity, it was found that the currents never saturated
at voltages as great as 22-,'volts. The light intensity was
therefore kept sufficiently low (by use of the weak dc
"keep alive" lamp only) in all measurements so that
this effect did not occur. It was concluded that the
saturation was caused by the fact that the conductivity
of the films was of the order of 10 " ohm ', so that
currents of the order of 10 "amp and larger could cause
appreciable potential drop through the films. Accord-

ingly, the intensity of the light was adjusted so that the
maximum currents taken from the films was of the order
of 10 "amp or less. This confirms the experience at the
General Electric Research Laboratory on similar alms. "
This restriction is not inconvenient, since the elec-
trometer would detect 10 "amp accurately, reproduci-

bly and reasonably quickly.
During the course of the measurements it was neces-

sary to replace the nickel substrate, and although the
second substrate was treated in the same way as the
first, it was found that all subsequent retarding potential

"Private communication from L. Apker and memhers of his

group.
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curves were shifted so that the saturation voltage was
now 1.1 volt instead of 0.4 volt. The retarding potentials
at which the currents approached zero shifted by the
same amount in the same direction. It was concluded
that the effective work function of the nickel had in
some manner been changed.

In each series of measurements, the ratios I/Io of a,ll

currents, I, to the maximum current Io, were plotted as
a function of the retarding collector potential relative to
the emitter. The curves which showed the displaced
saturation value were moved on the voltage axis to co-
incide with the first set of measurements. In Figs. 8 and
9, the solid triangles are data from the first sample
studied, and the open circles are from the second sample
studied.

Because the data are fairly scattered, and because
both samples were thought to be equally representative
of the salt in question, a graphical average of the data
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FIG. 9. Retarding potential curves for KC1 at four energies of
irradiating photons. Currents I are normalized to the maximum
current Io obtained at the corresponding photon energy. The
bars through the helium line i21.2 ev) points reflect the un-
certainty brought about by the lamp fluctuations occuring with
the helium use.
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FIG. 8. Retarding potential curves for NaCl at four energies of
irradiating photons. Currents I are normalized to the maximum
current Io obtained at the corresponding photon energy. The bars
through the helium line (21.2 ev) points reRect the uncertainty
brought about by the lamp Quctuations occurring with the helium
use.

from the two different samples was taken for each pho-
ton energy and the resulting curve was differentiated.

The differentiated curves were integrated by Simp-
son's rule and the results were found to agree with the
the initial curves within 2%. Because of this method of
treatment of the data, no attempt was made to assign
uncertainties to the points on the differentiated curves.
The uncertainties in the points on the original curves
are of the order of 2%, but in making the smooth graph-
ical average curve, minor undulations in the differenti-
ated curves were certainly introduced, Such variations
do not, however, influence the main features of the elec-
tron energy distribution curves, since we are primarily
interested in the maximum energy of electrons emitted
when the sample is irradiated with photons of a particu-
lar energy, and the energy with which the majority of
the photoelectrons emerge.

Figures 10 and 11 show the number of electrons per
incident light quantum per electron volt of kinetic
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Fxo. 10. Energy distributions of external electrons emitted from
NaC1 for four photon energies. The curves are obtained by diR'er-
entiation of curves in Pig. 8,

energy plotted against the energy of the electrons from
NaCl and KCl at four different photon energies. The
"zero" of the high-energy tail of each of these curves

actually corresponds more nearly to the maximum

energy for about 99% of the electrons. For NaC1 and

KCl one finds the results summarized in Table II.
The results indicate that in both salts, most of the

photoelectrons originate in a band of energy levels lying
8.3+0.1 ev below the vacuum level. This conclusion is
consistent with the spectral dependence of the photo-
electric yield for these salts, if one assumes that the
electrons are coming from the valence bands. This latter
conclusion is necessary because it seems that only the
valence band could be sufIiciently densely populated to
produce the high yields which are observed.

It is to be noted that in the case of electrons ejected
by the use of 21-ev photons, the majority of the elec-
trons emerge with a very low energy. This behavior is
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FIG. 11. Energy distributions of external electrons emitted from
KCl for four photon energies. The curves are obtained by differ-
entiation of curves in Fig. 9.

similar to that in Cs3Sb."One imagines that the elec-
trons lose energy inelastically in emerging from the sur-
face. For photon energies greater than twice the band
gap, the concentration of electrons in the low-energy
region will increase markedly at the expense of the con-
centration in the high-energy region.

TABLE II. Photoemission results.

Photon
energy

Maximum electron
kinetic energy

(ev)
KC1

Difference
(«)

NaCl KCl

10.2
12.1
13.8

2.0
3.8
5.7

2.0
3.9
5.7

8.2
8.3
8.4

8.2
8.2
8.4

"Apker, Taft, and Dickey, J. Opt. Soc. Am. 43, 78 (1953).' I.. P. Howland, Quarterly Progress Report, Solid State and
Molecular Theory Group, Massachusetts Institute of Technology,
January 15, 1957 (unpublished).

20 F. Seitz, Modern Theory of Solids (McGraw-Hill Book Com-
pany, Inc. , New York, 1940), pp. 441—447.

DISCUSSION

The data on the external photoemission yields and on
the energy distributions of emitted electrons presented
in the preceding are consistent with a valence band posi-
tion about 8.3 electron volts below the vacuum level in
both NaCl and KCl. AVhile this figure is at some vari-
ance with computed values of about 10.5 ev for the
energy difference between the top of the Cl 3p band in

these salts and the vacuum, ""it is of interest to attempt
interpretation of the known reRectivity and absorption
curves for these salts previously referred to.4 The room
temperature reQectivities for both salts are replotted
together as a function of photon energy in Fig. 12.

Consider first KCI. One is inclined to call the dip in
reAectivity following the low-energy peak, presumed to
be due to exciton formation, as caused by just the varia-

tion in the real part of the refractive index. If the e8ect
of this is subtracted from the low-energy side of the
second peak at 9.5 ev, the latter would have its rise
moved to about 8.5 ev, roughly that where electron
emission starts. The peak then occurs for that energy
for which the product of the densities of states and their
corresponding transition probabilities has its maximum.
The energy at which the peak occurs is not to be taken
as the gap width, now assumed to be 8.3 ev between
valence band and the vacuum. The 1.5-ev diR'erence
between the high-energy foot of the peak and the onset
of emission might then be interpreted as a possible width
of the valence band. The third maximum in KC1 at
12.7 ev would go unidentified at the present time.

Against this sort of interpretation, however, is the
fact that the photoelectric emission curves show no
structure after the onset of emission to correlate with
any of these optical variations. Furthermore, in this
view NaCl presents additional difhculty in that its re-
Aectivity shows no large sharp maximum within an elec-
tron volt or so of the exciton peak as does KC1. One
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Fio. 12. Room temperature reflectivity curves for 5aCl
and KC1, plotted against incident photon energy.

might argue that this shows the valence band to be so
wide as to smear it out. But this does not seem consis-
tent with the observed equal depths below the vacuum
for the valence bands in each. In this connection it is of
interest and perhaps not unrelated that some recent
unpublished measurements made here of the absolute
absorption constants of XaCl and KCl indicate that
NaCl has four or five times the absorption of KC1.

The fact that photoconductivity is not observed any-
where over the spectral region investigated, one believes,
is not because such transitions are not allowed, but
rather that some particular phenomena associated with
the very high absorption constants of the salts and hence
excitation of free electrons very close to the surface, and
perhaps an exceedingly short lifetime for the free carrier,
is responsible for the conductivity not being found.

In summary, probably the best that can be said at the
present time, is that there is little correlation between
the observed optical and electrical properties of XaC1
and KC1 and that clarification between them still awaits
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some rather more subtle or refined and complicated
techniques than have thus far been employed.
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"Thin-Film" Experiment with Bulk Superconductors*f

HANS MEISSNER AND RICHARD ZDANIS

The Johns Hopkins University, Baltimore, 3faryland

(Received October 9, 1958)

Hollow cylindrical samples of indium have been prepared by an extrusion process and equipped with both
a center wire and a concentric tube. The critical current has been determined for the case in which the
current passes through the sample and returns through the concentric tube. It has been found that this
critical current is identical with that of solid samples. The same determination has been made for the case in
which the current returns through the center wire. In this case the critical current is about 80 to 90% of
that for solid samples. A field was produced by the center wire, the respective current returning through
the concentric tube. The resistance of the sample was measured with a small measuring current, also returned
through the concentric tube, as a function of the field produced by the center wire, The critical field thus
determined depends on the value of the measuring current. These findings can be interpreted in the following
way: If the magnetic field of the current through the center wire is dominating, the current in the sample
will How in a very thin layer at the outer surface of the sample. This constitutes a "thin film experiment"
which does not require a thin metal film. The resistance measurements have been supplemented by measure-
ments of the circular Qux on a sample of larger size.

I. INTRODUCTION

N the course of the investigation of the paramagnetic
~- effect in superconductors, ' ' it became apparent
(see reference 7) that a number of differences between
the present theory (see references 1 and 2) and the
experimental results could be resolved if the mean value
of the magnetic field between the superconducting
domains would be different from the bulk critical field.
A calculation of this field in the light of any of the
existing theories of superconductivity' " requires a

* Supported by a grant of the National Science Foundation.
f A preliminary account was given in the Proceedings of the

Fifth International Conference on Low-Temperature Physics and
Chemistry, Madison, wisconsin, I%57, edited by I. R. Dillinger
{University of Wisconsin Press, Madison, 1958), Paper 9-5.

' Hans Meissner, Phys. Rev. 97, 1627 (1955).' Hans Meissner, Phys. Rev. 101, 31 (1956).' Hans Meissner, Phys. Rev. 101, 1660 (1956).
s A. H. Fitch and Hans Meissner, Phys. Rev. 106, 733 (1957).' Hans Meissner, Phys. Rev. 109, 668 (1958).
'Hans Meissner and Richard Zdanis, Phys. Rev. 109, 681

(1958).
~ Hans Meissner, Phys. Rev. 109, 1479 (1958).
e F. London, SuPerftuids (John Wiley and Sons, Inc. , New

York, 1950), Vol. 1.
9 M. v. Laue, Theory of Superconductivity (Academic Press, Inc. ,

New York, 1952).
"V. L. Ginsburg, Abhandlungen ous der Sowj etphysih (Verlag

Kultur and Fortschritt, Berlin, 1951), Vol. II, p. 135, also
Fortschr. Physik I, 169 and 333 (1950).

"A. B. Pippard, Proc. Roy. Soc. (London) A216, 547 (1953).
"Bardeen, Cooper, and Schrieffer, Phys. Rev. 108, 1175 ('1957).

knowledge of the size of the superconducting domains.
The principles governing the size of the domains are
unfortunately not yet known. Good fortune" brought
to the attention of the authors an arrangement which
seems to be of interest in this connection. The arrange-
ment consists of a sample in the shape of a hollow
cylinder, provided with a wire through the center and
a concentric tube (see Fig. 1).The current can be passed
through the sample and returned either through the
center wire (this connection is denoted as "wire") or
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FIG. 1. Hollow cylindrical sample for
resistance measurements. Plastic

"spider"
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'3 We are indebted to Dr. D. A. Buck of the Lincoln Laboratory,
Massachusetts Institute of Technology, for drawing our attention
to arrangements of this type.


