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Radiation near 5,3 pm arising from the collinear phase-matched mixing of a 10,6-um
@-switched laser beam and a pulsed ultrasonic shear wave has been observed in GaAs,
Phase matching occurs when the crystal momentum of the acoustic phonon is adjusted to
equal the familiar momentum mismatch observed in conventional second-harmonic gener-
ation in cubic GaAs. Three components of the susceptibility governing the four-wave

interaction process were measured,

For the first time the nonlinear phase-matched
mixing between two infrared waves (angular fre-
quency wg) and an acoustic wave (w,) to produce
an output infrared wave (w.) has been observed.®
Cubic GaAs was used. Since the acoustic fre-
quency (15.7 MHz) was small compared with the
optical frequency, the output frequency was ex-
tremely close to that of normal optical harmonic
generation. The nonlinear four-wave interaction
is weak and was observed only under conditions
of phase matching. The interaction can be visual-
ized physically as arising from a second-harmon-
ic coefficient induced by the lattice distortion of
the acoustic wave. Since the distortion and hence
the coefficient will change sign every acoustic
half-wavelength, phase matching will occur if the
acoustic half-wavelength is made equal to the co-
herence length /. of second-harmonic generation
(SHG), that is,

Aa/2=1,=7/AR, (1)

where Ak=Fk,—2k; and k, is the wave vector of
the second harmonic at wy =2w,, Equation (1)
yields the more familiar form of a phase-match-
ing comndition,
ke=2kp+k,, (2)

since the output wave vector k. =k,. This pos-
sibility of using an acoustic phonon to achieve
phase matching has also been considered by Har-
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ris, Wallace, and Quate.?

Two phase-matched interactions, forward-
wave sum mixing (FWSM) and backward-wave
difference mixing (BWDM), were observed.
They are governed by

(“)C¢=2‘-‘)F3t W4y,

key=2kp+ky,. (3)

The acoustic frequencies w,, needed for exact
phase matching of the two interactions in these
experiments differ only by 1.1 kHz. Since the
full width at half-maximum of the phase-match-
ing curve is 296 kHz for an interaction length of
1 cm, both FWSM and BWDM can be nearly
phase matched simultaneously. in Fig. 1 are

IN ke o ke Lk
(@) R
ouT = ke 3
A ke o
(b) G
out <A ke =5

FIG. i, Wave-vector conservation diagrams for
(a) collinear forward-wave sum mixing and (b) back-
ward-wave difference mixing.
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shown the vector diagrams for wave-vector con-
servation for FWSM and BWDM. Note that for
the case of BWDM an acoustic phonon is emitted,
whereas for FWSM it is absorbed. FWSM and
BWDM should be of equal strength under the con-
ditions studied since the polarization generated
is independent of the type of phase matching.

The nonlinear polarization at the combination
frequency wc is proportional to the acoustic dis-
placement gradient u,; ,(w,)= du,/dx, and to two
electric fields at wz. In mks units we define the
nonlinear coefficient f; j;, by

Ciwe)= Eof({)Cjwfwfu;.AEj(wF)Ek(wp)uz,m(wA), (4)

where ®;, E;, and u; ; represent peak Fourier
amplitudes of the nonlinear polarization, electric
field, and displacement gradient waves and re-
peated indices indicate summation. f;,,;, is non-
zero only in noncentrosymmetric crystals and
Siirim1,m Plays a role similar to the nonlinear co-
efficient d;;, of SHG. The many sources of this
nonlinearity and its symmetry will be discussed
elsewhere.® Since the output power is proportion-
al to the square of ®, it will be linear in acoustic
power and quadratic in input optic power.

Since accurate absolute measurements of non-
linear coefficients are difficult in pulsed experi-
ments, we chose to compare the strength of the
acoustically induced harmonic with normal SHG.
The power P, radiated at w; was measured at
phase matching and compared with the SHG pow-
er P, radiated from a single-coherence-length
crystal of GaAs with the same experimental ar-
rangement. The SHG was observed in a collinear
interaction in the [110] direction with E p in the
[171] direction. Absolute measurement of P,
yielded a value consistent with recent measure-
ments*”® of the nonlinear coefficient, indicating
that our apparatus was functioning properly. By
assuming that the beam cross section at wy, is
the same in both cases and that the GaAs crys-
tals of both experiments are in the near field of
the focused fundamental beam” (i.e., short com-
pared with the confocal parameter), the relative
powers generated from the same fundamental la-
ser beam can be shown to be

P : (fVu)*?sin®@ 4 /¢ 42 (5)
PH %(dlqlc 2/”)2 ’

where [ is the length of the crystal over which the
acoustic and optic fields interact. d,, is the co-
efficient of normal SHG, ¢ ,=7Af4l/v,, and Af,
is the frequency departure from exact phase
matching. At the latter condition sin?@ ,/¢ 42 =1.

The full width of the phase-match curve at half-
maximum can be calculated to be (0.296 MHz
cm)/I using v 4 =3.345 X 10° cm/sec characteris-
tic of a shear wave traveling along [001] in GaAs.?
The factor of 2 in Eq. (5) represents the sum of
FWSM and BWDM powers for equal acoustic in-
tensities for each interaction.

A number of components of f;,.;, are nonzero
for the point-group symmetry of GaAs (43m). In
this Letter we report the values of three compo-
nents whose measurement was possible in a sin-
gle transducer geometry corresponding to collin-
ear propagation in the [001] direction. This ori-
entation was chosen because normal SHG is for-
bidden by symmetry in this direction. The com-
ponents measured and the field orientations used
are

Firrest E(U)F)H[IOO]HE(WC);
S 12008° E(WF)“[Olo], E(wc)H[lOO];
Ja2123 = fa1225" E(wpl[110], E(wc)l[010]. (6)

In all cases an acoustic shear wave propagating
in [001] with displacements in [010] was used.
The experiment used a 10.6-um Q-switched
CO, laser having a rotating 5-m mirror separat-
ed by 2.5 m from a flat dielectric output mirror.
The beam was focused with a 10-cm focal length
BaF, lens into a GaAs crystal along the [001] di-
rection. The confocal parameter of the focused
beam within the crystal was 2.6 cm and thus dif-
fraction effects were negligible. The GaAs crys-
tal used for most measurements was 1.6 cm long
and was doped with chromium to yield a resistivi-
ty of 10® € ecm. Crystals of other lengths (0.5 to
2.5 cm) and resistivities (down to 0.1 £ cm) were
also used with similar results. . The laser power
averaged 50 mW in the lowest order transverse
Gaussian mode with a 0.2-usec pulse length at a
repetition rate of 400 sec ™! indicating a peak pow-
er of 625 W (higher powers often caused surface
damage). The shear-wave transducer, made of
PZT-5 ceramic, was 2.5 mm square with a 0.5-
mm hole through which the fundamental beam en-
tered the GaAs. The transducer impendance was
low and stepped up to ~100 © through a 4/1 trans-
former. Acoustic powers up to 400 W were used.
The acoustic pulse length was typically one
round-trip transit time. The acoustic pulse was
triggered by an anticipation pulse from the rotat-
ing mirror a few microseconds before the laser
pulse to allow the acoustic pulse to fill the crys-
tal. The timing of the laser pulse with respect to
the acoustic pulse was variable. It was generally
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set to coincide with the end of the acoustic pulse.
The detector was a Ge:Au photoconductor operat-
ed at 7T7°K followed by wide-band amplifiers and
a boxcar integrator.

The phase-matched interaction was clearly
demonstrated by a variation of f, as shown in
Fig. 2. The experimental curve was centered at
15.7 MHz. This corresponds by Eq. (1) to a co-
herence length [, of (107+2) um in good agree-
ment with previous measurements.*® The some-
what larger than ideal width of the phase-match-
ing curve may be attributed to the effect of acous-
tic diffraction which fills in the region of the
crystal not directly excited by the transducer.
This leads to an effective interaction length (1.1
cm) less than the crystal length (1.6 ¢m) and
hence to a broader phase-matching curve. Other
experimental evidence that supports the interpre-
tation as an acoustically induced harmonic is the
linear dependence of P, on P,, the acoustic pow-
er, and the quadratic dependence of P on Pg,
the fundamental power. We have also shown that
the interaction strengths of the FWSM and BWDM
are the same. The results® of our relative output
power measurements are

lfluzst =(0.9+0.5)d,,,
lf]zgzg/flnzgl :0.14,
If21223/f11123| <0.07, (7)

with the major source of error arising from de-
duction of the displacement gradient in the crys-
tal which was typically u, ,=1.7X107% We veri-
fied that the polarization of the output beam in
the measurements of f,,,,; and f,,,,, was as ex-
pected by theory, that is, that f,,,,5 and f,,5,,
were not detectable. Note that for unity displace-
ment gradient the measured interaction strength,
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FIG, 2. Output power near 5,3-um wavelength versus
acoustic frequency. Inset shows crystal geometry.
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fi112842, 5, would be comparable with the normal
lower order SHG interaction strength.

The theory of this interaction® yields the follow-
ing expressions for these coefficients:

1123 = XY GRS,
S 2223 = Xy €5 B 4~ =2d7CF B X, B L4/ /k(wg),

fzmzs_chwaFwA_dwchwB waFoJ /K(wB)
_.ngH‘UleF X5 waéwA /K(w,,) (8)

The five-index susceptibility on the right repre-
sents the direct interaction of the two input optic
waves and one input acoustic wave. The remain-
ing terms represent indirect contributions to the
susceptibility arising from acousto-optic scatter-
ing (frequency wz=wz+w,) followed by optical
mixing (frequency w¢=wgy+wp) in two cases and
from harmonic generation (frequency w, =2wp)
followed by acousto-optic scattering (frequency
We=wy+w,) in the third case. In each of the in-
direct processes involved here the intermediate
step corresponds to a longitudinal nonlinear po-
larization and hence does not correspond to any
radiated field at either wy or wy,. In Eq. (8) d,,,
=d, 3 =d,,,=d,, is the optical mixing coefficient
(the factor of 2 arises from the mixing of two dif-
ferent frequencies); Xssps = Xages = Xaa = —K2D4,/2 is
one of the photoelastic susceptibility components
(P44 is the Pockels photoelastic tensor compo-
nent); k(w) is the dielectric constant.

Values for the direct-effect susceptibility com-
ponents in Eq. (8) can be obtained from our mea-
surements in conjunction with measurements of
the other quantities in Eq. (8). Using a value®
of djy=+1.3 X107 m/V with a plus sign,* p,,
=-0.068'° (extrapolated value for either 5.3 um
or 10.6 um), k=10.87 at 5.3 um,* and « =10.69
at 10.6 pum, we find |X;;55 1.2 X107 m/V,
Xi2223~ (+0.8 or +1.1) X107 m/V, and +0.9 X 10~
M/V < X31005 S+1.0 X107 1 /V, The choice of val-
ues given for X,,,,, arises because we measure
only the absolute value of f,,,,5, while the range
of values for X,,,; arises because we measure
only an upper limit as well as an absolute value
of f,1505. Note, however, that we have deter-
mined the absolute signs of two of the components
based on our measurements and on the signs oc-
curring in the indirect effects. Though the values
Of Xi5005 And X,19,5 We find are slightly different,
we do not regard this as a violation of the Klein-
man symmetry argument'? by which they would
be expected to be equal in the frequency range
studied.
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The polarization selection rules governing the band-edge electroreflectance and photo-
reflectance spectra of CdSnP, are opposite to those observed in wurtzite II-VI semicon-
ductors and to theoretical predictions for similar chalcopyrite semiconductors. This re-
sult is explained by a new valence-band model with the essential feature that the sign of
the crystal-field splitting is opposite to that observed in wurtzite II-VI semiconductors.

The II-IV-V, compounds are ternary semicon-
ductors which normally crystallize in the chalco-
pyrite structure. They have physical properties
similar to the familiar diamond, zinc blende, and
wurtzite semiconductors by virtue of their tetra-
hedral coordination.? 1t is reasonable, there-
fore, to expect that the optical and electronic
properties of the chalcopyrite crystals can be
predicted by extrapolating from the well-under-
stood binary semiconductors. Although this as-
sumption has been invoked often in the interpreta-
tion of various experiments,’™ it has never been
placed on a sound experimental basis.

It was the original purpose of this work to es-
tablish the viability of this assumption by mea-
suring the electroreflectance and photoreflec-
tance spectra of CdSnP,, and interpreting these
spectra in terms of a slightly perturbed zinc
blende band structure. Instead, we have found
that the polarization dependences of the electron-
ic transitions from the valence-band maxima to

the lowest conduction-band minimum are oppo-
site to those which have been predicted theoreti-
cally®* for similar chalcopyrite crystals. The
polarization dependences which we observe in
CdSnP, are opposite to those observed in wurt-
zite II- VI semiconductors. To explain our re-
sults we propose for CdSnP, an ordering of the
valence bands in which the chalcopyrite perturba-
tion produces a negative crystal-field splitting
of the valence-band maxima. The triply degener-
ate ' ; in zinc blende is split in CdSnP, such that
the nondegenerate level I', lies above the doubly
degenerate 'y, just opposite to the ordering ob-
served in II-VI wurtzite semiconductors.® The
doubly degenerate state ', is then split by spin-
orbit coupling. We conclude that the chalcopyrite
crystal potential has significant effects on the
electronic structure.

In Fig. 1 we present the electrolyte electrore-
flectance® spectra near the fundamental edge of
solution-grown’"® CdSnP, measured, respective-
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