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ELECTRIC-FIELD INDUCED NONLINEAR COHERENT INFRARED SPECTROSCOPY
INVESTIGATION OF THE Q;; (1) VIBRO-ROTATIONAL MODE OF THE H, MOLECULE™

F. CAPASSO and F. De MARTINI

Istituto di Fisica “G. Marconi”, Universitd di Roma, Rome, Ttaly

Received 25 July 1973

A new method of nonlinear spectroscopy has been applied to the investigation of the Qg (1) (Raman active) tran-
sition of the Hy molecule. The method has been applied to the first direct measurement of the T3 coherence relaxa-
tion time in a gaseous medium, by a cohetent Transient Free-induction decay effect.

Several authors have reported in the last decade the
application to spontaneous optical spectroscopy of the
effect of inducing, by an applied static field £y, an elec-
tric dipole moment u for those eigenmodes of the sys-
tem under study for which this one is zero in absence
of perturbations [1, 2] . This can be ascribed, in many
cases, to the obvious selection rule related o the equal
parity of the couple of levels involved, if this quantity
is a good quantum number [3]. If this is the case {and
other selection rules do not interfere [4]) the corre-
sponding “totally symmetric” mode is in turn Raman
active or, more generally, active for a two-photon decay
or absorption process [5]. in nonlinear optics little at-
tention has been paid in the past to the E-field indyc-
tion effect which is always a relatively small effect but,
we believe, may be extremely useful for the investiga-
tion of several properties of the system under study,
such as measurement of physical (linear and noenlinear)
parameters and the detection of processes of physical
significance [5, 6]. Our present work is somewhat rela-
ted to work [6] in which the £-field induced ir emission
was detected during a Stimulated Raman Scattering
(SRS) process, However we shall see that the significant
part of our work does not deal properly with SRS, which
involves threshold and high gain effects in relatively
dense media, but rather with the 2-photon Coherent
Excitation (CE) process, a nonlinear mixing effect (no
threshold involved) first introduced several years ago

[7. 8] and which, since then, has been at the basis of

" Work supported by G.N.S.M.—C.N.R.
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several new useful methods of nonlinear molecular and
solid-state spectroscopy [9--11]. The experimental
set-up is shown in fig. 1. A ruby laser, Q-switched by

a rotating prism and working on a single axial mode
(linewidth 5 0.01 cm™!) was the pump of a H, (SRS)
oscillator A in which the pressure of the gas could be
varied over about an order of magnitude. The laser
pulses were 15 nsec of duration, 30 MW of power. The
Stokes oscillator A, composed by a gas cell in which
the pump beam was focused by a 15 cm f/1 lens, could
easily be tuned over a substantial frequency range owing
to the pressure-induced Raman shift effect [12]. 1f
Wy is the center frequency of the Qg1 (1) resonance of
H; which is active in SRS [13], it may be represented
in terms of the gas density p by the expression

Wy =@, +(ap + bp?),

where @y, is the Raman shift at p=0and g = 3.2 x
1073 cm=1/am at T= 300 K. The quadratic term bp?
is found to be negligible for o < 80 amagat [14]. The
laser + Stokes beams emerging from A were superim-
posed by a further 1071 lens in the (test) cell B in which
a static field Ey was created, in the focal region of the
beams, by a couple of electrodes connected to a high.
voltage cw power supply. During our experiments, in
B the pressure of the H, gas was set to values generally
very low and always less than 1 atm, This created two
experimental problems:;

a) The difference between the pressures in A and B
resulted in a substantial mismatch of the resonant fre-
quencies owing to the pressure-induced line shift effect
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Fig. 1. Schematic diagram of the experimental apparatus.

we have just mentioned. In order to resonantly excite
the H, molecules in B we had to resort to the effect
of mixing H, with foreign gases, an effect we made
use of in a recent work J11].

b) At low pressures the dielectric strength of the gas
decreases, following the Paschen law. For metallic elec-
trodes freely immersed in the gas, discharge streams
started from the electrode borders at values of £, that
were too low in order to achieve a sizable conversion
in the infrared. We partially overcame this problem by
screening the surface of the electrodes by sheets of .
teflon. Further details on the appratus will be given in
a following, more extended paper. The optical beams
emerging from A and B were filtered out by a Ge plate
and by an interference filter centered on the Qui (D)
Raman shift of H, 1wy =4155.21 ¢cm™! and correspond-
ing to a wavelength A = 2.41 um. The coherent infrared
field at this frequency was detected by an uitrafast InAs
detector coupled to a Fairchild A 733C fast preampli-

fier. The signals were further recorded by an oscilloscope.

Before discussing the results of our experiment it
seems worthwhile to discuss briefly some physical pro-
cesses underlying the effect we are investigating. The
infrared coherent beam we are detecting arises from the
parametric three-wave resonant mixing effects sketched
in the right-hand side part of fig. 1. The coupling be-
tween the cwy , w, fields and the wg = wg emitted
field is provided by the E|, field induced dipole moment
{udg) = Egog; which gives rise to two different physical
effects: a linear one consisting of the appearance of an
(induced) resonant absorption effect, and a nonlinear
one resulting in the three-wave coupling. The expression
of the absorption coefficient x "(¥) near resonance may
be given in the following form [3]:
we s E‘“’3"0“"(‘“)01 5
)= ——p o S(v),

where S(v) is the line-shape factor and ¢ the gas density

expressed in molecules/cc. For lorentzian and gaussian
lines S(») is given respectively by

Avln

Sy —— '
® (v— v0)2 + (L'w)2
and 2
S@) =v "2 exp [- * % \/ln2] .
TI'(AV)Z Ay

The maximum value of x'l' in either cases is:
. 4n Yo

Kl(v(]) = %(E) H“’m Izp

(Lorentzian) and

w . _4r% /in2 ("o) 5
Kl(vo)_ fic T 'Z; H#)Oll P

(Gaussian). Assuming the data on induced absorption
reported in [2] for the Qy;(1) line of H,, o = 1.2 x
10-23 cm3 and [{udy 12 = 8 x 10746 u.es. for £ =
70 kV/cm. Finally we obtain

K1y} =3.75 x 1073 ¢m™!

having assumed a lorentzian line at 1 atm [11], Ey=
70 kV/em.

The explicit expression of the nonlinear parameter
accounting for the three-wave parametric coupling
f1,(v) must be evaluated by quantum-mechanical per-
turbation theory of the nonlinear optical polarizabilities
[15, 16] . 1f By 5{vq) and k }(py) are small, as in our case,
we may nevertheless make use of an useful relation ex-
isting between these quantities and the gain G of the
S.R.S. effect corresponding to the same resonance {16]:

1B1 = k}()G(w)/2
in resonance. The dynamics of the three-wave interac-

tion near Raman resonance has been thoroughly con-
sidered in [11] and [16]. The spatial evolution of the
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infrared intensity €,(z) along the active path z in the
cell B is given in terms of the intensity of the interact.
ing optical fields at the entrance of the cell z = 0,
€4(0), €3(0) by the following expression, valid in case
of no depletion on the pump

€,@)=IE, ()

4[B(v)|2c (0) 1
=%%—{exp[56(l—fﬁa)z]gl}z_ 1)

In our case 9 = 2x'1' (¥9)/G(vy ) is much less than one
leading to a quasi-exponential growth of the waves
€y(z) and &,(2) [7, 17]. Applying the quoted relation
between linear and nonlinear coupling parameters and
expanding to second order the exponential at the rh.s.
of (1) we finally get the simplified expression for the
emitted infrared intensity:

€ (@) =€, (0)k |G 22

showing a parabolic dependence of €,(z) on z. Assum-
ing £ = 20 kV/em, I3(0) = 500 MW/em2, &,(0) = |

MW for an interaction path f of 1 mm, at the gas pres-
sure p = 1 atm, we get from the above formula D=

0.53 W having assumed the value of G(v,) given in [18].

Before discussing our results it seems worthwile to
comment briefly on two effects which may be thought
at first sight, to perturb the process of ir emission. The
optical dispersion of refraction index of the gas for the
interacting frequencies results in lirniting the “coherence
length” of the interaction [15]. We have evaluated it
tobel. ~15cmatp=1 atm, avalue well above the
length of the focal region in the cell B, We shall further
consider that [, « p~1_ The Ey-field induced Stark shift
of the Raman line may be in principle a further source
of experimental problems. In effect this process intro-
duced a negligible perturbation. The shift has been eval-
uated by Terhune and Peters [1] to be of the order of
1074 e¢m-! for Ey =10 kV/cm, a value about S0 times
less than the forward scattering Dicke-narrowed Raman
line. (We should recall here that the maximum forward
Dicke-narrowing for the Qoi(l) resonance in H, corre-
sponds to a gas pressure of about 1 atm (1.

In fig. 2 the experimental plot of the emitted inten.
sity /1 atA =24 um (p =1 atm) is reported as function
of E. The behavior shown in fig, 2 corresponds to the
expected £ dependence for £y < 20 kV/cm. The ex-
perimental values of the intensity in this region is about
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Fig. 2. Piot of the infrared intensity vs. static electric field Ey.

10 times less than the corresponding ones evaluated
using the data of {u),; given by Terhune and Peters [1].
For larger £, field, /| remains approximately constant.
In this respect some curious effects are worth to be
noticed here. The decrease of /; shown by the point

at Ey ~ 30 kV/cm in fig. 2, right after the maximum
{y at 20kV/cm has been verified experimentally many
times. Furthermore we have observed that once a field
£y > 20 kV/em is applied to the electrodes of the cell
B for several minutes, the emitted infrared radiation

1, fails to disappear, as expected, upon turning off the
static field £5. Upon firing the laser at regular or irre-
gular time intervals (or even keeping the laser off for
hours), | decreases toward zero with a time constant
that has been found roughly proportional to the field
£y first applied to the cell and that is about 10 hours
for £; ~ 100 kV/em, We do not have yet a plausible
interpretation for such a peculiar effect. We could only
guess that, over a certain field threshold (that looks
very sharp indeed), electrons are stripped from mole-
cules and re-combine slowly. Their presence in the focal
region couid trigger a laser induced plasma which emits
in the infrared, but nor in the optical range as sparks
are not detected by eye even when Ey = 100kV/cm

is applied at the electrodes. Another interpretation of
the effect could be an effective persistence of the static
field in the focal region due to charge accumulation,

or to some kind of spontaneous polarization appearing
on the surfaces of the thin teflon sheets that cover the
metallic electrodes. A preliminary test based on the de-
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flection of B-particles passing between the electrodes,
seems to rule out this second possibility. In any case
we feel that such interesting effect is worth to be care-
fully investigated and we plan to do so in the near fu-
ture.

The first direct measurement of the molecular vi-
brational coherence relaxation time Ty of the H, mole-
cule has been performed by our method*. As is well
known this fundamental quantity presides over the all
set of transient effects involving elementary excitations
in material media, like photon echo [20], self induced
transparency {21], transient nutation effects [22] and
others [23]. In the case of a Raman active mode, as in
our case, the exact knowledge of 7'y is of interest with
relation to the class of transient coherent two-photon
effects (like two-photon echo [8] etc.) which form an
entirely open field of research.

The physical process underlying our measurement
of T is very simple. The H, molecules are driven in
coherent vibrational motion during the interaction of
the laser + Stokes pulses in cell B. The upper limit for
that interaction time is 15 nsec in our experiment.
After the disappearance of the driving field the infrared-
active molecules keep emitting the coherent field at
2.4 ym following a decreasing exponential law which
describes the dephasing process of the molecular vibra-
tions, T, characterizes, by definition, that decay of co-
herence of the collective 2xcitation of the medium. Qur
measurement gives at p = 0.1 atm avalue 7, =75 £ 10.
nsec. We could compare this result with the inverse of
the spontaneous Raman linewidth in the pressure region
in which collision (homogeneous) broadening is domi-
nant [18) by further extrapolating that information to
p=0.1 atm. We find a satisfactory agreement between
the two data.

The inverse of the full Raman linewidth measured
at p = 10? atm (and further extrapolated to 0.1 atm)
isequal to 55 nsec [18]. That suggest that a substantial
inhomogeneous contribution still affects the Raman line-
width at such a high pressure, We postpone a detailed
discussion of the results of that experiment to a forth-
coming more extended paper.*

* The first measurement of the “longitudinal” relaxation time
Ty for hydrogen has been reported by De Martini and
Ducuing |19].

* The method that has led us to the measurement of Ty is
based on the first application to a Raman driven molecular
system of a Transient Free-induction decay effect [24].
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HIGH RESOLUTION NONLINEAR SPECTROSCOPY.
DICKE NARROWING AND DISPERSION OF THE THIRD-ORDER NONLINEAR
SUSCEPTIBILITY OF H, NEAR THE Q,, (1) VIBRATIONAL RESONANCE*

F. De MARTINI, F. SIMONI and E. SANTAMATO™

Istituto di Fisica 6. Marconi, Universita di Roma, Rome, [taly

Received 24 July 1974

The forward scattering process of motional narrowing in hydrogen gas has been imvestigated by an original method
of nl spectroscopy of general application. The method has allowed a detailed study ot the dispersion of the nl suscep-

tibility x( (w) showing an unexpected behavior of x(3)

1. Introduction

In two recent papers [1, 2] we have proposed and
first applied to the investigation of the @, (1) vibra-
tional resonance of H,, a new general method of high
resolution nonlinear (nl) spectroscopy based on the
detection of the coherent antistokes radiation created
in a medium by resonant (or quasi-resonant) interac-
tion of two monochromatic optical beams generated
by tunable laser oscillators. For the first time in the
field of Raman (or, more generally, nonlinear) spectro-
scopy (whether molecular or solid-state} the near-reso-
nance frequency dependence of the real (anti-resonant)
part of the third-order nl susceptibility x3)(c) of the
medium has been made accessible by our method, owing
to the dependence of the antistokes beam intensity on
the square-modulus of x3)(w):

“ Work supported by G.N.S.M.-C.N.R.
Now at the Physics Department, University of Cosenza,
Cosenza, Italy.
Backward scattering investigation of the Qgq (1) line of hy-
drogen has been reported by Lallemand et al. {5]. The
works of Murray and Javan [5], and of Buijs and Gush [5]
report evidence of forward scattering narrowing of the same
line obtained by conventional methods of spontaneous
spectroscopy. Owing to the sharpmess of the line and to the
intrinsic limitations of the resolution of their apparatus, no
detailed information on the minimum linewidth and on the
thermodynamical conditions at which that one is measured,
could be reached by their works.
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(w) near the Qg (111nolecular cigenfrequency

i HHew)? = [)('((*.1)]2 + [)("(c.a)]2

{ret [3]). In the present letter we report the results

ol an experiment which we consider as a significant
exiension of our preceding work. We have carefully
mvestigated the process of Dicke (motional) narrowing
[4] of the x'3)(w) lineshape of the Qg (1) resonance
of hydrogen, for forward scattering®. The experimental
results will be discussed on the basis of the existing
theories of the narrowing process which lead us to some
simple relations existing among several fundamental
parameters of the gas (self-diffusion coefficient, T
relaxation time), Furthermore the dramatic effect of
narrowing allows, by our apparatus, a detailed investi-
gation of x®¥w) in a frequency range which is sub-
stantially large compared to the linewidth of the reso-
nance. In particular, upon scanning over the resonance,
our experimental plot of [x®3)(cw)|? exhibits the effect
of an anomalously large step-like discontinuity of the
anti-resonant part of x3)(w). That behavior, here re-
ported for the first time for a molecular nl susceptibility,
parallels the well known one in optical and ir atomic
and solid-state spectroscopy and which refers to the
optical dispersion of the medium in the linear regime [6] .

2. Experimental set up

The experimental set-up is shown in fig. 1. A ruby
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Fig. 1. Schematic diagram of the experimental apparatus.

laser, -switched by a rotating prism and having a mode-
selector plate in place of the front mirror, was the
pump of a H,(SRS) oscillator A in which the pressure
of the gas could be varied over an order of magnitude.
The laser worked on a single axial mode with a line-
width < 0.005 ¢m~! and the 30 nsec laser pulses had

a maximum power of 5 MW, The Stokes oscillator A
composed by a gas cell in which the pump beam was
focused by a 15 ¢cm f/1 lens, could easily be tuned over
a substantial frequency range owing to the pressure-
induced Raman shift effect [7]. If wy, is the center
frequency of the 0y, (1) resonance of H,, that is active
in SRS [8], it may be represented in terms of the gas
density p, by the expression

Wy =Wy +ap + bp?),

where 3, is the Raman shiftatp = Oanda=—-3.2 x
10-3¢m-1 /amagat at T= 300 K. The quadratic term
bp? is found to be negligible for p < 80 amagat [1].

As for the laser radiation, the Stokes linewidth could
not be measured exactly owing to the limited finesse

of our Fabry—Perot test interferometer. However, the
Stokes linewidth is expected to be smaller than the

laser linewidth owing to the large gain effect taking place
in the (SRS) oscillator [9]. A Corning 2-58 filter cut the
strong antistokes radiation generated in the cell A and
the laser + stokes beams emerging from that cell at fre-
quencies w, and wg, were superimposed in the (test)
H, cell B and in the (reference) cell C filled with nitro-
gen at atmospheric pressure. The antistokes signals at
frequency w, g = (2wy — wg) generated in B and C
owing to the 4-photon non-linear interactions, were
detected by two photomultipliers. Assuming infinitely
narrow lines for the laser and Stokes fields £}, and Eg
the non-linear source polarization at frequency w,g
may be written in the simple form [4, 9]
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*
Pw, )= xG)(wAS, Wo, Wy, — Wk E ok,

where x©) is the third-order susceptibility of the two
gases at frequency w . In the cell B, 3} coincides
with the complex Raman susceptibility of H,:

x(w) = x'(w) +ix"(w),

which is resonant at the difference frequency w =

wg— wg, while in the cell C, X3 =%’ is the non-reso-
nant nl susceptibility of the nitrogen gas that, at fre-
quency w,g, may be taken as a frequency-independent
real quantity {10]}. If the Raman gain in B is much
smaller than the inverse of the characteristic interaction
length of the parametric non-linear process, as in our
case, the antistokes fields emerging from B and C may
be taken proportional to the respective nl polarizations
at frequency wyg [3, 11]. In our experiment the cor-
responding antistokes intensity

() = )P 1R

is plotted vs the difference frequency w = wy, — wg
upon sweeping over the quoted resonance of hydrogen.
We shall discuss separately the two sets of physical in-
formation that could be drawn from our results: the
one corresponding to the Dicke narrowing itself and
the jump of nl molecular polarizability.

3. Dicke narrowing

The plot reported in fig. 2 shows the effect of mo-
tional narrowing of the Q) (1) resonance of hydrogen
at T'= 300 K for forward scattering. The values of the
linewidths of x"(w) were evaluated on the basis of our

0, (1) line of H,

lorward scottering
T=300 £ .

full linewidth  {cai'}

density (smagats)

Fig. 2. Plot of the full linewidths of the Qg (1) resonance of
Hj, vs. gas density,

177



Volume 9, number 2

experimental data on txm(w)lz assuming a lerentzian-
line model for gas densities ranging from 2 x 10~! ama-
gats upwards. For lower densities where Doppler (in-
homogeneous) broadening is dominant a gaussian shape
model was assumed [12]. A justification for assuming
the lorentzian model in the Dicke narrowing region is
given by the following theoretical considerations. An
expression of x"(w) may be obtained by Fourier trans-
forming the autocorrelation function F(r) of the scat-
tered field. The general expression for F{(r) may be
given in the following form [13]:

+7T
A= lim f exp {~i[Ag(t, T)+ 2mn" L Ax(r, )] }ds,
T—eo =T

where Ag(t, 7) = [o(t + 1) — ©(t)] is the phase pertur-
bation due to a collision, Ax{t, 7} = [x(t + 7) — x(1)]
represents the motion accounting for the Doppler ef-
fect and A is written, for forward scattering kinematics
in terms of laser and stokes wavelengths as

A= Aghd/(hg — A).

By making the hypothesis of no statistical correlation
between the ensembles {Ax} and {Ay} the phase auto-

correlation function may be given in the form [13, 14]:

F'(r) = exp{~(r/7)[(1 — 4) +iB]},

where 7 is the mean free time among the Poisson dis-
tributed collisions whick disturb the phase and

2w
A'l'i_BEf
0

exp (id¢) p(Ay) d(Ay),

being p(Ay) the probability density function of the
phase disturbances. The factor (1 — A)/7y accounts

for pressure broadening (collision limited lifetime)
while B is responsible for a (small) line shift, as shown
later. Breene [15] and Galatry [13] have evaluated the
expression of the autocorrelation function F"(r) corre-
sponding to the molecular motion by making use of
the maxwellian distribution for the set of velocities

v, and by assuming for the set of variables {Ax(z, 1)}
the generalized “diffusion” probability function due

to Chandrasekhar [16]:

W(Avao, T)=VA/T
x exp {4 [Ax —vy(1 —exp (—fr))/8] 2,
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where

A =mpI(2kT) - {207 — 3+ 4 exp(—pPr) —exp(—267)},
B is the coefficient of dynamical friction of the gas:
B=KkT/mD ~ 17,

and ry, is the mean free time among collisions. The
final expression of /(1) may be evaluated in closed
form [15] and, for a gas of equal molecules with mass
m, is given by:

4n’kT
m@2A2

F'(7)= eXP{— ~[Br— 1 +exp (—p1)] } -

We verify that, setting fr < 1 in F"(7) and expanding
to second order the exponential in curly brackets, we
get the Fourier transform of the Doppler lineshape

e 2W2kT 2
F'(1)~exp [— vl :]
which is independent of D, We may now Fourier trans-
form thtla overall correlation function

F(7)=F'(r)F"(r)

and obtain the final expression of x"(w):

x"(w) = x"(wy)
[(1-A)/7, +4n2D/N2] 2
[~ wg —Bfrg) 2 + [(1 - A)ry+4n2DAP] %
(1)

We may neglect the effect of B which is very small and
could not be detected in our experiments.

Expression (1) may be taken as the basis of the in-
terpretation of our results. Recalling the inverse de-
pendence of D and Ty ~ 7,/(1 — A) on the gas density
(i.e. pressure) [17] we may easily verify that maximum
narrowing corresponds to

(1 —A)j7y = 4n>D/A2.

Furthermore the minimum value of the linewidth Aw
is related to the Doppler width Acwp, by the simple ex-
pression:

Aw=+/2/n2 Awp Ve,

being & = (1 — A)/7, < 1 the fraction of collisions
which are active in dephasing the field. Dicke narrowing
is present only for a < 1, i.e, for resonances which are
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somewhat highly “screened" against “*hard” collisions,
as; for electric dipole transitions, for some totally sym.-
metric Raman modes. We muy try to apply the simple
equations we have just obtained to the case of hydro-
gen using the experimental results shown in fig. 2. If
we assume for hydrogen the value of the self-diffusion
coefficient calculated from Loschmidt’s experiment
{171 D=1.31(T=15°C,p =1 atm), we get a value

of 7, /(1 — A4) = 1.79 nsec at p = 1.68 ama, corresponding
to the minimum linewidth. That value is only in a order-
of-magnitude agreement with the value of T, evaluated
by making use of the values of the linewidth at high
pressures (where collision broadening is dominant)
taking further into account the pressure dependence

of T,. Using for instance our data at the gas density

of 10% amagats: Av; > 2 x 10! cm~! we getat p =
1.68 ama a value T = 3.15 nsec. On the grounds of
the results of a recent direct measurement of T, in hy-
drogen performed in our laboratory [18] we may say
that the factor two discrepancy we have found between
the two relaxation times cannot be explained invoking
for hydrogen possible inhomogeneous contributions

to the high pressure linewidths, which are small. We
may rather say that the theoretical approach we have
adopted needs modifications for such a very light mole-
cule as Hy [19]. We postpone a detailed discussion on
this point to a next more extended paper. Proceeding
further on our discussion it seems to be interesting to
evaluate, on the basis of the ratio between the experi-
mental values of the Dicke and Doppler linewidths, the
fra;ction @ of collisions which are active in dephasing the
molecular vibration. Using the expression we have given
above we find for hydrogen o = 0.96%.

4. Spectral analysis of 1x®) ()l 2

The general expression of the third-order optical sus-
ceptibility for a molecular gas has been worked out by
several authors and may be found in [3] and [20]. It
consists of the sum of 24 terms which are in turn pro-
portional to the triple sum over the intermediate states
of the electric dipole matrix elements {u) connecting
the ground state (the only one which we suppose to
be appreciably populated) to the set of the other mo-
lecular resonances. The usual approximation that is
made in case of Raman effect, when the effect of a
single resonance is dominant, is to pick out, from these
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addenda, the only two ones that exhibit a resonant
behavicr at the corresponding eigenfrequency. When
this approximation is made, considering the case of
antistokes scattering the general expression of x©) re-
duces to the form

3}

xmﬂ

(w,Q) wﬂs ﬁws)

~ £3(0) — pg{0)
i {[wg - (wg—wg)] il

AP(ME (@),

where u, @ and § are labels for the polarization compo-
nents of the w, g, Wy, wg beams and A;’f]ﬁ(m) are non
resonant terms:

. [<f|u7lt><tlu,5 1y (flp, It)(ti.uylﬁ]
=5 + -
fi R wﬁ+w9 w[i — wy

If we want now to evaluate the frequency dependence
of the real and imaginary parts of x3)(cw) in the vicinity
of the O (1) resonance (wy =4155.21 cm™!) for
normal hydrogen, we should not overlook the contri-
butions of the nearby vibro-rotational lines correspond-
ing to different values of J:

Q1 (0) (w, =4161.08 cm™),
Q0 (2) (w,=4143.43 cm™),
09;(3) (e, =4125.82cm™")

which, for the natural mixture of ortho- and para-hy-
drogen, as in our case, may contribute to the nl optical
dispersion,

In fig. 3 the theoretical plots of x3) (w) and x®)"(w)
for wg =4155.21 em=1,p =1 atm, T= 300K, are
drawn assuming a lorentzian lineshape taking further
into account the effect of the J= 0, 2, 3 rotational
resonances with their respective intensities, for normal
hydrogen [21]. The corresponding theorectical plot of
[x3X(w)1? is also displayed in fig. 3.

The behavior of the experimental curve of |x®)(eo)}2
also shown in fig. 3 is, in some respect, unexpected and
somwhat puzzling. The step-like jump shown by
|xC)(e) 2 upon sweeping over the resonance may be
thought to correspond to the contribution of the strong
(g, (1) resonance to the dispersion of the Raman po-
larizability, a behavior well known in linear optics [6]
and here reported for the first time for a nl, Raman,
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Table 1
[Xoo? xﬁl{ x10'8 cmalerg
N3 1.35
bevadd gty 0, 1.26
He 0.37
air 1.30

% 3. Frequency dependence of the xG) (), x(3) (w) and
(w)l functions in the vwrmty of the Qg (1) resonance
of H, at wo = 4155.21 cm™'. The theoretical curves are eva-
luated taking into account the effect of the Qgy (0}, Qoy(2),
(01(3) vibro-rotational resongnces, The scales of the experi-
mental and theoretical | x{? 12 plots are arbitrary. The super-
position of the two curves is determined by the coincidence
at the top of the peaks, at w = wyq.

process. In addition the plateau shown by I)((:”(o.a)l2
for w > w may well be attributed to the effect of

the nonresonant contribution to ) (w): x);(w). The
only unexpected effect is that the size of these out-of-
resonance contributions to x3Y(w) compared with the
height of the peak at w = wy is about three orders of
magnitude larger than expected. At that point some
experimental details are worth to be discussed in order
to rule out possible misinterpretations of our results:
a) In the test cell B the driving laser and Stokes pulses
had about 10 kW of power focused by a 15 cm f/1 lens
in a focal interaction region { = 3 cm. That value of /
may be compared with the coherence length I, for the
antistokes interaction process which has been evaluated
to be /. = 80 cm for hydrogen at p = 1 atm. In addition
the resonant (SRS) gain in the same conditions is [9]
£ 5 x10-2cm~!. Thus exponential growth effects

in the test cell are strictly negligible [11]. b) Molecular
saturation effects at resonance are found to be also ne-
gligible. We have checked that at o3 = wgq, by varying
the laser and Stokes intensities Iy, Ig over an order of
magnitude, the antistokes intensity keeps rigorously
proportional to [gls, as expected [3]. c) The intensity
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of the antistokes peak at w = w, compared with the
intensity of the reference beam emerging from the cell
¢) corresponds to an absolute value of x(3)"(w0) for
H, which agrees with the absolute value of the nonre-
sonant %®)" of the reference gas (N,) first measured

by Rado [10]. We may rather add; in this connection,
that X3 for various gases have in turn been measured
by our apparatus, in the test cell C, by comparison with
the resonant value of x3)"(cwy) for H,. They are re-
ported in table 1. The results for N,, O, agree within
5% with the data {10] . Our result for He is about 4
times larger than the one reported in [10] . d) The
dramatic jump of x®Y'(co) polarizability of H, near the
Qg; (1) resonance, we have found in the present ex-
periment, may well explain the substantial distortion
of the |x3)(w)I? line at p = 20 atm we have reported
in ref. [1].

5. Conclusions

In conclusion we believe that our present results
strongly suggest the existence of some very interesting
processes affecting the lineshapes x3)' () and x3)" (w)
in the motional narrowing region, in hydrogen gas. As
fas as the experiment is concerned we plan to pursue
our spectroscopic work in Hy and other gases by ex-
tending the spectral range of our high resolution appa-
ratus by using other kinds of tunable lasers.
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Nonlinear Spectroscopy of Bulk and Surface Polaritons ().

F. DE MARTINI
Istituto di Fisiea dell’ Universitd - 00185 Roma, Italia

1. - Introduction.

In recent years the advent of mode-locked and narrow-band frequency-
tunable lasers has made possible a new kind of investigation in solid-state
spectroscopy : the coherent excitation of elementary excitations of various kinds
by resonant interaction with lager fields via a linear or nonlinear mechanism.
Obviously, the fundamental laws of nonlinear optics, as they are presented
in ref. [1], apply to the new situation, but they should be complemented by a
new class of theories. Processes like resonant fluorescence, transient coherent
propagation phenomena like self-induced transparency, local coherence effects
like photon-echo and optical nutation, and some aspects of the propagation
of polariton fields in solids often require new theoretical approaches leading
to problems that are sometimes unsolvable with present technigues of math-
ematieal physies. However, in crystalline solids the coherence relaxation time
T, of most of the elementary excitations is generally so short with respect to the
amount of energy that can be stored in a laser pulse withont damage to the
medium, that transient coherence effect can hardly be detected. Therefore,
we limit ourselves in these lectures to considering some simple aspects of the
theory of the polariton field generation and propagation, starting from con-
ventional classical electrodynamics and quantum mechanies. In view of recent
nonlinear experiments involving bulk polaritons, some of which are being
presented at the present school, we devote our attention to only few effects,
namely to nonlinear mixing processes such as sum frequency generation (8FG),
difference frequency generation {DF@G), and to coherent-scattering processes
like those involved in the experiments of 4-photon ecoherent spectroscopy.
We shall first outline a linear transient propagation theory of the fields in SFG
and DFG and obtain the expression for parametric gain valid in either case.

(*} Work supported by Gruppe di Ricerca Elettronica Quantistica e Plasmi of
the C.N.R. and by NATO 1155 joint program between Universiti di Roma and Uni-
versity of California at Berkeley.
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322 F. DE MARTINI

The interaction Hamiltonian H, is found by integrating # over the volume 17,
If we consider one initial state ey, e, m,_; for the fields, then the transition
probability, over a unit frequency range per unit time corresponding to the
seattering of a pump photon, is given by the following expression [10]:

. 4m2 : .
(5) "= {|<m,—1,my, ~ 1, my, < VH g, my,, om0 |2 —
) Leae(ew
— |{my, + 1, m, + 1, my, l:mﬂu_s‘pwi My, My, |*) ..IN.IFL\“I o(Aw),

AR - TRa(o)]*

where Aw = w) + wy — @, and afw,) = 2{k;(w,)| is the absorption coefficient.
The Lorentzian factor depending on Ak in eq. (5) acconnts for the damping of
the final polariton momentum state that is characterized by the absorption
coefficient «. The damping affecting the final-energy state of the interaction
is characterized by a frequency-dependent damping parameter Mew,) that is
related to a(w,;) throngh the polariton group veloeity:

(6) h_n.?ci = B,(ey) atltw,) .

If we make use of eq. (2), w becomes

(1a) w— w _Dzmmv”w% Say 11,
where
1= lm,mi, — o (m, 4+ my -+ 1)] (SFG),
()= [m,(me, -~ mp + 1) —my m, | (DFG)
and
() B = Bhotoiol,vldp

B, |21k, ]2 e

In view of the disenssion of our experiment dealing with a cubie erystal (GaP)
belonging to the Z3m class, we have omitted in (75) the tensor notation for the
nonlinear coupling coefficient d. Hereafter we shall consider d, dg, dy a8 scalar
quantities, because, for the given symmetry and crystal class, these tensors
are determined by only one parameter [11].

By integrating eq. (7e) over the distribution of the final-energy states, we
obtain the transition probability per unit time

B (11 (a)?

®) VT e+ TSRS e D
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Equation (8) is valid when Aw and |Ak| are not too much larger than the cor-
responding damping parameters I’ and o

As will be shown, the polariton density is much smaller than the photon
densities at frequencies w, and w.. Hence for m, > 1 we can write a simplified
expression of W in the form

(9a) W= ﬁﬁ%@ ",
where

B 2 Iy
(9) g= (3a) 30

mie, (AR 4 (ha) (Ao + (1)

We consider in this section a collinear interaction of the fields along the
direction s normal to the entrance face of the erystal. The fields are written
as funetions of the corresponding #-co-ordinate, which is positive in the crystal
and zero at the surface.

In this section we also consider a phase-matched interaction. The equation
describing the evolution of the densities of the pump photons gz, t) =m, [V
and g,(z, ) =m_/V may be written, owing to (9), in the following form:

p 2 a

(10) %;nl?uin,l@+swvnﬂ%ér

3 ct €z
where v, and ¢, are the group velocities of the two waves. For negligible optical
dispersion of the medium at the frequencies w, and «, we have v, == ¢/n, and
Uz = ¢fny, where n, and =, are the refractive indices. Our present theory is
greatly simplified if we set v, = », in eq. (10).

We can now write the fields as functions of the propagation variables:

(11) wy =1+ 2y, W, =t—z2fv,.

The corresponding inverse relations are ¢ =} (w, + i0,) and z = (w, — @,) v
A first integral of (10) is given by the following expression:

(12) ou{teyy W) F oo, W) = (%) .

The difference (sum) of the pump photon wave packets is a forward-propagation
arbitrary function. We impose the following boundary eondition on the solution.
At ¥ =0, w; =w,, the ratio of the two fields is a preseribed function of time,
01(0, 1}/0,(0, 1) = e(?). We rewrite that condition in the notation of the prop-
agating frame, eq. (11), and we make use of eq. {12) in order to write the driving
term g, g, appearing in eq. (10) as a function of one of the fields. The solution
of (10} is now straightforward, By restoring the initial variables but still keeping
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relative polariton density

] 1 2 3
relative interaction length

Fig. 1. - Time evolution of the polariton density pulse g, ereated by sum frequency
generation and corresponding to the driving pulse 01{¢ §) = g,(2, 1) = $ seeh k(z — ¢, ).
The above curves are drawn as functions of the dimensionless quantities z'= Lz,
¢= kvt and correspend to &/k =1,

retative pog:r.rilon aensity
[

1
0 1 2 3
relative interaction length

Fig. 2. — Time evolution of the polariton density pulse g, created by difference fre-
quency generation and corresponding to the driving pulse f(z, £) = sech k(z — 2,t) and to
the condition #(@,) = n/{G,f(¥,;)), v being constant. The above curves are drawn as
funetions of the dimensionless quantities #'= kz, #'=ke,¢ and correspond to the fol-
lowing values of the parameters: n =2 and Gy/k =3. We note that the maximum
value of g, is reached at the time ¢'= 5k/G; and at the co-ordinate z’= 7'(0) = ¢,
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is equal to g/(4f"). Obviously more complex situations arise when nis a va-
riable function of #,.

Owing to the above considerations, we ean conclude that the effeet of TR
generation on the excitation of polaritons is a somewhat eritical process, in
particular when short pulses (e.g. generated by mode-locked lasera) are made
to interact in a highly nonlinear medium. Referring to the conditions corre-
sponding to fig. 2, we notice that the maximum value of p,(z, ) will never be
reached during the interaction if the co-ordinate zZ(0), which depends on the
amplitude of the optical fields, lies outside the nonlinear crystal. Furthermore,
when the DF pulse emitted from a crystal of length L is detected in the for-
ward direetion, the maximum efficiency of the DFG process corresponds to
the condition z(0) ~ I, namely the exciting fields before the interaction must
be related as follows: o}(,) = () exp [(,f(0) L]. Similarly, when the DF
wave is detected in the backward direction owing to a process of nonlinear
reflection from the entrance boundary located at 2 =0 ?mm ref. [1]), the max-
imum efficiency corresponds to Z{0) = 0 and ¢’(w,) = p¥(#,). The propagation
theory we have just formulated is greatly simplified if we consider in the equa-
tions z(#,) = const and f{i7,) = ¢® = const, i.e. if we are dealing with the steady-
state interaction of the fields. In that case eq. (17e) may be rewritten in the
following form:

0.(z) = mﬂ% cosech? {g,G,(z — 2)} ({DFG),
(17b) (o .
0.{2) = Numlﬁm gech? {g°G,(z — 7)) (SFG),

where &= /n,, 0°== 0]+ 0,&, 0] =I[g:(2))my, 0) = [0s(2}],_, are the fields at
the erystal bonndary. G, = g/{4s,) and Z= (26¢,0°) ! Iny, where y = o}/{Za0).
Again, z is always negative and different from zero for SFG, but ean be of either
sign for DFG. Furthermore, for S8FG, the maximum value of @_3 is reached at
2 =101 g,{0) = g*glg/I™", further decreasing quasi-exponentially with 2> 0 as
shown in fig. 1. For DFG we have again 0,(0) = g? o%g/f", but the maximum
value of g,(2) is larger if Z > 0, and is given by (g, = 0.(2) = £, {0){y + 1)¥/{4y).
We verify that, for y=1, 2=0 and (g}, — 0.{0).

The general formulation in terms of polariton particles we have adopted
has led us to build a transient propagation theory that applies entirely to the
pure Raman and 2-photon absorption interaction [13, 14]: w,= w; = oy,
even when the lattice or electronic oscillator is not e.m. active. In that case
2,(z, 1) has to be interpreted as the space-time distribution of the density of
the erystal excitation in the medium. In the absence of spatial dispersion
(e.g. Raman seattering from O-phonon and 2-photon absorption from impurity
levels), the phase-matching condition Ak=0 is always satisfied for e.m. inac-
tive transitions and we can set w(w)=0 owing to {6). In that case the quantity
o.(w) = (0%)2g/4£]" appearing in (17h) may be conveniently expressed as s
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330 F. DE MARTINI

We have introduced in eq. (23) the notation for the moduli of the vectors:
k= |E)|, k= |k, ete, In our particular case the term k(k p)fk: is zero
throughout the crystal. The wave vector of the driving polarization wave is
=k +k= (ngeng ey(k, k), n =g, S A\Wv. (e, + wiiD),
and the nonlinear coefficients are rewritten in the form dy= ddy, mm =d,fe*,
The zolution of the homogeneons Maxwell equation for the wmy-field near the en-
trance boundary is composed of a transmitted wave E,(w,), travelling in the
Nonlinear medium with wave vector k, =k, — ikl and a nonlinearly re-
flected wave E (o), travelling in the backward direction, in the linear medium,
If we call ¢, ¢, ¢, the angles made by the k,, ki =k, k, = n(wyfe)k, [k, wave
veetors with the z-axis as defined above, the continuity of the transverse com-
ponents of the momenta of the waves at the houndary leads to the generalized
Snell equations n, sin g, = n, sin ¢, = n sin g, where n, = nj(w,) + ing(ws) is the
complex refractive index of the nonlinear medium at the frequency of the wave
ereated in the medium. We can show that, in a zone of large dispersion of the
linear response of the medium, the k, wave is an mhomogeneous wave, In order
to show that, it is convenient to express cos @, in the form cos @ = p exp [iy].
Expressions for p and w in terms of the relative (scalar) phase mismatch
A= ?.wls_LeLr_xh.?i and of the relative absorption parameter § = &AEL_EM.AEL
of the nonlinear medium are immedliately obtained from the generalized Snell
equation given above:

pleos2y=1—(1 4 .12 =0 sin?g!
{14 42)2 .
9
o prsin2y — .&:17 .&m sin“g, .
(1 o2

Furthermore, the spatial argument of the kr-wave, kr r, may be written in
the following form:

(23) kr-r = k(@ sin g, + 2 cos ) ==

= _._.,.P..i._. + dysing, — ap{(eos P — 0 sing) + ifsiny + § cos )]} ,

o and z being the spatial co-ordinates corresponding, respectively, to the x-axis,
belonging to the incidence plane and to the boundary plane, and to the z-axis,

We verify that the surfaces of constant amplitude of the k-wave are given
by z = eonst and are therefore plunes parallel to the boundary, The surfaces
of constant real phase are given by {1 - Iysing) . zp (cos w— 4 8in ) = const
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" . . . . .
and are planes whose normals make an angle ¢, with the z-axis, where

: pleosy—dsing) (| fige)cosg!
CoSgr= [(1 + A)zsin?gl+ p*(cosy— dsingp)]t ( !

LA R (14 dysing,
= [(1 4 A)?sin?g] + p*(cosy — dsin )]t

~ (14 1) sing,.

The simplified expressions appearing in eq. (26) cE.H..mmch— to assuming
A«l, §«1 and A tg? ﬁ“ < 1. With these @ccwcum.:ﬁz.o:? the planes of
equal amplitude are still given by z = const and the direetion of the normal a.o
the constant-phase planes is determined by 4 and not by & .moﬁ.m«.m_. 4 is
still responsible for the inhomogeneous character of the wave, owing to eq. (24).
The following simplified expression for kr-r holds:

(27 kpor = ki[a(1 4 A) sing, + 2 cos g (1 — A tg2e)) + izdjcos ] .

The intensities of the k, and k, fields are found by aﬁ._.i.um the continuity
equations for the electric and magnetic fields at the boundaries. Furthermore,
the continuity eondition for the transverse components of the Bogm:mpd ..ww-
pressed by the generalized Snell equation given abeve, leads to the oﬂ:.%ﬂo.:_
of real propagation of the fields. For the H.omwimﬁ field, that HmoE:Scz is
sing, <1, leading to the following one: sing,<[n{w)(1+ A)]-*. The am-
plitude of that wave is found to be

(dz+ do(w}/ D)1, coS g, — Ny €08 ¢7)

8¢l 1B By .
(28) Ep= (e,—er)(RCOSPp+ HpCOBqy) _

In the vieinity of the reststrahl band the condition cW _.mm_ cwowm_mmaos for the
ky-field leads us to consider only very small angles ¢, @,, Pre For normal re-
flection and for A, & and ._ix“. much smaller than 1, the amplitude of the re-
flected field may be written in a simple and significant way:

. . GE B D+ Co
(29) 2 . Dipon’

where f = w}f(wie,) = §le,, and € = Sd,jdy is the =c:=:em.ﬂ pa ameter we
have defined above. We verify that, with the given mﬁwwowun:.i..e.;. the re-
flected field is proportional to the ratio of the nonlinear oowi._dc_:c: to the
dielectric constant at frequency o, and of the same (linear) dielectrie coustant.
A measurement of the intensity and of the phase of the nonlinearly reflected
wave as a function of w, would lead to a direct measurerent of the v.E.:BmHE.
{w,) that characterizes the nonlinear response of the au%mu.a. By E:.O.;,F.EH
ing the field E, = [d (1 + Col/D)/(e, — e7)]|E, Bz}, 2 nonlinear reflectivity
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We have assumed so far that the phase matching of the three-wave inter-
actien can be achieved throughout the polariton region. Actually that process
is generally a critical one and can be achieved only in special conditions, if the
crystal does not show a suitable optical anisotropy to allow the corresponding
well-known method of phase matching [1, 17]. If that condition is not present
(e.g- in cubic crystals), momentum conservation of the interaction may still be
provided, even for eollinear kinematies, by the so-called « dispersion » phase
matehing which is based on the combined effects of the optical dispersion af-
feeting the pumyp frequencies w,, w, and the near-resonance frequency .
We refer the reader to [2] for a detailed discussion of that effect in DFG. We
only note here that this process ensures phase matching for w; lying in the lower
braneh of the polariton dispersion curve for DFG and in the upper branch for
8FG, if w; and w, lie in a zone of normal optical dispersion. Dispersion phase
matching in the upper branch for DFG and in the lower branch for SFG is pos-
sible, but implies that one or both pump frequencies lie in a zone of anomalous
dispersion in the crystal, e.g. near a strong exeiton or impurity resonance.

3'1. Nonlinear gatn. — Thus far we have neglected the effect of the non-
linear gain on the dynamies of the process of polariton generation. Never-
theless we have seen that this effect becomes important when high fields and
long interaction lengths are present. An expression for the gain may be derived
from eqs. (7b) and (96) by applying the classical arguments we have adopted
in the present section. We assume here that (o) = Mw), Mw,) =T and we
write [w) = IBwl w® x [D'* + Bewi]-!, owing to (6) and the Huang dispersion
relation for v,{w) and afw) [6]. We find that the gain g affecting the polariton
wave may be expressed in the following form:

(34) (e, k) = obatl 1 1
§19 B = s LHDF Boop + BI(0)F 1 —(wje) e+ D)
where
how, wowl | D' 2
35 _ N9, Wty ’ '
m u Hrnx .ZWSMNCNJ ncw s&.m LT e_

is the expression for the maximuin gain, which is reached when Aw =, L w,—w
and |k,| = |k; £ ki| = [ky|, viz. when {(w; = w,), k,} lie on the undamped po-
lariton dispersion curve. A similar conelusion has been reached in ref. [5]
for the gain g, affecting the k,-wave in stimulated scattering. In that work,
an expression for g, similar to our g, is given. We note that, for w — w,, the
effect of the electronic nonlinearity m.._ disappears and we are left with an ex.
pression corresponding to the resonant 2-photon absorption coefficient for
8FG and to the Raman gain for DFG. Our present theory is valid only if spatial
dispersion affecting the excitation associated with the excited polariton wave
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iy eonsidered to be a small effect [18]. If it is not, substantial complications
arige in the theory of wave propagation due fio the occurrence of « anomalous »
waves [19]. We shall develop the theory of gain in the presence of spatial dis-
persion in an ad hoc paper.

4. — i-photon resomant coherent scattering.

The presence of the coherent polariton wave created by SFG or DFG in the
medium may be probed either by direct deteetion of the generated e.m, field at
frequency w,= w, &+ wsand transmitted out of the medium, or by means of a res-
onant 4-photon coherent inelastic-scattering process. In spite of the higher-
order nonlinear process involved, this new kind of experiment generally proves
to be easier, for the purpose of the polariton wave detection, than the correspond-
ing direct SF or DF 3-wave mixing experiment, because surface effeets are gener-
ally negligible and, more important, becanse we can by this proeess up or down
convert the polariton wave in a zone of the optieal spectrum where absorption of
the crystal is negligible and where fast and sensitive detectors are operating.
Furthermore, we should stress the intrinsie physical interest of this effect, which
allows the study of some linear and nonlinear properties of the crystal not gen-
erally accessible by other methods of spectroscopy. This process also suggests
entirely new methods of nonlinear spectroscopy such as the ones devised for
the study of the near-resonance dispersion of the nonlinear optical susceptibilities

b)

Fig. 3. - Kinematics of the polaritou wave k; eoherent-scattering schemes. The
Ez-wave may be excited in turn by either the sum or difference frequeney interaetion for
either scheme. The four possible overall configurations are considered in seet. 5.
a) kp=ky+ k,, b} ky=k;—k,.

of crystals [2,9,20] and the solid-state spectroscopy tn momentum space
that has been applied for the first time in optics by the Quantum Optics Group
in Orsay [20). The diagrams of the possible kinematical configurations for this
process are shown in fig. 3 for 8F and DF excitations.

The analysis of the present effect is not partienlarly involved if we make
use of the simplifying approximations we have already introduced in the paper,
riz. transverse plune-wave approximation, monochromaticity for the fields
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at Cornell Tniversity [27]. In that experiment, a tunable dye laser was used
to exeite resonantly by S8FG the first exciton line in CuCl at 3.215eV. The
result of that experiment shows a resonant behaviour in the nonlinear suscep-
tibility of the crystal in correspondence with the exciton resonance. This
work parallels the investigation of the same polariton resonance by 2-photon
absorption [28, 29], An extensive presentation of earlier works on 2.photon
absorption spectroscopy may be found in [30].

The 4-photon mixing associated with a SF excitation of the above polariton
resonance in CuCl has been reported by KrAMER, PARSONS and BLOEMBERGEX,
which investigated experimentally the effect of interference of the third-order
light mixing and second-harmonie exeiton-polariton generation [31]. We have
presented the theory of this effect in sect. 4. For further details on this work
see the lecture of BLOEMBERGEN in this volume.

5'2. Difference frequency gemeration. - The first DF inixing experiment of
relevance in nonlinear spectroscopy has been reported by Fausr and HENEY [9].
In that work the dispersion of the nonlinear optical susceptibility near the
O-phonon resonances in GaP has been thorougly studied. Further works on
this process have been reported: they correspond to mixing experiments [2, 32]
and to stimulated seattering experiments from 0-phonon polaritons [33].

In the author’s work [2], two coherent beams generated by tunable lasers
were injeeted in a GaP crystal and the coherent IR radiation corresponding
to the O-phonon polariton exeitation was detected outside the erystal. Various
measnrements were performed in the experiment. The angular distribution

fE»
Wy &t /
PM
N\
~ wy
XA
1 m\u\:f.f |\M¢I|
quartz plate
50% -
rub cavity T IR gdetector

RG 9

cavity 1T

rd
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mm_aoa ST crystal prism

“y
z quartz

Fig. 4. — Schematic diagram of the bulk polariton DFG apparatus (2],
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Fig. 5. — Infra-red intensity emitted at i-==34.6 pm in the phase-matching g:&ﬁ.c:
as a function of the interaction length ! in GaP. The curve directly shows the spatial
distribution of the e.m. field in the crystal. a= 72 em~!, 300 K.

of the emitted intensity I, and the study of the evolution of the e.m. field
in the erystal (fig. 4, 5) allowed a set of measurements of the absorption coef-
ficient of GaP in a zone of large absorption (A, =~ 35 um}, Furthermore, the
frequency dependence of I, has led us to the study of the dispersion of the
nonlinear susceptibility of GaP in the lower branch of the polariton dispersion
curve.

to oscilloscope

PM
ruby coberent Raman wave vector
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[ -Nogs
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Fig. 6. — Schematic diagram of the k-space spectroscopy apparatus [20, 34].
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342 F. DE MARTINI

dition preblem (continuity across the boundary of E, and H,) leads to the
following expressions for the fields in the nonlinear medinm:

= —1
56D = g e
.“Eﬁu“; + D ﬂwﬁ Aexp[— g2 exp :ﬁi :
= —1
E = _ U
ay | O T qEE e
LIvY LEY =2 NL .4 7,8 NL __ swhhl ) 1.8
.*H:n-v - Awhlw + & “_.Uu IT _”ﬁ.swn.u.._bu % AT .&.R»L, mH.muH R&“_ &Hmu Th.n.&...; H
3
S T
e~ om— s expi—aspexp fitai],
where
N = h.__.m
and

!

A = [E(k; + don) D™ 4 (&* — fank?) D¥] exp [— ik*-r].

Expressions (41} show that in the medium £ the flelds are the sum of a driven
solttion and of a « free » solution (oc A). In the linear medium & only the «free »
golution exists:

—aB s
E{x,2) = gy T e 7l exp [wz] exp [ik}x],
ik B »
{42) Bz, 2) = e[(K T @il + 7] ©<P [az] exp [iklx],
_ .wnaw O
H,(x,2)= 0 Md_”mu_u ) 5P {oz] exp [ikx]

with B obtained from 4 witht ke change (not interchange) an —&. We verify
that the «free » solutions on either side of the interface diverge for & — nee = 0.
It is easy to recognize that this equation reduces to the following expression:

g ©EF

__MIThlu

(43) K=k

whieh is the dispersion relation for surface polaritong (SP) at the hound-
ary [39-43]. In actual cases # andfor & are complex and the expression
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[&+ #a]™! ean be given in a Lorentzian form having a finite width and a finite
maximum at (#)* = k] Re (5/(¢ + ¢)), reproducing the behaviour of the pro-
cess of bulk polariton nonlinear exeitation, eq. (23). TIn this connection an
important point must be clarified. The «iree» waves we have just consid-
ered and that coexist at the interface with the driven solution do not form a
surface polariton because they are not «frees of choosing their own wuve
vector, which is determined by the optical properties of the medium,
eq. (43). Their wave vector is in fact determined by the driving NI po-
larization wave being equal to k,. This sitnation is entirely different from
the one presented by the process of NL excitation of bulk polaritons consid-
ered in sects. 2 and 3 of this paper: in that case the k,-waves are real free
waves, i.e. polaritons. In order to consider NI generation of real surface
polaritons we ean think of the realistic situation of a NL polarization wave
with finite cross-section at the boundary. Assuming sharp transverse bound-
aries at the interface, we can consider a new set of e.m. boundary con-
ditions at the surface of the generalized ideal cone which intersects the phys-
ical interface between the two media and that represents the separation
surface hetween the regions in which P** =0 and P“:£0. This bound-
ary condition problem is quite complex, becanse it must he solved for a
tridimensional boundary. However, with the transformations {space—>time,
k-vectors —frequency}, the situation is similar to the case of the excitation
of a harmonic oseillator by an oscillatory force represented by a square
pulse in time. Suppose that E=H8_“+s.en iy the complex eigenfrequency
of the oscillator and w~w, is the real exciting carrier frequency. Just after
the time boundary defined by the gharp trailing edge of the force pulse, the
frequency of the oseillstor jumps from o to @ and the oscillation intensity,
which is resonantly dependent on the frequency matehing w? — e, starts
decreasing exponentially with a time constant ﬁlr_eu. Physically the pie-
ture is quite adequate to represent qualitatively the behaviour of the surface
polariton at the boundary. The SP intensity is determined at the boundary
by the phase matching (k:)* = ¥ Re (&2/(z + €)), and the SP travelling away
from the boundary is damped with an attenuation constant %, which is deter-
mined by the following set of equations:

k, =k, + ik, (SP wave vector)
E=§ 418,

£E

e+ &'

(44) (52— (k) = K Re

&f
E+¢’

We can see that w“ is determined by the damping of the crystal excitation, i.e.
by £, In actual cases a“. evaluated by eq. (44), represents the lower limit of the

2kekl = k2 Im
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346 F. DE MARTINI

where
A= [k, + 8 MK 8L — 8V )k, K R,
kK, =é&wle}, Ak, =K~ K,
Ky = k- &%,
Ky =K — &Y,
k =wfe.

Ww.aesvﬂ [x®(w): Ey(wy) Ef(w,)]. is the r-component of the nonlinear polar-
ization at the difference frequeney o =, —wy. One can use a third laser
beam E(k,, ;) to probe the excited surface wave [16]. Optical mixing of
this probing fleld with the surface wave induced a noniinear polarization
Py = twy— w), which in turn generates a new wave B(w,) with an intensitv
given by )

X, 2 _p.:u
WO o Akdoc PRoglt = 105 e 200: Blow) 19%(0): E¥w) Elg)s;

HASLmmmboswmgmmnmzaemozom \...,:w..._.cm:mEmpﬂ.E:EmE. ki = K, and haif-
width 2K,. Our experiment gives therefore full information on tle linear
broperties of the surface polariton. In fig. 9 and 10 the experimental data

- l - t L
in dispersion of K’ and K » are shown. The solid theoretical curves are obtained

400

—

390 -

frequencylcm™')

wy L 1
4 3 4
wave vector K!{cm )

Fig. 9. - Frequency dependence of the surfuce polariton wave vector K'(w).
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from a single-oscillator model with the following values of the parame-
ters: wy, = 367.3 em~!, wy, =403 em-?, ¢, = 9.091, I'= 0.0035 w,, cm—1. The
dashed ecurves correspond to a three-oscillator model, which accounts for a
selective damping process involving the two-phonon band TA(X}+ZLA(X)
peaked at 357 em~! [48]. The resolution (in k-space) of our present apparatus

10°

Unewidtn 2K! (cm™)

S

1 1 L
wp 370 380 390 400
frequencylcm™)

Fig. 10. — Frequency dependence of the K-space line width 2H"{w).

is not yet large enough for us to deduce the true values of H'(w) below
o = 385 em~. This is mainly due to the sizable angular spread of the focused
beams w, and e, (4 mrad). The same lack of accuracy in the same fre-
quency region affects the measurement of the nonlinear optical susceptibility
of the crystal y®w). More accurate measurements of #®(w) in the reststrahl
band and of .NH?& with an apparatus having a 5 times larger resolution are
presently in progress in our laborafory, for GaP an other semiconductors.




poysngqud oq oy :xaHg y "X PUT NIOY (g INLLAYI{ A() ‘120070,) I¢ [6¥]
(8961} L16 ‘€91 “asy -shyg wawavy ‘® Y [8%]
‘paysygnd aq 03 “{gre] ‘BtI0Y ) siopnpuoniuay fo snshiyg
Afy uo wo:uhm&teb ~C.=b.-€=.~..u“:.ﬂ NHNH \Q uhz.u..ﬁm.u.ucsm ut pue .qwmﬂ ....mum. w\mﬁnm. uz i
poystigud 03 :KHHE "X Y PUT UHNVIV] Cd CINOIVAVIE 'J INTIEYIY I(T " [LF)
(9281} 91E ‘9¢ ‘w7 oy -shyg :xung -y 1 pue ISV o [pF]
(TLeT) 118 ‘BT HAT aF wfiyg THMHSLY ] PUR TTIVHOSHYIY ‘N [ew]
"(896T) 8BS ‘9T “'9AYd "8p2a7 (0110 ¥ [pE]
(8261 919 0T "1ddng
COL A C(woprorr) Busp apaspn ey 04T PADAIATAAIYE, A\ Y puw a1aoy) AL 'y [e¥]
TELBL X NOCHWOX may} INILEV]{ AT A pu® XI1ais
SHAGE N S pIpe % MHGREDROF 0 3ouadafrosy Y2rmarly burueiony, ayy fo m?&.vw?...e..m (z%]
(R¥EGLD) 101 ‘BT ‘LT doay .:;..RN AR IDTIMZNTSOY (N ‘] pue ZIISAIY o [1¥]
{T#61) €15 ‘Ig “wwp sog 1o “wmop soxvg 1 loF]
(B061) €99 ‘g “shyg tap WHF OTANINKOS Y [gg]
(RO61) LI6 ‘SOT “a2y whid EINEvyg g ¥ [8g]
(0961) RIL "BIT ° 49y “shiyg wumavg -g v fee]
0981) 011 ‘QIT ey #iyg caEziiag o g PUB XVEXIATY 'V (T [9g]
(8961 "X "N ‘qog MON) T [0\ HHTG PU¥ NOBAUVT
"M A paups spprinag Pup swponpuostmay ul TNEOUTLEAL] "4 JO Jiom vag [cg)
{IL6T) GLLT 6 “wmwo) sy 105 -TAOMAT P puv INWAVIY 9 ' [fe]
(6961 201 *ST <30T “shiyg
- FNOSKHO[ ) pue TIILXV] "H 'Y AIOMIAF ‘H “SYNESAE '§ 'R ‘HHN0T0T
VYK P H(6961) 361 ‘ZT “weT aay cshyg FANIVIKAHOLYG *p pue Ziway "y g [gg)
(B961) LLT Y 08 T wAyg rmaiuviy o Put aavarg g H{g961) 186 ‘gz
CHY Caa ey cTMOINNAZ d f(Go61) ggs 08T oy cshyg :xamg -y -1 puw
HTHVION ] “DXINIrar) VO CSHIEY Mo Rmﬁ»mi 0F1 ‘gD ro3par .::5@
WAROL HHHT CHOOK] ‘Y pun YRICYY "7, Y{9061) 961 ‘Z-TD “29pT upndy wmop
HANT sVKOWJ, T "§ pu® NILavQ a UK GI6T) 666 ‘ST “weT Ay ehyg
PRYRuAY (Y 'd PUR 9NMOINHAZ ] ‘(RoaT) ¥R 8 “MT JLHr tAdamuy Iy T {ze]
‘ponsniqud 0q 03 “grgp) nwetosy pdo PREONILRTOT] "N puv HANVEY Q ‘HONAT "y
RALOT] 1] tpaystqndun 9Lgt h.ﬁmﬁa.::D PivATR ) SR, (Y THANYEY g
Herst YN Iog may) MOARIT " pue VLIl ‘g g £q BN ‘sprog puaind
-wina g Kby fo saniados g eade NIOHIERIOTY N pum WINYVHEY ' ‘g 0S[e das
HFPLBT) €081 ‘6 ‘g rasyy “sfiy g PRADHTARRTOTH N PUC SKOSHY ] ) W ‘aEmvEy q g [1g]
{6961 “X°X
IO M0N) HHEIvIn “H A paupa IVIN 9Rmoy) “g 1§ Huootpray 1aron v [og]
(ELGT) L ‘9 “nomoy g FIYMIOG ) PUB XauN) g P ansvEvE ') ‘svarg v {6zl
(rogr) EROT 6T "neT I .xa.____nm. THOTHXQHDG ] puv S.INNIDVLG q mmozemm ‘a szl
(1L61) 88 97 “norr a0y afiyg PIIYIL H PU® NESTIEAYYH ) ' [23]
(EL61 XX ‘Yroy
AN Oy i Aq pappa TTL 9oy Curre HuGRPUAY INTANYE A g (93]
’ L061) 91 “q IS ‘otwemi) oromy VINILHVI (T g [ez]

6¥¢ FXOIYIOZ 4OVOLIE ONY N8 30 3400403 LOTIE AVIKIINGN

qIOX MaY) HILAVTY) "4 Aq pajpa THTTX 9sINO) g HuoRpuRy (DXL AG r %8}
‘(2061) cog ‘eg “oog “afiyg V0 P RVETOR " d T pus XOQI0T 'y ‘amHOLAG - 'd fezl
“(TL61) 089 ‘6% “weq asy “shyg TARKEM f P (53]
"(3L6T) ¥98
‘6% “neT taay shyg TRADEHANIONT (N pue FINVZIITT ) HOLIAOKOTAY Y ' [1g]
(wmyeiry) (s9g1) zey ‘gz e
Y SRy f(6o6T) 09 QT ‘e tasyr ehiy g HIRIAYIY A4 ' puw LIRMI0) g "¢ [0g)
"(8g61)
11 ‘S “jog -wayy) #hyg t(LegT) 8501 'gg “ziq ‘avag .mﬁ.ﬂ AN UVEAL '] ‘g [61)
69T 'd (2961 “X ‘N Yoy Aay) suopozy fo Roayp :xoxy gy [gy)
(3961) 61 ‘B “may asy -shyg FIXIVRAEOLY) “y cp Iyq)
F1 A (96T XX ‘Wiox may) 5a1dg Jo sapdiovaed at0py g pue xa0g 'I{ [or]
(8961 9P6 ‘GRY w0y -shyg FTIAAIOY Cp cp [gi]
(£961) 1% UL “"noeg ~aay ey g MUV Y puw ADOTHON “IY ‘P ‘a1INda0y ‘p T IF1]
(1861) L3 ‘6 “shyg asp wuy FHAVI-LEAIIZ0Y Iy [g1]
(1961 ‘PLOFX () wertanbiv - dvwpny fo .m.&&u:.ri. My RVOvEA Y ‘5 Lan]
‘e d ‘(cag1 0 ‘Snquempo)y) DUIMONIY T ondeo AUIUNUO MAHOIAG N g i
{061 ‘Pi0Ix()) L ‘jo3s Honvpvy fo \?Eﬁh WIHOnd) PEETLIHET * AL [o1]
‘(8961) 182 CLT a2y cshyg FMOIY "H Y puw 48XGH 'H D
TSIV T AL H9g61) coz1 LY e asy sy PLANAH "H ) pue LEIVA T (6]
‘ZF d ‘(pogl “XUX jaoyx MIN) spyoy fo Ravay WRTH IR FIILIY o [g]
(1961) gog ‘BOTY ooy ‘Royr V0UT ONVAY 'y [2]
(6961 XN NIo1 may) HIAAYTY) ¥ £q pagips
ITTY ARINOD :mN.M..w BuoIpUIYy “{g961) 8lc ‘Lz v oy .he% o g INOGROT)Y ‘ol
(8961) 801 ULT ey shiyg FLILAHYY ¢ ¥ ) pue AUNAH CH ) [g]
(g961) 613 I8 ooy shyg MG INVATTOR g "L PU® "¥HOLlg ‘N 'd [#]
(e96T) 13LT Y SEL vy cefiyg INTHE 'Y X fg]
"1daur00ut 81 raded S Jo [gf] ou ur pagrodaa Juswnuron oYy,
(1261) 92e¥ *F g way -shyg H8961) L¥e ‘61g ‘¥ gg “naT SRy INUAYIY & g [g]
(8961) 909 ‘BTT ey $hyg FXVHS¥AJ g " pur® xuoumg
“RA07Tg N w pozrodags S4[UBAI 3OS J0O vsn ATjuanbagy IeW [[eqs om soded Ud
~gaad o) unoam=c..a.ﬂ ‘{cogr CACN ‘Hdo gy aoN) saydp UL U A ‘RKuvgraRaoTg ‘N [1]

SAINIY IIATT

(4Ld) poqew uzsrad
24} Lq o pardnos U3eq swy Wenjerpwr 4 (dR) o) puw wonvIdIuLT OIIOULIRY - puogss
iq poajmxa Udq seq pray ar [6¥] Pasamgar  Appuasa uaoq svy (g9 ie¥'g = fory)
OUZ ul pueq [genspsar UONDXA-] Oy ur g jo UoReNoxs aeautjuou ELAR

“sfooud w3 pappy Koy

ToF] ur uaary aze [IN) Ur aausuosar uonaxs °Z 943 01 ainwar

sajdwexs [eopawmy MOy (g ‘J93%) wonwiIwaS Louanbagy wns iq 10 Surxru
ABM-F IO poylam oty Aq suojuerod asegns 1ojaxa M1 3o uonwdnsaAur oy

01 padde aq wes PaqIIsap 3snf aany am awo M 03 Iepuars anbiuyaey v

INILAYK qq 1 8%e




