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Two-photon absorption in solids has become
a common phenomenon in the last few years.
Two-photon photoelectric effects have also
been reported. ' With regard to higher order
processes in solids, however, only a three-
photon luminescence effect has been observed
(in naphthalene). ' In this Letter we report the
observation and study of a three-photon photo-
electric effect in gold at room temperature
using a Q-switched ruby laser (photon energy
1.786 eV). Gold has a (photoelectric) work func-
tion W=4.8 eV, much higher than the energy
of two laser photons (3.57 eV), but lower than
the energy of three laser photons (5.36 eV).

A TRG-104 Q-switched ruby laser generat-
ing light pulses of 1-J energy and 40-nsec dura-
tion was used. Before entering the photoelec-
tric cell through a quartz window, the unfocused
laser beam passed through two irises used to
control the beam dimensions and through fil-
ters to eliminate the laser flashlamp light. The
photoelectric cell was an evacuated brass cyl-
inder used extensively here for the study of
electron emission from solids under the influ-
ence of laser radiation and will be described
elsewhere. The laser beam was incident on
a stainless-steel mirror (on which a gold film
was evaporated) at a 60 angle and was spec-
ularly reflected out of the cell through a sec-
ond quartz window. The photoelectric current
from the gold was multiplied with an electron
multiplier which faced the mirror directly.
The anode resistance of the electron multipli-
er was 51 ~, and the voltage signal across it
was displayed on a Tektronix 547 oscilloscope
through a matched cable. A beam splitter was
placed in front of the laser and a portion of the
laser light was directed to two RCA-922 pho-
todiodes. One diode served to monitor the la-
ser intensity while the other supplied the trig-
ger signal to the oscilloscope.

The gold films were evaporated on the stain-
less-steel mirror in an evaporation chamber
existing in the laboratory and were transferred
into the photoelectric cell within three minutes
after evaporation. Only a very slight degree
of contamination of the gold films is expected
during their short exposure to the atmospher-
ic air. Moreover, the gold films were prob-

ably somewhat annealed inside the photoelec-
tric cell in allowing the full intensity of the
laser to hit them. Experiments in this labo-
ratory and others in the past have shown that
surface heating to very high temperatures re-
sults when light intensities of the order of sev-
eral megawatts per square centimeter are in-
cident on a metal surface. The gold films were
several thousand angstroms thick.

Figure 1 shows typical oscilloscope traces
of the laser-light pulse and the resulting pho-
toelectric pulse. Figure 2 shows the photoelec-
tric current from gold as a function of laser
intensity. The data points are the result of
measurements on two different gold films.
The laser intensity was controlled with Corn-
ing color filters and with neutral density fil.-
ters. Both types of filters gave the same re-
sults, thus eliminating the possibility of any
contriubtion from luminescence of the color
filters. The transmission of the filters at the
laser wavelength was measured in a Cary-14
spectrophotometer and also with the laser light
itself using a TRG-100 thermopile. Both mea-
surements gave the same results.

The plot of the photoelectric current versus
laser intensity in Fig. 2 reveals two distinct
processes. For intensities higher than about
1 MW/cm', the signal is very strongly depen-
dent on the laser intensity. It is believed that
this is because of thermionic emission result-
ing from heating of the metal surface. Results
of these measurements will be reported else-
where. For intensities lower than 1MW/cm2,
the signal follows a third-power dependence
on the intensity, strongly indicating a three-
photon effect. The shape of the photoelectric

FIG. 1. (a) Laser pulse and (b) photoelectric pulse
from the three-photon effect. The sketches are exact
reproductions of oscilloscope pictures, traced here for
clarity. Time scale is 50 nsec per division.
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pulse is also consistent with a third-order pro-
cess: The laser-light pulse is approximately
Gaussian with a half-width T of about 40 nsec.
If the photoelectric current is proportional to
P, it should also have a Gaussian shape with
a, half-width T' =T/v3. Indeed, T' is shorter
as seen in Fig. 1, with T'=22 nsec.

If J is the photoelectric current density, then
J = cI, where c is a constant containing a.ll the
information on the three-photon effect in the
material, i.e. , the probability for three-pho-
ton absorption (of total energy 5.36 eV) and the
escape probability of the electrons. From the
data, we obtain c = 1.02&& 10 (A/MW)/(MW/cm')'.
If we define the quantum yield g, as the number
of emitted electrons per incident photon, then

q3 (electrons/photon) = 1.8 && 10 lcl MW/cm'.
For example, for an intensity I= 0.77 MW/cm',
the quantum yield p, is 1.1~10 "electrons
per incident photon. In the absence of data
concerning the escape probability of the elec-

trons, it is not possible to calculate exactly
the three-photon effect in terms of a more fa-
miliar quantity, the absorption constant ns(I)
=@1'. However, we may estimate n, from our
measurements if we assume that the escape
probability function is given by P (x) = exp(-x/D).
Taking into consideration the strong attenua-
tion of the light beam with distance x into the
metal due to one-photon absorption, ' we obtain
an approximation formula: I7, = o.~/(3n, + 1/D)
or o, = 1. 8&&10- 6( 3n, + 1/D)cI', where n, is
the absorption constant of the one-photon effect
and n, the three-photon absorption constant
at the surface (x =0) for the incident intensity
I. Using reasonable values D = 5&10 7 cm and

n, =10' cm ', we calculate e, = 5.5&10 cm
for a laser intensity~ I=0.77 MW/cm' at 5.36
eV.

For comparison we report some results on
a two-photon photoelectric effect observed in
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FIG. 2. Photoelectric current versus relative laser
intensity of the first harmonic of the ruby laser. Ip = 14
MW/cm2. The light-beam diameter was 4.6 mm.

-9
Ip ~ i & s I I I I I I I I I Ii«a

8 6 4 3 2 IpI 8 6 4 3 2 Ip~ 8 6 4 3 2 Ip-&

Relative Laser Intensity / (I =09S / )
O

FIG. 3. Photoelectric current versus relative laser
intensity of the second harmonic of the ruby laser (sol-
id line). Ip = 0.98 MW'/cm . The light-beam diameter
was 6 mm. The quantum yield for the two-photon photo-
electric effect is also plotted as a function of the light
intensity (dotted line).
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gold, using the second-harmonic radiation from
the ruby laser. The photon energy of this ra-
diation is 3.57 eV, which is lower than the work
function & of gold. Two such photons, however,
have total energy of 7.14 eV, much higher than

Figure 3 shows the photoelectric current
versus intensity and reveals a two-photon pho-
toelectric effect. %e may write Z=bl' for the
current density, where b has a physical mean-
ing similar to c in J=cI'. From the data we
obtain b=2.35&&10 ~ (A/MW)/(MW/cm ). The
quantum yield is plotted also as a function of
intensity in Fig. 3. A calculation similar to
that for the three-photon effect gives an esti-
mate of the absorption constant of the two-pho-
ton effect at the surface: n, =3.6x10 '(2n,
+ I/D)M. For an incident laser intensity I=
0.77 MW/cm2, for example, we obtain 7l2= 6.5

&&10 ~ electrons/photon and n2=2. 6x10 ' cm
at 7.14-eV total photon energy.

%'e are presently working on a theoretical
calculation of the thr ee-photon photoelectric

effect.
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3A possible two-photon absorption is neglected since
its contribution to the attenuation of the light with depth
into the metal is negligible compared with the one-pho-
ton absorption.

4The effect of ref lectivity is neglected in this esti-
mate of the absorption constant.
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The purpose of this note is to present the
results of some measurements of transient
currents in nematic liquid crystals and some
structurally related non-nematic compounds
of ultrahigh purity.

The experimental procedure consisted of
melting the nematic substance between two
pieces of glass possessing evaporated metal
electrodes on their surfaces. The area of these
cells was typically 1.3 cm'. The thickness of
the cell was determined by Mylar spacers and
ranged from 6 to 25 p, m in our experiments,
Provisions were made for maintaining the cell
at constant temperature within its nematic liq-
uid crystalline range. Currents were observed
through a series load resistor by means of an
oscilloscope. The applied voltage step was
generated by means of a mercury relay and
a variable dc supply. The materials which we
have investigated include p-azoxyanisole (ne-
matic range 120-136'C), and azobenzene, a
structurally similar but nonmesomorphic com-

pound which melts at 69'C. Although the data
presented are for P-azoxyanisole, similar be-
havior was found for azobenzene.

Figure 1 shows a typical current transient.
The initial portion of the curve is due to the
normal charging current. The secondary peak
is striking and is the subject of our investiga-
tion. %e note that this type of transient has
been frequently observed for space charge in-
jection into insulators. '
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FIG. 1. Typical current transient —nematic P-az-

oxyanisole.
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