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Nonlinear Electronic Dispersion in CuClf
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To determine the wavelength dependence of the nonlinear susceptibility, measure-
ments of second-harmonic generation have been made in the region of the first exciton
absorption band in CuCl at 20 K. Results show a resonance behavior in the nonlinear
susceptibility which is fitted by a theoretical curve.

The efficiency of non-phase-matched second-
harmonic generation (SHG) of light depends on
wavelength primarily through the magnitude of
the nonlinear optical susceptibility d and the lin-
ear optical constants:

Ps~a/&i. .a'~ Id I'l, '/n s„
where P denotes power and l, is the coherence
length given by

—[~2 y (tr/2)2] I/2

w =u, „-m,„„„
n =linear absorption constant; k s H and n s H are
the wave vector and the refractive index, respec-
tively, at the second-harmonic wavelength. Equa-
tion (1) is restricted to the case where the condi-
tion nl, » 1 is met, l, being the sample length.

In a region of fundamental electronic absorp-
tion, and in a system where the linear optical
constants are known for that region of the spec-
trum, measurement of the wavelength dependence
of SHG allows us to deduce the wavelength depen-
dence of Id I. This Letter reports a mes. sure-
ment of the wavelength dependence of SHG in
CuCl at 20'K. Using a tunable dye laser, the
wavelength region around the first exciton ab-
sorption peak near 3.2 eV was investigated. Anal-
ysis of the data shows an elect~onic resonance
behavior for Id I which is fitted with a theoretical
expression obtained from nonlinear exciton theo-
ry. Previously Faust and Henry' have reported
a resonance behavior for Idi in GaP near the in-
frared lattice resonance.

For the tunable dye laser, naphthalene green
V in glycerin was used, pumped by a Q-switched
ruby laser. Tuning was achieved with an 1800-
line/mm grating as one cavity reflector. Res-
olution of better than —,

' A was obtained with a
telescope mounted inside the dye laser cavity
which allowed illumination of the entire grating
surface. Light from the dye laser (10-nsec
pulses, 500 KW peak power) was focused into a
CuCl sample mounted in a conduction He cryo-
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FIG. 1. Second-harmonic power from CuC1 relative
to ADP as a function of second-harmonic wavelength.

stat. The sample was oriented with the [111]di-
rection approximately along the direction of light
propagation. Second-harmonic light was detected
by a monochromator-photomultiplier system, the
transmission characteristics of which were cali-
brated using a standard lamp. The dye laser
pulses were sent through a beam splitter, and
second harmonic light was simultaneously col-
lected from an ammonium dihydrogen phosphate
(ADP) sample for comparison with the SHG in
CuCl. The ADP sample was at room temperature
and in a non-phase-matched orientation. SHG in
the ADP sample showed no significant variation
in efficiency in the wavelength region investigat-
ed.

Figure 1 shows the second-harmonic power
from CuCl at about 20'K relative to SHG in ADP,
as a function of the second-harmonic wavelength.
These data are used, along with n and e, in
Eq. (1) to obtain the magnitude of the nonlinear
susceptibility d. Equation (1) is valid since al,
~102 in our experiment over the entire region.
The value of n at the fundamental wavelength is
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FIG. 2. Linear optical constants calculated from a
Lorentz model fitted to Kramers-Kronig analysis of
reQectivity by Staude.
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FIG. B. Experimentally determined nonlinear optical
susceptibility of CuCl at 20 K (circles) and the anhar-
monic oscillator model fit.

taken' as 1.95. However, there are difficulties
in obtaining good values for the linear optical
constants n and e at the second-harmonic wave-
length, as demonstrated by the work of various
authors' as well as our own failures in attempt-
ing to measure absorption in thin CuCl samples
at low temperatures. The simplest approach is
to use the Lorentz model of a classical oscilla-
tor, recognizing that in reality the exciton cer-
tainly is not a classical oscillator but a quasi-
particle with some effective mass. However, us-
ing this simple model, a fit was made to a Kra-
mers-Kronig analysis of ref lectivity data by
Staude. ' These values for n and n were used in
calculating ld l and are plotted in Fig. 2. Finally,
the result showing ld 1

is given by the circles in
Fig. 3. A ref lectivity correction to the data of
Fig. 1 is included in the calculation. The solid
curve in Fig. 3 is a. theoretical calculation of ld 1

fitted to the experimental result. The model used
is a simple anharmonic oscillator, where ld l has
the form'

A'+2A(l-X') ~"
d~= j. + (1-X')'+ I'X'

x = co/&u, =A,/A.

The theoretical curve has been normalized to 1
at large frequencies. In Fig. 3, the parameters
have the values A =0.010, T' =0.0008, ' and ~p

=3872 A. The deviation of the experimental data
at the short-wavelength end is most likely due to

o
the second exciton absorption peak around 3770 A
which is expected to cause another resonance in
id l. For this reason the experimental data in
that region were ignored in making the theoreti-
cal fit.

Although the above analysis appears to attain
overall consistency, one might expect that the
classical model of Lorentz oscillators would fail
to describe, in finer details, the behavior of ex-
citons. This suspicion is borne out by compari-
son with an additional experiment, which consist-
ed of measuring the luminescence from the CuCl
sample while the dye laser was tuned through the
exciton band, just as done in the SHG measure-
ments. Following absorption in the exciton band,
CuCl emits luminescence into a broad band
around 3950-4150 A. Luminescence in this band

0
was measured and a narrow ((0.8 A), strong
peak was found for a second-harmonic excitation
wavelength of 3864 A. This result has been con-
firmed by direct two-photon absorption measure-
ments. ' However, from the classical oscillator
model considered above, the luminescence should

0
peak for second-harmonic excitation at 3871 A,
the peak in the one-photon absorption spectrum.
We take this discrepancy as an indication of the
failure of the classical model.
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A better model would take into account the fi-
nite effective mass of the exciton, i.e., the ef-
fects of spatial dispersion. " This considerably
complicates the problem in that with spatial dis-
persion, two waves with different damping can
propagate in the crystal at the same frequency.
Also, the improved model should allow the damp-
ing term F to be a function of wave vector since
absorption of the mixed-state particle, a polari-
ton, arises from scattering processes. ""It is
hoped that this more complete model will accu-
rately describe both SHG and the nonlinear sus-
ceptibility as well as the luminescence results.
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The splitting of the m bands in graphite due to multilayer interaction has been observed
directly for the first time for the valence-band states at P and Q on the vertical face of
the Brillouin zone, using photoemission techniques. The splitting is found to be 0.8+0.1
eV for both P and Q, giving a value of 0.42 eV for the parameter y&, in agreement with

other experiments.

The splitting of the n bands in graphite due to
multiple-layer interaction has been thoroughly in-
vestigated both theoretically' and experimentally'
along the vertical edge of the Brillouin zone. Re-
cently three-dimensional band-structure calcula-
tions have been performed for the vertical face
of the Brillouin zone by Greenaway et al. ' and by

Doni and Pastori Parravicini, using an experi-
mentally adjusted tight-binding scheme. These
authors showed that the order of even and odd

states at Q and I' (using the notation of Refs. 3

and 4) is reversed in the valence and conduction
bands. Selection rules' allow transitions only be-
tween even and odd states at Q. The energy dif-

ference for the two allowed ~-m optical transi-
tions at Q is of the order of 0.1 eV, although the

splitting of the bands is predicted to be 0.3 to 0.4
eV. Because of this small difference in the opti-
cal transition energies, a doublet structure at
4.8 eV is not observed in the optical experiments
of Taft and Philipp, ' Ergun and McCartney, ' and

Greenaway et al. ' This inversion of the order of
states was also found by Painter and Ellis' in an

ab initio variational band-structur e calculation.
The pseudopotential calculation by van Haeringen
and Junginger' yielded values which are too low

for the transition energy at Q. A theoretical de-
termination of the dielectric function calculated
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