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Determination of third-order nonlinear susceptibility X( ) through
measurements in the picosecond time domain
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The temporal dependence, in. the picosecond domain, of the coherent anti-Stokes-Raman signal associat-

ed with the LO Raman resonance in Gap is used to obtain the complex components of the third-order

nonlinear susceptibilty X . Under certain experimental conditions the measurements in the temporal

domain are markedly advantageous compared with the traditional measurements in the spectral domain.

where

S(hk) = sin (Is.kL/2)/(IJ kL/2)

and

hk = k, —(kt+ k~ —k, )
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Determination of the optical-phonon dephasing time I
and of the third-order nonlinear (nonresonant) electronic
susceptibility X~ have in the past been achieved experi-
mentally through separate measurements in the frequency
domain, specifically, through Raman linewidth measure-
ments and through the frequency dependence of the three-
wave mixing intensity at a Raman active lattice, molecular,
or excitonic resonance. ' Recently, it has become evident
that these parameters can also be obtained through a single
measurement of the three-wave mixing signal in the pi-
cosecond time (rather than frequency) domain. 2 3 We
demonstrate that, in some cases, the temporal technique is
markedly advantageous relative to the spectral technique.
Moreover, we present the first determination, by these
means, of all active components of X for an anisotropic
solid; specifically, GaP at room temperature for which we
have previously reported I and its temperature depen-
dence. 3

The basic nonlinear system involves the interaction of
three incident laser beams to produce a macroscopic polari-
zation of the medium which in turn produces a fourth
coherent light beam. If the frequencies of the three in-

cident beams are taken to be, respectively, coI, coI, and co„
then a fourth beam is found at co, =2coi —eo, . If in addi-
tion, tot to, equa—ls some Raman active resonance (at co„)
in the medium, coherent excitation of the resonant state oc-
curs' and the so-called coherent anti-Stokes-Raman scatter-
ing (CARS) signal is produced.

The governing expression for the frequency dependence
of the CARS signal, I(to), appears elsewhere. ' The corre-
sponding expression for the temporal dependence of the
CARS signal, I(IJ, t), is2

I(b t) = AS(b k) dt imp(t ht) [WR,—Q(t) +3X'31

x&t(t)&;(t) 1 I', (I)

The subscripts I, s, and p in Eqs. (1)—(4) refer to the
three incident laser fields used to excite (I,s) and to probe
(p) the temporal evolution of the excited resonant state,
and R, is the Raman tensor.

In the experiment reported here, a mode-locked argon-ion
laser is used to synchronously pump two R6G dye lasers to
produce picosecond pulse trains with fields Rt(tot),
X~(toe = toi), and X, (to, ). Coherent excitation of longitudi-
nal optical (LO) phonons is obtained by setting tot —to, = to„,
her'e, col=17350 cm ' and co, =16947 cm '. The coherent
amplitude 0 of the excited phonon packet is given by Eq.
(4). The wave-vector mismatch of I(IJ, t) is given by b k; it
is set experimentally to approximately zero [hence,
S(b,k) —1]. Finally, Is. t is the temporal delay between the
pulses of the probe laser p and those of the lasers l and s; p,

is the reduced lattice mass, X the number of primitive cells
per cm3, and A =2mto2L2/ce, In the e. xpression for A, c is

the speed of light, L the effective length within the medium
over which spatial overlap of the three-wave mixing exists,
and ~, is the dielectric constant of the medium at co,.

According to Eq. (1), I(IJ.t) has two components. The
two contributions can be clearly seen in Fig. 1 of Ref. 3
which displays a normalized I(IJ.t) as a function of b, t. If
tot —to, is detuned from the LO phonon frequency to„, Q be-
comes very small and only that part of Eq. (1) controlled by
Xt31 remains. Thus, a purely "electronic" part of I(IJ.t)
[IE(Is.t)], i.e., independent of any Raman excitation, ap-
pears under these circumstances and is indicated by the
curve with solid circles in the region —30 (5 t ( + 20 ps in

Fig. 1 of Ref. 3. If co„=eoI—m„ the curve with crosses ap-
pears. The exponentially decreasing part of the signal is
controlled by I and corresponds to the dephasing of the
coherent LO phonon packet referred to earlier.

It follows from Eqs. (1) and (4) that, once I' is deter-
mined, a further analysis of the full I(ht) becomes possible
in terms of the integration over the temporal profiles of the
laser fields E,(t), plus an independent evaluation of the Ra-
man tensor elements 8,. The result of this procedure leads
to a determination of the components of X . In the
analysis presented here, the actual form of the temporal
profiles of the laser pulses are obtained from IE(b t )
(through which the asymmetry factor 5 is determined) and
from the auto- and cross-correlation signals. The auto- and
cross-correlation signals are obtained by mixing the l and s
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lasers in a potassium dihydrogen phosphate KH2P04 [KDP]
crystal. The observed autocorrelation signal can be fitted
well by the slightly asymmetric exponential function
f(t) =exp(gyt) for t ~ 0 and f(t) =exp( —yt) for t ~0.
We have set 5=1.3, which is the average value obtained
from a set of observed IE(ht). The standard variation
between the experimental signal and the convolution of
f(t) with itself is 2.54, which compares favorably with a
variation of 8.18 for a Gaussian, or 6.42 for a hyperbolic
secant, or 4.14 for a Lorentzian profile. We further assume
that the observed broadening of the cross-, compared to the
auto-correlation signal can be accounted for by a Gaussian
temporal fluctuation (jitter) between the I and s lasers.
Since the final I(ht) involves the product of the three
fields EI, E„E~, we shift, for convenience, the Gaussian
broadening totally on to E, and write its temporal profile as

f'(t) = [exp(gyt) —(1/z) exp(zsyt)]/(1 —1/z)
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for t~0 and

f'(t) = [exp( —y t) —(1/z) exp( —zy t) ]/(1 —1/z)

for t «0. Here, we have taken advantage of the expansion
for small values of o. of the Gaussian profile exp( —nt2).
The standard variation between the experimental cross-
correlation signal and the convolution of f'(t) with f(t) is
found to be 1.2 compared to that for the fu11 Gaussian jitter
of 0.5. We claim no inherent physical significance for the
asymmetric exponential form of f(t) and f'(t) or the
Gaussian form of the jitter except that they do yield good
agreement with data, and that it permits analytical integra-
tion of Eq. (1).

Every effort is made before each experimental run to
maximize the temporal overlap (at b, t=0) between the I
and s laser. All the same, a temporal mismatch Av of the
order of & 0.5 ps is often found between the two lasers.
(The mismatch can be extracted from the slight asymmetry
which it causes in the CARS signal in the vicinity of the
peak at 5 t = 0.) Finally, the relative contributions of the
two components of I(ht) can be experimentally specified
by a quantity F defined as the ratio of the peak of the nor-
malized CARS intensity at zero time delay, I(b t = 0) to the
intensity of the phonon dephasing component extrapolated

FIG. l. Experimental data (symbols) and fitted I(ht) (solid
lines) for each of the polarization configurations indicated in the in-
sert to the figure and defined in Table I.

back to At =0. This procedure5 is illustrated in Fig. 1 for a
subset of the laser field polarizations indicated in Table I.
[In Table I the polarization direction is given in terms of an
angle measured relative to a direction in the plane of the
optical table and which is coplanar with the (010) and (100)
crystal directions which lie in a plane perpendicular to the
optical table. ]

At this point, the entire function I(b, t) can be specified
(for each polarization condition) in terms of Y, I, y, 8, z,
and Av. The first two quantities are obtained directly as
described above. The remaining quantities (except 5) are
determined from a best fit to each I(ht) as shown by the
solid lines in Fig. 1.

It is important to recognize that 8, and X as they ap-
pear in Eqs. (1) and (4) are each effective quantities whose
magnitudes depend on the actual polarization (relative to
the crystal axes) of the fields Xt, R„and X~. At resonance
the phonon part of I(b.t) is purely imaginary. Moreover,
X is in general complex, particulary, in the present case'
for which 2k~I exceeds the fundamental gap energy, i.e., in

TABLE I. Laser polarization, crystal axis orientation, and effective X~

Configuration
Lasers

I
Crystal axis

010 100

Polarization condition (deg)
Analyzer'

Effective X

90 90 180 180 90 180

90 180 90. 180 90 180 Xyy22

90

90

90

90

90

90

90

90

45

45

45

90

45

90

90

135

90

45

135

45

45

' 45

135

135

135

135

135

2X

(X))gal+ 2X].(22+ X]22')
1

X].gyes+ X)22

Xy~~~+ X1122

X))22+ X)2

'The analyzer is placed into the CARS beam.
See, e.g., Ref. 1 for an explanation of the subscript convention. The effective X are derived here such

that the phonon part of I(h t) is normalized to unity.
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the case that two photon absorptive processes may occur.
The complex effective X for the various polarization

conditions are listed in Table I. Note that four out of the
seven configurations lead to redundant results. A grand
average over 32 runs, distributed over all seven configura-
tions, together with the published value of R, for GaP, 7

leads to the following values of the magnitude of the real X'

and of imaginary X" parts of the active components of X~

(in units of 10 ta esu):

Xi22i = 2.1 +0.15, Xi22i = —0.48 +0.24

Xii22= 1.8 +0.44, Xii22= —0.7 +0.48

Xiiii = 2.1 +0.7, Xiii) = —0.73 +0.81

The imaginary part of X'3) has its main effect on I(IJ.t)
through cross terms with the phonon part. For values of
X"( 10 '0 esu these cross terms effect only slightly the
curvature of 1(b, t) in the region2 0 ( IJ, t ( 10 ps; hence,
the relatively large uncertainty in X". It is observed that the
sign of X" is opposite to that of X' and to that of the (posi-
tive definite) phonon part.

In order to avoid complications arising from high-lying
conduction bands, most previous experimental determina-
tions of X, and most theoretical evaluations have been
limited to the "zero frequency limit, " i.e., to the case that
2tcuI is much less than the gap energy Eg of the medium so
that two-photon absorptive processes can be neglected. This
constraint means that X ~ is real, and also leads to the so-
called Kleinman symmetry for which Xii22=Xi22i. This
condition is not met in the present experiment of GaP for
which Et=2.26 eV, whereas 2hco1=4.30 eV. It is, accord-
ingly, not unexpected that we find X to be complex and
that XIt22 & Xt22t, the observed ratio XI22t /XIt22 = 1.2.
Moreover, for an isotropic medium we expect the anisotro-
py factor'

~=(2X1122+X1221 Xllll)/XIttt

to equal zero, whereas 1.7 is observed here. This implies
coupling to considerably more anisotropic electronic states
than has previously been reported for other tetrahedrally
bonded crystals such as diamond' (o-=0.17), Ge (Ref. 10)
(o.=0.83), Si (Ref. 10) .(o.=0.44), and GaAs (Ref. 11)
(~ = 0.56).

Unfortunately, the need to take higher excited electronic
bands into account makes it unlikely that the mostly
phenomenologically theoretical approaches used so far are
applicable to the results reported here. ' It is particularly un-
likely that these models would be able to account for the
observed anisotropy in X~ ~ On the other hand, it is possi-

ble that the more microscopic, ah initio, calculations of semi-
conductor systems currently being developed' will in time
become theoretical bases for a comparison to the experi-
mentally observed components of X~ reported here.

Finally, we make a comparison of the measurements of
X in the temporal domain versus those in the spectral
domain. It is clear that the two measurements are closely
related; the experimental observables being, in effect,
Fourier transforms of each other. Nevertheless, differences
between the two techniques are discernible. For example,
in the spectral domain separate measurements must be per-
formed in order to extract I and X, whereas only a single
measurement is required in the temporal domain. The
determination of X from spectral domain measurements is
facilitated if I' is large (short phonon dephasing time) so
that the Raman linewidth is greater than the spectral resolu-
tion of the apparatus, whereas best results are obtained in
the temporal domain if the phonon dephasing time is larger
than the temporal resolution of the apparatus. On the other
hand, extraction of X from spectral domain measurements
is easiest if the magnitude of the electronic part of I(0t) is
smaller than the phonon part, whereas the reverse is so for
the temporal domain measurements. In the extreme cases
only one of the techniques is applicable. For example, the
spectral technique must be used if under the experimental
conditions IE(IJ.t) is much less than the phonon part which
was the case of diamond reported in Ref. 1 (X3—10 '4 esu,
R, —5 A2), ' whereas the temporal technique must be used
in the opposite limit; e.g. , in our case of GaP and particular-
ly ZnSe (X 3 —10 'a esu, R, —7 A2).5 Moreover, we
claim a particular advantage for the temporal technique
when more than one Raman active resonance appears in the
same spectral region. As an example we cite crystals of the
zinc-blende structure in which both the TO and LO near-
zone-center phonons are active. The superposition of the
response from both types of phonons, plus contributions to
X 3 from two-step two-wave mixing [(X 2 )2] makes the
analysis of I(cu) rather complicated. However, in the tem-
poral technique, when coI —co, is fixed to the LO phonon
resonance and if, in addition, 2ltot~ ) Eg (as it is in the
present case), contributions due to the resonance at the TO
phonons frequency and to two-wave mixing can be shown
to be small. ' Hence, to a first approximation, only contri-
butions from third-order nonlinear interactions contribute to
the X 3 measured here.
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