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We report the use of Sr; _, Ba, Nb,O as an efficient holographic four-wave mixing medium. We
have used this material in a continuous wave phase conjugate mirror with reflectivity exceeding

unity, and in a phase conjugate resonator.

PACS numbers: 42.65. — k, 42.70.Fh, 42.60.Da, 42.40. — i

An increasing amount of the research in phase conju-
gate optics’ has been directed recently to the study of photo-
refractive crystals such as Bi,,SiO,, (Ref. 2) and more recent-
ly, BaTiO,.** This is due mostly to the fact that these materi-
als hold, at the moment, the best prospect for real-time im-
age processing, such as convolution and correlation,® edge
enhancement,® and image amplification’ at moderate cw
power levels.

Using BaTiO, with its large mixing efficiency led to the
demonstration of phase conjugate reflectivity exceeding uni-
ty and continuous wave phase conjugate resonators® as well
as to new optical oscillator configurations including unidi-
rectional ring oscillators.* Until recently, the only photore-
fractive crystal demonstrated to be efficient enough for use
in a high reflectivity phase conjugate mirror was BaTiO,,
with samples produced by a single source in the world.?

We report here the first use of Sr, _, Ba, Nb,O (SBN)
as an efficient photorefractive four-wave mixing medium.
We have observed phase conjugate reflectivities exceeding
unity in a crystal with x = 0.4 and constructed a phase con-
jugate resonator in which an oscillation beam was seen to
build up between the phase conjugate mirror of Fig. 1 and an
ordinary plane mirror facing it. The crystal was pumped by
an argon laser delivering milliwatts at 476.5 nm. It measured
7X 55 mm, and was poled into a single domain so that the
¢ axis was parallel to the 7-mm side.
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FIG. 1. Four-wave mixing arrangement appropriate to a phase conjugate
mirror, showing the pump beams (solid} and probe and phase conjugate
beams {dashed), as well as the relative orientation of the ¢ axis of the crystal.
In the phase conjugate resonator a plane mirror is provided to retroreflect
the phase conjugate beam.
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The early history of SBN, like that of BaTiO,, includes
its use as a holographic storage medium.’ In attempts to
optimize the holographic sensitivity of photorefractive crys-
tals in general, and SBN in particular, studies have been
made of the effects of applied electric fields® and crystal dop-
ing.'® An electric field E,, parallel to the k vector of the
grating modifies the charge carrier transport behavior so as
to enhance the recording sensitivity. Crystal doping in-
creases the pool of charge carriers, since the wavelength of
the writing beams is generally longer than that of the intrin-
sic band gap of the material. By choosing crystals with large
electro-optic coefficients, the link between space charge and
refractive index grating can be made stronger.

Now it is exactly these refractive index gratings which
areresponsible for four-wave mixing in photorefractive crys-
tals, and it is with the electro-optic tensor and doping, or
impurities in the crystal in mind that we selected SBN as a
likely candidate for efficient four-wave mixing and phase
conjugation. In a recent paper,’' we examined the steady-
state phase conjugate reflectivity R of a photorefractive
phase conjugate mirror (Fig. 1) which, in the undepleted
pumps and single grating approximations,'! is given by

sinh (y /2) 2 1
cosh {{¥/ + iln r) M
where /is the length of the crystal (Fig. 1), 7is the ratio of the
intensities of the two pumping beams, and

R =

¥ = ione” /2c cos 6, (2)

where @ = 90 — S is the angle between the probe and the
normal to the crystal (Fig. 1) and ¢ is phase shift between the
grating and the light interference pattern. The parameter n is
proportional to the effective electro-optic coefficient 7,
Since both BaTiO, and SBN belong to the point group 4 mm,
this effective electro-optic coefficient is given by

e =713 8in [(@ + B)/2], (3)
for mixing beams of ordinary polarization and
ree = {nirsysinasin B + 2n2nlr,, cos® [Ya + B)]

+ ngri; cos a cos B }sin (Yl + B)]1/n,nd, (4)

for mixing beams of extraordinary polarization, where @ and
B are the angles of the pump beams and phase conjugate
beams with respect to the ¢ axis of the crystal, as shown in
Fig. 1. The r; are the electro-optic coefficients, and n,and n,
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are the ordinary and extraordinary refractive indices,
respectively.

When two beams intersect in a photorefractive crystal,
they write an index grating and, in general, this grating cou-
ples power from one beam to the other. We performed such
an experiment, coupling beams 4, and 4, (Fig. 1 when the
other two beams are absent). From the theory of this effect'?
we derived a coupling strength comparable with the value
which would produce a phase conjugate reflectivity R equal
to one; that is |¢/ | = 1.762. This is the threshold for a phase
conjugate resonator.

Now, in the case of BaTiO;, high phase conjugate re-
flectivities were obtained by taking advantage of the large
electro-optic coefficient'® ,,~820%x 10~ '*mV~". On in-
spection of expressions (3) and (4) we see that this necessitat-
ed first the use of extraordinarily polarized light and second,
(@ + B)/2 could not be a multiple of 7/2. That is, the grating
wave vector cannot be parallel to any crystal axis. This, to-
gether with the high refractive index of BaTiO; (n, = 2.42),
made it necessary to orient (100) cut crystals at large angles
with respect to the incident beams. (100) cut crystals are used
because during poling, it is necessary to apply an electric
field parallel to the ¢ axis. For SBN, however, the largest
electro-optic coefficient is 7;;, which measured
~200X% 1072 mV~! for the sample in which we observed
high reflectivity. The grating wave vector could thus be par-
allel to the ¢ axis, so that the beams could be incident at near-
normal angles to the crystal surface. When we demonstrated
the phase conjugate resonator we used a = 83° 3 = 78° be-
cause of restrictions imposed by optical inhomogeneities
(striae) due to stress in the crystal. These inhomogeneities
tended to scatter beams travelling in some directions more
than others.

In this letter we have reported high phase conjugate
reflectivities in Sr, _, Ba, Nb,O, for x = 0.4. However, we
feel that even better results will be obtained for lower values
of x. As the concentration of barium decreases, the para-
ferroelectric phase transition temperature drops to 7,
~56°Cat x = 0.25 which represents the lowest stable con-
centration at barium obtainable in SBN. The closer the oper-
ating temperature is to 7, the larger the electro-optic coeffi-
cient becomes, especially for the case where the
low-frequency electric field is along the ¢ axis which is the
direction of spontaneous polarization. The electro-optic be-
havior of oxygen-octahedra ferroelectrics is described by the
constants g;;.'*'* In terms of them, the electro-optic tensor is
given by

rys = (2811/€ Yeole. — VP,

ris = (28,2/6 Yeole. - 1P, (5)

Tz = (8aa/6 VJ€ol€. — 1)P;,

€, and ¢, are the relative dielectric constants of the crystal
parallel and perpendicular to the c axis, respectively. P, is
the spontaneous polarization and the g; are given by 0.17,
0.04,and 0.12 m*/C?for g,,, 81,,and g, respectively.  is the
packing density of the octahedra normalized to that of per-
ovskites. For tungsten bronzes like SBN, it is 1.06. Thus, the
r; increases with the €P; as the phase transition temperature
is approached. "
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TABLE L. Absorption of several photorefractive crystal samples at laser
wavelengths.

em™! BaTiO, x=04SBN  x=025SBN
632.8 nm 0.51 0 0
+0.01 +0.0t +0.01
514.5 nm 1.0 0.16 0
+0.05 +0.04 +0.01
476.5 nm 113 0.19 0.04
+0.02 +0.04 +0.04

In SBN with x = 0.25, the electro-optic coefficient 75 is
about 1330 X 10~ mV ~! at room temperature.'® We tested
acrystal of SBN with this barium concentration and failed to
obtain high phase conjugate reflectivity, probably because
the ionizable charge carrier density was too low. This hy-
pothesis was strengthened when we looked at the absorption
in the sample (Table I). A crystal grown at Rockwell,

x = 0.4, did give high phase conjugate reflectivity, in spite of
its lower electro-optic coefficient. Its room-temperature
half-wave voltage of 300 V at wavelength of 632.8 nm indi-
cated an 7, of ~200X 107> mV ™, while the theoretical
expression (5) gave 75, ~600X 10~ '* mV~" based on P, =
0.27 °C/m? (Ref. 17) and the measured value of €, = 880. It
did, however, absorb more at 476.5 nm than the x = 0.25
sample, as we see in the table. We observed also that neither
sample absorbed sufficiently in the red to give high phase
conjugate reflectivity at the helium neon laser wavelength at
632.8 nm where our BaTiO; sample, whose absorption char-
acteristics are given in the table, still excels.

In conclusion, then, we have demonstrated the photore-
fractive material SBN in the construction of both a phase
conjugate mirror with reflectivity greater than one, and a
phase conjugate resonator. We have made some preliminary
comparisons of two samples of SBN with differing barium
concentrations. More complete studies'® of the effects of
crystal dopants, barium concentration, and operating tem-
perature will be the subject of future publications.
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We report here the observation of a linear dependence of cw single-frequency (GaAl)As diode
laser linewidth as a function of reciprocal output power at 77, 195, and 273 K. The observed data
are explained in terms of spontaneous emission events and their related refractive index

perturbations.

PACS numbers: 42.55.Bi, 42.55.Px

The use of semiconductor diode lasers as high-resolu-
tion spectral sources requires an understanding of the
linewidth characteristics of these devices. Reported here is a
study of the output power and temperature dependence of
the spectral linewidth of cw single-frequency (GaAl)As di-
ode lasers.

The experiments were carried out on single-frequency
channel substrate planar (CSP) Hitachi and transverse junc-
tion stripe (TJS) Mitsubishi diode lasers. The linewidths
were observed to increase linearly with reciprocal output
power"? with a slope significantly greater than the calculat-
ed Schawlow—Townes linewidth at all temperatures. A sig-
nificant power-independent contribution to the linewidth
was observed which is attributed to refractive index fluctu-
ations resulting from statistical fluctuations in electron num-
ber in the small active volume of the device, and is presented
elsewhere.? The power-dependent linewidth data are report-
ed here and the discrepancy between the experimental obser-
vations and the Van der Pol oscillator treatment of the
Schawlow-Townes linewidth* is explained using the en-
hancement factor of Henry.®

The experimental arrangement has been described else-
where.? The devices were thermally isolated in a Dewar to
reduce temperature fluctuations to an insignificant level.
Each data point for a particular power and temperature was
the result of the integration of many Fabry—Perot interfer-
ometer scans using a computer. The output power was mea-
sured using a calibrated silicon photodiode, and a dual-grat-
ing (12 000 lines/mm) 3/4-m spectrometer was used to
verify single-frequency operation of the laser diode. Precau-
tions against optical feedback were taken to avoid affecting
the output of the devices. Injection current noise in the di-
odes was minimized by using a shielded lead-acid battery
based passive component power supply incorporating a 500-
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kHz bandwidth filter network. Linewidth measurements
were made using a scanning Fabry—Perot interferometer
with a resolution of 3.5 MHz. The experimental data pre-
sented are for one particular TJS laser at 273, 195, and 77 K,
and are representative of the typical performance of 15 such
diodes. The single-ended output power versus injection cur-
rent characteristics for the diode lasers at each of the three
temperatures was quite linear over the entire operating
range.

The fundamental linewidth of a laser due to quantum
phase fluctuations is given by the relation®

2I' = (whvl 2/P)ng,, (1)

where 27" is the full width at half-maximum of the emission
line at frequency v, P is the intracavity power emitted by
stimulated emission, and I, is the passive resonator
linewidth given by

I, =claL —InR)/2mnL, 2)

where 7 is an effective refractive index including dispersion,
a is the mode loss coefficient, L is the cavity length, and R is
the facet reflectivity. Equation (1) applies to the case where
the driving noise source, spontaneous emission, is homogen-
eous and band limited.

Experimentally, we measure the single-ended output
power P,, which is related to the intracavity power P by

P, =[In(v'R)/{aL —In R )]P. (3)

The spontaneous emission factor n,,, which is the ratio of
spontaneous emission rate per mode to the stimulated emis-
sion rate per laser photon, is for a semiconductor laser ex-
pressed as

ne ={1—exp[(hv+Epy — Exc)/kT 1} (4)
where E. and E, are the conduction-band and valence-
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