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Table I. Gravitationally induced voltage differences V; between vertical, 91.4-cm high samples of metals A

andB. Vg in each case is an average of 10 to 20 readings,

Vertical ion concentration gradient

Ve Standard deviation relative to copper rod

Metal A Metal B (10— v) (10-10y) Metal A Metal B

Copper rod Copper wire +3.1 7.6 1.00 0.0
(not self-supporting)

Copper rod Lead wire —-5.2 8.8 1.00 26.
Copper rod Aluminum rod -4.1 5.7 1.00 0.76
Copper rod Indium wire +2.6 1.5 1.00 18.
Copper rod Beryllium wire -2.1 3.7 1.00 0.054
Copper rod Tungsten rod -0.3 6.0 1.00 0.093
Beryllium wire Lead wire -3.0 4.8 0.054 26.
Tungsten rod Aluminum rod +1.8 2.8 0.93 0.76

tal have opposite effects on its work function.
The results are summarized in Table I. In
all cases |V;! was less than 6X107*° V. Most
values were zero within the standard deviation
of the measurements.

Reference 4 predicts a field of 10~7 V/m out-
side a copper rod. Reference 6 states that this
field should be proportional to the ion mass,
the electron number density, the Fermi ener-
gy, and inversely proportional to Young’s mod-
ulus. The ratio of ion mass to Young’s modu-
lus is proportional to the positive-ion-concen-
tration gradient in a vertical self-supporting
rod and is the most significant variable in the
theory presented in Refs. 4 and 6. As shown
in Table I this ratio varied by a factor of over
400 in the combinations of metals studied. Fur-
thermore, in the comparison of the copper rod
and the limp copper wire the full gravitation-
ally induced voltage of 10~7 V should have ap-
peared between the unconnected ends of the
rod and wire, since the wire could not have
had a gravity induced density gradient.

We conclude that the gravitationally induced

electric fields outside metal surfaces are the
same regardless of composition to within +10~°
V/m. This result is in agreement with the the-
ory of Schiff and Barnhill.?
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THREE-PHOTON STEPWISE OPTICAL LIMITING IN SILICON
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(Received 22 September 1967)

Previously reported three-photon process-
es in solids have been concerned with a three-
photon luminescence effect' and a three-pho-
ton photoelectric effect.? In this Letter we
wish to report the observation and study of
an intensity-dependent attenuation of 1.06-u
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radiation in silicon at room temperature, which
we believe is due to a stepwise absorption of
three photons. This to our knowledge would

be the first reporting of such a process in a
semiconductor. Successful realization of mul-
tiphoton processes in solids is of interest from
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the point of view of obtaining information about
the energy levels in these solids® and the pos-

sibility of using these solids as optical power

limiters.

A block diagram illustrating our experimen-
tal arrangement is shown in Fig. 1. The source
of 1.06-u radiation was a continuously pumped
Nd:YAIG (neodymium-doped yttrium aluminum
garnet) @-switched laser® which provided puls-
es of 1-kW peak power and 0.2-pusec duration
at a repetition rate of 400/sec. The laser beam
was focused within the sample by the 12-mm
focal length, f/4 lens L1, and the transmit-
ted beam was collected by the lens L2 onto the
photocathode of photomultiplier PM2. Al and
A2 were properly calibrated optical attenuators;
the former was used to vary the incident pow-
er and the latter to adjust the signal from de-
tector PM2 equal to the signal from the mon-
itoring photomultiplier PM1. Proper care was
taken to make sure that PM1 and PM2 were
not saturated, and each detector was provided
with a narrow-band 1.06-pu interference filter.
Single crystals of undoped as well as B- or
P-doped silicon with resistivities of ~1000 to
25 Q cm were used and the sample thickness
varied between 0.05 and 0.2 cm. For low-tem-
perature measurements the samples were mount-
ed in a cold-finger Dewar with optical access
windows. The observed dependence of trans-
mitted intensity upon the incident 1.06-u laser
intensity is shown by the circled curve in Fig.

2 for a 0.05-cm thick sample of undoped sili-
con at 300°K. For laser fluxes below ~5X 1027
photons/cm? sec the transmission curve is char-
acteristic of a linear absorber. The actual
low-level transmission measurements on a
Beckman spectrophotometer yielded a value

of 20 cm ™! for the absorption coefficient a of
undoped silicon at 1.06 u. However, for la-
ser fluxes above ~5X10%7 photons/cm? sec a
limiting type of intensity-dependent attenuation
was observed. It was found that the low-resis-
tivity samples of Si doped with B or P behaved
the same way as the undoped Si. At 77°K none
of the samples exhibited any limiting behavior.
Furthermore, a search for recombination ra-
diation® from any of our samples under exci-
tation with the 1.06-u laser radiation failed.

Since no recombination radiation could be
detected, our interpretation of the specific
mechanism relies heavily on fitting the observed
data with an appropriate transmission equation
based on a kinetic analysis of the process. The
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FIG. 1. Schematic of the experimental arrangement
for measuring intensity-dependent attenuation.

indirect band gap® Eg for Si is 1.07 eV, which
is lower than the energy of 1.164 eV for the
Nd:YAIG laser photons. The onset of the direct
T, - T';5 transition occurs at approximately

2.3 eV and reaches its maxima at about 3.5

eV. These facts about the energy levels of Si
suggest that the laser photons can be absorbed
by a three-photon stepwise process via these
transitions. Based upon the above-mentioned
process, a steady-state solution of the appro-
priate rate equations yields the following ex-
pression for the change of laser intensity I with
thickness x of the medium:

dl/dx = —-[AI + BI? + CP®]. )

In Eq. (1) it is assumed that the intensities are
well below saturation, and

A =nNo,, (2)
9 93@.41 _aliaz %, % __aku:l
B= ”N"[K KK, KK, K, By kK, O

x
2
]
™
Z—
g2
Q e 10271
o o 8
aXio
o al s
o NE
=k
3 g 1026}
§|_.J
[:4
[
f
Koy
1025 1 1 ! 1
1026 1027 1028 1029
Io= INCIDENT PHOTON FLUX |NO-OF PHOTONS
cm2.SEC

FIG. 2. Room-temperature dependence of transmis-
sion upon incident 1.06-u laser flux for Si. The solid
curve is calculated from Eq. (5) of the text. Values of
the constants used are A=108.5 cm™1, B=7.5x10~%"
cm/sec, C=3.4x10"% cm?® sec?, and 1=5x10"2 cm.
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N is the density of Si atoms, 0,, 0,, and oy are the cross sections of each of the three single-photon
steps, n is the index of refraction, and k’s and K’s contain the decay constants of the states involved.

Integration of Eq. (1) yields the following transmission equation:

i[l E <A+BI+C12 B
24 |12\ AvBI +CI2) | A

Equation (5) was fitted to our experimental
data and the result is shown by the solid curve
in Fig. 2. Using I=5X10"% cm, #=3.56, N
=5.2X10% atoms/cm?®, the values of the con-
stants which gave the best fit are A=108.5 cm™*!
B=17.5%X10"%" ¢cm sec, and C=3.4X10"% cm?
sec.? From Eq. (2) a value of 5.1X10722 cm?
was determined for o,, which is in good agree-
ment with the value of 3.9X107%% cm? obtained
from the absorption coefficient measured with
a spectrophotometer. In principle, it should
be possible to determine 0, and o, from Egs.
(2)-(4) provided that the decay constants are
known; however, such data are not presently
available on the decay constants.

With regard to other alternative processes,
the possibility of either a simultaneous absorp-
tion of three laser photons or a double-photon
process followed by a single-photon step was
discounted on the basis of the fact that no lim-
iting behavior was observed in Si at 77°K. A
three-photon process consisting of a single-
photon step followed by a double-photon process
was also considered. For such a process, Eq.
(1) for the change of laser intensity I with thick-

b
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l ness x of the medium reduces to

dl/dx = -[AI + C®). (6)

However, using the measured value of absorp-
tion coefficient @ =20 cm™!, the result of fit-
ting the appropriate transmission equation ob-
tained by solving Eq. (16) was very poor. Thus
is is very unlikely that this alternative process
is operative in Si.

We thank E. O. Kane for helpful discussions
and C.G.B. Garrett for comments on the manu-
script.
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ELECTRON-HOLE PAIR EFFECTS ON LANDAU LEVELS IN InSb
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Recently it has been shown that conduction-
band Landau-level energies are drastically
altered near certain critical magnetic field
values by the presence of electron—LO-phonon
interaction.! Such effects are in fact quite strik-
ing in InSb? even though the electron-LO-pho-
non coupling there is very weak.

In this Letter we suggest that electron-ex-
citon interaction, the interaction which gives
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rise to electron screening associated with the

high-frequency dielectric constant in semicon-
ductors and insulators, should also produce

in InSb large modification of Landau-level en-
ergies near critical field values.

Our argument is motivated by a paper of To-
yozawa® in which the close analogy between the
electron-LO-phonon interaction and the elec~
tron—-Frenkel-exciton interaction is clearly



