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Third-order nonlinear optical spectroscopy in CuC1~

S. D. Kramer* and N. Bloembergen
Gordon McKay Laboratory, Harvard University, Cambridge, Massachusetts 02138

(Received 7 May 1976)

The production of light at the combination frequency 2', -co, by two incident-tunable coherent beams at the

frequencies co, and co, , respectively, has been studied in CuCl, as 2', is varied across the Z, -exciton-polariton
dispersion curve, and/or co, —co, is varied across the longitudinal phonon-polariton dispersion curve. The
interference of the excitonic and Raman resonances with the nonresonant electronic nonlinear susceptibility

gives new information about the nonlinear properties of the Z, exciton and its damping as a function of
temperature. A detailed theoretical and experimental comparison with earlier work on two-photon absorption
and second-harmonic generation in CuC1 is presented.

I. INTRODUCTION

The pioneering work of Maker and Terhune' in
creating radiation at the anti-Stokes frequency 2&,
—u, by two light beams, with a difference in fre-
quency co, —~, close to a vibrational resonance of
a molecule, has been followed in recent years by
extensive investigations of the generation of com-
bination frequencies. The systematic study of the
frequency dependence of third-order nonlinearities
has been made possible by the availability of tun-
able coherent beams. Dye lasers can cover nearly
continuously the region of the near ultraviolet to
the near infrared, from about 0.3 to 1.1 J..m wave-
length. Parametric oscillators may be used to gen-
erate tunable radiation farther in the infrared. The
generation of the combination frequency 2(Joy (Jog

is particularly attractive because it permits the
study of dispersive properties near the intermedi-
ate frequencies 2u, and ~y cL)p These may typi-
cally lie in highly absorbing ultraviolet and infrared
regions of the spectrum, while the light beams at
co„co„and a, = 2(0] p all lie in the transparent
region of the material being investigated.

Alkali and earth-alkali-metal vapors and centro-
symmetric crystals have been extensively studied
using this technique. ' This work has been sum-
marized in several recent review papers. ' ' The
relevant theory in noncentrosymmetric crystals
has also been reviewed. '

The present paper presents a comprehensive
study of the generation of radiation at 2+, —u, by
three-wave mixing in the noncentrosymmetric cu-
bic crystal CuCl which has 43m symmetry. Some
preliminary results have been reported earlier. '

Cuprous chloride at liquid-helium temperature
shows a sharp excitonic structure which has been
studied extensively by linear spectroscopy. ' "
Cardona" has pointed out that CuCl is the only
known zinc-blende-type semiconductor with a non-
degenerate highest valence band at the center of

the Brillouin zone. The lowest exciton level is con-
sequently a particularly sharp Z, excitation. At
4.2 K this Z, exciton causes a sharp absorption
line near 3860 .4, with a linear absorption depth of
about 3 x 10 ' cm. As a result the high-absorption
linear spectroscopy must be carried out in very
thin films' "or by reflection techniques. " In
either case only excitons close to a surface are
probed. Their properties may be altered by phys-
ical and chemical contamination of the surface to
which CuCl is particularly vulnerable.

Since the CuCl structure lacks inversion symme-
try, the Z, -exciton polariton contributes a reson-
ant term in second-harmonic generation if the in-
cident photon energy is at half the exciton energy. "
Unfortunately, this method is extremely sensitive
through the phase-matching condition to the linear
index of refraction which varies markedly near a
material resonance. This makes the interpreta-
tion of the experimental results less than straight-
forward. In addition, as in the linear studies only
excitons near a surface can be studied. In con-
trast, in two-photon absorption experiments""
which are a form of third-order spectroscopy the
excitons can be created in the bulk volume of the
crystal. The resulting excitation can then be de-
tected by fluorescent recombination or through the
attenuation of the incident beams.

Theory' predicts a close relationship between
processes at 2&„ induced by one or two incident
light beams at &„and the frequency mixing in-
duced by light beams at frequencies e, and v„
respectively. The three-wave mixing experiments
involve only light beams in the relatively nondis-
persive transparent region of the crystal. The
phase-matching condition is only weakly dependent
on frequency. The exciton can be probed in the
bulk volume with high sensitivity, and this method
can augment the information about exciton proper-
ties found in lower-order studies in a significant
way.
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The general features of the effective third-order
nonlinear susceptibility in noncentrosymmetric
crystals' may be tested in the simple 43m symme-
try. In addition to direct third-order mixing there
are contributions by a two-step process proportion-
al to ()((2,))'. The sharp exciton resonance at 2(d,
provides the opportunity to see the interference ef-
fects between this resonance and the nonresonant
nonlinearity of electronic states in the conduction
bands. Previously, sharp two-photon resonant
contributions have been observed in alkali vapors,
but for these the nonresonant contribution is neg-
ligible and so no interferenee is seen. Broad fea-
tures of a two-photon absorption contribution to the
light-mixing process have been reported by Leven-
son and Bloembergen' in diamond and some organ-
ic liquids, but these would not permit the observa-
tion of typical interference patterns. Contributions
of the Raman resonance of the phonon-polariton in-
frared excitation at ~, —cu2 can be observed si-
multaneously with those of the exciton resonance
at 2u, . The interference effects of the exciton and
phonon polariton with each other and with the non-
resonant nonlinearity, briefly reported in a short
communication, "are discussed in detail.

A review of the general theoretical framework of
third-order nonlinear spectroscopy will be given
in Sec. II. The experimental arrangement used in
this study will be described in Sec. III, and in Sec.
IV the experimental results will be presented.
Their analysis yields new data on both the linear
and nonlinear properties of cuprous chloride and
its exciton and phonon-polariton excitations. More
details than could be incorporated in this paper can
be found in an unpublished doctoral dissertation by
the first author. "

linear susceptibilities. The Hamiltonian is devel-
oped in an ascending double-power series in the
exciton coordinate Q and the macroscopic electric
field F:

X = (- ¹*Eq+', NM-~'rq' ——,'y(' 'E')

, ( ,,( --E,N~' —,q ,N-,-.Eq ~( Eq)
( &PP(s), 3q l NP(3)E2q2 yP(3)Eq3

+ —,'Ng(" q' ——,')(("E').
In this expression t. * and M are the effective charge
and reduced mass of exeiton, respectively, while
N is the electron volume density participating in
the exciton formation, The transverse exciton res-
onant frequency is u~. For linear properties only
the first bracketed term on the right-hand side
needs to be retained. The other terms contain var-
ious nonlinear susceptibilities and coupling coef-
ficients. Vector subscripts have been suppressed
for clarity. The polarization, P = B3C/BE, derived
from this Hamiltonian, contains the following first-,
second-, and third-order terms:

P = (Ne q+)((')E)+ (N(). rEq+N) (')q'+)((')E')

+ (Np ' E'q+Np ' Eq'+Np, ' q'+)( ' E').

The force driving the exciton is given by N '( sK/-
sq) and the exciton equation of motion is described
by an anharmonic oscillator equation,

Mq+MI'q = (-M(drq+ e'E)

( g(2)q2 „z E2 2 (2)Eq)

( Ipf 3)E3 p(3)E2q „2p(3)Eq2 g(3) q3)

II. RFVIEV( OF NONLINEAR RESPONSE THEORY
OF EXCITONS

The theory of the nonlinear response of exeitonie
polaritons is formally quite similar to the theory
for phonon polaritons which was developed earlier.
Among others, Flytzanis and Bloembergen' and
Boggettand Loudon"'" have reviewed the nonlinear
response of polariton excitations and have obtained
essentially identical results. The general formula-
tion of Flytzanis and Bloember gen' and Yablonovitch
et ~l." is used here to introduce the subject. A

generalized exciton coordinate Q describes the ex-
citonic degree of freedom and is separated from all
other electronic states. This procedure is useful
if a single excitation is near resonance and its res-
onance effects on the linear and nonlinear electro-
magnetic response are to be analyzed. The contri-
butions of all other electronic degrees of freedom
are lumped together in nonr esonant linear and non-

I' is a phenomenological damping constant. The
electric field is related to the polarization by Max-
well's wave equation,

1 O'E 4n O'P
V E —V(V E)-——

2 B)2 2 B)2

The set of Eqs. (2)-(4) in E, P, and q must be
solved iteratively. If only linear terms, propor-
tional to E and Q, are kept, linear exeiton theory
is recovered. %hen Q is eliminated, the linear
relationship between P and E leads to the well-
known dispersion characteristics shown in Fig. 1,
where the units along the axes are appropriate for
CuCl. In this crystal spatial dispersion effects are
negligible. In the wave-vector range of interest
there is no 0 dependence of the effective mass.
The slope de jdk for an electromagnetic wave in
the transparent region of the crystal, at about half
the exciton energy shown, is also indicated in the
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As noted above, e„ is not strictly a constant, but
contains dispersion due to higher-energy levels.
The complex index of refraction has been mea-
sured by Staude" and has been reproduced by
Haueisen and Mahr. " The longitudinal exciton res-
onant frequency is given by the Lyddane-Teller-
Sachs relation

(6)

WAVE VECTOR

2x10 cm

FIG. 1. Zg-exciton dispersion relations in CuCl. The
lower branch of the transverse exciton lies far to the
right and is not shown in this picture. Only the horizon-
tal asymptote TE is indicated. The nearly vertical line
D has a slope w&/k&, and the point of intersection A in-
dicates the possibility of phase matching for forward
waves in second-harmonic generation [after Frohlich
(Ref. 16)] TP denotes the upper transverse excitQn-
polariton branch and LF, the longitudinal exciton branch.

figure by line g). The intersection point A, indicates
the possibility of phase matching for forward waves
in second-harmonic generation on the upper trans-
verse excit on-polariton curve. This is due to dis-
persive effects of higher excitonic levels and con-
duction bands. The lower transverse branch is far
to the right of this line and is not shown in the fig-
ure. Only the horizontal asymptote for large k val-
ues, labeled TE, is shown. It occurs at the fre-
quency ~ =~~. Linear theory gives the dispersion

&, and e„are taken to be the dielectric constants
in the dispersionless regions just below and above
the exciton resonance.

If the procedure is iterated for the nonlinear
terms in Eqs. (2)-(4) and the coordinate Q is again
eliminated, one obtains to third order in the elec-
tric field the nonlinear polarization in the form

=,&,,)EE-,(„;)EEE.

Here y,« is the parameter of interest for second-
harmonic generation, while the imaginary part of

ff' is propo rtional to the two -photon absorption
signal. The intensity observed in a three-wave
mixing experiment is proportional to 1g~,«~1'. Un-

fortunately, the solution for y„',) by the tedious it-
eration procedure contains 50 different terms. '
Considerable simplification is possible, however,
based on the fact that many terms do not have a
resonant denominato r and may cons equently be
combined in an effective nonresonant coefficient.
This procedure will be illustrated for the second-
order susceptibility. For two input waves at &'
and u", one finds that the polarization at the sum
frequency is given by

(~)
(2) I gf PPP2NeQyN

2M D(to'+ &ar") M' D(&u'+ &u")D(u')D(ur")

e*'y('-) N e* y( )

M' D((u'+ (u")D((u') M' D((o'+ (u")D((u")

N e~n~
2M D(v')

N e~e~
2M D(&g")

(6)

Here the shorthand notation for the denominator
factors

D((d) = hlr —(0 —f(di

has been introduced. The permutation factor
2 —6(&u' —~") is I for undistinguishable frequencies
when co'=~", and is 2 if the waves are distinguish-
able.

The first four terms all have resonant denomina-
tors at the frequency cu'+co". The terms in ( '

and y
' can be explicitly dropped and yet their ef-

fects implicitly included by a suitable redefinition
of n~. This coefficient will then acquire a weak
frequency dependence since w' and co" are far from
material resonances. In a similar manner, the ef-
fect of other nonresonant terms is taken care of by
a redefinition of )((' . It can also be shown that all
effects of third-order terms in g~'~ and P

' can be
included in X

'). With these constants so redefined,
the set of Eqs. (2)-(4) reduces to the following
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equivalent set:

(3)+ x;,~&F-,EI&s

M(Q, +I"Q;+&urQ, ) =e*E;+,n;,-pE, E»,

V'E,, —[V(V E)],. ——,1 8'g',. 4 9'~,.
gp

At this sta.ge Cartesian subscripts have been in-
troduced explicitly for the vector and tensor com-
ponents. The iteration procedure to third order is
still tedious, but straightforward For two non-

collinear beams with arbitrary pola, rization direc-
tions at rv, and +„respectively, the result for the
three-wave mixing at ~, = 2+, —v„with an inter-
mediate exciton resonance near 2~„ is, for the
crystal symmetry 43m, described by

(3)
Xiimn, eii( ~sr "1&~it "2)

(Aini pram ip ~i/!Dpmn ip+Ajl

cv Ve a 8Ã™gn1 f,j m inl f,jm ~X)nl Xpf~ +&gnl&Pf~
MD (2id) 2M+(2(u) e ~D (2~)'

Xn' I Xn'A' A' —(U 1) in' pram '»nb'm XiniXpim
MD~(2+, ) 2M Dr(2&@,)

(12h)

a, , ,a, „=V(16'/~)X".„'X,".'„,

a,', , a,'.„=(V- 1){16v/e„)X',,",X,".'„,

{12c)

E(id' —QJ2)

e (~~ —~2) —[uP~E' ' (G)~)18~ —(d2e / ((d2)Rle) /(&d~ —~q)
(12e)

U={a(2u),)/[e(2",) —e(id, )]),

n,'„,=2 '/'[n, '„, —(.Bee*/e„)XI„",],

D'(2(di) =Kg —(2(dg) —iT(2(a)g))

Dr(2id, ) =idr —(2id, )' —iT'(2id, ),

(12g)

(12h)

{12i)

where m,. is the unit vector in direction of propaga-
tion of beam at ~, , hj is the jth Cartesian compon-
ent of 2m, /~2m, ~, n& is the jth Cartesian compon-
ent of (m, -m, )/lm, -~, l, en is the low-frequency
dielectric constant, q„ is the high-frequency di-
electric constant, e(id) is the dielectric constant at
frequency ~, and &u'=(e, /e„)~r.

Several assumptions which are valid in the case
of CuC1 were made in deriving Eq. (12). These are
that the crystal is cubic, that the Lyddane-Teller-
Sacks relation holds, that light near the exciton en-
ergy is highly absorbed, and that Kleinman symme-
try can be used. As a result of the 43m symmetry
of CuCl, only certain components of n,.„~, y,.j~ „and
y,.f',~, are nonzero. For this symmetry

nr, =nr„(1 —5, )(i1 —5,,)(l —Ei,,),
XI;,' =X.",,&(I —'„)(I-'„)(I—'„),

and the only nonzero components for X,fp) are

xxxx =yyyy = zzzz,

yy zz = zzyy = zz xx = xxzz = xxyy =yy xx,

yzyz =Rye =zxzx= xzxz =~Kg =yxyx~

yzzy =zyyz =Exxon = xzzx=3pyx=yx3+1

where for compactness the indices have been used
as la,bels. Kleinman symmetry results in the fur-
ther equality

yyzz =yzyz =yzzy ~

In deriving Eq. (12) only the forced excitation at
2&, has been kept. The corresponding free-wave
solution necessary to match the boundary condi-
tions ' has been dropped. At the entrance surface
of the crystal, both waves have about the same am-
plitude, proportional to the factor [e(2id, ) —e(cu, )] '.
The homogeneous free-wave solution is, however,
very heavily damped, as e(2id, ) has a large imag-
inary part in the frequency range of interest. The
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forced excitation at 2e, is, of course, present
throughout the whole crystal, because the wave at
~, propagates without appreciable attenuation,
since E (o&,) is real. In second-harmonic genera-
tion" one measures the effect of this forced
wave field at the exit face of the crystal. Only the
transverse forced excitation gives rise to a second-
harmonic radiation field. In the two-photon and
three-wave light-mixing experiments, the longitu-
dinal forced excitation is also observable.

For further discussion it is expedient to consider
three simple geometries, shown in Fig. 2 ~ These
take advantage of the 43m symmetry properties of
the odd-rank tensors a, ,„and y, ,'.„given by Eqs.
(13a) and 13(b).

A. No exciton resonance

Whenthe electric fields of the incident waves at
cu, and &, are parallel to the same cubic axis as
shown in Fig. 2(a), no exciton (or phonon) polariton
can be excited. There are also no nonresonant
electronic polarization and driven electric fields
at the intermediate frequencies 2(d, and (d, —~, In
this geometry Eq. (12) reduces to an effective X"'

of the form

() 2(»
X N E Xxxxx' (15)

The observed three-wave mixing signal is propor-
tional to the square of the real nonresonant sus-
ceptibility component (X(„'„„)'. There is no second-
harmonic generation and no two-photon absorption
in this configuration.

B. Transverse polariton excitation

() () ()
X TEE

=
Xxxxx + Xxxxx (Xxxx )

where

1 1 2N~ Tp

E (2O&,) —E (&O, ) Dz, (2O&, ) !M
(16)

In this configuration both incident waves propa-
gate along the face diagonal [100] and both are po-
larized with the electric field along [110]. The ex-
citon coordinate and second-harmonic polarization
a.re excited along the cubic z axis [001], according
to Eqs. (13a.) and (13b), orthogonal to the direction
of propagation. The set of Eqs. (12) reduces in
this configuration to

(A)

&]to&

aT'E - -', (a r„)-'IE„—E(o&,)]—8Ee*u r„X&'„&

—Dr (2&:,) (M /AT) 8&T(X& '„')'. (17)

K VECTOR

&iso&

(HEI ) (~ )
(00()

(B)

(00])

K VECTOR

&iso&

(~2) (~~)
&I I 0)

(I I 0)

K VECTOR

«n&

((u2) (cu) ) &I I 0)

FIG. 2. Relative configuration of the crystal axes and
the propagation and polarization directions of the inci-
dent laser beams. Three different geometries, dis-
cussed as cases in Secs. IIA—IIC and 1VA- IVC, are
shown.

The quantity a T~ displays a characteristic inter-
ference between the nonresonant susceptibility
g(,',) and the excitonic nonlinear coupling coefficient

This type of interference was first observed
in difference frequency mixing in infrared phonon-
polariton modes by Faust and Henry. " The reso-
nance in second-harmonic generation experiments
in CuCl, observed by Haueisen and Mahr" is re-
lated to a!' . It may be expected" that e*n„,, and

X
' have the same sign for 2~y & Ry since they

both represent the nonlinearity of electronic states
in CuCl. Whereas e„, refers specifically to the
split-off exciton state, X

' represents a nonlinear
property averaged over all the higher electronic
bands. " At optical frequencies the contribution to

from ionic motion is negligible. Thus, at low
frequencies, 2&y (coy one may expect reinforce-
ment. Above the transverse exciton frequency 2u,
& co~, but below the higher electronic resonances so
;((') can be considered a constant, the real part of
the resonant contribution changes sign with Dr(2(d, ).
Here destructive interference will occur.

Frohlich et al."'"observed this destructive in-
terference in the intensity of two-photon absorption,
which is proportional to IMPUTE~, as given by Eq.
(16). Although a resonant denominator Dr(2&d) ap-
pears to multiply the coupling factor o. Tp, one
should not expect a resonance to occur for 2u, = a~.
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The reason is that precisely at this frequency
e(2', ) also goes through resonance. This point has
been discussed in detail by several authors. " The
total response function {[e(2&v,) —e(&u)]Dr(2&@,)] ' is
important, and its effect may be summed up in
words by saying that a resonance effect may occur
only on the undamped polariton dispersion curve,
shown in Fig. 1. For two light waves of the same
frequency traveling in the same direction, reson-
ance would occur at the point A. in Fig. 1. Frohlich
was able to tune along the dispersion curve towards
smaller ~ values by varying the angle between the
two light beams. Two-photon absorption occurs at
correspondingly lower frequencies. The intensity
of the observed signal, proportional to Im X~TEP

with w, =&„ is reproduced in Fig. 3. From this
curve it appears that e~ = 0 due to destructive in-
terference in Eq. (17) for 2m~, =3.219 eV. This is
accidentally very close for the forward resonant
crossing point A. , which occurs at 2g&, = 3.217 eV.
Frohlich was not able to observe two-photon ab-
sorption if the angle between the incident beams
was smaller than 30 .

This has severe implications for the three-wave
mixing experiments wllicll gjve a sjgnal propor-
tional to ~X~'i ~'. According to Eq. (16) the res-
onant term must be added to the three nonresonant
terms before squaring. For the light waves all
traveling in the same forward direction, the res-
onant term would be very small for the same rea-
son as for collinear two-photon absorption. It could

be increased again by taking light waves traveling
at a considerable angle, or with widely different
frequencies co, and +,. Perhaps it should be em-
phasized again that the observation of a resonance
is equivalent to crossing the dispersion curve. Ex-
perimentally this is usually done by keeping the di-
rection of the incident light beams fixed and chang-
ing the frequency of w, . The resonance becomes
sharper in frequency for two light beams at v,
making a considerable angle with each other. When
they travel in opposite direct;ions, one probes the
exciton polariton at k =0. In this case, the trans-
verse and longitudinal excitations are degenerate
and undistinguishable.

C. Longitudinal exciton configuration

In the geometry of Fig. 2(c), the light beams
propagate along the cubic axis [001], while their
electric fields remain parallel to the [110]face
diagonal. This geometry differs only from the
transverse configuration by turning the crystal 90'
around the [110]direction. The second-harmonic
polarization and exciton coordinate are again para-
llel to [001], which is now also the direction of the
wave vector 2k, . For this configuration the set of
Eqs. (12) reduces to

(3) 3 (3} + 9 (3) ~(Xxyx ) ++xxx (18)XLF
= Xxxxx+ Xxyxy

00 1

with

1.0

0.6

0.4

3.2 l5

2 54aPI

3220 eV

FIG. 3. Integrated two-photon absorption coefficient
as a function of the transverse exciton-polariton fre-
quency. The vertical scale is normalized to unity for
the imaginary part of XTEp of Eq. (16) for 2(d f —(dg [after
Frohlich (Ref. 16)].

(19)

Equation (18) shows, as expected, a resonant be-
havior for 2e, = re~, where the longitudinal polariton
dispersion curve is crossed. As remarked earlier,
u~ is a constant for the wave vectors of interest.
At the resonant frequency, 2m, = co~ & co~, there is
again a destructive interference in the nonlinear
coupling coefficient, as given by Eq. (19).

In this configuration no second-harmonic genera-
tion of radiation can be detected in transmission
because of the longitudinal character of the polari-
zation. Two-photon absorption has, however, been
observed by Frohlich et zl."in a signal propor-
tional to Imx„E, with w, =w, . The three-wave
light-mixing signal at 2~, —~, has an intensity
proportional to ~X&LE~ ~'. This signal exhibits an in-
terference between the real part of the resonant
term and the three nonresonant bracketed terms
occurring in Eq. (18). As br'~ = 3.208 eV is now
farther removed from he@~= 3.219 eV where can-
cellation of the nonlinear coupling occurs, and as
the horizontal longitudinal dispersion curve is
crossed at nearly right angles for a variation of
the frequency ~„ the opportunity to observe a



4660 S. D. KRAMER AND N. BLOEMBERGEN j4

sharp resonance is much better in this longitudinal
geometry.

D. Theory of double resonance

2!T~(e„„) 4%~(e „)'
(20)

The resonant frequency of the longitudinal optical
phonon mode in CuCl occurs at O. l)26 eV at 16 K.
The Raman term contains an extra, factor of 2, be-

So far only the resonant contribution of the Z,
exciton has been considered. Other excitations
may be considered, separately or simultaneously,
by introducing more than one variable Q. In three-
wave light-mixing experiments creating an output
intensity at 2', —~„ intermediate resonances at
2(d i and ~, —~, are impo rtant, as was already
mentioned in the Introduction. ' In CuCl, in partic-
ular, interesting double-resonance-interference
effects may be expected if 2', is near the Z, -ex-
citon resonance, while simultaneously co, —cu, is
close to the longitudinal, optical phonon-polariton
infrared frequency at ~„. The symmetry proper-
ties of the coupling parameters of the phonon po-
lariton are similar to those for the exciton. The
three geometries of Fig. 2 also refer to the cases
of no resonance, transverse and longitudinal ex-
citation for the phonon polariton. A resonance can
now occur at an intersection of the difference fre-
quency dispersion curve with a branch of the un-
damped phonon polariton curve.

This can be treated theo retie ally by intro ducing
two normal coordinates Q~ and Q~ for the exciton
and phonon polariton, respectively. Add the sub-
script E, to all quantities referring to the exciton
to distinguish them from the corresponding quan-
tities for the phonon polariton which are labeled by
A. The phonon polariton can be excited by a Ra-
man-type two-photon process. The reduced mass
of the phonon polariton is 1'z „. The longitudinal
phonon-polariton frequency is +„R. The nonlinear
coupling coefficient to it is denoted by e„"R, given
by an expression analogous to Eq. (19) or (12g).
All preceding arguments may be repeated. De-
tailed microscopic considerations and complete
calculations of Flytzanis' show that the effects of
the two resonances are additive. The longitudinal
configuration is most important for the double-
resonance-interference phenomena from an experi-
mental point of view. The observed intensity at
2&v, —u&, is proportional to ~Xt„'~„~' in this case,
which is a straightforward extension of Eqs. (18)
and (19)

('-) ~»~(x...)
XLDR

= Xxxxx Xxyxy

cause of the possible permutation of the frequencies
u, and —co,. A detailed discussion of these non-
linear dispersive characteristics will be postponed
to Sec. IV.

E. Local-field corrections

Thus fa.r the fields acting on the electrons have
been put equal to the macroscopic fields occurring
in Maxwell's equations. For extended orbitals,
which probe essentially the spatially averaged
microscopic fields, this is a good first approxi-
mation. For localized orbitals centered at a point
of cubic symmetry, Lorentz-Lorenz-type correc-
tion factors must be applied. For direct nonlinear
processes in cubic crystals these are well known, '

(2)
X( -2~1~ ~i st 'i)

XC ( ~1& ~19 ~1)

xi-,'[(3 -A) + Ae(2(u, )] ~ [(e -A) +Ae((u, )]'i,

(21)

(3)= Xc ( ~xi ~z&~z) —~2)

x
I [(3 —A) + Ae(~,)] —,'[(3 —A) +Ac(&u, )]'

x 3'[(3 —A)+Ae(u, )]~, (22)

where X
' and X

' are the nonlinearities actually
measuredexperimentallyand X(" and X,

') would be
the susceptibilities found if there were no local-
field corrections. A. , which ranges from 0 to 1, is
a. measure of the localization of the electron eigen-
states in real space and so is a parameter that
determines the importance of the effect. A = 1 cor-
responds to localized point wave functions and so
to a maximum local-field correction. In contrast,
,4 =0 means the wave functions are smeared out
over the unit cell and so no local-field effects oc-
cur.

Since the crystal is transparent at ~, , a„and
a3, e(u, ), e(u&, ), and e(u, ) are real constants and
the local-field correction only changes the value of
X&,

'& to another real constant. However, e(2u, ) has
considerable frequency dispersion for 2, = co~ and
so if local-field effects are important, X

' also
will have a dramatic frequency dependence.
has already been measured in a second-harmonic
generation experiment. " In this experiment both
the fundamental and second-harmonic waves were
in the transparent region of CuCl. This energy
regime was chosen since it allows the most ac-
curate determination of X(".

Since a real electric field is generated at the in-
termediate frequency 2u, in the two-step process
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but not in the direct process, it is reasonable to
expect an additional local-field correction for the
former process. This, in fact, has been shown to
be true, "and it was found that the longitudinal po-
lariton response function 1/e(2&v, ) should actually
be replaced by [1/e(2&@,)]((3—A)/[(3 —A)+Ae(2&v, )]}.
So including local-field corrections to both direct
and indirect processes means that (XI'„I)'should be
repla. ced by [;"(A)](XI,' )', where

(3 —A) [(3 —A) + Ae (2u&, )]
[(3 -A) +Ae, ]' (23)

III. EXPERIMENTAL APPARATUS

The basic requirement of nonlinear optical spec-
troscopy is a high-powered tunable laser with an
output in the proper region of the spectrum. For
the experiment described in this paper, this nec-
essity was met by the use of a ruby laser pumped
tunable dye laser. " The dye la,ser output wave-
lengths required for this study are determined by
the conditions that hen, +h~, =ken~ and S~, -h~,
=@co„where h in Planck's constant. co, and co, are
the dye laser angular frequencies, while km~ is
the energy of the longitudinal CuCl Z, exciton and
her„ is the energy of the longitudinal optical Haman
mode. From linear measurements her~ = 3.208 eV
and k~R = 0.026 eV at liquid-helium tempera-
tures"" and so the required laser wavelengths are
X, = 2vc/~, = '7700 .4 and A. , = 2nc/~, = 7825 A, where
c is the speed of light. To be able to follow tem-
perature shifts of the exciton and to scan across
the full structure of the resonance, the lasers
should also be independently tunable over the range
from about 7600 to 8000 A.

Fortunately, several reasonably efficient dyes
are known to function in this region. " " In par-
ticular, two polymethine dyes 3, 3'-dimethyl- 2, 2'-
oxatricarbocyanine iodide (DMOTC iodide) and
1, 3, 3, 1', 3', 3'-hexamethyl- 2, 2'-indotricarbo-

and Xs' is the value for the second-order optical
susceptibility found in the second-harmonic experi-
ment. The function F(A) varies rapidly only in the
immediate vicinity of co~ when3. 195s25+,~3.205eV.
This is many exciton linewidths away from the lon-
gitudinal exciton energy, 2Q'y pg 3 208 eV.
The local-field effect would therefore appear main-
ly as a modulation in the third-order susceptibility
below the exciton resonance. A departure from a
simple Lorentzian near the exciton peak due to the
change in the real part of p(A) near 2', -co~ might
also be noticeable. However, as seen from the
experimental results that will be presented in Sec.
IV, no such effects were apparent, and so for this
experiment at least the local-field effects in CuCl
do not lead to an additional frequency dependence.
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FIG. 4. Schematic of experimental apparatus for the
generation of light at 2~& —a2 by two tunable incident
dye laser beams at Ed& and ~2, respectively.

cyanine iodide (HMITC iodide} purchased from Nip-
pon Kankoh-Shikiso and Eastman Kodak Chemical,
respectively, were used. Certified grade dimethyl
sulfoxide (DMSO} supplied by Fisher Scientific was
chosen as the solvent since it is known to be al-
most without exception the most efficient vehicle
for polymethine dyes. "'" The optimum dye con-
centration varied with wavelength, but a mixture
of 6x 10 '-mole/1 DMOTC iodide with 0.2x 10 '
mole/1 of HMITC iodide was found to be suitable
over most of the energy range studied.

The ruby laser used was a modified Raytheon
model SS-420. It was capable of producing a
stable, actively Q switched, polarized, multimode,
20-MW pulse at a repetition rate of one shot per
second. This relatively high, for a ruby laser,
pulse rate greatly simplified both the alignment of
the experimental optical train and the actual taking
of data.

The experimental apparatus used for studying the
interference in X

' due to simultaneous intermed-
iate frequency excitation of a Haman and exciton
mode is shown in Fig. 4. The ruby laser beam was
physically split so that it pumped two separate re-
gions of the flowing dye cell. One portion of the
cell served as the active region of the dye laser
that produced the beam at co, . The other pumped
region was the active element for a second dye
laser which served as the source of photons at fre-
quency m, . Since two photons at frequency cu, are
needed for every photon at frequency cu„ the dye
laser at coy was adjusted to have twice the energy
per pulse as the dye laser at co, in order to optim-
ize the generation efficiency of the signal at 240'
—(02.

The cell which contained the dye solution consis-
ted of a 304 stainless-steel housing 2 cm long with
uncoated fused silica windows. The windows were
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wedged at an angle of 5 with respect to each other
in order to prevent intracell feedback. As a result
of the high gain of the dye laser, the uncoated exit
window of the dye cell was able to serve as the out-
put mirror. Thenormalto this window which was
used to define the dye laser axis was at an angle of
about 2 with respect to the ruby pump beams.
This allowed the cell to be essentially longitudinally
pumped and still have spatial separation of the dye
and ruby rays.

The rea.r cavity reflectors for both dye lasers
were gold coated, 1200 lines/mm Bausch and Lomb
No. 35-53-08-530 plane gratings which were blazed
for 1 pm. These gratings, which were used in sec-
ond order in a Littrow configuration, served as the
frequency dispersive elements in the cavities. The
gratings were held in two separate Lansing mounts
equipped with differential micrometer screws and
could be tuned independently.

An inverted 10X telescope (Oriel 834-60) was
placed between the dye cell and the grating in the
dye laser cavity which generated the cv, photons
for the purposes of beam expansion and collima-
tion. This ensured that the light striking the dis-
persive element was made up of parallel rays and
that the beam illuminated a large enough number
of grooves for good resolution.

The actual outputs of the dye lasers were found
to be multimode pulses with a 15-nsee full width at
half-maximum length and a maximum total energy
of about 0.008 J/pulse. This gave a 0.5-MW pulse
with about a 5/o power-conversion efficiency. The
linewidth of the (d, laser was measured with an air-
spaced Fabry-Perot etalon to be about 0.1 A, cor-
responding to an energy resolution in 25co, of
4x 10 ' eV = 0.3 cm ' which was fine enough to re-
solve the exciton peak. The linewidth of the &,
laser was several times larger than this, since
this laser did not contain an intracavity beam ex-
pender. Dye laser output wavelength versus micro-
meter screw setting at various wavelengths in the
region of interest was found photographically using
Polaroid 413 infrared film (no longer manufac-
tured), a krypton calibration lamp and a Spex mod-
el 1700-111 —',-m Czerny- Turner spectrometer.
This gave an absolute wavelength calibration cor-
rect to 0.3 A with a negligible error in reproduci-
bility.

As shown in Fig. 4, the output of the dye lasers
at frequencies co, and ~, first passed through irises
placed about 50 cm from the output window. This
served to block most of the spontaneous fluores-
cence. They then passed through 100-cm-focal-
length lenses, which served to reduce the beam
divergence. A single air-spaced Gian laser po-
larizer, which had a rejection ratio of 10 ' was
placed in the optical train to ensure that both beams

were polarized in the same direction. The rays
were then focused and overlapped inside a CuCl
sample crystal, which was placed in a va.riable-
ternperature helium eryostat, and a CuC1 refer-
ence crystal by means of separate 20-cm-focal-
length room-temperature lenses and a 50/50 beam
splitter. Any substantially tighter focusing dam-
aged the CuCl crysta, ls. The CuCl reference crys-
tal wa. s oriented in the configuration where sym-
metry dictated no dispersion in y~' . Also, since
it was at room temperature, the exciton and Raman
modes were heavily damped anyway.

For a cubic crystal, using the material under
study as its own reference greatly simplifies the
phase-matching requirements of the experiment,
since the same angle between the incident beams
can be used in both arms of the apparatus. How-

ever, in order for this procedure to be valid, it
must be shown that there is an orientation where
X(3) ls independent of frequency. A prellmlnary
set of experiments in which the three-wave mixing
signal in CuCl was compared to that from a pri-
mary reference crystal of NaCl, which was known

to be dispersionless in the frequency range studied,
demonstrated that this was indeed true for CuCl,
as will be shown in Sec, IVA. In this initial ex-
periment only one dye laser was used, and a por-
tion of the ruby beam itself contributed the photons
at u, . An additional set of prisms in the sample
arm compensated for the difference in phase match

matching angles in the two materials.
The output signal as a result of the nonzero

phase-matching angle was produced at an angle of
about 1 from the incident beams, and therefore
small irises placed about 10 crn from the crystals
could be used to block the incident photons from the
rest of the optical train. A 5-cm-focal-length lens
focused the output signal, which passed through the
iris through interferenee filters onto the entrance
slit of a spectrometer. A —,'-m Jerral-Ash was
used in the sa.mple arm, and a —,'-m Spex was used
in the reference arm. Calibrated neutral-density
filters could also be inserted at this point to pre-
vent the detection photomultiplier from saturating.
While the spectrometers were useful in determin-
ing the output frequency and thus served to check
that the proper three-wave mixing signal was
actually being observed, their additional wavelength
rejection was not absolutely necessary. In fa, ct,
during an experimental run the spectrometer
gratings were replaced by mirrors. This elimina-
ted the need to tune the spectrometers as the output
wavelength changed during the course of the ex-
periment.

The signal photons were detected by a low-noise
HCA C31025J photomultiplier which had a quantum
efficiency of about 10% at the output wavelength
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FIG. 5. Three-wave mixing signal I(2~& —(d2), as
2'& is varied across the region containing the fre-
quencies co~, ~1. and ar& indicated in Fig. 1. The exper-
imental points && refer to the no-exciton configuration
of Fig. 2(a). The experimental points 0 refer to the
transverse exciton configuration of Fig. 2(b).

near 7600 A. The electrical pulse from the photo-
multiplier was integrated, amplified, and digitized
using standard electronic techniques. An oscillo-
scope was used to monitor the amplifier output in
order to check for signal saturation. A number
which was directly related to the number of signal
photons from each crystal was then printed on an
ASR33 teletype and tape punch. The tape, which
had information on amplifier gain, filter factors,
and wavelength entered manually on it, was then
read and analyzed on a Hewlett-Packard 9820A
programmable calculator using a special data-re-
duction program written for this experiment.

Before starting any run, three checks were made
to ensure that the output signal was indeed due to
the three-wave mixing process of interest. First
the spectrometer was used to make sure that the
output signal at ~, had the proper frequency. Sec-
ond, the u, beam was blocked. Since a signal at
2~, —&, requires a beam at u„blocking the co,
beam should eliminate the output signal. In general
a small signal due to fluorescence in the dye cell
and scattering in the crystal remained. A similar
test, with only the w, beam blocked, was also
made. The amount of electrical noise was checked
by blocking both beams. Noise due to spurious
light, dark current, electrical pickup, and all other
sources could always be adjusted to be less than

1% of the lowest-level three-wave mixing signal
measured during any experimental run.

The basic experimental procedure for the study
of the exciton resonance contribution to the mixing
nonlinearity Itt'~(- 2u, + u„&u„&u„—&u, ) was to mea-
sure the intensity I(2u&, —&u,), with ru, kept constant,
while 2~, was varied through the frequency range
containing the exciton resonances. A plot of the
average ratio of the CuCl signal, at each frequency,
to the signal from the reference crystal would then
give the dispersive behavior of ~It"'~'. In the dou-

ble-resonance experiments, 2&, was kept constant
in the vicinity of the exciton resonance, while +,
was varied so that ~, -co, was swept through the
infrared phonon-polariton resonance. The proce-
dure was then repeated for several values of 2(Joy

near the exciton resonance peak.
This basic plan, however, was modified some-

what to eliminate intrinsic frequency response of
the experimental system which was still present
due to the inequality in the two arms of the com-
parison system. A frequency run was always made
with both CuCl crystals in the no excitation con-
figuration. The frequency trends still occurring
due to system spectral response could thus be
measured and the data in the sample run corrected
cor responding ly.

IV. EXPERIMENTAL RESULTS OF THREE-WAVE MIXING
IN CuC1

These results will be presented in the same or-
der as the theoretical treatment in Sec. II to fa-
cilitate the discussion and theoretical interpreta-
tion.

A. No exciton configuration

In the geometry of Fig. 2(a), with all electric
field vectors parallel to one cubic axis, no res-
onances are expected. The observed intensity
I(2&v, —&u, ) in CuCl at 15.4 'K is presented by cross-
es in Fig. 5 as a function of 2&,. There is no ev-
idence of any variation with frequency, as expec-
ted from the theory, which shows that the intensity
should be proportional to ~3y~„'„~,~'. In order to cal-
ibrate this quantity, a comparison experiment was
made for three-wave mixing in diamond. A dia-
mond, for which the third-order mixing suscepti-
bility had been measured previously, albeit at
shorter wavelengths, replaced the CuCl inside the
cryostat at room temperature. For this compari-
son it is necessary to know the effective phase-
matching length sin(-,'hkL)/( hk) in each sample
where Ak is the three-wave mixing phase mismatch
and L is the sample length. This function was de-
termined by a variation of the angle between the
twolight beams in each crystal, which were about
1 mm thick. The intensity was observed to follow
the theoretical pattern sin'( —,'dkL)I( —,'Ak)'. For AkL
«1, which was the condition in this experiment,
the correction factor to be applied consists of the
ratio of the square of the thickness of the two crys-
tals and the ratio of some Fresnel factors for
transmission of light. The data of Levenson and
Bloembergen' for diamond taken for 4.4 & 25~, = 6.2

eV were extrapolated to 2$~-3.1 eV by means of
the frequency dependence discussed by these au-
thors. g„„'„~„in diamond is proportional to (W



4664 S. D. KRAMER AND N. BLOEMBERGEN 14

-FV&u, ) '(W+ —2h&u, ) ', where W —7 eV is some-
what above the indirect band gap and lV, -12.5 eV„
which corresponds to the average energy of elec-
tronic states in the conduction band with the same
parity as the valence band. This extrapolation
leads to the value yP& (diamond, 2h&o, -3.22 eV)
= (2.8+ 0.5) x 10 "cm'/erg. Experimentally ~3X~,',~,

+iy,'„',",a~ was found to be 15 times larger. Here
allowance has been made for the existence of a
ba, ckground two-photon absorption process. This
leads to a nonresonant imaginary contribution to
the third-order susceptibility. Unfortunately, this
quantity is not known independently. All that can
be concluded at this stage is that ~y~,'„'„(CuC1)~ &14
&&10 "cm'/erg.

B. Transverse exciton configuration

The data for this case are shown as open circles
in Figure 5. It is seen that the nonresonant inten-
sity is a factor tentimes larger than in case A.
According to Eqs. (15) and (16) one finds,

= 13.4x10 "cm'/erg.
For this geometry P- —5, as determined by Eq.
(12e). The value of y~' = —6(+ 3) x10 ' (cm'/
erg)'i' follows from earlier work "Th.us,
—V(32v/e„)(yt")'-5x10 "cm'/erg, and g&,'&

+ 3X(",„&,
—3 x10-" cm'/erg.

There is no indication in the experimental data
of the resonance term in Eq. (16), proportional to
nTP . This disappointing result is due to the near
cancellation of the contributions in Eq. (17). The
transverse polariton resonance would be expected
to occur at 25~, = h~„= 3.217 eV, where according
to Fig. 3, a» =0.07a„„. Exact cancellation with
n -0 occurs for 2@~,=3.219 eV. It is estimated
that the ratio of the resonant to the nonresonant
contribution has a maximum of less than 0.2, and
so no observable resonance effect could be expec-
ted. This is in marked contrast to the pronounced
resonance w'hich occurs in the longitudinal con-
figuration. One might expect the transverse ex-
citon resonance to be observable in other crystals.
The near cancellation of the terms in z ~ at the
intersection point A for forward matching is prob-
ably an unfortunate accidental character'istic of
CuCl. It is very difficult in the three-wave mixing
experiment to permit a large angle between two
different beams at cu„as was done in the two-pho-
ton absorption experiments, and such experiments
were not attempted.

C. Longitudinal exciton configuration

Much more information and spectroscopic non-
linear data a.re obtainable from three-wave mixing

The fit to the experimental data yields the values
for the resonant frequency, the damping parameter,
and the nonlinear coupling coefficient of the longi-
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FIG. 6. Three-wave mixing si.gnal I(2~& —~2), as 2~&
is varied across the longitudinal Z& exciton. Experi-
mental points are indicated by X. Curve A: Theoreti-
cal fit without corrections. Curve 8: Theoretical fit
with a correction for background two-photon absorp-
tion. Curve C: Theoretical fit with an assumed correc-
tion for scattering by strain-induced birefringence. To
obtain this fit, a scattering many times larger than the
experimentally observed scattering had to be assumed.

experiments in the geometry of Fig. 2(c) in which
a resonance was actually observed. The intensity
f(2a&, —&u, ) for CuCl at 14.9 'K in this longitudinal
orientation is shown in Fig. 6 as a function of 2@co,.
This intensity should be proportional to (y~„s' ~' as
given by Eq. (18). The drawn curve A, calculated
from this equation, fits the maximum near 2~, = ~~
very well, but the minimum is much less pro-
nounced in the experimental data which is denoted

by the crosses. This dip below the baseline re™
suits from a near cancellation of the nonresonant
part and the real part of the resonant term above
the resonant frequency. The strength of the min-
imum is determined by the ma, gnitude of the imag-
nary part of X'LE'. A small ima. ginary part will re-

sult in a, sharp dip. Fillingin of the minimum has
been attributed in other cases to a background two-
photon absorption process. Unfortunately, direct
two-photon absorption studies are not sensitive
enough to measure this effect directly in CuCl. ""
However, we are inclined to invoke the sa,me ex-
planation, because we have verified that the back-
ground due to scattering and loss of polarization
definition in our strained CuCl crystals was smal-
ler than the minimum signal in the curve. If a term
ix~'„'~ is added to Eq. (18) to account for this ab-
sorption, a very good fit with the experimental data
can be obtained. This is indicated by curve B in
Fig. 6, where
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tudinal exciton. Our results are h&~ = 3.2083
+ 0.0002 eV, KT'~ =(1.5+ 0.4) x10 ' eV, and

~2N(n„, )'8'/My~„~ = 0.005+ 0.001 eV'. The longitu-
dinal exciton energy mao~ agrees within the experi-
mental error to that found in two-photon absorption
studies. "'"'" Since the instrumental linewidth was
found in Sec. III to be less than 0.4x10 ' eV, the
measured value of the damping constant II~ is very
close to the actual value. This value for kT'~

agrees well with an estimate from two-photon ab-
sorption measurements" of 1.2 x10 ' eV.

The nonresonant signal was again compared with
the signal in diamond by the same procedure de-
scribed for the no exciton geometry. It was found
that the longitudinal nonresonant signal was about
one-fourth the value for the transverse configura-
tion. This is due to the different nonresonant parts
in Eqs. (16) and (18). Since the longitudinal con-
figuration does not contain the term V which is only
approximately known, it yields the best determina-
tion for y&,',~, + 3y&,',&, = (2.8+ 1.8) x 10 "cm'/erg.
From a comparison with data reported at the be-
ginning of this section, one may conclude that X„,„,
has the same order of magnitude as X„„'„„. Nor more
precise conclusions can be drawn because of the
uncertainty in the nonresonant two-photon back-
ground, which may have its own unknown anisotro-

A measure of the strength of the resonance is
given by the quantity c.~ given by Eq. (12g). For
2&, =+~ there is still destructive interference em-
bodied in the last factor on the right of Eq. (12g),
but the cancellation is not nearly as complete as
that found in the transverse case. Gne finds
8me*y„,', /c„n„, -0.3, where the value of c „„
= (3.9+ 2.2) x 10 " cm' obtained from two-photon
absorptjon data ' ' js used, whjle X is agajn
known from data on second-harmonic generation. "

With the values for the reduced mass of M = 0.406
times the electron mass and N= 3.8x10" cm ' for
the density of chlorine atoms, the curve fitting with
the experimental data in Fig. 6, in conjunction with
the three-wave mixing calibration in diamond,
yields the experimental result ~n~„~ = (2.1+ 1.3)
x10 "cm'. When the positive value for n is
chosen and inserted in Eq. (12g), one finds o.„„
= (4.2+ 3.0) x10 "cm'. This agrees well with the
value determined from Frohlich's two-photon ab-
sorption data. The negative value of a~„would
lead to a negative value of a. ~„. This would be in-
consistent with the experimental data of Haueisen, "
which require e~„&0, to explain the observed fre-
quency dependence for second-harmonic genera-
tion. This argument makes use of a negative ex-
perimental value" y~,',& = —6(+ 3) x 10 ' (cm'/erg)'/'.
Earlier use of this same argument' had led to the
erroneous statement that e„„was negative, be-

cause of the wrong choice of sign of e*.
The magnitude of o.~(or o ) could also be derived

from the intensity of second-harmonic generation,
or from a direct absolute determination of the two-
photon absorption cross section. Both these meth-
ods are inaccurate. The first because it requires
detailed knowledge of the dielectric constant in a
highly absorbing region and the second because it
is very difficult to obtain an accurate determina-
tion of the spatial distribution of the intensity in
the beam. The intensity dependent absorption coef-
ficients reported by Frohlich et al."and Bivas
et gl."would correspond to a value of the imagi-
nary part of the nonlinear susceptibility which is
an order of magnitude smaller than our observed
value at the longitudinal exciton resonance at
14.9 K, which was

1. Temperature dependence of longitudinal exeiton resonance

The three-wave mixing method has been used to
study the temperature dependence of the resonant
frequency and the damping of the longitudinal ex-
citon. The temperature dependence of the observed
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FIG. 7, Temperature dependence of the dispersion in
near the Z3 longitudinal exciton in CuCl. The

numbers labeling the curves are 'K.

= (1.6+ 1.2) x10 "cm3/erg.

This corresponds to a two-photon absorption co ef-
ficient of 0.9+ 0.6 cm at an intensity of 20 MW/
cm'. The second-harmonic data of Haueisen and
Mahr" led to a value n„„, which is a factor of 2

larger than those found by either three-wave mix-
ing or from the dispersion of the intensity of two-
photon absorption shown in Fig. 3. These latter two
methods perform an intrinsic calibration by in-
terference effects in the nonlinear coupling coef-
ficient. In Frohlich's two-photon absorption data

Fjg. 3, e„, js compared with ~„„', , whil
three-wave mixing experiments (a~„)' is compared
with nonresonant contribution to y

' . These meth-
ods are inherently more accurate.
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FIG. 8. Temperature dependence of the resonant fre-
quency uL of the Zs longitudinal exciton in CuCl.

resonance in (gee&(' is shown in Fig. V. The solid
lines are curves fit to Eq. (18) with a nonresonant
imaginary part added. Data at 15 different tem-
peratures in the range from 5 to 105 'K were taken,
although Fig. 7, for clarity, includes only those
curves measured at 14.9, 60.7, 85.0, and 105.0 K.
Above 105 K the resonance peak could no longer
be seen, although photoconductivity studies"'
seem to indicate that direct thermal quenching of
the longitudinal exciton begins to occur at about
150 'K. In the temperature range covered the ratio
of the nonresonant part of yt" to (n~)' is a con-
stant. The changes in line position and shape can
be accounted for completely by the variation mith
temperature of @co~ and N ~ mhich are plotted in
Figs. 8 and 9, respectively.

The solid line in Fig. 8 is a least-squares fit to
the data points that lie above 30'K. Above this
temperature, the longitudinal exeiton energy is
linearly dependent on temperature with a slope of
2.9x10 ' eVj K. This value is in close agreement
with that found from luminescence experiments. ' '"
As Cardona" points out, the sign and magnitude of
the slope is due to a competition betmeen the elec-
tron-phonon interaction (explicit temperature ef-
fect) and the temperature dependence of the lattice
constant (volume effect).

The logarithm of the damping constant AI'~ is
plotted as a function of temperature in Fig. 9. The
temperature dependence of SF~ ean be fitted by the
sum of a constant impurity- or strain-dominated
part and an exponential term, mhich is indicative
of a multiphonon process. This behavior is shown

by the solid line in Fig. 9. A temperature varia-
tion of this type suggests that the Z, exeiton can
make a transition to the nearest diffuse Zy 2 exciton
level. These tmo levels are sepaxated by an al-
most-temperature-independent constant of
0.07 eV." This transition mould require the si-
multaneous absorption of three longitudinal optical
phonons mhich couple strongly to the heavy Z, -ex-
citon state. " The longitudinal optical phonons

TEMPERATURE (K)
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) / TEMPERATURE ('K ')

FIG. 9. Temperature dependence of the width AI I of
the Z3 longitudinal exciton in CuCl.

have an energy of about 0.025 eV each, so that a
small energy balance may have to be taken up by
acoustic phonons. The required change in spin
configuration can be supplied by the large spin-or-
bit interaction. In this case, the theoretical tem-
perature dependence would be given by

r = T', + 3(li(e""R~rr —1)(',

where the second term is cubic in the phonon den-
sity as is required for a three-phonon absorption
process. &~ is the longitudinal optical phonon fre-
quency, V is Boltzmann's constant, and T is the
absolute temperature. J3 is taken to be a constant
that is a measure of the strength of the coupling
between the exeiton and phonons.

The solid line in Fig. 9 is a best fit of Eg. (24)
with 5.' 0=1.5x10 ' eV and SR=16+3 eV. It is in
fair agreement with the experimental observation
which is quite different from the predictions of
Toyo zama.

In these experiments carried out at high inten-
sities and at lorn temperatures, the effects of crys-
tal heating and the possible formation of biexcitons
should be considered. An experimental check was
made that our observed data on y,«' did not depend
intrinsically on the laser intensities. Data carried
out with the intensity of each of the light beams re-
duced together or individually by factors of as much
as ten yielded the same results at the lowest tem-
perature used. The absorption coefficient at the
two-photon resonance, at the highest intensities
used in our experiments, is about 0.1 cm '. The
maximum temperature rise above 15 K consistent
mith this absorption during the ruby laser pulse is
less than 0.25 K.

If all of the absorbed energy, 0.01 J/g, is as-
sumed to result in the creation of real longitudinal
exeitons of energy 3.21 eV with lifetimes longer
than the laser pulse, the resulting excited exciton
density would be at most about N~-10" cm '. The
ground-state exciton density is 3.8&10" cm ', and
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so only a very small fraction of the excitons under-
go a real excitation.

In recent years the study of possible exciton-ex-
citon interactions in CuCl has attracted wide in-
teres .t."" However these effects require exciton
densities about two orders of magnitude higher than
those achieved in this experiment in order to be
seen.

50eV

3.2094 eV

D. Double resonance of longitudinal exciton
and phonon polariton

04

3
CU 9)eV

The experimental arrangement with two tunable
dye laser beams, described in Sec. III, permits
the adjustment of 2e, to a value in the vicinity of,
or at, the resonance of the longitudinal exciton,
and the simultaneous variation of ~, so that 8'(&u,

—&u, ) passes through the longitudinal phonon-po-
lariton resonance at 208 cm '. Five values for
25cg, were chosen: 3.1988 eV, well below the ex-

fciton resonance 3.2083 eV, at the maximum o
the exciton resonance; 3.2091 eV, at the location
of the minimum in the curve of Fig. 6; 3.2094 eV,
just beyond this minimum; and 3.2150 eV, well
above the exciton resonance. The signal for I(2&v,
—u&, ) for these five values of &u, using the longitu-
dinal orientation is shown in Fig. 10, as co, —m, is
scanned through the infrared polariton resonance.
The drawn curves in Fig. 10 represent a best fit
to the experimental points based on Eil. (20), to
which a background nonresonant two-photon absorp-
tion has again been added. The fit was obtained
with the following values for the phonon-polariton
parameters:

brute = 0.0260(+ 0.0002) eV,

5T'~=3.7x10 4 eV,

4& (o." )'2'/M y'I'I = 6(+ 1)x10 ' eV'.

The value her~ agrees quite well with that found
from light Raman scattering. "'" The damping
constant SI'„has probably not been fully resolved,
since the quoted number is only about twice the
linewidth of the laser at w, . Using known values
for the reduced polariton mass M~, the number
density N„, and the nonresonant susceptibility, the
nonlinear phonon-polariton coupling constant ob-
tained is ~o."s~ =1.6(+1)x10 "cm'. This value is
about seven times larger than the corresponding
electronic term. Its square is proportional to the
spontaneous Raman scattering cross section

os = ~ II (&u /c )(h /i'v' urz)
~
o.~"

~

Qur value for 0~ is about six times smaller than
that found by Kaminow and Turner" from an
absolute measurement of the Raman scattering
cross section. The latter is admittedly a very dif-

~ ~

0
CI

~ ~

~ ~ ~

3.2083eV

BeV

200 210
(di-~ (CITI )

220

I"IG. 10. Dispersion in [ Iiz (2mf "" (02) due to
'

due to in-
terference betvreen the longitudinal Z3 exciton polariton
and optical phonon polariton in CuC1 at 15.1'K. The
labels on the curves indicate the value of the parameter
2hw, .

FIG. 11. Three-dimensional plot of the dispersion in

Xl.3 ~ {2 — ) constructed from the data in Fig. 10.

ficult task, and our value of eL,"„based on a com-
parison of nonlinear coefficients, is cons&dered
more reliable.

The double resonance data of Fig. 10 are dis-
played in a three-dimensional plot in Fig. 11,
where the logarithm of the intensity I(2', —+,) is
shown as a function of the two frequencies 2', and

For 2(d, either far above or far below the1 2'
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exciton resonance the curves exhibit the usual in-
terference of a Raman resonant contribution with
the nonresonant part of X~'~. This corresponds to
the top and bottom curves in Fig. 10, or cuts I and
V in Fig. 11.

The minimum in these curves occurs at the fre-
quency where the real part of the Raman contribu-
tion cancels the real part of the effective back-
ground susceptibility. As 2', is tuned through the
exciton resonance, this background varies dramat-
ically. The location of the minimum is determined
by the relative intensities and signs of the Raman
and background contributions. For cut II, 2&y is
exactly at the resonance co~. The exciton resonant
contribution is so large in Eq. (20) that the varia-
tions due to the Raman term are not noticeable.
For 2u, between the maximum (cut II) and minimum
of the exciton curve (cut III), the Raman minimum
will be on the low-frequency side of the resonance.
This shift in position occurs because the real part
of the effective background susceptibility is now

negative.
For 2(4)y corresponding to the minimum in the ex-

citon-polariton curve (cut III) the nonresonant and
exciton contributions nearly cancel each other in
Eq. (20). The magnitude of the mixing signal is
now essentially proportional to the absolute square
of the Raman phonon-polariton susceptibility alone.
This results in a symmetrical curve of I(2&v, —m, )
vs ~, —co, . Proceeding towards higher values of
2(d y a continual trans it ion takes plac e to that of

cut V, which shows only the effects of the infrared
phonon-polariton resonance. Curve I is virtually
identical to curve V in Fig. 10, since the low-fre-
quency exciton contribution to the third-order sus-
ceptibility is small compared to the nonresonant
part.

V. CONCLUSION

Three-wave mixing techniques supplement the
data on linear and nonlinear characteristics of el-
ementary excitations in solids in a significant way.
They permit an independent determination of non-

linear coupling constants of exciton and phonon po-
laritons in CuCl. In addition, the technique has
been used to measure the temperature dependence
of the longitudinal excitons in the bulk volume of a
CuCl crystal for the first time.

The double-resonance data provide a fine example
of nonlinear solid-state spectroscopy. While the
light beams used and observed all lie in the trans-
parent region of the crystal, the dispersive features
associated with the sharp exciton resonance in the
ultraviolet and the sharp phonon resonance in the
infrared are clearly revealed.
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