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Values for the electro-optic and second-harmonic-generation coefficients [r4 and dis(SHG)] can be
calculated from absolute spontaneous-Raman-scattering data alone. The ratio of electronic and lattice
contributions to 74, and the stimulated Raman gain coefficients for the LO and TO modes, may also be
obtained. The technique is applied to GaAs and the value for 74 [(1.540.1)X 1072 m/V] agrees with
direct measurements, while the value for d,s(SHG) [(1.440.1)X 107 m/V] is within the range of some

direct SHG measurements.

HE nonlinear optical properties of insulating
crystals are derived from two sources: first, the
perturbation of the optical polarizability by an electro-
magnetic field acting through a lattice displacement
(lattice or deformation potential interaction); second,
the perturbation of the optical polarizability produced
by the direct action of the field on the electronic energy
levels (nonlattice or electronic interaction).

In piezoelectric crystals with only one simultaneously
Raman- and infrared-active mode of given symmetry
type, measurement of the absolute scattering effici-
encies for longitudinal and transverse modes Sy and
Sr and the corresponding frequencies is sufficient to
determine separately the lattice and electronic con-
tributions, their ratio C, the electro-optic coefhcient
7.1, the nonlinear coefficient d;;;(SHG), and, with the
measured linewidths 2T, the gain coefficients for stimu-
lated Raman phonon or polariton scattering. The
technique is applied to high-purity GaAs and the result
is found to agree with previous measurements of 713
and C but contradicts an earlier second-harmonic-
generation measurement of di23(SHG). Several other
techniques have been employed in the past to determine
the absolute contributions of the lattice and nonlattice
terms to electro-optic nonlinearity in LiNbOj3! and
GaAs? and the relative contributions in GaP?® and
ZnSe*

In the case of semiconductors (where the macroscopic
field may be regarded also as the “local” field), Loudon®
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has shown that both lattice and electronic interactions
contribute to the Raman scattering efficiency for longi-
tudinal modes (S.) but that only the lattice interaction
contributes to the scattering efficiency for transverse
modes (S7). It should be noted that what Loudon
terms an electro-optic coefficient (z:;x) is, in fact, only
the electronic (nonlattice) contribution (£jx/€on* in the
notation of Refs. 1, 7, and 8) to the conventional
electro-optic coefficient (rijx).! In ionic crystals where
the Lorentz field is the appropriate local field,® the
technique also applies, although some care must be
taken to identify coefficients based on macroscopic
parameters with microscopic interactions in a con-
sistent fashion. When the crystal structure permits sev-
eral simultaneously Raman- and infrared-active modes
of the same symmetry (as in LiNbO;), the present
technique is complicated but determination of nonlinear
coefficients from Raman data is possible in principle.”
We ignore plasmon and polariton effects (i.e., the
plasma frequency is assumed much less than the TO
frequency and the phonon wave vector is assumed
much greater than the TO frequency divided by the
velocity of light); then for crystals with zinc-blende
structure the Raman efficiencies inside the medium are
given by!®
Spr=0r,2p7Y de1s/dQs| %L 7, ¢))

hwt (AL, r+1)IdQ
OLT=———"—"""""", (2)
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with

where p is the reduced mass density, wr and w; the
transverse and longitudinal mode frequencies, w, the
Stokes frequency, 7 the Bose factor, ! the scattering
length, and dQ the scattering solid angle.

The differential polarizability dai»/dQ; for the TO
mode is da12/dQ3=a123, and (introducing the notations
of Refs. 1 and 2) for the LO mode, we have

dam aalz aalz 6E3

dQs 9Qs 9E; 9Qs

=aios+ 12385 (wr) =aues[[1— (@C) 1],
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TasLE I. Comparison of electro-optic, optical rectification, and
SHG coefficients from analysis of Raman scattering with those
obtained from direct measurement.

741 dis (SHG) dis (OR)

(1072 m/V) (10719 m/V) (1070 m/V) C
1.5+0.1 1.4+0.1 0.55+0.03 —0.59%
1.5+£0.3 1.0+£0.2 0.554-0.1 —0.46°
1.5:t0.2(‘. e - P

ce 1.940.9¢
3.741.3¢ cee
cee 1.04+0.17¢
0.69-£0.13f
a This paper. ©See Ref. 13. eSee Ref. 17.
b See Ref. 2. d See Ref. 16. fSee Ref. 18.
where, neglecting damping,
eon 22 wp
si=[ ] : @)
apwr*l wrt—w?
a=wr*(wll—wr?) ™, €))

1, is the high-frequency refractive index, and C is the
ratio of lattice and electron contributions at w=0,
e, C=a12483(0)/123. The electro-optic coefficient at
modulating frequency w — 0 is given by*®

— €o1t*r 123 = 12383 (0) £ 123
=aw12383 (0)[1+C_1] ’ (6)

with % the refractive index at the optical frequency,
which may differ from »,, in Eq. (4).

Combining these equations to find the nonlinear
coefficients in terms of measured quantities yields

Cl=a[1£(o7rSL/0LST)VY], Q)
riit =S 2 (14+C)?/ emdawr’or, 8)
Lijp=—eon'riji/ (14-C). ©)

The electronic nonlinear coefficient is related to quan-
tities defined elsewhere® by &z =4€ud;;(SHG) and
d1as=d1s, T123=re3=r4. The square root in (7) leads
to a sign ambiguity that can be clarified as noted
below. The scattering efficiencies and linewidths can be
used to obtain phonon Raman gain coefficients’® and,
with C, polariton gain coefficients.5*

A GaAs sample with edges along [100] axes having
3X 10" carriers/cm? a mobility of 5900 cm?/V sec,
and resistivity of 4 @ cm was used in the experiments
with 90° scattering geometry. After taking the geometry
into account,? the efficiencies corresponding to aies
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are
S./LdQ=(2.340.2) X10~% cm™! sr!,

Sr/LdQ2=(1.5£0.2) X107% cm™* sr~?,
wr=292 cm™!,
2rp=1.6 cm™,

wr=269 cm™!,
2I'r=1.7 cm™!

for 1.06-u excitation using measurement techniques
described previously.®® Because the plasma frequency
is much less than wr, plasmons play no role.? From
Egs. (7)-(9), taking #n*=12.1 at 1.06 x and n,2=11.1,"4
we calculate r4=(1.54£0.1) X102 m/V, C=-0.59,
and du(SHG)=(1.4240.1)X10™° m/V. [In esu, ra
=4.5%X10"8 and d14(SHG)=3.3X107".]]

The other solution is 74=30.75X10"2 m/V, C
=+40.07, and d14(SHG)=10.6X10"° m/V. A crude
measurement of 74 or di4 serves to eliminate this solu-
tion. Alternatively, a qualitative inspection of Raman
spectra for material with sufficient carrier density to
permit observation of the plasmon-LO-phonon cou-
pling? or of polariton spectra* would also suffice to
eliminate this solution, which corresponds to con-
structive interference between the deformation po-
tential and electronic nonlinearity terms.

The clamped electro-optic coefficient of semi-insulat-
ing GaAs has been measured directly by Turner'
[rs41=(1.540.15) X 1072 m/V at 3.39 x and 63 MHz]
and is in good agreement with our first solution but
not with the alternative solution. Qur results for 74,
d14(SHG), and C are in reasonable agreement with
those of Mooradian and McWhorter obtained by a
different technique.? Our value for dis(SHG) agrees
within experimental error with the (SHG) measure-
ments of Wynne and Bloembergen! but disagrees with
the value obtained by Patel.’” The various values are
compared in Table I, along with values for the optical
rectification coefficient d14(OR) =1#n%4:.1® The nonlinear
coefficients are expected to be only weakly wavelength-
dependent for wavelengths greater than 1 u, which is
well removed from the band edge.* 1

The Raman phonon gain for a fundamental-mode
1.06-u pump with confocal focusing in the crystal is
calculated® to be 1.59,/W for a single pass. Although
this gain is quite large by comparison with that of
other solids,® our measurements on several GaAs
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18T, Y. Chang, N. VanTran, and C. K. N. Patel, Appl. Phys.
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optical mixing measurements at difference frequencies of 53.5 and
54.3 GHz.
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samples at 1.06 u indicate that the lowest absorption
coefficient for currently available bulk material is ~0.7
cm™!, which makes these crystals unsuitable for Raman
oscillator applications with the Nd-YAG laser.

The method described here is well suited to measure-
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ments of 7, on wurtzite or zinc-blende-type crystals
with conductivity too large to sustain low-frequency
modulating fields. It also provides more accurate mea-
surements of £;;; than present high-power-pulsed SHG
measurements.
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Measurement of the Lowest-Order Nonlinear Susceptibility in III-V Semiconductors
by Second-Harmonic Generation with a CO, Laser*

J. J. WynNEt AND N. BLOEMBERGEN
Gordon McKay Laboratory, Harvard University, Cambridge, Massachusetls 02138
(Received 8 July 1969)

Both the magnitude and sign of the nonlinear susceptibility d14¥%(—2w,w,w) describing second-harmonic
generation at 10.6 u have been measured in wedge-shaped semiconducting samples using a Q-switched CO.
laser. The results are (in units of 1076 esu) : djs= +1.0 for InAs, +0.45 for GaAs, 4-0.26 for GaP, and +1.5
for GaSb. The limits of error are discussed, and the results are compared with previous experimental data
and with several recent theoretical calculations. The effect of uniaxial compression on the coherence length

for second-harmonic generation is also measured.

I. INTRODUCTION

HE nonlinear susceptibility describing second-

harmonic generation in III-V and II-VI semi-
conductors was first measured in the visible and near-
infrared region of the spectrum. Patel'? first observed
the second-harmonic generation (SHG) in these
materials with a CO, laser beam. He pointed out the
difficulties in obtaining accurate values for the non-
linearity which are associated with the long coherence
length. He measured the transmission through a plane-
parallel slab which could be rotated. This technique,
first introduced by Maker et al.,® presents difficulties
in high-index materials with long coherence lengths.
It is difficult to control the geometry, and because of
the high Fresnel reflection coefficient, significant
changes in the fundamental intensity distribution are
caused by the standing-wave pattern inside the plane-
parallel slab. In addition, the absorption in samples
which are many coherence lengths thick may be sig-
nificant. The experimental corrections are large and
uncertain. I't should be pointed out that the observation
of second harmonic (SH) in reflection obtained in the
visible region is free from these uncertainties.* It is of
considerable interest to obtain reliable values of the

* Supported in part by the Joint Services Electronics Program,
under Contract No. N00014-67-A-0298-0006, and by ARPA,
under Contract No. SD-88.
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nonlinear susceptibility in the far infrared, because
these values may be compared more readily with
theoretical calculations. These make use of the low-
frequency approximation, in which all energy denomi-
nators are replaced by an effective energy-band gap.
Several of such calculations have recently been pub-
lished for the simple structures of III-V and II-VI
semiconductors. The experiments to be described in
this paper were, in fact, a stimulus for these calculations.
The results of the next-higher-order nonlinearity, de-
scribing third-order optical mixing, have already been
published.®

The experimental method of determining both the
magnitude and the sign of the susceptibility for SHG
in these high-index materials is described in Sec. II.
The determination of the sign is new and the results
for the magnitude, believed to be more accurate, are
compared with previous experimental results and with
theoretical calculations in Sec. III. In a final section
the effect of uniaxial compression on the coherence
length is investigated. It was originally hoped that
phase matching in these materials could be achieved
in this manner, but the required uniaxial stresses are too
large.

II. EXPERIMENTAL METHOD

The experimental difficulties associated with SHG
in transmission through a plane-parallel plate of high-
index material with small dispersion, mentioned in the
Introduction, are discussed in more detail in Appendix
A2 of the Ph.D. thesis of one of the authors (J.J.W.).6
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