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Abstract: We observed superluminal light in aqueous solution of the 
protein complex bacteriorhodopsin (bR) at 647.1 nm wavelength where it 
exhibits reverse saturable behavior, exploiting the technique of coherent 
population oscillations (CPO). With a modulation frequency of 10 Hz, the 
signal pulse through a 1 cm path cell is ahead by 3 msec relative to the 
reference pulse, corresponding to a group velocity of -3.3 m/sec.  Following 
our early work on slow light in the same sample at the saturable wavelength 
568.2 nm, we now explicitly observed the narrow spectral hole in the 
absorption band of the stable B state and further, demonstrated a close 
correlation between the profile of the hole and the corresponding pulse 
delay for various modulation frequencies. A similar behavior is observed for 
superluminal light versus antihole blown in the absorption band.  
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1. Introduction  

Interaction of atomic or molecular systems with electromagnetic radiation depends on the 
frequency according to the Kramers-Kronig dispersion relations. The group velocity of light 
in the medium depends on the rate of variation of the refractive index with frequency dn/dω. 
When the wavelength of light corresponding to the incident pulse is tuned to the absorption 
band of the medium, one can achieve large dispersion and low group velocity. Such a group 
velocity, however, is hard to observe because light is maximally absorbed at the resonant 
frequency. Hence techniques such as electromagnetically induced transparency and coherent 
population oscillations (CPO) are employed to observe slow or superluminal light [1, 2]. Slow 
light is observed when dn/dω is large and positive. On the other hand, superluminal light 
results when dn/dω is large and negative. Large positive values of dn/dω occurs in a sharp 
spectral hole while a large negative dn/dω happens in a sharp spectral antihole.  

In general an intense laser beam can be used to partially saturate an inhomogenously 
broadened absorption line, leading to the well-known Lamb dip in the absorption profile at the 
laser frequency [3, 4]. As the inhomogenously broadened width is much larger than the 
homogenous width given by dipole dephasing it is possible for spectral hole to be observed in 
gases at low temperatures. The possibility of such a spectral hole for homogenous broadening 
was theoretically studied by Schwartz and Tan [5], offering an explanation for earlier 
experimental observations of Soffer and McFarland [6].  In 1978, Sargent worked out detailed 
numerical solutions of the rate equations and demonstrated that a “coherent dip” (spectral 
hole) can be observed due to population pulsations in a homogenously broadened medium [7]. 
Such a spectral hole was experimentally observed by Hillman et al in ruby crystal with half 
width at half maximum of 37 Hz [8]. Recently Bigelow et al used such a spectral hole due to 
CPO for the demonstration of slow light in ruby at room temperature [2]. After this seminal 
paper, there is an explosion of research articles, and numerous researchers have demonstrated 
slow light in a wide variety of materials [9-13]. Even though they did not explicitly observe 
the spectral hole or anithole, except for a few reports [2, 12, 14], most of these experimenters 
successfully explained the observed pulse delays in terms of the CPO theory. On the contrary, 
Zapasskii et al suggest that the observed slow light effect is just a phase delay occurring in a 
saturable absorber [15]. Hence to establish that slow light effects genuinely originate from 
CPO, it is necessary to experimentally observe the profile of the spectral hole or antihole and 
demonstrate a correlation of the hole or anithole width with the group velocity.  

To this end we carried out detailed experiments with the protein complex 
bacteriorhodopsin (bR) presented in this investigation. In this paper we report the 
experimental observation of superluminal light in bacteriorhodopsin solution at 647.1 nm 
where the sample exhibits reverse saturable behavior. Following our early work on slow light 
in bR at the saturable wavelength 568.2 nm, we now explicitly observe the narrow spectral 
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hole in the absorption band of the stable B state and further, demonstrate a close correlation 
between the profile of the hole and the corresponding pulse delay for various modulation 
frequencies. We also demonstrate a close correlation between the width of the antihole and 
pulse advancement for superluminal light. 

The photo cycle of bR is shown in Fig. 1(a). In the initial B state of bR, called the light 
adapted state, the retinal chromophore is in the stable all-trans molecular configuration and 
has an absorption band at 570 nm. Upon excitation of yellow light, the chromophore 
undergoes light-induced isomerization. This initiates a series of structural confirmations of the 
bR molecule. The molecule goes through the K, L intermediate states with short lifetimes to 
the relatively long-lived M state. In the M state the bR molecule has cis-isomer configuration 
and has an absorption band at 410 nm. From the relatively long-lived M state, the molecule 
relaxes back to the initial B state through the N, O steps spontaneously. The M state can also 
revert to the initial state directly upon excitation with blue light. The photochemical stability 
of the films makes it possible to switch between B � M reversibly at relatively low power. 
The M state lifetime depends on the reprotonation process. It can be altered by different 
means like drying, supplying additives, reducing the temperature, and finally by genetic 
substitution of the aspartic acid in position 96 by asparagine (Asp96�Asn) [16]. The 
asparagine substitution completely inhibits the reprotonation process as a result of which the 
lifetime of the M sate can be substantially varied by several orders of magnitude, milliseconds 
to seconds. On the other hand, the M state lifetime can also be altered optically and can be 
made as fast as nanoseconds [17]. Due to its unique advantages, bacteriorhodopsin is one of 
the most suitable materials for low power nonlinear optics and several applications were 
demonstrated in the past in both film and solution environments [18-22]. When using light 
sources with wavelengths close to B and M bands, the most relevant states in the bR 
photocycle are the B and M isomers, because the populations of the remaining short-lived 
intermediate states can be neglected. Accordingly, we approximate the photoactive dynamics 
of bR by using a simple two-level model as shown in the Fig. 1(b). 

 

 
Fig. 1. bR photocycle. (a) Upon excitation with photon hν1 the molecule goes through several 
short lived intermediate states to the relatively long-lived M state. The molecule goes back to 
the B state via thermal relaxation with lifetime of ~ 5ms or a blue photon hν2 stimulates the 
photochemical relaxation to the B state. The numbers next to the letters indicate the peak 
absorption in nanometers. (b) Equivalent two-level model used for practical purposes. 

 
In bR, the narrow spectral hole/antihole is created by a periodic modulation of the 

molecular population between B and M states. The output of Ar-Kr laser is modulated at 
frequency f using an electro-optic modulator and the resulting pulse trains contain the beating 
beams of the pump Ee-iωt and the probe E1e

-i(ω+δ)t, where δ = 2πf is the detuning of the probe 
frequency from the pump frequency ω. The beating between the pump and probe causes the 
molecular population to coherently oscillate between B and M states. The oscillations lead to 
a rapid variation in the refractive index over a very narrow range of wavelengths which helps 
in modifying the group velocity. The experimental arrangement is shown in Fig. 2. The 
modulation depth varies with the modulation frequency from 35% at 10 Hz to 3% at 250 Hz. 
A beam splitter is used to sample the output of the electro-optic modulator. While the 
reflected beam serves as the reference arm, the transmitted beam (signal arm) goes through 
the 1 cm sample cell containing the bR solution. The signal and reference amplitude 

~ ns 
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Thermal 
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modulated beams are detected using identical photodiodes and are fed to a multi-channel 
oscilloscope. Neutral density filters are placed in front of the detectors to ensure the signal 
strength is same for the same volts/division scale on the oscilloscope. Through out this paper 
we refer to these modulated beams as pulses and the delay between the signal and reference 
beams is referred to as pulse delay. Figure 3 displays the typical delay experienced for the 
laser wavelengths 647 nm and 570 nm. The input power is 200 mW and the spot size of the 
laser is 2 mm. As the laser is not focused on to the bR solution, the input intensity is 6.4 
W/cm2. 

 

 
Fig. 2. Schematic of the experimental setup used for the observation of superluminal and slow light.  

 
CPO offers several advantages over EIT in terms of generation of large group velocity 

variations. It works for both solids and liquids at room temperature. The pump (to saturate the 
transition) and probe beams are obtained from the same laser source. The laser need not be 
frequency stabilized and the line width can be orders of magnitude larger than the width of the 
spectral hole [23]. In addition, CPO in bR offers several unique advantages: it works on the 
flexible photoisomerization process (the lifetimes of the excited state are not fixed as in the 
case of electronic states in inorganic materials and can be controlled by a second independent 
beam), has high energy efficiency (large quantum yield for the photo reaction – ultra slow 
light is observed even at low light levels of microwatts), low saturation intensity, and high 
transparency (~100%) in operation. Both slow and superluminal light are possible in the same 
bR sample. A unique advantage is that not only the group index can be modified by varying 
the incident intensity or modulation frequency, but most significantly it can be all-optically 
controlled by shining an independent blue beam [9]. The possibility of all-optical switching 
and controllable slow and superluminal light using the same sample may offer potential 
applications in telecommunications such as all-optical routers. 

To observe the superluminal light behavior, the periodic modulation of the population 
between the B and M states is obtained using the 647.1 nm output of an Ar-Kr laser. Figure 3 
shows oscilloscope traces for three different scenarios: (a) with no sample in the signal arm; 
(b) for 647 nm input beam and (c) for 570 nm input beam. When no bR sample is in the signal 
arm the signal and reference pulses overlap one on top of the other as shown in Fig. 3(a). 
When the 1 cm sample cell containing bR solution is placed in the signal arm and the Ar-Kr 
laser output is tuned to 647.1 nm the signal pulse advances relative to the reference pulse as is 
clearly evident from the Fig. 3(b). For a modulation frequency of 25 Hz, the measured pulse 
width (FWHM) is ~20 msec and the pulse advancement is 1 msec. This corresponds to 
maximum pulse advancement (pulse advancement/FWHM) of 5%. Similarly when the laser 
output is 570 nm, the signal pulse delays by 3 msec (pulse width at FWHM is ~19 msec) and 
maximum pulse delay is 16% as shown in Fig. 3(c). Thus the signal and reference pulses are 
clearly separated and by varying the modulation frequency either the delay or the 
advancement can be changed. 
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Fig. 3. Oscilloscope traces depicting the signal (red line) and reference (blue line) pulses: (a) 
with no sample in the signal arm, the signal and reference pulses overlap one on top of the 
other; (b) for 647 nm input beam and input power of 200 mW, the signal pulse advances 
relative to the reference pulse; (c) for 570 nm input beam and input power of 200 mW, the 
signal pulse is delayed relative to the reference pulse. By varying the modulation frequency 
either the delay or the advancement can be changed.  

 
For the pump wavelength at 647.1 nm, we observed superluminal light at low modulation 

frequencies up to 40 Hz with an advancement of 3 msec at 10 Hz corresponding to a change 
in the group velocity of -3.33 m/sec. A gradual transition to slow light is seen as the 
modulation frequency is increased, as shown in Fig. 4. As the modulation frequency is varied, 
the modulation depth and hence the probe intensity varies. At 40 Hz, where the transition 
from superluminal to slow light occurs as shown in Fig. 4, we measured the modulation depth 
to be about 18% corresponding to a probe intensity of 1.2 W/cm2. In our earlier work on z-
scan at 647 nm in bR solution we reported that the sample behaves as saturable absorber for 
intensities below about 1.5 W/cm2 and as reverse saturable absorber at higher intensities [25]. 
Thus the observed transition from superluminal to slow light is in line with these results. 

 

(a) 

(c) 

(b) 

10 msec 
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Fig. 4. Experimental observation of superluminal light for the pump wavelength of 647 nm and 
input power of 200 mW in bacteriorhodopsin solution of OD = 1. Dashed line represents the 
frequency above which the superluminal light makes gradual transition to slow light.  

 
Figure 5 depicts the variation of the pulse advancement as the input power is changed for two 
modulation frequencies. The behavior of pulse advancement for superluminal light as a 
function of input power is similar to that of slow light pulse delay – initially the pulse 
advancement increases at low incident intensities and reaches a constant value at around 100 
mW.   
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Fig. 5. Dependence of superluminal light pulse advancement with input power for modulation 
frequencies at 10 Hz (circles) and 25 Hz (squares).  

 
Experimental measurements are also performed to demonstrate the creation of spectral 

hole and anithole in the bR solution. We measured the transmission of non-saturating probe 
beam in the presence of strong pump beam as the modulation frequency is varied. The pump 
is at frequency ν1 and probes are at sideband frequencies ν2 = ν1±f, where f is the modulation 
frequency. This two-mode electric field induces a polarization in the medium which in general 
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includes components not only at the field frequency ν1 and ν2, but also at ν1±k(ν2-ν1), where k 
is an integer. The nonlinear pulsations (population oscillations) responding to the 
superposition of the modes modify the absorption coefficient resulting in a dip in the 
absorption profile [7]. For the bR system, the beating between the pump and probe causes the 
molecular population to coherently oscillate between the B and M states in the bR photocycle 
at the beat frequency resulting into a spectral hole. In the experiment, the outputs of the signal 
and reference arms are simultaneously measured for pulse delay and probe attenuation using 
the multi-channel oscilloscope and a lock-in amplifier. The amplitudes of the signals 
measured using lock-in amplifier with the sample (I) and without the sample (I0) in the optical 
path are used to calculate the probe attenuation as ln(I0/I) [5]. The experiment is performed at 
two wavelengths of the Ar-Kr laser – 568.2 nm and 647.1 nm – and the optical density (OD) 
being adjusted approximately 1 for both wavelengths. At 568.2 nm, the absorption for the B 
state of the bR is optimum whereas at 647.1 nm the absorption is small and the change in 
refractive index in accordance with the Kramers-Kronig dispersion relations is expected to be 
large.  

For the pump at 647.1 nm the probe attenuation is depicted as closed squares in Fig. 6(a). 
A spectral antihole is observed – which is typical behavior for large and negative dn/dω. The 
half width at half maximum (HWHM) of the spectral antihole is about 15 Hz. Consistent with 
the observation in Fig. 3 – gradual transition from superluminal light to slow light at ~ 40 Hz 
– the probe attenuation also changes accordingly to a large and positive dn/dω, representing a 
spectral hole of HWHM 25 Hz. Also in Fig. 6(a), both the probe attenuation and the pulse 
advancement data are plotted against modulation frequency for comparison where the pulse 
advancement for the superluminal light regime is depicted as open squares. An interesting 
observation from Fig. 6(a) is that the relative variation of pulse advancement closely 
correlates with the variation of probe attenuation. Similarly Fig. 6(b) shows the plot of probe 
attenuation and pulse delay in the slow light regime (between 40 Hz to 200 Hz). In this case 
also the variation of the spectral hole closely correlates with the pulse delay.  
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Fig. 6(a). Coherent Population oscillation in bR solution for 647.1 nm pump wavelength. The 
plot shows the variation of probe attenuation (closed squares) and pulse advancement (open 
squares) with the modulation frequency. Note that the probe attenuation and pulse 
advancement coincide in the superluminal light regime, up to about 40 Hz. 
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Fig. 6(b). Blowup of Fig. 6(a), plotted from 25 Hz to 225 Hz modulation frequency to show 
that probe attenuation (closed squares) coincides with the pulse delay (open squares) in the 
slow light regime also, above about 40 Hz.  

 
For the 568.2 nm pump wavelength, the spectral hole observed agrees with our earlier 

reports of slow light behavior in both thin films and aqueous solution [9, 13]. Figure 7 shows 
the variation of probe attenuation and slow light pulse delay with the modulation frequency. 
For the input power of 150 mW, the HWHM of the spectral hole is ~ 50 Hz.  
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Fig. 7. CPO in bR solution for the pump at 568.2 nm. The plot shows the variation of probe 
attenuation (closed squares) and the slow light pulse delay (open squares) with the modulation 
frequency. Note that there is a close correlation between the profile of spectral hole and the 
associated pulse delay. 
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In conclusion, we have demonstrated superluminal light behavior in bacteriorhodopsin 

solution. Our detailed experimental observations provide convincing evidence of excellent 
correlation between width of the spectral hole and slow light as well as the profile of the 
antihole and superluminal light, indicating CPO as the mechanism of slow and fast light in the 
protein complex bR. 
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