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New measurements of the two-photon absorption in Gap, CdS,
and ZnSe relative to Raman cross sections
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The two-photon absorption (TPA) coefficient in GaP, CdS, and ZnSe was measured at 3.56 eV using the
TPA normalization technique and at ).18 eV using a new calibration method. In this method the TPA effect
is normalized by comparing the two-photon nonlinear attenuation with stimulated Raman gain in materials
with known Raman cross section. By utilizing different Ramari modes, reliable TPA cross sections,
independent of the laser characteristics, are obtainable. %hen combined with recently published cross
sections at 3.91 eV the TPA results at 3.18 and 3.56 eV show interesting spectroscopic features.

I. INTRODUCTION

The two-photon absorption (TPA) processes in
condensed matter have been the subject of exten-
sive experimental and theoretical investigations
in the recent years." The main reason for such
interest is that the investi:gation of two-photon
transitions extends the capabilities of the one-pho- ~

ton (linear) spectroscopy. A large variety of non-
linear (NL) phenomena like TPA, stimulated Ra-
man scattering, and self-focusing and parametric
mixing processes may be described in terms of a
third-order NL susceptibility p"'.' ' This mater-
ial parameter is perhaps as basic as the complex
linear dielectric constant. A major spectroscopic
difference between the third-order susceptibility
and the complex dielectric constant is that the
former material parameter is sensitive to one-
photon as well as to two-photon transitions such as
Raman and TPA processes. Because of these im-
portant spectroscopic characteristics and the fact
that g"' is a fourth-rank tensor, a complete deter-
mination of p' ' may give, in principle, more in-
formation on the material system than the linear
spectroscopic methods give. Isotropic systems
are, for example, characterized by one dielectric
constant and by three independent coefficients of
&(3~ 2, 6

The lowest-order NL susceptibility g"' must
also be regarded as a basic material spectroscop-
ic parameter. However, in contrast with y"',
which is in general nonzero, g"' vanishes in media
with a center of inversion. g"' is sensitive to one-
and two-photon resonances of the material, with
the two-photon resonances in g"' being accomp-
anied by coincidental one-photon resonances. This
characteristic introduces severe difficulties in the
experimental determination of the second- order
susceptibility in regions above the fundamental
energy gap of the material. ' p"' may therefore be

regarded as a more general spectroscopic para, -
meter of ma, tter.

The classical methods for measuring p"' utilize
stimulated processes in which the material system
changes its quantum state. The im'aginary part
of p"' may be directly measured by the NL atten-
uation or gain caused by the TPA or Raman trans-
itions, respectively. Both these effects are pro-
portional to the imaginary part of p"'. The real
pa, rt of g"' which is responsible, for example, for
the effect of self-focusing, may be directly and
accurately obtained by interferrometric methods
recently reported by Owyoung. '

Parametric mixing processes' may also be des-
cribed in terms of p"'. These processes, by which
energy is transferred between different components
of the interacting electromagnetic fields, are not
accompanied by a change in the material quantum
state. New parametric mixing experimental tech-
niques allow us to measure the real and imaginary
part of p"'. For example, by the coherent anti-
Stokes Raman scattering methods, the real part
of the TPA resonance contribution to g"' in organ-
ic liquids has been obtained in quite a routine
way." However, it i.s less convenient to obtain
by this-method the imaginary part of this suscep-
tibility which corresponds to the TPA contribu-
tions. "

Methods based on direct NL attenuation are gen-
erally inaccurate because of the critical dependence
of the measurements on the exact parameters of
the la,sers utilized in the experiments. This exper-
imental difficulty is reflected in the large scatter-
ing of the TPA results reported in the literature,
as discussed in Refs. 11-13. Recently developed
normalization techniques solve this experimental
diff iculty. "'"

In this paper we present a new method (the com-
posite sample technique) for direct and reliable
calibration of TPA coefficients via Raman-gain
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measurement. This technique is based on destruc-
tive interference between the Haman contribution
(gain) and the TPA contribution (loss) in a com-
posite sample consisting of the investigated two-
photon absorber in series with a known Baman-
active material. For a probe beam at & and a
strong beam at ~~ the destructive interference
occurs because the sign of the TPA coefficient,
which is proportional to Imp"'(-td, +, e~, —u&~),

is opposite to the sign of the Raman gain, which is
also proportional to the imaginary part of the same
susceptibility in the Raman-active material. De-
structive or constructive interference between
Raman and TPA contributions to Imp"' may be ob-
tained wit ~, —, &0 a d ~,- ~, &0, respective-
ly. A clear observation of this interference effect
in p"' was recently reported. " Competition be-
tween Raman and TPA contributions in a stimu. lated
Raman scattering (SRS) experiment has been seen
by El-Sayed et a/. " They explain the observed
changes in the SBS threshold versus laser frequen-
cy by a cascade process in which the stokes pho-
tons are absorbed via the TPA process. The for-
malism of NL susceptibilities naturally explains
their observations. The third- order susceptibility
of Raman-active materials includes both Raman
and two-photon resonance contributions. when-
ever the latter ones are of the same magnitude or
larger than the Raman contributions the SRS effect
is quenched.

The effect of destructive interference is used in
the composite sample calibration technique for
TPA cross-section calibration versus known Ra-
man cross sections. This technique is comple-
mentary to the TPA calibration versus the inverse
Raman effect described in Ref. 11. The latter
method is performed with (d~ —& &0 and hence the
Haman term contributes to NL absorption. Using
both of these calibration techniques, one strong
laser at &~ may-be used for obtaining TPA spectra
in the range [(2&@~-a~), (2~~+ ~s) j, where ~„ is
a Raman frequency in a liquid of the order of 3000
cm '. Because a Raman reference material is
used in the composite sample technique, this meth-
od does not depend on the properties of the lasers
and the TPA cross sections may be obtained with
no need for calibration of the laser intensity.

In this paper, the TPA cross sections of CdS,
ZnSe, and GaP at 3.18 eV were calibrated relative
to the Raman cross section of the 3063 cm ' mode
of benzene. In addition, the TPA coefficients of
those materials were obtained at 3.56 eV by the
normalization technique. "

The present results and the results of Ref. 11
are compared to simplified theoretical calcula-
tions based on the Keldysh theory of multi-photon
transitions" and Basov's model for TPA."

II. THEORY

The TPA attenuation (or Raman gain) at e& in-
duced by a strong laser at ~~ is described by

dI (x, y, z, t) =-[c.'+PI~(x, y, z, t) ]I~(x,y, z, t),

where a is the one-photon absorption coefficient
of the sample at &~ and

(2)

The macroscopic susceptibility p"' may be des-
cribed in terms of a microscopic hyperpolarizab-
ility, z"),

(3) — (3)
1

(3)

where N is the number of unit cells in unit volume
and J is the local field correction. The contribu-
tion of the TPA process to Z may be calculated us-
ing the density matrix perturbation expansion. The
element p,.'», is given by

&3) (
Yg J~) (- (d~, (0~ p (dg p

—&d g)

where

o Nai(&n~ ~r)Aa(~a~ ~~)
(QJ + (0 ) ZZg

(5)

In these equations h, g, and t represent the ma-
terial energy levels, P is the dipole moment op-
erator, 5~& is the eriergy difference between lev-
els h and g, the factor, I"&& 0 is the damping of the
off diagona, l term p+, and p', is the population of
level g. It is assumed that the variation in the pop-
ulation of the various energy levels, i.e. , satura-
tion effects, may be ignored.

An additional effective term in g"' may origin-
ate from a second-order mixing process in solids
in which g"' is nonzero. This term is an indis-
tinguishable part of the effective measured g"'.
Thus, the effective third-order NL susceptibility
may be written as a sum of a direct third-order
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(3)eff (3) + 2 (2) (2) 4m
~i jkl ijkl k ~ij ~mkl e(2~ ) g(~ )

(6)

where e(~,.) are the dielectric coefficients. The
latter expression may be easily generalized to the
case of a two beam experiment. The second-order
mixing term [second term in Eq. (6) ] depends on
the beam direction as well as on the beam polar-
ization.

From Eqs. (4) and (5) it is clear that y.
"' is sen-

sitive to both one- and two-photon transitions of
the material. The TPA spectrum may therefore
give information on both these transitions. In prin-
ciple, it is much simpler to analyze linear spectra
than to analyze spectra of p"' or p"', because the
linear spectra may be combined into contributions
from pairs of bands. ' The contributions to p"' or
to )f"' [as seen in Eqs. (4) and (5) ] are more com-
plicated. In the NL case the intermediate states
play an important role in the susceptibility, in
addition to the initial and final states. In solids,
for example, regions in the Brillouin zone which
have relatively high weight in the contribution to
g") may become less important to g"' and vice
versa. In a system with a center of inversion the
spectra of one-photon absorption as a function of

and the TPA as a function of 5(ur, + v, ) are dif-
ferent because final states of different parity are
involved. If the crystal has no inversion symme-
try, some peaks will be common to both spectra.
Thus, we can obtain more information about en-
ergy-band structure by combining one-photon ab-
sorption and TPA measurements.

An interesting spectral region in the TPA mea-
surements is the double resonance region in which
one- and two-photon transitions are simultaneously
close to resonance. In this case, interference ef-
fects between different TPA contributions to g"'
may be observed. An analogous double-resonance
process in g"' is the resonance Raman effect in
which the cross section of selected Raman modes
is enhanced as the laser frequency is tuned close
to the one-photon energy gap of the material. Ex-
perimentally, both these double-resonance effects
are hard to analyze because of saturation caused
by the linear absorption.

Actual calculations of g"' are very difficult to
perform because the detailed description of the
wave functions and the eigenvalues needed for these
calculations is not available for most physical sys-
tems. Rigorous calculations of Z"' may be per-
formed, however, in atomic systems when one-
and two-photon transitions are simultaneously
close to resonance. In this near- double-resonance

and a two-step second-order mixing contributions.
For the case of a single beam TPA experjment6, is, ig

we have

case the calculation is relatively simple since in
many atomic systems only a few matrix elements
and energy levels are relevant to the calculation.
The situation is much more complicated in molec-
ular systems and condensed matter because of the
complexity of these quantum systems.

In order to calculate optical parameters in solids
over a wide spectral range the detailed band struc-
ture with transition-matrix elements over the en-
tire Brillouin zone is needed. A successful tech-
nique for calculating these material parameters is
the empirical pseudopotential method"'" (EPM).
Good theoretical results have been obtained in des-
cribing linear spectral data of solids using this
technique. In spite of the large number of pub-
lished experimental works on TPA cross sections
in solids only limited attempts have been made to
use detailed material band structure in the calcu-
lation of g"'. The large scattering of the reported
experimental results (close to three orders of
magnitude) for those crystals that had been exten-
sively explored"' did not provide incentive to
improve the theory. Most of the reported calcula-
tions used a simplified band-structure model for
the material, where the k dependence of the mo-
mentum matrix elements is neglected. These ap-
proximations may give good estimates for p"' and
for the dispersion of p"' only in the spectral re-
gion where the two-photon energy is close to the
band edge of the material at the center of the Bril-
louin zone. Above the fundamental band gap im-
portant contributions to g"' originate from differ-
ent singular points in the Brillouin zone. Since the
simple models do not take into account the band .

shape in the vicinity of these singular points, their
predictions for y"' in spectral regions above the

gap energy are not reliable.
In the theoretical estimates of P performed in

this work, we have used the models of Basov"'"
and Keldysh. ' ' As is the case in the models men-
tioned above, the material system is described by
a simplified band structure. In Basov's model one
essentially integrates Eq. (4) for a simple para-
bolic band structure, with constant matrix ele-
rnents. Keldysh uses an approach different from
the standard perturbation treatment. In his model,
one first calculates the effect of the electromag-
netic perturbation on the eigenstates of the system.
Then the transition rate is calculated between the
perturbed states. The latter model is especially
useful for high- order multiphoton transition rates. "
Because the models used here give P as a function
of 2~ while the measurements were done at w~
+u =2&, the calculated results are corrected for
the trivial e factor in P [see Eq. (2) ]. This cor-
rection is reasonable because we are far from one-
photon resonance conditions and therefore the one-
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0.5 TABLE I. Parameters used in the calculations of p.
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Sample

GaP
Cds
ZnSe

Energy gap
(eV)

2.78
2.42
2.58

m +/m,

0.187
O.I92
0.132

Index of
refraction

3.25
2.41
2.43

~ 0,2—
3

' The GaP and CdS crystals used here are the same
samples used in Ref. 11, with identical orientations. The
ZnSe is a polycrystalline sample.

See Ref. 24.
See Ref. 22.

O.l—

0
2

TWO-PHOTON ENERGY, 0 (L+&p) (eV)

FIG. 1. TPA coefficient of CdS (), GaP (o), and

ZnSe (k) vs the two-photon energy. The data at 3.18
eV was obtained by the composite sample method. At
3.91 eV we present the corrected data of Hef. 11
(Ref. 28) and at 3.56 eV the TPA cross sections obtained

by the normalization technique were calibrated using
relative TPA cross sections in Ti02 from Ref. 29
{see text). The error bar represents a typical uncer-
tainty of +25'$ in the measured coefficients. The three
solid lines describe the Basov model calculations for
the three samples. The calculation based on the Keldysh
model is shown for CdS with the dashed line. Similar
dispersion was found in Gap and ZnSe.

l

photon dispersion in g"' may be neglected in all
the samples. In the calculations, we follow Mitra
et al."who made a critical study of Keldysh's and
Basov's models. The calculated results in the re-
gion 2-4 eV are shown in Fig. 1. The material
parameters used in the calculations are listed in
Table I. The effective mass m* was obtained from
the measurement of transport properties. In spite
of its simple assumptions, the Basov's model gives
the correct order of magnitude for P in the three
materials studied here. The results of Keldysh's
model show the usual trend of too-small TPA cross
sections. Using Keldysh's model the one-photon
absorption coefficient n may be also readily ob-
tained. Using this model Mitra et al."have shown
that satisfactory results for the magnitude and the
dispersion of n, could be obtained in GaAs and
InSb. The magnitude of the transition matrix ele-
ment in Basov's and Keldysh's is directly related
to m*. Therefore, by varying m* one can obtain
the right magnitude for P." %e checked the values
of m* used in our calculations by calculating o.,
using the Keldysh's model in the spectral region
close to the band gap. Good fit with the experi-

mental data was achieved in the three materials
studied here, and therefore we did not vary the
values of m* used in the calculations in the NL
case.

Detailed calculations of g"'. and g"' based on the
EPM technique were reported recently. Fong and
Shen" have calculated p"' in high-symmetry semi-
conductors. Their results are not as successful
as the calculations of linear phenomena based on
this model. This might show that the EPM model
does not represent correctly the material charac-
teristics, but, on the other hand, the measure-
ments of g"' might not reflect the material bulk
properties, because of the small penetration depth
of light at frequencies above the energy band gap,
and the critical dependence of the determined value
of g"' on the material dielectric constants which
are not very well known for frequencies above the
fundamental gap, A calculation of g"' based on a
somewhat simplified EPM method has been re-
cently reported by Koren. " His calculations for
ZnS and ZnO show a good fit with two-photon pho-
toconductivity dispersion measurements. However,
it is not clear if these calculations give the cor-
rect magnitude of P because of the uncertainty in
the absolute value of the TPA coefficient obtained
by photoconductivity methods.

III. EXPERIMENTAL PROCEDURE

The experimental arrangement used in the com-
posite sample technique is shown in Fig. 2. A
probe laser beam at ~, (&- 8800 A) monitors the
effective gain at &, as a function of the intensity
of the strong laser at ~~, in the composite sam-
ple. This sample consists of a two-photon absorb-
er of thickness d~ in series with a Raman-active
material in a cell of thickness d„.

The probe beam is generated in a nearly longi-
tudinal pumped-dye laser (see Fig. 2). Strong la-
sing in the vicinity of the Stokes-shifted frequency
of benzene, 3063 cm ' (&-8817 A) is obtained using
a 20-mm-long dye cell filled with -10 M solution



CID B. DE ARAUJO AND, HAIM LOTEM

Grating Telescope

Dye Loser

Oye Cell POL

44~i

DM

RUB&
LASER

Sample
ode

FIG. 2. Schematic diagram of the composite sample
calibration experiment. The hole in prism PH is used
to transmit the central part of the ruby laser beam. The
dye laser output beam travels above the pump prism,
POL is a gian prism which polarizes the dye laser beam
at 45' to the vertical. t" is a gian prism, DM is a di-
chroic mirror with R =100%at the ruby laser frequency,
and I' are cutoff filters.

of Kodak dye IR 140 dissolved in dimethyl sulfox-
ide (DMSO). In a 1-m-long cavity with 30:1 tele-
scope and 1200 grooves/mm grating the lasing
linewidth did not exceed 1 cm . Since the line-
width is much smaller than the 9,4 cm ' full width
at half-maximum of the Baman mode used, the
spontaneous Raman spectrum which was obtained
with a 0.4 cm slitwidth was used with no modi-
fication for analyzing the data. The 2855 cm '
@lode of cyclohexane was not used for calibration"
because we had found it very hard to get stable
lasing at ~-8860 A which corresponds to this mode
of cyclohexane.

The probe beam is linearly polarized at 45' to
the vertical by the gian prism (POI ). The second
gian prism (G) splits the probe beam into the com-
posite sample and the reference channels. The
signals are amplified, digitized, and punched on a

'

tape which is later analyzed by a computer. The
dichroic mirror (DM) is used for combining the
strong ruby beam with the probe beam. The ruby
beam used for inducing the nonlinearity in the sam-
ple is a small fraction of, the original ruby pulse
transmitted through a hole in the prism (PH). The
Raman cell is a standard 10-cm-long spectroscop-
ic cell. The filters (E) (Corning glass 5-56 and
7-69) are cutoff filters used to attenuate the ruby
beam at the detectors. The detectors are 2-in.
diameter biplanar ITT F4000 photodiodes. We
have found that the use of large-area photodiodes is
crucial in the experiment. With small photocath-
odes of 5 mm diameter, a scattering of the order
of 10% in the linear transmitted intensity through
the sample is observed. This is in spite of the
reference-normalizing channel. With the larger
area detectors the scattering was reduced to less
than 2/0. A possible explanation for this scatter-

ing is that it originates from effects connected
with the multimode laser speckle which varies
from shot to shot. "

The experimental procedure is as follows: The
average value of the transmitted signal in the com-
posite sample channel of about 15-20 laser shots
is measured once in the presence of the ruby beam
at the sample and once when the ruby beam is
blocked. Since the ruby intensity is quite constant
during a run, the magnitude of the gain (or loss)
in the composite sample may be obtained at differ-
ent setting of &~- ~~ from the latter measure-
ments. The probe beam intensity, which fluctuates
by about 10% from shot to shot, is normalized us-
ing the reference channel.

The solution of Eq. (1) for the intensity at m

transmitted through the composite sample is

I (z = D) = KI (z = 0) exp [ /5„,I (-z = 0) ],

tt„,= P (1 —R„)'(1 Rr) [I——exp( —n~~dr) ]//nr

—Pz(I —R„)[1—exP(- rz~~dz) ]/(P~.

Pr is the TPA coefficient of the two-photon absorb-
er, P~ is the gain factor of the Raman-active ma-
terial, R~ and R~ are the reflection coefficients of
the Baman sample and the two-photon absorber at
~, respectively, and a~~ and ~R~ are the corres-
ponding linear-absorption coefficients at co~. K is
a constant factor which depends on the linear opti-
cal parameters of the samples. For simplicity,
we did not express the explicit dependence of I
and I~ on x, y, and t. Here, the assumption has
been made that the strong beam is attenuated only
by one-photon absorption and has no significant
back ref&ection.

The energy of the transmitted probe beam through
the composite sample is given by the integral of
I (z =D) over the beam cross section and the pulse
duration. From Eq. (7) it is seen that by measur-
ing the NL transmission of the composite sample,
information on P,«may be obtained. No accurate
absolute value for P,«can be obtained because no
detailed intensity profile of the laser beams ~nd
their spatial and time overlap are available. How-
ever, by scanning u~ —&~ in the vicinity of a Ra-
man-active mode of the Raritan sample, the profile
of the Raman gain may be used as an internal ref-
erence for calibrating P,«and the TPA coefficient.
In Fig. 3 we show the spectra of P„, for liquid
benzene and for a composite sample (benzene in
series with CdS crystal) for u~ —~ in the vicinity
of the 3063 cm ' strong CH mode of benzene. In
part (a) of Fig. 3, P,« is positive, which means
that there is a net gain in the vicinity of the Raman
mode of the liquid. The interference between gain
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absorber composite sample, the good fit between
the spontaneous Raman and the Raman-gain line
shapes, all prove that the spectrum measured in
the composite sample corresponds indeed to P, ff.

The peak intensity of the spontaneous Raman
3063-cm ' mode of benzene was measured relative
to that of the 2855-cm"' mode of cyclohexane in a
spontaneous Raman experiment. An absolute value
for the cross section of the latter mode was given
yn Refs. 28 and 29.

The normalization measurement at twice the
ruby frequency was performed using the same set-
up as described above. Of course, no weak-probe
beam is used in this experiment. A detailed dis-
cussion on the one-frequency normalization meth-
od is given in Refs. 11 and 42.
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IV. RESULTS AND DISCUSSION

From the observed values of P,«, the TPA co-
efficients P are derived from Eq. (7). These are
plotted for-GaP and CdS at 3.91, 3.56, and 3.18
eV in Fig. 1. Also shown in Fig. 1 is P for ZnSe
at 3.18 and 3.56 eV. To obtain absolute TPA co-

FIG. 3. Gain measurement vs the difference frequency
in the vicinity of the 3063-cm~ benzene Raman mode.
The solid line is the spontaneous Rmnan spectrum of
benzene obtained by using the 5145-A line of argonion
laser with spectrometer slit width of 0.4 cm ~.

and loss in the composite sample is clearly shown
in part. (b) of Fig. 3. In addition to the experiment-
al data of P,« the spontaneous Raman line shape is
also included in Fig. 3. The latter spectrum was
norma, lized to fit the measured data of P,ff.

In an independent measurement, the linear de-
pendence of the Ni absorption (or gain) on the ruby
intensity was verified for ea,ch sample. This mea-
surement was performed by inserting calibrated
filters in front of the sample. We have previously
demonstrated" the usefulness of this procedure for
obtaining relative TPA cross sections. The ap-
parent NL gain or loss depends, of course, on the
overlap of the probe and strong la,ser beam in the
medium. To verify Eq. (7) and to check the reli-
ability of the calibration measurement, we mea-
sured the Raman gain for different lengths of the
active material. The expected linear dependence
of the gain on the sample. length has been found.
An additional check was performed by measuring
the TPA in thin samples placed at different dis-
tances from the Raman cell. No appreciable change
in the effective TPA was found when the sample
was translated by 5 cm. These experiments, the
reproducibility. of the Raman line shape for a ben-
zene sample and for a benzene plus a two-photon

efficients at 3.56 eV we used the measured ratio
PT, o /Pz„8, =0.22 at 3.56 eV and the TPA dispersion
data given by Waff and Park. " From their data we
obtained the ratio for the TPA coefficients in TiO,
at 3.91 and 3.56 eV. Using this ratio and our abso-
lute TPA measurement at 3.91 eV we obtained the
absolute cross sections at 3.56 eV.

In addition, we found a very small TPA coeffi-
cient in SrTiO, at 3.56 eV (PS,T« =0.09 isz, ~,). We
also checked the glass filters Schott NG-10 and
Corning 3-94 and 2-64 used as attenuators in the
experiment. No TPA could be detected in these
filters.

We will now compare our results with other re-
ported TPA data and discuss the relation between
the NL spectrum and the linear one. In CdS the
TPA cross section decreases with increasing fre-
quency (see Fig. 1). The magnitude of P is quite
large. At 3.18 eV the value of iS is about 0.1 cmj
MW. Like the ease of other materials in which
the TPA properties were extensively explored, the
reported TPA data, on CdS show a variety of spec-
tral characteristics. Several reports on the NL
properties of CdS in the exciton region close to
the band gap a,re available. " We will concern our-
selves here, however, with the broad-band spectral
measurements. In a recent publication by Penz-
kofer et al." the TPA spectrum is smooth with a
weak negative slope in the region 3-3.5 eV for
laser electric field normal to the c axis. The re-
ported value for the TPA cross section at 3.2 eV
in this reference differs by about a factor of 4
from our measurement. An explanation for the



CID B. DE ARAUJO AND HAIN LOTKM

origin of the discrepancy between these two experi-
mental methods is given in Ref. 11. Koren et a/. "
who have measured the two-photon induced fluores-
cence and Bespalov et a/. "who have measured the
attenuation induced by the TPA process have found,
however, a positive dispersion in the region 3-3.5
eV. Koren et a/. "report a singular structure in
the spectrum of P in the vicinity of 3.2 eV. They
attribute this feature to an allowed two-photon but
forbidden one-photon transition. A measurement
by Parson et a/. "of p"' also shows a rise in p"'
in the vicinity of 3.2 eV. Taking into account the
selection rules of the second order susceptibility,
this structure cannot be justified by the arguments
used in Ref. 33 in explaining their TPA spectrum.
Because our spectral region overlaps the other
reported TPA measurements only partially, the
present data do not resolve the discrepancies men-
tioned above. We note that the real part of the
linear susceptibility is almost constant in the re-
gion 3-4 eV, while the imaginary part of p"',
which is quite small, increases moderately
towards a strong peak at about 5 eV. Since no ap-
preciable contribution to g"' in this spectral re-
gion originates from critical points in the Brill-
ouin zone we do not expect to find strong dispersion
in p"' unless some forbidden transitions play an
important role in the NL case."

In GaP the varia, tion of P is very small (see Fig.
1). This fact is very interest'ing because very
strong dispersion in g"'was found in the region
3-4 eV." A rise and a strong peak ("E, peak") in
the spectrum of g"' at about 3.7 eV is attributed
to A'-A" transitions. According to band-structure
theories, these transitions will contribute strongly
to g" ' because the lowest conduction band and the
upper valence band are very nearly parallel in the
A direction for more than half the zone. This
critical point along A may be approximated by a
two-dimensional minima. " The contribution of
the E, transition is also reflected by the strong
rise in the region 3-3.6 eV found in a measure-
ment of g" ' in GaP. ' Since TPA transitions are
allowed in the critical zone along A,"we expected
to find strong dispersion in the TPA spectrum in
the region of the measurement. In addition, since
the TPA transition is also allowed in the critical
point on the Z axis, a critical point which is re-
sponsible for the broad and prominent peak at about
5 eV, we expected a larger value for P at 3.9 eV.
A calculation of g"' based on a detailed band struc-
ture may, however, fit the experimental data in
spite of the qualitative arguments used here. De-
structive interference between the contributions of
different intermediate bands to g"' or the contri-
bution from impurity levels might explain the dis-
crepancy between the linear and NL data." The

NL data could be useful in improving band-struc-
ture models in the vicinity of the corresponding
critical points. The absolute TPA cross section
at 3.56 eV and comparative measurements in other
crystals of the zinc-blende structure provides a
check for such calculations. We have estimated the
contribution from a second-order process to the
effective TPA coefficient. By assuming that p" '

at 3.56 eV is complex' and consists of equal real
and imaginary contributions, and by using the data
for the dielectric constants from Ref. 38, we ob-
tain for the second-order contribution the value
P-1.2 x 10 ' cm jMW. This expected contribution
is quite small in comparison with the measured
values of P, and therefore is not important.

A TPA measurement at 3.56 eV in GaP was also
reported by Catalano et a/. " The.ir result is about
a factor of 3 smaller than the TPA cross section
obtained here.

In ZnSe we measured P only at 3.56 and 3.18 eV.
The data are shown in Fig. 1. The rise in P is
consistent with the characteristics of y"' that ex-
hibit a small rise in the region 3.0-3.6 eV which
is close to the crystal energy- gap." Other mea-
surements of P in ZnSe at 3.56 eV are about a
factor of 2 smaller than our measurements. ~' It
is interesting to note that Arsenev et a/. 4' found
the ratio 8z„z,/Pc~, = 1.3 which is very close to the
ratio of 1.15 found in the present work. -

As was mentioned previously, the Keldysh mod-
el predicts very small values for P, while Basov's
model is close to the experimental results. The
two models give different-dispersion results for
CdS. In Basov's model P rises to a peak at about
3.8 eV and then decreases moderately while Kel-
dysh's model gives P with a monotonic rise up to
5 eV (see Fig. 1). In GaP and ZnSe, Basov's and
Keldysh's models show similar dispersion behav-
ior. In both crystals the TPA coefficients rise
monotonically towards a plateau which begins at
about 4 eV. The results of Basov's model are
presented in Fig; 1. Keldysh's model gives dis-
persion which is very similar to that of CdS. It
is not surprising that the Keldysh model, while
yielding reasonable:values for p"', predicts too-
small TPA coefficients. The important role of the
intermediate states in the NL case is riot adequate-
ly accounted for, in the Keldysh model.

V. CONCLUSIONS AND SUMMARY

A new method for calibrating TPA versus Raman
cross section is presented. Reliable TPA cross
sections which are independent of the laser prop-
erties may be obtained. This method is especially
useful for measuring broad TPA spectra utilizing
different strong lasers. Because the Raman cross
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section is the most reliable NL parameter avail-
able today, different third-order susceptibilities
may be accurately calibrated versus Raman cross
sections. We suggest that a comprehensive study
of the absolute Raman cross sections of standard
materials in a broad spectral region will be very
useful.

Using the.composite sample technique, we mea-
sured the TPA cross section of CdS, ZnSe, and
GaP at 3.18 and 3.56 eV. 'The results of this mea-
surement with our recent data at 3.91 eV show in-
teresting characteristics concerning the band struc-
ture of the materials examined. The TPA data
may be used to improve detailed band structure
models. A calculation of the TPA coefficients us-
ing two simplified model, s were found, as expected,
to be unsatisfactory. Calculations based on de-
tailed models, e.g. , the empirical pseudopotential
model, should be done to get a better physical un-
derstanding of the TPA results.

By using a cw probe laser beam" a significant
impx'ovement of the TPA calibration techniques
can be achieved. Very recently Owyoung" has
shown that stimulated Raman spectra are obtain-
able using two cw lasers. An advantage of this cw
technique over the pulsed techniques is that it is
easier to obtain narrow-band cw lasers and thus
narrow TPA features may be explored. In addi-
tion, strong and narrow Raman modes which are
found over a wide range of the spectrum can be
utilized for the TPA calibration. The use of sta-
bilized cw probe laser beam and lock-in techniques
may enhance the sensitivity by three orders of
magnitude. Thus, interesting spectral features
such as nonlinear absorption edges may be ex-
plored in spite of their weak cross section.

The TPA method discussed in this paper is based

on NL attenuation of a probe beam in the sampIe.
This kind of measurement is less reliable than the
measurements based on coherent mixing process-
es'" which are also connected with g"'. In the
former measurement competing effects in the ma-
terial may mask the TPA process, but they do not
influence the coherent process. An accurate TPA
measurement in solids based on coherent mixing
processes is feasible' whenever the Raman cross
section of the TPA material is available.

The spectral region of the measurement of g"'
based on TPA induced transitions is limited to the
spectral region below twice the fundamental ener-
gy gap because of the one-photon absorption in the
material. An extension of this spectral region
may be achieved by measuring j

Z" '
~

via four-wave
mixing experiments of the type u,„,=2~, + u» ' or
by third-harmonic generation. " The real and im-
aginary parts may be measured in an interfero-
metric method as had been demonstrated a decade
ago for the case of g
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