PRL 94, 173902 (2005)

PHYSICAL REVIEW LETTERS

week ending
6 MAY 2005

Frequency Bistability of a Semiconductor Laser under a Frequency-Dependent Feedback
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The emission frequency of a diode laser submitted to a frequency-dependent optoelectronic feedback is
observed to have more than one stable operation point together with a stable power emission. This is, to
our knowledge, the first observation of bistability exclusively in the frequency of an optical system. The
experiment was carried out with a semiconductor laser coupled to the cesium D, line by an orthogonally

polarized frequency-sensitive optical feedback.
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Feedback is an important control mechanism whose
applications occur in such various disciplines as biology
[1], economics [2], and chemistry [3]. In physics, feedback
has been used, for instance, as a control mechanism of
fundamental quantum properties [4]. Optical cavities (OC:
Fabry-Pérot, ring, or laser) with nonlinear media inside are
physical systems adapted to studies of feedback manifes-
tations, bistability being one of the most important behav-
iors resulting from feedback in such nonlinear systems [5].

The bistability in OC [6] has been demonstrated in
experiments where both dispersive [7] and absorptive [8]
responses of the nonlinear medium to the radiation field
were explored. Recently multistability has been observed
in an optical ring configuration [9] where the system ex-
plored both regimes, following an absorptive bistability
curve during the up scanning of the input intensity and
returning along the dispersive response of the atomic
medium.

Semiconductor lasers also are largely used for studies of
the dynamic response of the emitted radiation when these
nonlinear systems are in the presence of feedback [10,11].
As a consequence, diode lasers (DL) have been employed
to investigate bistability in power [12], polarization [13],
and operation between different oscillating modes [14] in
experiments where the frequency is a key parameter to the
observation and control of such bistable states. However,
no observation of an equivalent multistable behavior only
in the optical frequency has been reported.

Actually, optical bistability has meant possible operation
over two output intensities and presents potential applica-
tions, in all-optical logic gates and optical computing, as a
switch (between two states of the output power), memory,
converser, etc. We report here the first observation of
bistability in the frequency response of a stable-power
single-mode laser under frequency-sensitive feedback.
This bistability in frequency opens the way to applications
where optical digital information may be carried with a
constant intensity level but using the switch between the
two frequency branches, completing the analogy, in the
optical domain, with the existent FM and AM radio fre-
quency communication technology. Indeed, a recent dem-
onstration [15] of frequency oscillation in a stable-power
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semiconductor laser achieved with a filtered feedback al-
ready paves the path for these all-optical FM applications.

The observation, reported in this Letter, of the hysteretic
behavior of the laser frequency is due to our ability to
separately (i) control the carrier density (and consequently
the emission frequency) of the semiconductor directly
through its linear dependence to an orthogonal (TM-
polarized) feedback power, which does not interfere with
the oscillating field (TE-polarized) in the semiconductor
cavity and (ii) use the spectral nonlinear response of a filter
to modulate the optical field reinjected into the laser cavity
(see Fig. 1).

Obviously one should expect less sensitivity of the laser
behavior (dynamical response, frequency shift, and emis-
sion linewidth) to TM than to TE feedback. Systematic
studies of the laser dynamics mainly use TE feedback,
whose operations are usually described by the Lang-
Kobayashi equations [16], and the phase of the returned
TE beam is a very important parameter as shown, for
example, by different results obtained with coherent and
delayed TE feedback [17]. Conversely, TM feedback es-
sentially acts on the carrier density in the diode junction
“saturated”’ by the oscillating TE field and does not inter-
fere with this field [18]. We emphasize then the different
nature of the results presented here from previous studies
of frequency dependence of the intensity dynamics in
semiconductor lasers submitted to a constant [19] or to a
filtered [20] feedback, as well as from two modes bista-
bility [21].

A single-mode, current- and temperature-stabilized,
AsAlGa diode laser, emitting around 852 nm, is placed
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FIG. 1. Scheme to inject an orthogonal-polarization filtered
optical feedback in a semiconductor laser. DL: diode laser,
GF: Glan-Foucault, OI: optical isolator. Optical analyzer:
Fabry-Pérot cavity and room-temperature Cs-vapor cell.
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in a configuration that allows returning a fraction of the
laser output back into the DL cavity. The laser is operated
within its commercial characteristics, i.e., with no special
coating on its faces. The experimental setup (Fig. 1) is
essentially the same as described in Ref. [22]. The colli-
mated output beam with a slightly elliptical polarization
(the ratio between the two orthogonal polarizations is
800:1) is sent through a Glan-Foucault polarizer. The TE
component is transmitted and the TM one is laterally
reflected. A beam with orthogonal polarization is returned
into the DL through the ejection axis of the polarizer and a
half-wave plate allows the control of the feedback inten-
sity. An optical isolator blocks residual coherent feedback,
particularly from the Fabry-Pérot of analysis, and guaran-
tees the one-way character of the feedback loop. A
frequency-sensitive device placed in the way of the feed-
back beam spectrally modulates its intensity.

Initially, we characterize the laser response to an or-
thogonal incoherent feedback by measuring the frequency
shift 6 =(vy—») of the laser as a function of P, the
fraction of the power sent back to the laser. v is the
emission frequency and v is the solitary (no feedback)
laser frequency, depending linearly on the laser current j

[11]:

vo = v = k(j = ju), (D
where vy, and j,, are the laser threshold frequency and
current, respectively, and k = — 3.75 GHz/mA in our

system. All the measurements related in the following
are carried out for a laser current around 100 mA and an
emission power of approximately 40 mW. The optical
power P effectively returning into the laser cavity is
related to P, through a geometrical coupling factor y
that we did not measure [23]. We measure a linear depen-
dence of § as a function of P [24]:

5 = BP;. 2)

The shift depends on the effective coupling of the rein-
jected beam with the semiconductor cavity so that a judi-
cious alignment is necessary to optimize the effective
feedback level. With 8 = 1.76 GHz/mW, this frequency
shift is obtained, in a very reproducible way, up to values of
6 = 10 GHz for a feedback level of —7.7 dB [25]. B is the
coefficient to be considered to operate this kind of system
as an AM < FM converser [26].

For further studies and applications, such as the dynami-
cal stabilization of the diode laser [22] or the observation
of a bistable behavior, as discussed below, the laser fre-
quency is scanned around the resonance of the filter. The
feedback power becomes then a frequency-dependent frac-
tion of the total laser power,

Py = k(v)P, 3)

where «(v) accounts for the line shape of the filter.

Considering the laser linewidth of about 40 MHz we
chose as a filter the Doppler-broadened absorption line of
the Cs D, transition at 852.1 nm (65, — 6P3/,). This
system presents advantages such as the fact that an atomic
line constitutes an absolute, yet versatile [27], frequency
reference. The loop transmission coefficient « takes the
form:

Kk = K[l — ef(v)], 4)

where «( stands for the nonresonant losses and attenua-
tions in the different optical elements of the setup (trans-
mission through beam splitters, spurious reflections by
optical elements, attenuation by the A/2 wave plate,
etc.), € is the absorption coefficient at line center v, and
f(v) is the amplitude-normalized absorption line shape.
We slightly heat the vapor cell so that € = 0.5, allowing a
contrasted transmission spectrum together with a high
level of nonresonant loop transmission, k,, and conse-
quently feedback powers comparable to the laser output
power [see Eq. (2) and the value of B]. We show in
Fig. 2(a) a transmission spectrum of the Cs D, line for € =
0.5, with zero feedback level, i.e., the free spectrum of the
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FIG. 2. Laser transmission through the atomic filter. The x axis
is scaled in terms of the solitary laser frequency v. (a) Doppler
profile of the Cs D, line used as a filter to modulate the feedback
beam; the fit by Eq. (5) gives & = 7.7 GHz 2. (b)—(c) Emission
frequency probed by the Cs D, absorption when the laser is
under filtered orthogonal-polarization optical feedback:
(b) k9 = 5.81 X 1073; (c) ko = 3.43 X 1072, The arrows indi-
cate the direction of each scan.
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atomic filter. We fit this curve with a spectral Gaussian
profile,

f) = exp[—a(v — v,)*] ()

Increasing P, the emission frequency decreases so that the
resonance occurs at a lower current (at a correspondingly
higher solitary frequency), and the absorption line shape
changes dramatically [22], as can be observed in Figs. 2(b)
and 2(c). The signal of the derivative of the absorption
spectrum determines the laser response in such a way that
the scanning of the positive flank of the absorption
(dPy/dv < 0) provokes instability and the negative flank
stability [22,25]. A laser ““locked’” at the stable flank has its
linewidth reduced by a factor determined by the loop time
delay and not by the semiconductor relaxation oscillation
frequency [28]. In our setup the round trip length of the
feedback beam is L = 180 cm, meaning a delay of 6 ns or
a modulation frequency of 167 MHz. The measurements
reported here are carried out at an operation current around
Jj = 2.3j;, where no amplitude modulations, due to the
orthogonal feedback, are expected [29]. An up-down fre-
quency scanning allows the observation of the hysteretic
cycle shown in Figs. 2(b) and 2(c) [30]. There the laser
power is constant and its amplitude and frequency noise
are comparable to the solitary laser operation; i.e., without
a frequency discriminator we cannot distinguish between
the two states of this bistability. There is also no observable
effect in the emission polarization, which could be easily
detected in the laser output, through the Glan polarizer.
The hysteresis range is controlled through the feedback
level k( and the absorption coefficient, €. We summarize in
Fig. 3 the measurements of the hysteresis range as a
function of k.

To describe the observed hysteresis we turn to account
that far from threshold and in the presence of TM feedback
the output power of the laser is almost constant and its
frequency is shifted linearly with the injected power
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FIG. 3. Hysteresis range as a function of k. Experimental
parameters: € = 47.5%, P =424 mW, a = 8.27 GHz 2,
Bexp = 1.035 GHz/mW. Squares: experimental data. Full line:
calculated curve, with 8 = 0.7 GHz/mW. Dotted line: calcu-
lated curve, with 8 = 1.035 GHz/mW (see text).

[Eq. (2)]. Then, from Egs. (2)—(4), we can write the
frequency of the laser as

v =wvy— Bro[l — ef(¥)]P. (6)

The curves in Figs. 4(a)—4(e) show the calculated spectral
response of a diode laser submitted to an orthogonal feed-
back filtered by the Doppler-broadened Gaussian absorp-
tive line shape given by Eq. (5) and plotted in Fig. 4(f). The
linear curve Fig. 4(a) represents the laser frequency for
zero feedback (ky = 0, v = ;). For a constant, nonzero
feedback « = K (¢ = 0), this line is shifted by an amount
BroP [Fig. 4(b)]. Curves 4(c)—(e) show the evolution of »
versus v for € = 0.5 and for different values of g, i.e.,
when changing the amount of the out-of-resonance feed-
back in the laser cavity. For small orthogonal coupling
[xo < 1, Fig. 4(c)] the derivative dv/dv, is always posi-
tive, and no hysteresis cycle occurs. The hysteretic behav-
ior appears for feedback levels such that k, > k, where k|
is derived from the condition that the derivative dv/dv, be
negative:

L=¢ﬁqwﬂ%—§ (1)

K1 2

We show on curve (e) in Fig. 4 the path followed by the
laser. The hysteresis observed in Fig. 2 is due to the fact
that the laser avoids the instability regions (dv/dv, <0, as
discussed above). In Fig. 3 the hysteresis range as a func-
tion of k( is best fitted by a theoretical curve with
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FIG. 4. Calculated laser emission frequency » as a function of
the solitary laser frequency v, [Egs. (5) and (6)], for P =
39 mW, a = 4.1 GHz2, and B = 1.76 GHz/mW.
(a) Without feedback. (b) With a constant level feedback x, =
2.5 X 1072 and € = 0. (c)—(e) with filtered feedback (e = 0.5):
(© ky=10X10"2% (d Ky=60X10"% (&) ko=
1.0 X 10~ L. The emission frequency path is indicated by arrows
in the two directions of the scans. The instability region is
avoided, resulting in bistability. (f) Filter spectral profile
[Eq. (5)].
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slightly smaller than the value measured without the fre-
quency filter (all other values of parameters as measured,
see caption), which corroborates our suspicion of resonant
propagation effects affecting the power coupling factor y
and consequently the effective power sent back into the
laser [29]. The hysteresis range scales as (ky — x;)*, with x
a function of all the parameters of the system. For instance,
with the parameters values of the experiments of Fig. 3 we
have k; = 2.87 X 1072 and x = 1.35.

In summary, we present a technique to optically control
the frequency of a semiconductor laser. Using an atomic-
filtered orthogonal feedback we observe a bistable behav-
ior in the laser frequency in a regime of stable output
intensity. The system is easily controllable and completely
described by a simple model. It constitutes a new paradigm
for the study of frequency optical bistability and future
developments may use other frequency discriminators as
diffraction gratings, atomic beams, or cold atoms to
achieve sub-Doppler resolution narrowing the frequency
operation range, or yet, use a second laser to control the
transmission in the vapor cell [9]. One can also expect that
the frequency switch presented here may be employed in
combination with frequency modulation obtained with TE
feedback [15]. The system presented here is robust, stable,
and reproducible and can be built in a compact way,
necessary characteristics for applications in all-optical
FM logic circuits.
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