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Laser-Induced Electron Emission from Solids: Many-Photon
Photoelectric Effects and Thermionic Emission*f
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A systematic study of the laser-induced electron emission from solids was attempted by studying both
metals and insulators in the form of evaporated films and single crystals, using three different radiations
(10 600, 6943, and 3472 A) from a Q-switched laser, and measuring not only the intensity dependence of
the electron emission, but also the energy distribution of the emitted electrons. The electron emission
from Au, stainless steel, CsI, KI, and KCI can be explained in terms of (1) thermionic emission and (2)
many-photon photoelectric effects. Two- and three-photon effects were observed, and their quantum
yields were measured. The theory of two- and three-photon photoelectric effects is brieQy developed by a
perturbation calculation of the term —(e/m) A y of the interaction Hamiltonian, and the forrnal expres-
sions are evaluated for a simple three-band model of a solid and for a model that treats the properties of a
solid in an average way. The degree of agreement between theory and experiment is discussed. Using a
laser and a conventional light source, two-photon photoelectric spectroscopy was performed in CsI, and
the spectrum obtained is interpreted in terms of parity-forbidden and -allowed transitions.

I. INTRODUCTION

MOXG the first experimental studies with lasers
was that of the electron emission from solids

under the inhuence of laser radiation. Honig and
Woolston, ' Lichtman and Ready, ' Verber and Adelman, '
and Giori et ul.4 reported at about the same time on the
use of a focused (non-Q-switched) laser beam in effect-
ing electron emission from solids, which was interpreted
merely as thermionic emission. More experiments with
non-Q-switched lasers were reported in 1964 and
1965,' the results of which were similarly interpreted
in terms of thermal e6ects. In all these experiments,
the fact that the laser pulses consisted of many irregular
short spikes complicated attempts to arrive at accurate
quantitative conclusions.

Ready' was the first to study electron emission from
some metals using a Q-switched ruby laser. Using the
consequent single-pulse irradiation, he was able to
consider details of the electron-emission process. He
concluded that for intensities up to 25 MW/cms the
electron emission was entirely thermionic. Using the
Richardson equation, he determined the peak-tempera-
ture rise of his W surface as a function of the laser in-
tensity and found good agreement with theoretical
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predictions obtained by solving the heat-transfer
equation. Other experiments reported, however, do not
agree with Ready's results. Knecht, ' for example, using
a Q-switched ruby laser found an additional electron
emission from W corresponding to a temperature of
29500'K. This, plus other experimental facts, cannot
be interpreted as thermionic emission.

Recently, Ready7 published a very detailed and com-
prehensive work on ion and electron emission from
solids; the latter is interpreted as being entirely
thermionic.

With lasers, two-photon absorption in solids has
become a common effect in the last few years, ' and
significant information has been obtained in several
cases. In analogy to one-photon photoelectric effects it
is likely that two-photon photoelectric studies may
supply additional information in the electronic structure
of solids. However, from the large number of experi-
ments on laser-induced electron emission from solids,
only two had been interpreted as two-photon photo-
electric effects. Sonnenberg et aL.' observed an electron
emission from Csssb (photocathode of an RCA 1P28
photomultiplier) which followed a square dependence
on the light intensity of a Xd-doped glass laser. Teich
et a/. "in studying the electron emission from Xa using
an Xe-gas laser obtained a photocurrent versus intensity
curve that was a mixture of one- and two-photon
processes. There have, more recently, been other reports
of similar results "

' W. L. Knecht, Appl. Phys. Letters 6, 99 (1965).' J. F. Ready, E. Bernal, and L. T. Shepherd, Final Report to
Ballistic Lab. No. 18-001-AMC-1040(x) (unpublished).' J. J. Hop6eld and J. M. Worlock, Phys. Rev. 137, A1455
(1965); D. Frohlich, B. Staginnus, and E. Schonher, Phys. Rev.
Letters 19, 1032 (1967), and references therein.' H. Sonnenberg, H. Heffner, and W. Spicer, Appl. Phys. Letters
5, 95 (1964).

"M. C. Teich, J. M. Schroeer, and G. J. Wolga, Phys. Rev.
Letters 13, 611 (1964).

"Very recently more two-photon photoelectric effects have
been reported: S. Imamura, F. Shiga, K. Kinoshita, and T,
Suzuki, Phys. Rev. 166, 322 (1968);M. C. Teich and G. J. Wolga,
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The authors of the present study were interested in
the photoelectric properties of the alkali halides and
were attempting a study of many-photon photoelectric
eQects in them. In view of the several contradictions and
disagreements between various experiments in the past
it was felt, however, that understanding could not be
achieved without first making some systematic study
of laser induced electron emission from solids. ""
This was undertaken by: (i) studying both metals and
insulators, (ii) carrying out studies on materials in the
form of both thin evaporated films and single crystals,
(iii) using several different laser radiations, and (iv)
measuring not only the intensity dependence of the
electron emission but also the energy distribution of the
emitted electrons.
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The strong light intensities required for the experi-
ments were obtained with a Q-switched laser (TRG
Model No. 104). With a ruby rod in the laser cavity,
the laser generated light pulses of about 40-nsec dura-
tion and 1-J energy at 6943 A (1.786 eV). In combina-
tion with a KDP crystal, second harmonic (3471.5 A or
3.57 eV) generated light pulses were also produced with
about 27-nsec duration and 0.05-J energy. With an
Nd-doped glass rod in the cavity light pulses of about
30-nsec duration and 1-J energy at 10 600 A (1.17 eV)
were generated.

Figure 1 is a block diagram of the experimental setup.
A 90' quartz prism directs the laser beam through a
window into the evacuated photoelectric cell. The light
on its way to the cell passes through two irises used to
control the beam dimensions and through a series of
filters used to eliminate the laser flashlamp light and to
change the intensity of the laser light. The laser beam
is incident on the photocathode (of the material under
study) at a 60' angle and is specularly reflected out of
the cell through another window. The photoelectrons
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Pro. 2. ia) Top view oi the photoelectric cell; (b) the
planar electron-energy analyzer.

are directed into an electron multiplier, and the voltage
signal generated across a 51-0 load resistance is dis-
played on a Tektronix 547 oscilloscope. A beam splitter
placed in front of the laser directs a portion of the laser
light to two RCA 922 photodiodes. One diode serves to
monitor the laser intensity, while the other supplies
the signal to trigger the oscilloscope sweep.

The photoelectric cell is shown in Fig. 2. It consists
of a brass cylinder with four 1-in. cylindrical openings,
distributed symmetrically around its circumference,
having their axes at a 60' angle with the cell axis. Three
of them are sealed with quartz windows and one with
plain glass. One pair of windows is used for the passage
of the laser beam, while the other pair is used in an
experiment in two-photon spectroscopy where a second
light beam is needed. The laser beam is perpendicular
to the windows so that the portion of the beam reflected
from the windows follows the path of the main beam.

The cathode is a 1 in. stainless steel mirror disc S,
on which the samples are evaporated or placed. It is
mounted inside the photoelectric cell on a side shaft as
shown in Fig. 2(a). External rotation of this shaft by
90' brings the mirror into evaporation position facing
the evaporator. The evaporator (not shown in Fig. 2)
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is a nickel-mesh boat mounted on long leads vacuum
sealed through a lucite window. Observation of evapo-
rated layers through the window allowed estimation of
film thickness from their interference fringes.

The electron multiplier is mounted on the front plate
of the cell. It was constructed from an unsealed 10-stage
CBS 7812 photomultiplier having Be-Cu dynodes. The
original glass envelope was cut in the plane of the focus-
ing electrode of the multiplier structure, and the tube
was used in this form as the fast amplifier for the photo-
emissive currents. The gain of the electron multiplier as
a function of cathode-anode voltage was measured in
a vacuum monochromator using the 1215 A Lyman n
radiation on a Cu photocathode from which the electron
emission was separately measurable. The gain of the
multiplier was 4)&104 at 3000 V.

The cell chamber was evacuated with a conventional
pump system consisting of an oil diffusion pump with
liquid-nitrogen cold traps backed by a mechanical fore-
pump. The vacuum was of the order of 10 '—10 ' Torr.

For the determination of the energy distribution of
the electrons emitted from the targets under the
inhuence of laser radiation, a conventional two-electrode
energy analyzer could not be used, because of the high
photocathode currents (peak densities of the order of
10 ' A cm—') that were required for these measure-
ments; for such current densities, apparent space-
charge effects were observed in the considerable but
requisite distance between photocathode and retarding
electrode. In order to perform the measurements, an
energy analyzer was constructed having a third (semi-
transparent) electrode between the photocathode and
the retarding electrode. This electrode was kept at a
high positive potential relative to the cathode; space-
charge effects of the accelerated electrons in this region
were thereby largely eliminated. Electrons passing
through the semitransparent accelerating electrode were
then energy analyzed with the retarding electrode; by
keeping the spacing between retarding and accelerating
electrodes to a few mm, current saturation was obtained
at zero retarding voltage" (i.e., retarding electrode at
cathode potential).

In part of the experiment it was desirable to measure
the component of the electron energy normal to the
emitting surface. For this reason a planar analyzer was
constructed as shown in Fig. 2(b). The emission occurs
in a large plane capacitor consisting of two 5-in. disks.
Disk A has a central hole in which the stainless-steel
mirror (photocathode) is mounted. The accelerator
disk B has two openings for the passage of the laser
beam and a central opening which is covered with a
fine Ni mesh (60% transmission). The retarder R is
another N i mesh mounted over the end of a cylinder so
constituting the cathode and electrostatic shield of the
electron multiplier. The photocathode and the retarder
were kept at near the same high negative potential while

'4 L. Heroux and H. E. Hinteregger, Appl. Opt. 1, 701 (1962).

the accelerating electrode was less negative by several
hundred V. The small potential difference between
photocathode and retarder was varied and used to
analyze the energy of the electrons.

For the rest of the experiment, the total energy of the
electrons was of interest; for this a spherical analyzer
was constructed along the same lines.

III. MEASUREMENTS AND RESULTS

A. Electron Emission

This part of the Ineasurements was concerned
essentially with the investigation of the dependence of
the electron-emission current from solids on the inci-
dent-light intensity.

The intensity of the laser light was controlled by
filters. For the 6943 and 10 600 A radiations, combina-
tions of Corning color filters were used. In some cases
neutral-density filters were also used. Various tests
showed that there was no contribution to the electron
emission from possible luminescence of the color filters.
For the 3472 A radiation. , liquid filters consisting of water
solutions of NiSO4 of various concentrations" and, in
some cases, color filters were used. The transmission of
all filters at the laser wavelengths was measured in a
Cary 14 spectrophotometer and also with the laser light
itself using a TRG-100 thermopile. Both measurements
gave the same results.

The intensity of the unattenuated laser beam (Io)
was calculated from the total energy per laser pulse
measured with the thermopile. The pulse shape and
duration needed for this calculation was measured with
a fast photodetector and the oscilloscope. Figures
3(a)—3(c) shows typically the three laser pulses. The
intensity was obtained by dividing the laser power by
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Fio. 3. Light and electron pulses. (a) 10 600 A laser pulse, (b)
6943 A pulse, (c) 3472 A laser pulse, (d) electron pulse from
stainless steel and Au resulting from the 6943 A radiation, (e)
electron pulse from the five solids resulting from the 3472 A
radiation, (f) electron pulse from Au resulting from the 6943 A
radiation at I(0.7 MW/cm'. The sketches are exact repro-
ductions of oscilloscope pictures, traced here for clarity. Time
scale is 50 nsec per division.

'5 S. F. Pellicori, Appl. Opt. 3, 361 (1964).
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the illm~inated area of the sample. In this calculation it
is assumed that the intensity is uniform over the cross
section of the beam. This was tested by successively
decreasing the beam dimensions and measuring the
energy of the pulse. The results indicated that indeed
the intensity was uniform for small-beam cross sections
(about 0.5 cm'). It should be stressed, however, that this
test is inherently an averaging measurement and there-
fore cannot exclude the existence of "hot" or "cold"
spots on the area of the beam arising from imperfections
in the optical parts of the laser. Some calculations were
carried out in order to investigate the eRect of beam
nonuniformities. It was found that while such non-
uniformities cannot change the intensity dependence of
the electron emission, the numerical coefficients in a
relation like J=bl2, for example, can be diRerent from
those calculated under the assumption of a uniform
light beam.

The absolute value of the electron current emitted
from the samples was determined by two methods:
first, by using the known gain of the electron multiplier
and second, for large enough currents, by measuring
them directly without the use of the electron multiplier.

The shape of the electron pulse is very important
because it depends on the nature of the process that
results in electron emission. For example, if the in-
tensity dependence of the electric current is i=aI",
where I=I„e " ', then the electron pulse is also
Gaussian i =f,„e& "~~'& with 6' =6/Qe Ther.efore,
much information may be obtained from the shape and
duration of the electron pulses. For this reason, special
care was taken to keep the reaction time of the measur-
ing circuits as small as possible. Finally, the limiting
factor was the 7-nsec rise time of the 547 Tektronix
oscilloscope.

The sensitivity of the detection system, i.e., the
combination of the electron Inultiplier and the oscillo-
scope, was 10 '-A peak current (=200 electrons per
pulse) with a signal-to-noise ratio of 10.

For intensities up to the highest (= 15 MW/crn') used
in these measurements only electron emission was
observed. Negative or positive ions were never observed.

All measurements were made at room temperature.
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both radiations give very similar results.

The results for the 3472 A radiation are shown in

Fig. 5. The experimental points fit a straight line with
slope 2, indicating a second-order process.

Electron pulses resulting from the three radiations are
shown in Figs. 3(d)—3(f). They were very reproducible.
In the case of the 3472 A radiation, the electron pulse is
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FIG. 4. Photoelectric current from stainless steel versus relative
intensity of the 6943 and 10 600 A laser radiations.

1. Stain1ess Steel

The stainless-steel mirrors were polished mechan-
ically. "Before being installed in the photoelectric cell
they were cleaned with acetone and alcohol.

Figure 4 shows the dependence of the electron current
emitted from stainless steel on the incident laser in-
tensity for the case of the 6943 and 10 600 A radia-
tions. These plots are the results of several series of
measurements. It is not possible to draw a single
straight line through the experimental points. However,
if one draws a sort of average straight line, its slope is
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' The mirrors were polished by Mrs. Newton of the Crystal-
lographic Laboratory of Cornell University.

I'IG. 5. Photoelectric current from stainless steel versus relative
intensity of the 3472 A laser radiation.
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approximately Gaussian with duration of about 20 nsec.
Since the light-pulse duration is about 27 nsec,
LP/6" 2, a further indication of a second-order process.

Z. Au"

The Au films (several thousand A thick) were
evaporated in an external evaporation chamber and
were transferred into the photoelectric cell and under
vacuum within 3 min after evaporation. Only a very
slight degree of contamination of the Au films is
expected during the short exposure to the atmosphere.
Moreover, the Au 61ms were probably somewhat cleaned
and annealed inside the cell in allowing the full intensity
of the 6943 A radiation to hit them. Experiments in the
past' and conclusions drawn from this experiment
(Sec. V) show that surface heating to very high tem-
peratures results when light intensities of the order of
several MW/crn' are incident on a metal surface.

Figure 6 shows the electron current from Au as a
function of the 6943 A radiation. The datum points are
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the results of measurements on two different Au films.
It is evident from Fig. 6 that the electrons originate in
two distinct processes for two different intensity ranges.
For intensities higher than about 1 MW/cm' the current
is as strongly dependent on the light intensity as that
from stainless steel for the 6943 and 10 600 A radia-
tions, while at lower intensities, the experimental points
fit a straight line of slope 3, i.e., the current here is given
by i=bP, a third-order process. The shape and duration
of the electron pulse LFig. 3(c)] is also consistent with
a third-order process.
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In the case of the 3472 A radiation the current from
Au showed a square-law dependence on the intensity"
indicating a second-order process.

3. AMali Iralides

Among the alkali halides, CsI, KI, and KC1 were
chosen for study. At room temperature CsI and KI
have a one-photon photoelectric-emission threshold of
about 6.2 and 7 eV, respectively; they are therefore
candidates for a two-photon photoelectric effect with
the 3472 A (3.57 eV) radiation. KCl, on the other hand,
has a one-photon threshold at about 8 eV, so that a two-
photon effect with this radiation was not expected,
contrary to results.
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The three alkali halides were studied in the form, 6rst,
of thin films evaporated on the stainless-steel mirror.
From all of them, the 3472 A radiation resulted in an
electron-emission current which was proportional to the
square of the light intensity over seven orders of magni-
tude of the photocurrent (Figs. 7-9).

The effect of the 6943 A radiation was also investi-
gated. At low-light intensities, Alms evaporated outside
the photoelectric cell and then transferred into the cell
exhibited an electron current which depended linearly
on the intensity, indicating a one-photon effect (Fig. 10)
in spite of the fact that pure alkali halides do not absorb
light in the 6943 A range. At higher intensities, the
signal became very strongly intensity dependent, as
it did for stainless steel and Au (Figs. 4 and 6), but it
was highly irreproducible from pulse to pulse, and the
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electron pulses were wide and irregular. Finally, at the
highest laser intensities the films were destroyed, as
was observed visually. On the other hand, 6lms evapo-
rated inside the photoelectric cell did not show a con-
sistent behavior to the 6943 A radiation. Some of them
exhibited the linear intensity dependence of the electron
emission while others did not, even after exposure to
the atmospheric air. At high intensities all 61ms showed
the strongly intensity-dependent signal and were
destroyed at the highest intensities.

In trying to understand further the behavior of the
alkali halides, the measurements were extended to
single crystals, both KI and KC1 being studied. The
crystals were cleaved outside the cell and mounted onto
the stainless-steel mirror. Special precautions were
taken to block the escape of electrons liberated from
the stainless-steel mirror when light passing through
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Fzo. 10. Photoelectric current from KC1 evaporated 6lms versus
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the crystal was incident on the mirror. Results on the
single crystals for the 3472 A radiation are shown in
Figs. 8 and 9. On both KI and KC1 the electron-emis-
sion current exhibited a square dependence on the light
intensity. For KI the magnitude of the effect was pre-
cisely the same as that observed on evaporated KI
films. In KCl single crystals, however, the eRect was
more than two orders of magnitude weaker than that
found on evaporated KCl films.

The effect of the 6943 A radiation on single alkali-
halide crystals was also explored. A KCl crystal 2 mm
thick mounted on the Inirror was examined. The elec-
tron emission was extremely small, about SX10 ' A
at 5 MW/cm', an intensity for which the evaporated
alkali-halide films were destroyed.

B. Energy Distribution of Emitted Electrons

The energy distribution of the emitted electrons was
measured using the planar and spherical analyzers
described in Sec. II. The retarding voltage was changed
in steps of 0.1—0.05 V.

The planar analyzer was used in studying the electron
emission from the metals under the infIuence of the
6943 A radiation. As described in Sec. III A, this
electron emission depends very strongly on the light
intensity. Because of the existing knowledge on the
electron emission from metals (Sec. I), one is inclined
to interpret this emission as thermionic rather than as a
seven- or eight-photon photoelectric effect. However,
this is not a sufhcient reason to dismiss the possibility
of a many-photon photoelectric eRect, especially in view
of some recent claims of a five-photon photoconduc-
tivity effect, '~ There is, nevertheless, a unique test in
differentiating between thermionic and photoelectric
emission: this rests in measurements of the normal
energy distribution of the emitted electrons. If the
electrons are due to thermionic emission their normal
to the emitting surface energy distribution should be
exponential. " This normal energy distribution was
measured with the planar analyzer for stainless steel
and Au.

Figure 11 shows some results on stainless steel. The
retardation curves have been normalized to the satura-
tion current. Each experimental point is the average of
at least two measurements (two laser shots). It is
evident that for the 6943 A radiation the experimental
points for retarding voltages fit a straight line, support-
ing the thermionic origin of the electrons. For accelerat-
ing voltages the current shows saturation. To further
ascertain the thermionic origin of these electrons, the
planar analyzer was used in carrying out retardation
measurements on stainless steel irradiated by the 3472-A
radiation, which presumably produced a two-photon

"V. Dneprouskii, D. Klyshko, and A. Penin Zh. Eksperim.
i Teor. Fiz. Pis'ma v Redaktsiyu 3, 383 (1966) LEnglish transl. :
Soviet Phys. —JETP Letters 3, 251 (1966)."A. J. Dekker, Solid Slate Physics (Prentice-Hall, Inc.,
Englewood CliAs, N. J., 1960), pp. 221-222.
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FIG. 11. Collector current versus retarding voltage for stainless
steel for the 6943 and 3472 A laser radiations (planar analyzer).

photoelectric effect (Fig. 5); the retardation curve of
photoelectrons is expected to be very different from
that of thermionic electrons. As seen in Fig. 11, there
is a pronounced diRerence between the two retardation
curves showing the diRerent origin of the electrons in
the two cases.

The measurement of the normal energy distribution
of thermionic electrons is of special interest since the
slope of the retardation curve gives the temperature
of the emitting solid, as will be discussed later. The
retardation curve in Fig. 11 for the 6943 A radiation
was taken for a laser intensity of 5.9 MW/cm' and the
saturation current was 6)&10 4 A.

Similar measurements were made on Au with similar
results.

In the case of the 3472 A radiation, all five solids
exhibited a square-intensity —dependent electron emis-
sion. Thermionic emission was not observed for this
light at the intensities employed here (less than 1

MW/cm'). In such a case one is interested in the total
energy distribution of the emitted electrons; it was
measured with the spherical energy analyzer. As an
example, the retardation curve for KI is presented
in Fig. 12. Again each experimental point is the average
of at least two laser shots. The retardation curves were
measured more than once with a very high degree of
reproducibility. Differentiation of these curves fur-
nishes the electron energy distributions shown in

Fig. 13.
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cos8= (Eg/Z) I/2

f(E)
cos8=1

Q&p

I(Eg) =Ip

Because of the high potential differences between the
various electrodes of the energy analyzer, deviation

a reciable distortion of the energy distribution curves.
To investigate this problem, the norma o e s
apprecia e is or ion o

rmal to the surface
energy distnbu ions o'b t' f the electrons emitted from stain-
less steel and KI were measured with the planar
anal zer. If f(E) is the total energy distribution and Ep
the maximum electron energy, ththen the collector cur-
rent of the planar analyzer at the retarding voltage
Eg is

I

'I

I

40—

j/.-: p
:/

I

,
:/

30-j,j

I

f
LLI

20

3472 A

6943 A

h h(8) is the angular distribution of the electronsw ere i is e
~ ~ ~

and 8 is the angle between the initial veloci y
e ectron an e1 d the normal to the cathode surface.

al to theFrom the measured function f(E) the norma o e
surface energy is rif d stribution was calculated from the

~ ~ ~

above integra or r
' ' s:1 f three diferent angular distributions:

(i) h(8)=1, isotropic; (ii) anisotropic, h(8)=cos
(forward emission); and (iii) h(8) =sin'8 forward
emission is zero~.) These were compared with t e mea-
sured normal energy distributions (planar ana yzer).
It was found that the isotropic distribution resulted in
a very good agreemend t between calculated and measure

~ ~

distributions indicating that the spherical analyzer is
functioning correc y antl and the angular distribution is
closely isotropic.

0 0

10

0 1 2 3
Energy of Emitted Electrons in ev

F&G. 13. Energy distribution of photoelectrons emitted
from Au, KI, and stainless steel.

The eBect of the laser intensity on the electron energy
distribution was also studied. 1 For a given set o
voltages on the electrodes of the energy analyzers the

In all cases, the intensity dependences obtaine in
S III A were reproduced. (2) Retardation curves
were obtained for more than one intensity.
3472 A radiation (photoelectric effects) the retardation

6943 A
f d ff t intensities, when shifted vertically

(s™ogarithmic plots), coinci ed. For the
ra iation in s aind' '

tainless steel (thermionic effect the slope
i ht line (Fig. 11) depended on the intensi yof the straig ine i .

in the correct manner, i.e., larger at ower in ens'

(lower temperatures).
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Fra. 12. Collector current versus retarding v golta e for KI for the
3472 A laser radiation (spherical analyzer).

C. Two-Photon Photoelectric Spectroscopy
~ ~

Th its of the measurements in Sec. III A indi-eresu s o
cated that it might be possible to perform two-p o
photoelectric spectroscopy in KI an, Cs

'
gCsI usin a laser

b and a variable-wavelength incoherent light
source. " In these measurements only the 43 A laser
radiation could be used, since the 3472 A radiation

~ ~

resu e in alt d
'

a second-order electron emission by itse
G FX42A-3The incoherent light source was an EGRG

8 h 1 which gave light pulses of about 50-@sec
s assed

through a Bausch R Lomb Model No. 33-86-40 grating
monochromator with 1-mmm

' - slits resolution about
33 A) and then focused on the stainless-steel mirror.
The two pairs of windows of the photo electric cell

ed for the passage of the two light beams. Thewere use or e
that the shortli ht ulses were synchronized so tha

laser pulse coincided with the peak of the ong 'g1 n uvli ht
pulse.

"E.M. Logothetis, Phys. Rev. Letters 19) 1471 (1967).
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Thin KI and CsI films evaporated on the stainless-
steel mirror inside the photoelectric cell were investi-
gated. The laser intensity was kept at about 0.1
MW/cm' in order to avoid electron emission from the
6943 A radiation alone.

When the laser and the uv beams were incident on a
KI film an electron emission pulse was observed with
the following characteristics: (1) The shape and duration
of the pulse was the same as that of the laser pulse;
(2) this electron emission was observed only for uv
wavelengths shorter than about 250 mp; (3) spatial
coincidence of the two light beams on the KI film vras

required for electron emission; (4) temporal coincidence
of the two light pulses was not necessary; in particular,
the same electron pulse was not only observed when
both light pulses coincided in time but also vrhen the
laser pulse alone vras incident on the KI film, provided
that previously the uv pulse had been allowed to be
incident on the film.

The last experimental fact clearly shows that this
electron emission from KI is not a two-photon photo-
electric effect. It seems rather that the uv light "acti-
vates" the KI film, aIid that the laser light subsequently
causes a (one-photon) electron emission. Subsequent
laser pulses (alone, uv beam blocked) continued to give
similar electron pulses, but with a constantly decreasing
amplitude. It was found that this "deactivation" of
the KI film was not a function of time but rather of the
number of laser pulses. In fact, the amplitude of the
electron pulses was roughly an exponential function of
the number of laser shots with a "decay constant" the
number of photons per laser pulse (about 10"photons).

The situation was different in CsI. When both light
beams were incident on a CsI film an electron-emission
pulse was observed with the following characteristics:
(1) The shape and duration were the same as the laser
pulse; (2) spatial and temporal coincidence of the two
light beams on the CsI was required for the electron
emission to occur; (3) this electron emission was ob-
served for uv wavelengths shorter than about 270 mp, ,
(4) the signal was proportional to the laser intensity
Iz, and to the uv intensity I„.These characteristics
are exactly vrhat one expects from a two-photon photo-
electric effect. The peculiar effect observed in KI was
almost absent in Csl (it accounted for only 5% of the
total electron emission).

Figure 14 shovrs the relative two-photon quantum
yield (emitted electrons per incident uv photon) as a
function of the total (uv plus laser) photon energy. The
quantum yield was obtained by dividing the electron
current at a given total photon energy by the photon
Qux of the uv light corresponding to this total photon
energy. The relative uv light intensity vras measured
vrith a 7664 DuMount photomultiplier, corrected for
the spectral response of the photocathode.

Four different films several thousand A thick were
.studied vrith very reproducible results.
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Fzo. 14. Two-photon quantum yield of CsI versus total (laser plus
uv) photon energy. Laser intensity=8)&10 ' M/7/ems.

An attempt was made to measure the absolute
quantum yield of the tvro-photon photoelectric effect
in CsI, although an accurate value was not expected to
be obtained because of difhculties in the geometry of
the system. This was accomplished by measuring the
absolute intensity of the variable light source at one
wavelength (550 my) with an SD-100 photodiode. From
this result and the relative intensity distribution of the
uv source, the absolute quantum yield of the electron
emission vras calculated to be about 10 4 electrons per
uv photon at 7.14 eV for a laser intensity of 0.08
MW/cm'.

An attempt was made to perform similar two-photon
spectroscopy in the metals, but no electron emission
was observed.

A. Thermionic Emission

The high level and very strongly intensity-dependent
segment of the electron emission from the solids investi-
gated here with the 6943- and 10 600-A laser radiations
(Figs. 4 and 6) can definitely be identified as ther-
mionic emission. This is in agreement with existing
understanding of laser-induced electron emission from
metals and may indeed be characteristic of all solids
under such circumstances. A seven- or eight-photon
photoelectric effect, as might be suggested from the
measured intensity dependence of the emission current
(which in fact is not exactly either seventh or eighth
power) seems very unlikely. The probability of such an

IV. DISCUSSION

The electron emission from Au, stainless steel, KI,
CsI, and KC1 for laser radiations of 1.17-, 1.29-, and
3.57-eV photon energy at intensities lower than about
15 MW/cms can be explained in terms of two funda-
mental processes: thermionic emission and many-
photon photoelectric effects. However, several experi-
mental results cannot be definitely explained and require
further experimental and theoretical work.
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eRect should be extremely small, "very many orders of
magnitude lower than the one observed. On the other
hand, a photoelectric effect is selective in the sense that
it depends on the photon energy and the band-structure
characteristics of the solid. The measurements here,
however, have established that both metals studied
(with different band structures) exhibit the same de-
pendence on intensity of the electron emission. In
addition, this emission does not depend on the photon
energy of the 6943 and 10 600 A radiations (Fig. 4).

The most conclusive evidence for the thermionic
origin of the emission lies in the results of the electron
energy distribution measurements. The normal to the
surface velocity distribution of thermionic electrons
should be Maxwellian" with the collected current as a
function of retarding voltage V~ given by

1(p ) —I ~
—Vgglkr

The results shown in Fig. 11 clearly show such a func-
tional relationship. In addition, at higher incident light
intensities the experimental slopes of such retardation
curves decrease as expected since the temperature of
the solid is increased (Sec. III).

From the data of Fig. 11 the surface temperature of
the stainless steel was calculated to be 2500&200'C at
a laser intensity of 5.9 MW/cm', close to that found by
Ready in YV under similar conditions. It is, however,
near or a little higher than the melting point of stain-
less steel. From a rough measurement of the absolute
value of the emitted current, the work function was
calculated from the Richardson relation to be 6 eV,
which seems rather high for stainless steel." Many
reasons may account for such discrepancies, i.e.,
uncertainties in the value of the coeS.cient A in the
Richardson relation and in the values of measured
current density and the inhuence of possible beam non-
uniformities which may become very important for the
strongly intensity-dependent electron emission.

The rest of the experimental observations pertinent
to this part of the electron emission are also consistent
with the interpretation of the effect as thermionic
emission. The shape of the electron emission pulse

t Fig. 3 (d)$, especially the existence of a relatively long
tail, is in agreement with what one intuitively expects
from a heating eRect and with the theoretical calcula-
tions of Ready. ' The alkali halides here do not absorb
the 6943 A radiation and, therefore, a heating effect
should not result. Indeed, a single KCI crystal 2 rnm
thick did not emit any electrons with this radiation.
In the case of thin alkali-halide films at very high laser
intensities ()1 MW/cm') evaporation and electron
emission occurs as a secondary eRect, the primary
eBect being that of heating the stainless-steel substrate.

One should be reminded that the melting point of alkali
halides is in the range of 700—900'C.

No attempt was made to investigate the thermionic
effect further, since this work was oriented more toward
photoelectric eRects, and since thermionic emission has
been investigated in great detail elsewhere. 7 It is
sufhcient for the purpose of these experiments here to
have established the part of the electron emission dis-
cussed above as thermionic emission.

1. Theoretical Coesideratioms

Very little theoretical work has been done on the
two-photon photoelectric eRect. This is understandable,
since such calculations involve, in addition to the initial
and 6nal electronic states, an intermediate state: Even
if the complete band structure of a solid is known, the

TAar, K I. Order of the many-photon photoelectric eGects
expected from the 6ve solids and the three laser radiations. Those
with a circle are the processes that were observed in this
experiment.

E =Valence-band-vacuum-level
W =Work function energy difference

Stainless
Au steel CsI KI KC1

W=4.8 eV W=5 eV B=6.1 eV E =7.0 eV E 8.0 eVLaser

B. Many-Photon Photoelectric EBects

The solids studied here were chosen because their
band-structure characteristics are such that a given
laser radiation should not cause the same many-photon
photoelectric effect in all of them. In this way, one
should be able to give a definite interpretation to the
electron emission.

Table I gives for the five solids the band-structure
characteristics pertinent to the photoelectric effect and
the order of the many-photon photoelectric effect that
might be expected for each solid and laser radiation.
Those with a circle are the processes that were observed.

The 10 600-A radiation did not give any of the possible
photoelectric effects in any of the materials studied.
The same is true of the 6943 A radiation except in the
case of Au (Fig. 6) where a third-order process was
observed. It would take at least a fourth-order process
to produce photoelectrons from such photons in the
other materials. It is therefore not surprising that
nothing was seen in them, for the probability of a four-
photon effect should be very small. A comparison
between the two-photon and three-photon photoelectric
effects (see Sec. IVCI) suggests that the constant d in
a relation J =dI4 should be smaller than 10 " (A/cm~)/
(MW/cm')4, ma&ing the observation of a fourth-order
effect impossible under the present experimental
conditions.

"Compare the magnitudes of the two- and three-photon eGects
which were observed here and are discussed later.

"In fact a (photoelectric) work function of 5, 1 eV was found
from the energy distribution of the electrons emitted from
s tainless steel under the inQuence of the 3472 A radiation,

10 600 L
1.17 ev

6943 A
1.786 eV

3472 i.
3.57 eV

08 3or4

OQ

6 or 7

O2

7or8
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task of calculating the two-photon absorption and from
that the photoelectric current is very complicated. It
should be mentioned that only recently" has quantita-
tive information been obtained from the much simpler
one-photon photoelectric effect.

Smith" and Adawi24 have calculated the two-photon—
surface photoelectric effect in metals, but their results
are not applicable here since low-energy excitations
very close to the work function of the metal are con-
sidered in these calculations. At the high-energy excita-
tions involved here (=7 eV), however, the volume
photoelectric effect dominates. Following Fan's treat-
ment25 of the one-photon effect, Bloch26 treated the
two-photon photoelectric effect by a first-order per-
turbation calculation of the A2 term of the perturbation
Hamiltonian X'= —e A p/2)2+e'A2/2222. The A y
term, however, when treated in a second-order per-
turbation calculation, may give a larger contribution to
the two-photon probability; Teich and Wolga" have
recently made a calculation using this term.

In the following, some results will be presented of an
attempt to calculate the two- and three-photon photo-
electric effects.

If o. is the m-photon absorption constant then the
m-photon photoelectric current density is

J =e I(x)p(x, E)n (tx,

where I(x) is the light intensity at x, and p(x, E) is the
escape probability of an electron of energy E generated
at a depth x in the solid.

a. T2oo Photort Ph-otoelectric effect If
~ j), .

~ f), and
~i) are the initial, final, and intermediate electron
states of a solid involved in a two-photon (of frequency
(pi and (d2) transition, the transition probability (using
standard second-order perturbation theory for the
term A y) is

where

AK 'Sy S2——5 (Eg, —h(d) —h(p 2)
2ep (pi(d2l 1 l 2 V V

II .{&)II. .(2) Ig .(2)Q. .(I)

x p — +, (1)
i P; .—/~2 - 1';&—AM I

f

22W. C. Spicer, Phys. Letters 20, 326 (1966), and references
therein."R.L. Smith, Phys. Rev. 128, 2255 (1962).

'4 J. Adawi, Phys. Rev. 134, A788 (1964).
'" H. Y. E4an, Phys. Rev. 68, 43 (1945).
2 P Bloch, J. Appl. Phys. 35, 2052 (1964).

Ht;(') =(f~ —(e/r)2)t exp(iK) r)](, pti),
K1 and g) (t =1, 2) being the wave vector and polariza-
tion unit vector of lights 1 and 2, l ) the index of refrac-
tion at frequency cog, e~ and e2 the number of photons
of frequency ~& and co2, respectively, and V the volume.

The total transition probability per unit time and

unit volume from all possible initial states
t j) to all

possible final states
~ f) of the solid is then

rw, = rv, A.
(22r)'

(2)

If n2((p2) is the absorption constant for photons (p2 in
the presence of photons or~, then in the dipole
approximation

Avre4 ei 2
(22((p2) = — dkt)—(Ef, h—(iph—(2p)

2ep p)1(peer)Z pi f2 U (22I )

p (1)p (2) p (2)
p

(1) 2

x p +, (3)

where

p~'"'=() pf.

where E,=ED—E, is the electron amenity of the in-
sulator and f;, the oscillator strength for the ij transi-
tion. The photoelectric current density is then given by

e'E,Eaficf.v (2h(p —Ep)'"
J2-

42repscsh4(d4m')2l2 (E.—hpp)'

X 12(x)P(x,E)(tx. (5)

When one-photon absorption is not concurrent with the
two-photon effect (metals are excluded therefore),
and p(x) =e ",where D is the average escape depth

El„
Vacuum ) evel »»

Cond~!@Mon Band ck

~//////////
' ~~vk

FIG. 15. Energy-band model used to calculate the two-photon
photoelectric effect in semiconductors. E.„—band gap, Eo—wor
function.

» R. Brannstein and N. Ockman, Phys. Rev. 134, A499 l1964l.

To make further progress one has to consider a
specific model. In the case of insulators the simplest
model is the one shown in Fig. 15. The filled valence
band v is taken as the initial state, the usual conduction
band c as the intermediate state, and a second conduc-
tion band t with its bottom coinciding with the vacuum
level as the final state. If all three bands are assumed to
be parabolic, then the two-photon absorption constant is
the same as that calculated by Braunstein and Ockman. 27

In the case of only one light beam ((di ——&p2) one has

e4E.E„f1,f,„(2h(p —Ep)')2

4 e )rc ph2' 2m(p)2$)2 (E —h(p)2
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of the electrons, one finds that

e'E.E,f„f„,D (2h~ I'„)-1-~2

47rp ' c'h'4p'm'"i' (L —h6p)2

'mediate states, then the transition probability is

7r /S2 8 y'Pl 2Ng

(g) FVf, —— 'o(Ef, hopi —h(p2—hpp:—)
466 4p16626p3$1 t 2 $3 V

This equation is very similar in form to the one quoted
in Ref. 9; presumably, the same model was used.

The applicability of the model is questionable for
most solids, especially because of the assumption that
the bottom of the final band coincides with the vacuum
level.

In view of the complexity of the problem it will be
satisfactory for this work to obtain an estimate of the
two-photon photoelectric eAect rather than an exact
value. This can be done conveniently by expressing
n2(4p) in terms of ni(24p), the one-photon absorption
constant at 2~; this is given by

7reph fi' 2
621 (24p) =— dk—b (Ef, 2h4p)—, (7)

26pcml' (27r)3

where fi' is the oscillator strength for the transition
from initial state to final state separated by 2Aco, and
f' the index of refraction at 24p. Equa, tion (3) can be
written as

where

Hf "H "H,,"'
xQ

(E, —hpi —hpi3) (E ': hpi'~)

2

+5 simila, r terms, (13)

IIfp& 1=(f~ —(e/m)A. p~g)= —(e/m)(„pfp,
a=1, 2, 3. (14)

In the case of a single laser beam (&pi=cp =a»), the
transition probability H/3 per unit time per unit volume
(involving the absorption of three photons) from all
possible initial states

~ j) to all possible final states
~ f)

of the solid is

9 h7r2ep n)3 2
W3 ——— ——

i
de�(Ef, 3hcp)—

ppPpi'm'l' V/ (277)'

Pfppp~pii'
(13)

i '3 (Ep,.—2hpi) (E;f—h(p)

A2 M

2Pf ~P~i
and the absorption constant is

26 2cpppm4|3 V, E

l'e2 n fd
422 (cp) =— ——n, (2pi),

eppi2mP V f, ' (9)

where a pseudo-oscillator-strength" has been defined as

dkb (Ef, -2h(p) . —(8)
(27r)3

Combining Eqs. (7) arid (8) gives

9~e'6' n
Q3 (4P) =

6 3c4p3mp f" V
de (Ef,—3h4p)

(27t-)'

Pfppp~p'7
X — . 16

43 (Ep, 2h4p) (E,, h—4p)—
To consider a four-band model for the solid would be

unrealistic at this time. Thus, in order to obtain an
order-of-magnitude estimate of n3, this absorption
constant is expressed again in terms of the one-photon
absorption constant at 3Aco. One then obtains

1 2pf p;,

/pal 't pt j AQ)

18e4t' f~—
(11 (34p)I

2c2h24p6m2P f
(17)

In terms of intensity, n2(a&) becomes

e2$
/ —ui(2&4)I,

pph& cmi fi'

and the two-photon photoelectric current density -is

e3PD fg
72 —— —661 (2p1)I.

eph ip cmP fi
(12)

b. Three photon photoelect-ric effect. In this case only
the A p term can give a contribution when the pertur-
bation is carried in third order. If

~ j) and
~ f) are the

initial and final states and ~g) and
~ j) the two inter-

"An order-of-magnitude calculation gives fd = I.

where a pseudo-oscillator-strength has been defined
again as

AM Pfppp4pfi

m3 '3 (Epf —2hpi)(E;; —hip)
(18)

18e"l'D f4
J3= —

421 (34p)I'.
6o2c2h3~7m2(3 f '

(19)

Z. Discussion of Experimental Results on Many Photon-
Photoelectric Effects

For all the materials studied here, the 3472 A radia-
tion resulted in an emission current which depended on

The three-photon photoelectric current density is then
given by
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the square of the laser intensity. The shape and duration
of the photoelectric pulse is also consistent with a
second-order process. A square-intensity dependence,
however, does not necessarily mean that it is a true
two-photon effect. There are other possibilities, among
which probably the most important are: (a) genera-
tion in the material of second-harmonic radiation
(7.14 eV), which subsequently causes a one-photon
photoelectric effect; (b) an excited-state absorption
process due to some kind of impurity or defect in the
crystal, i.e., the electrons of such centers are erst
pumped to a (real) excited state and subsequently,
during the lifetime of the excited state, absorb a second
laser photon reaching a final state above the vacuum
level.

The second-harmonic generation (SHG) can be
excluded for the following reasons: (i) SHG is not
possible in alkali halides since they have a center of

symmetry; (ii) SHG due to plasma oscillations is

possible in metals, "but the efIiciency of conversion is
of the order 10 ', much smaller than the effects observed
here; (iii) even if there were a SHG from the stainless-
steel substrate, this could not cause the observed photo-
electric effect in alkali halides which were evaporated
on the mirror. The one-photon absorption constant of
KI at 7.12 eV is about 5X10' cm '; therefore, in the
case of a 1-mm-thick single crystal, the SHG photons
leaving the stainless-steel substrate and entering the
KI crystal would be absorbed within a few thousand A

and could not rea,ch the exposed surface of the crystal.
This implies that if SHG were a factor, there would be a
difference in the magnitude of the photoelectric effect
between thin KI films and single KI crystals, contrary
to the experimental observations.

The case of defects and impurities is more complicated
in the sense that these centers cannot be easily dis-
counted as the origin of the observed photoelectric
effects. If the concentration of such centers were of the
order of 10" cm ', they could cause an excited-state
absorption which might result in a photoelectric emis-
sion with quantum yield of the same order of magnitude
as the ones measured here.

There is, however, experimental evidence that the
photoelectric effects here are true two-photon effects,
except possibly in the case of KCl. It is known from one-

photon experiments that the concentration of defects
(vacancies, color centers, etc.) is larger in evapora, ted
alkali-halide films than in single crystals. In addition,
impurity atoms like oxygen may be introduced in the
films during evaporation. It is expected, therefore, that
if there is a defect or impurity excited-state absorption,
this effect would be larger in films than in single crystals.
It was found here that both single crystals and evapo-
rated films of KCl exhibited a square-intensity —depen-
dent current, but the quantum yield from films was more
than two orders of magnitude larger than that from

'9F. Brown, R. Parks, and A. Sleeper, Phys. Rev. Letters 14,
1029 (1965).

single crystals. In contrast, both types of KI samples
showed a photoelectric effect with the same quantum
yield. This suggests then that the effect is intrinsic in KI
but possibly not in KCl. A supporting evidence for such
an explanation is the behavior of thin alkali-halide Alms

to the 6943 A radiation. Some of them exhibited a
linear-intensity —dependent photoelectric current (Fig.
10 for KC1), which may be explained as one-photon
photoelectric effect from impurities or defects. In
addition, the results of the attempt at two-photon
photoelectric spectroscopy in KI also point to the
existence of centers in evaporated films. Since, on the
other hand, in all our materials except KCl the energy
of two 3472 A photons is larger than the vacuum-
level —valence-band energy difference, it is concluded
that the photoelectric effect observed in steel, Au, KI
and CsI with the 3472 A radiation is a true two-photon
effect. The effect in KCl is probably not intrinsic, but
is rather, related to structural defects or impurities.

The two-photon photoelectric effect may be expressed
as J=b12, where b is a constant containing all physical
information on the effect, i.e., the probability of two-
photon absorption (of total energy 7.14 eV) and the
electron-escape probability. From the present mea-
surements the following values of b are found:
4.2X10 ', 2.4X10—', 3.0X10 ' and 3.2X10—' (A/cm')/
(MW/cm')' for stainless steel, Au, KI, and CsI, respec-
tively. These values have not been corrected for rejec-
tions. The two-photon quantum yield (electrons per
photon) is given by F2=3.6X10 'bl, and has been
plotted as a function of intensity in Figs. 7—9. In this
relation for q2, intensity I is in MW/cm, with b as
stated above.

In comparing the experimental results with theoretical
predictions one can compare either the photoelectric
quantities (the constant b or the quantum yield p) or
the absorption constant 0.~. Both involve the same

assumption about the escape probability of the photo-
electrons. The comparison made here is in the absorption
constant shown in Table II. The calculations were
made for a laser intensity of 0.77 MW/cm'. The second
column gives n2 as calculated from the three-parabolic-
band model of Fig. 15. This model is completely un-
realistic for the metals, so 0;2 was not computed for
Au and steel. The third column gives the values of e~
calculated from Eq. (11). For an order-of-magnitude
calculation, o.~ was taken to be 5&10' cm ' for all
solids. The fourth column gives the experimental
values of o.~ calculated from the constants b.'0

In view of the uncertainties and assumptions involved
in the calculations, the agreement between experiment
and theory is considered not bad. In the alkali halides
the agreement is worse when the three-band model is

30 In the case of metals the light beam is strongly attenuated
with depth into the metal because of one-photon absorption. In
this case, the two-photon absorption constant at the surface
(x=0) for the incident intensity I is +2=3.6)&10 '(2nz+1iD)bl,
where O, q is the one-photon absorption constant. For the alkali
halides one still has o,g=3.6&&10 'DbI. Details of these and other
similar calculations are contained in Ref. 13.
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TABLE II. Many-photon photoelectric eGects. Comparison between theory and experiment.

Solid

Theory
Model 1 Model 2

o.2 lIl Cm o,2incm '
Experiment
cx2 ln cm

Quantities used in calculating n2
, I=0 77 MW. /cm'

CsI

Stainless
steel

1.4X10-'

2.2X10-4

2.4X102

2.4X10-2

2.4X10 '
4.8X10 2

2.4X10 2

4.8X10 '

n3 ——1.4X10 8

4.1X10-1

4.2X10 '

2.2X10-2
2.6X10-2

3 6X10 2

4.7x10-2

n3 ——3.9X10 '

&p ——7 eV
Eg=6 eV
o.x ——5X10' cm '
L~"p= 6.3 eV
L~g=6.2 eV
o.I ——5X10' cm '

o.&=5X10'cm '
D 5X10 ~

o.I ——10' cm '

~I =5X10
oy ——10 cm

used, but examination of their band structure" shows
that the use of this particular three-band model is
really not justified.

In the case of Au, Bloch's formula" for the two-
photon photoelectric eRect as corrected by Teich and
Kolga" was used to calculate the absorption constant.
Kith the assumption that the oscillator strength is
equal to 1, n2 is found to be about 2X10 ' cm ', 3 orders
of magnitude smaller than the experimental value. It is
evident that much theoretical work on the two-photon
photoelectric effect is necessary.

It is interesting to compare the results of the present
work with those of other experiments on the two-
photon photoelectric effect.

Teich and Kolga" investigated the two-photon
photoelectric effect in Na using a GaAs laser (1.48 eV)
and found a b value of 8&&10 ' (A/cm')/(MW/cm')'
which is of the same order of Inagnitude as the values
n Au and steel measured here. Sonnenberg et al. and
Imamura et ut." performed similar measurements on
Cs3Sb and on Cs3Sb and K3Sb, respectively. They found
b values in the range 8—4X10 ' (A/crn')/(MW/cm')'
which compare well with the values measured here for
the alkali halides.

The energy distributions of the emitted electrons are
shown in Fig. 13. In the case of Au, the electron energy
distribution is consistent with the band-structure
characteristics of this material as obtained from one-
photon experiments. Au has a photoelectric work
function of 4.8 eV; thus, the maximum energy of the
photoelectrons should be 2A~ —8'= 2.4 eV. From Fig. 13
one obtains E, =2.5 eV. Such an agreement between
one- and two-photon photoelectric effects is not com-
pletely unexpected, since in both eRects, ~ the joint
density of only the initial and anal states is of im-
portance; the density of intermediate 'states does not
enter into the" calculation. Therefore, '-'provided that
selection rules'-". do not dictate otherwise, the same
critical points in the density of states will determine the
one- and two-photon eRects.

"J.C. Phillips, Phys. Rev. 136, A1705 (1964); in Solid State
Physics, edited by F. Seitz and D. Turnbull {Academic Press

The case of KI is more complicated. The maximum
energy of the photoelectrons emitted from KI is about
2 eV, considerably larger than the difference between
the energy of the two 3472-A photons (7.2 eV) and
the one-photon photoelectric threshold (7.0 eV). It
should be noted, ho~ever, that most of the electrons
have energy less than 0.8 eV and only 7%%u~ of thein have
energies higher than 1 eV. It is not possible to provide
a definite explanation of this diRerence based solely on
these experimental facts. In speculating, however, one
may consider the following explanations: (i) There is a
lowering of the vacuum level due to the absorption of
impurity atoms on the surface of the KI films (the
energy distributions were measured in 61ms only). This,
taken alone, is not a sufficient explanation because
information from one-photon photoelectric studies of .

KI" suggests that the vacuum level in films cannot be
lower than that of single crystals by more than 0.3 eV.
'(ii) These high-energy electrons may originate from
valence band states higher in energy than the states
involved in the one-photon eRect. Current band-
structure models of the alkali halides, "however, do not
seem to substantiate such a conclusion. (iii) These
high-energy electrons originate from impurity or defect
centers. Such contributions to the one-photon photo-
electric effect have been observed here (Fig. 10) and in
other experiments. "

The results from KCl show a maximum electron
energy of about 1.8 eV, where no photoelectric emission
is even expected (photoelectric threshold is about
8.0 eV at room temperature and the tv'-photon energy
is 7.2 eV). It is assumed, therefore, that the electrons
originate from impurities or defects in the films.

In concluding, one may say that not all the electron-
energy distributions are well understood and that
further experimental work is needed in trying to under-

Inc., New York, 1966), V. 18; Y. Onodera et al. , J. Phys. Soc.
Japan 21, 2229 (1966); Y. Onodera, ibid. 25, 469 (1968).

3~ J. W. Taylor and P. L. Hartman, Phys. Rev. 113, 1421
(1959); H. R. Philipp and E. A. Taft, J. Phys. Chem. Solids 1,
159 (1956).

31 P. Petrescu, Phys. Status Solidi 29, 333 11968); 29, K3
(1968).
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stand the problems that arose from these measurements.
In Au the 6943 A radiation resulted in an electron

emission which followed a third-power dependence on
the intensity (Fig. 6), strongly suggesting a three-
photon photoelectric eRect.""The work function of
Au (4.8 eV) is much higher than the energy of two
photons (3.57 eV), but lower than the energy of three
laser photons (5.36 eV).

If J is the photoelectric current density, one may
write J=cI3, where c has a meaning similar to b

in J=bI'. From the data it was found c=1&10
(A/cm')/(MW/cm')'. The quantum yield is given by
q3 ——1.8&10 'cI', where the intensity I is expressed in
MW/crn', and qs in electrons/photon.

A very good approximate relation between p3 and
the three-photon absorption consistant ns (at the
surface and therefore at the incident intensity I) is

g, =ns/3o t+1/D
Using the same values of o.~ and D as in the case of

the two-photon eRect, one obtains o, 3
——5)&10 7 cm ' for

an intensity I=0.77 MW/cm'. From the theoretical
formula derived PEq. (17)$, ns is found to be 1.5 X10 '
cm '. In view of the assumptions involved in the calcu-
lations, the agreement between theory and experiment
is considered fair.

It would have been very interesting to measure the
energy distribution of these three-photon photoelec-
trons. Unfortunately, the signal was too small to allow

such measurements.
In the two-photon photoelectric spectroscopy mea-

surements (Fig. 14), it is obvious that in the case of KI
the observed photoelectric emission is not a true two-

photon eRect since temporal coincidence of the 6943 A

and uv beams were not required. It is well known that
irradiation at the erst exciton peak of the alkali halides

creates Ii centers and other centers. "" It is therefore
presumed that the initial uv pulse produces defect
centers and the subsequent laser pulses cause photo-
electric emission from these centers (by a one- or even

two-photon effect). The resulting bleaching of these
centers can account for the decrease of the electron
emission from pulse to pulse.

In CsI the photoelectric emission exhibited all

characteristics expected from a two-photon eRect,

especially the temporal coincidence of the uv and laser

beams which was absent in the case of KI. It is con-

cluded that this attempt at two-photon photoelectric
spectroscopy was successful and that Fig. 14 does

indeed show the two-photon photoelectric spectruiri in

the range 6—8.5 eV (for laser photon energy of 1.8 eV).
The low-energy ((6.9 eV) component of the photo-
electric emission correlates well with the two-photon

absorption spectrum of Hopfield and Worlock'; it is

suggested, therefore, that it is due to two-photon
parity-forbidden transitions in the vicinity of the F

34 Gy. Farkas, L Kertesz, Zs. Naray, and P. Varga, Phys.
Letters 25k, 572 (1967).

's F. T. Goldstein, Solid State Commun. 4, 621 (1966), and
j.eferences therein.

point of the Brillouin zone. The high-energy component
with a threshold at 6.9 eV is then attributed to parity-
allowed two-photon transitions at some point of the
Brillouin zone without inversion symmetry.

Because of experimental difficulties the quantum
yield could not be measured accurately. An estimate is
about 10 ' electrons/(incident photon) at 7.14-eV
total photon energy for a 6943-A laser intensity of
8X10 ' MW/cm'. From the two-photon effect using
the 3472-A laser radiation, the quantum yield at
7.14 eV is calculated to be about 7X10 ' electrons/
photon for a laser intensity equivalent to the ruby
fundamental intensity of 8X10 ' MW/cm', i.e., a
yield about 150 times smaller. The experimental
uncertainty in the two values cannot account for more
than a factor of 5 in this difference. The rest, a factor of
about 30, seems to be real. A factor of 2 or more may
be accounted for by the diRerent statistical properties
of the light beams" in the two experiments (incoherent
uv hearn versus coherent laser beams). So a factor of
10—15 still remains to be explained. Since different
photon-energy light beams were used in the experiments
(3.57+3.57 eU versus 1.79+5.35 eV), it is expected
that the magnitude of the effect will be different in the
two cases. Using the three-band model discussed pre-
viously, one expects a diRerence of a factor of 5. It is
possible, therefore, that the factor of 10 to 15 may
be fully accounted for when a more accurate model is
used for the photoelectric eRect in Csl.

V. CONCLUSroNs

The present study of electron emission from some
solids has made it possible to diRerentiate between
thermionic emission and many-photon photoelectric
eRects. The magnitude of the two- and three-photon
eRects observed here compare rather well with theo-
retical estimates, but existing detailed theoretical
models predict appreciably smaller eRects. More
sophisticated theoretical calculations are therefore
needed.

The success with the two-photon photoelectric
spectroscopy in CsI may open a new way of obtaining
a,dditional information on the electronic properties of
solids. This may be particularly true in the case of
metals, in which two-photon absorption spectroscopy
is not possible because of the simultaneous and much
stronger one-photon absorption. However, in order to
extract detailed information from such measurements
rather advanced theoretical work is needed.
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