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Ultrafast Faraday Rotation of Slow Light

A L Musorin,1 M. L Sharipova,1 T.V. Dolgova,l M. Inoue,2 and A. A. Fedyaninl‘*

1Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
2Toyohotshi University of Technology, Toyohashi 441-8580, Japan
(Received 30 January 2016; revised manuscript received 19 June 2016; published 18 August 2016)

The active control of optical signals in the time domain is what science and technology demand in
fast all-optical information processing. Nanostructured materials can modify the group velocity and slow
the light down, as the artificial light dispersion emerges. We observe the ultrafast temporal behavior of
the Faraday rotation within a single femtosecond laser pulse under conditions of slow light in a one-
dimensional magnetophotonic crystal. The Faraday effect changes by 20% over the time of 150 fs. This
might be applicable to the fast control of light in high-capacity photonic devices.
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I. INTRODUCTION

Slow light is a unique phenomenon related to low group
velocity [1]. This phenomenon provides science and technol-
ogy with a new outlook on fast all-optical information
processing [2] and striking physical effects in atomic vapors
[3.4], semiconductor quantum systems [5,6], optical wave-
guides [7,8], and even free space [9]. The light travels at a speed
aslowas 17 m/s [10] orevenstops [11], when interacting with
the medium more efficiently in the spectral region of the flat
effective light dispersion [12,13], e.g., in photonic crystals
[14,15]. Introducing slow-light effects in magnetophotonic
crystals [16] makes it possible to obtain magnetic-field control
in femtosecond polarization pulse shaping [17-20]. The latter
is required in the coherent control of quantum states [21-23],
plasma dynamics [24], chemical reactions [25], molecular
alignment [26], and terahertz generation [27].

The Faraday effect [28] manifests itself as a light
polarization rotating while being transmitted through a
medium magnetized parallel to the wave vector. It is
governed by the spin-orbit interaction. The angle of
rotation @ is generally detected for monochromatic cw
light and scales linearly with the material thickness d. In the
time domain, @ is proportional to the time of light traversal
through the magnetic material; the nonreciprocity of the
effect gives credibility to using the Faraday-active medium
as a magnetic clock [29]. The Faraday rotation of the wave
envelope depends on the difference between the inverse
group and phase velocities vy, and vy, respectively [30]:
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where Q; is the Larmor frequency. Thus, slow light and
Faraday rotation are the direct counterparts that represent
the effective time of the light-matter interaction.
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Magneto-optical effects are being enhanced in photonic
crystals with functional magnetic layers resulting from light
localization in the magnetic material [31-34]. Slow light, as
an additional mechanism for optical energy compression,
allows one to enhance the optical response, for example,
nonlinear effects [35-39], Beer-Lambert-Bouguer absorp-
tion [40], radiation pressure [41], stimulated Raman scat-
tering [42], and the Sagnac effect [43]. Faraday rotation is
also expected to fit in this row [44].

In this paper, we report the experimental observation of
time-resolved polarization rotation within a single femto-
second laser pulse under conditions of slow light in
magnetophotonic crystals (MPCs).

A schematic illustration of the effect is presented in
Fig. 1(b). The femtosecond laser pulse propagates
through the one-dimensional magnetophotonic crystal
shown in Fig. 1(a). The total Faraday rotation is defined
as the rotation of the resultant superposition of the
transmitted electric fields that experience multiple reflec-
tions. The rotation of each component of the super-
position is proportional to the transit time or inversely
proportional to the group velocity. Thus, the output
polarization rotation is different for the leading and
trailing edges of the pulse, and, according to Eq. (1),
the rotation angle varies within the pulse. Figures 1(c)
and 1(d) show the spectral dependences of the group
velocity and the Faraday angle calculated for various
numbers of layers in the MPC mirrors using the 4 x 4
transfer-matrix formalism [30,45,46]. The group velocity
and the Faraday rotation are inversely correlated within
the entire spectral region: The lower the group velocity is,
the higher the Faraday rotation becomes at the same
wavelength. In particular, inside the microcavity mode—
900 nm—the v,, decreases, whereas ¢ increases. This
effect is more pronounced for structures with many layers
and with higher Q factors. In contrast to the literature on
dynamics of the Faraday rotation caused by the intrinsic
processes in the medium [47,48], in our case the
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FIG. 1. (a) SEM image of a magnetophotonic crystal. (b) Sche-

matic image of the ultrafast time-dependent polarization rotation
in a magnetophotonic crystal. (c) Calculated group velocity and
(d) Faraday rotation in the magnetophotonic crystal versus the
light wavelength and the number of periods N in the Bragg
reflectors.

dynamics is induced by an extrinsic cause—artificial
structuring controlling the light dispersion.

II. METHODS AND MATERIALS

A. Polarization-sensitive autocorrelator

The experimental setup combines a polarization-
sensitive technique with an autocorrelator of femtosecond
pulses [19,49] (see Fig. 2). The polarization-sensitive part
allows one to detect polarization rotation [50]. The ele-
ments of the scheme before the beam splitter make up
the magneto-optical polarimetry. As a light source, we
use a visible 4+ IR-range femtosecond Ti:sapphire laser

FIG. 2. The experimental setup combines magneto-optical
polarimetry with an autocorrelation scheme. Ti:sa, titanium-
sapphire laser; P, polarizer; S, sample; PEM, photoelastic
modulator; BBO, #-barium borate nonlinear crystal; PMT, photo-
multiplier tube; L, lens; A, analyzer.

(Chameleon, Coherent Inc.) with an 80-MHz repetition
rate, an average intensity of 3000 mW, and an intensity
pulse width of 250 fs. A 45°-polarized light pulse passes
through the sample at normal incidence (with a beam
diameter of approximately 0.5 mm) placed in a constant
magnetic field of 1 kOe oriented parallel to the light-
propagation direction and then passes through a photo-
elastic modulator (PEM, Hinds Instruments Inc.), which
periodically modulates a polarization rotation that emerges
due to the Faraday effect. Then, the pulse passes through a
90°-oriented Glan-Taylor prism, which converts the polari-
zation modulation to the pulse intensity modulation. The
latter in the approximation of a small magnitude of Faraday
rotation 6 < 1 can be written as [50]

I(t) = Io(1)[1 + 4J,0(1) cos(4nft)], (2)

where I(t) is the temporal profile of the incident light
pulse intensity, J, is the second-order Bessel function at the
argument of 2.405 rad (PEM retardation amplitude used in
the experiment), 6(¢) is the time-dependent Faraday rota-
tion, and f = 47 kHz is the PEM operating frequency. The
correlation part is used for registering the dynamics of the
processes. Registering femtosecond pulses requires special
techniques, because photodiodes fail to detect such quick
processes. One commonly used technique is a second-
harmonic-generation correlation scheme. Two variants of
this scheme exist: autocorrelation and cross-correlation.
The autocorrelation scheme is used in our experiments
presented in this paper. The details on polarization-sensitive
cross-correlation measurement are given in Ref. [30].
The 50:50 beam splitter splits the laser pulse into two
identical beamlets: The first of them passes through a
variable delay line, and then both beamlets focus at the
same spot into a f-barium borate (BBO) nonlinear crystal.
The intensity of the generated noncollinear second har-
monic is proportional to the pulse autocorrelation function
Uy (7 f I(1)I(t — 7)dt, where 7 is a time delay between
the beamlets If we substitute Eq. (2) into autocorrelation
function u,., we get

(1) = / Io(0)Io(t = )dr
”dc(T)

+ cos(4f1)8J, / o) o(D)lo(t = 2)dt,  (3)

“2f(7>

where ug. and u,; are Fourier amplitudes (at the dc
component and at the PEM’s double frequency, respec-
tively) of the Fourier transformation of a registered signal.
In Eq. (3), we neglect the term proportional to 6 because
of its infinitesimal value. If the changes in polarization

rotation are slower than the pulse duration, i.e., (1) < I(1),
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one can consider Faraday-rotation dynamics 6(7) as being
averaged within the pulse—6(r) = 6(r) (the dots denote
the time derivative). Therefore, the correlation function
measured at double PEM frequency is given by the
following expression:

iy (7) = 8J,0(x) / Lo(DIo(1 = 7)dt = 81,0(D)uge.  (4)

Uge (T)

Consequently, the time dependence of the Faraday rotation
can be measured as the ratio of detected locked-in oscillat-
ing signal u,/(z) to the dc voltage ug.(7):

(7) = 1 uy(7)
8J5 uge(7)

If we substitute J, for the value J,(2.405) = 0.43, we
finally obtain

(5)

Uy (7)
Uge (T)

0(7) = 0.29 . (6)

The resulting expression (6) is given for radians.

B. Sample description

The sample chosen for the experimental observation of a
time-resolved Faraday rotation is a MPC, where an anoma-
lous low group velocity is expected at the microcavity
mode. The SEM image of the studied MPC is shown in
Fig. 1(a). The MPC consists of two dielectric Bragg
reflectors and a gyrotropic cavity spacer sputtered on a
fused silica substrate [16]. Each reflector is composed of
five half-wavelength-thick SiO,/Ta,0Os bilayers. The cav-
ity spacer is a half-wavelength-thick magnetic layer of
Biy3Y,7FesO,. Figure 3 presents the experimental optical
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FIG. 3. Spectral dependences of MPC transmittance (black
curve) and Faraday rotation (red curve). Large dots mark the
wavelengths used for the ultrafast measurements.
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FIG. 4. Transmittance (black curve) and Faraday-rotation (red
curve) spectra of a 16-um-thick magnetic film.

(black curve) and magneto-optical (red curve) spectra of the
magnetophotonic crystal. A photonic band gap is observed
from approximately 750 to 1000 nm. The microcavity
mode is located at 895 nm, shifted to the red region of the
spectrum from the photonic-band-gap center, with a trans-
mittance of 67%. The Faraday rotation reaches its maxi-
mum value of 0.75° at the microcavity mode with a Q factor
of 45.

To relate the effect with the group velocity, we also
investigate the reference sample—a magnetic film, which is
the extreme case of a MPC with a small Q factor without any
Bragg reflectors [see Figs. 1(c) and 1(d) for the case of
N = 0]. The film is fabricated by the liquid-phase epitaxial
growth of a 16-um-thick (Bi, Lu, Eu, Tm),(Fe, Ga, Al);O,
composite on a Gd;GasO,, substrate. Figure 4 shows the
measured spectral dependences of the transmittance (black
curve) and Faraday rotation (red curve) of the magnetic film.
Although the absolute value of the Faraday rotation exceeds
that in the MPC, the specific value (normalized to the
thickness of the magnetic material) is one order of magnitude
smaller compared with the MPC. The spectra oscillate due to
the interference inside the film performing as a Fabry-Perot
cavity. The bold dots denote the wavelengths in the vicinity
of 800 nm, that have been chosen for the time-resolved
measurements. In that area, the Faraday rotation is relatively
large—3.76° at 800 nm—and its oscillation amplitude
reaches the maximum with a Q factor of 2. The other
notable factor is that the maximum of the Ti:sapphire laser
output intensity occurs in the vicinity of 800 nm.

III. RESULTS AND DISCUSSION

Figure 5(a) presents the simulated femtosecond dynam-
ics of the Faraday effect in the MPC with a tuning of the
central wavelength A, of the femtosecond pulse. The MPC
parameters are identical to those of the MPC used in the
experiment [30,51-54]. The zero time corresponds to the
maximum of the autocorrelation intensity. The Faraday
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rotation does not equate zero at zero time, since the light-
polarization plane is already rotated after propagating
through the magneto-optical material. At the center of
the microcavity mode—895 nm—the Faraday rotation
increases over the time by approximately A0 = 0.15°
during the first 150 fs. At the mode’s edges, 890 and
901 nm, the Faraday rotation remains steady. Consequently,
the microcavity peak sharpens with time. The experimental
spectral dependence of the time-resolved Faraday effect
extracted from the autocorrelation function is shown in
Fig. 5(b). The spectral profile of the femtosecond pulse
sharpens with time, which is consistent with the numerical
data presented in Fig. 5(a).

Figure 6(a) shows the measured (dots) and calculated
(curves) time-resolved Faraday rotations for three different
pulse central wavelengths: 895 (blue), 899 (green), and
901 nm (red). Figure 6(b) presents the calculated (black
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FIG. 6. (a) Faraday-rotation dynamics in a magnetophotonic
crystal, experiment (dots) and calculations (curves). Dashed lines
indicate steady-state values of the Faraday rotation. (b) Calculated
Faraday-rotation (black curve) and group-velocity (purple curve)
spectra of the microcavity mode. The dots indicate the measured
magneto-optical spectrum. The dashed curves indicate the
normalized spectra of the laser pulse at 895 (blue), 899 (green),
and 901 nm (red).
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FIG. 5. (a) Calculated
and (b) measured
Faraday-rotation  dy-
namics of a 250-fs laser
pulse with a central
wavelength tuning from
890 to 901 nm trans-
mitted through a mag-
netophotonic crystal.
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curve) and experimental (dots) magneto-optical spectra
along with the calculated group velocity (purple curve)
in the vicinity of the microcavity mode. The wavelength of
895 nm corresponds to the center of the microcavity mode
with the maximum Faraday rotation and with a tenfold
decrease in the group velocity. The time-resolved polari-
zation rotation at 895 nm steadily increases by 0.15° over
the time interval of 150 fs [see Fig. 6(a), blue]. The instant
Faraday rotation reaches the steady-state value at the time
of 120 fs and then exceeds it. For a more comprehensive
picture, we measure the dynamics of the Faraday rotation
for two other pulse central wavelengths, 899 and 901 nm,
which are slightly shifted from the center of the microcavity
mode (steady-state Faraday rotations equal to 0.43° and
0.23°, respectively). The effect grows in time steadily for
the mode slope of 899 nm. However, the increase for 150 fs
differs twice: 0.15° at 895 nm versus 0.08° at 899 nm. At
the center of the microcavity mode, the group velocity of
the light increases, as light is “stored” in the MPC, and
some time is required for the light to exit. During this
time, the light pulse interacts with the medium and,
consequently, leads to the increased Faraday rotation.
The steady-state value is achieved relatively late for
895 nm for two main reasons: First, the pulse propagates
slower, and its maximum leaves the medium later due to the
group-velocity decrease; and second, the rear part of the
pulse contributes more to the steady-state value, as it is
added constructively to the pulse’s lead part.

The temporal behavior of the Faraday rotation in the
thin magnetic film is shown in Fig. 7. The central wave-
length of the 250-fs laser pulse tunes from 790 to 810 nm.
The time dependence has an oscillating spectral depend-
ence with the same period as the steady-state Faraday-
rotation spectrum. The experimental data in Fig. 7(b)
coincide with the theoretical simulations, which are shown
in Fig. 7(a). Both graphs resemble the surface of a paper
fan, where the amplitude of the oscillations increases with
time (or distance from the curvature center of the paper
fan). Although the oscillation amplitudes increase over
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time, the intensity of the rotated light decreases, and only
the first 300 fs have an impact on the Faraday-rotation
steady-state spectrum.

Figure 8(a) presents the femtosecond dynamics of the
Faraday rotation in a magnetic film measured (dots) and
calculated (curves) at the maximum (800 nm, blue),
minimum (806 nm, red), and midpoint (803 nm, green)
of the steady-state Faraday-rotation spectra. In addition, a
part of the measured (dots) and calculated (black curve)
Faraday-rotation spectra together with the calculated
group-velocity (purple curve) spectrum are shown in
Fig. 8(b). Owing to the low Q factor, the group velocity
varies slightly as related to the wavelength. The instant
Faraday rotation is equal to its steady-state value for a pulse
with a central wavelength A, of 803 nm. At 1, = 800 nm,
the time-resolved Faraday rotation continually increases
from 3.7° to 3.8° during 300 fs. The instant Faraday rotation
exceeds its steady-state value after approximately 210 fs. At
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FIG. 8. (a) Time-resolved Faraday rotation in a 16-um-thick

film, experiment (dots) and calculations (curves). Dashed lines
mark the steady-state values of the Faraday rotation. (b) Calcu-
lated Faraday-rotation (black curve) and group-velocity (purple
curve) spectra of the thin magnetic film. The dots are the
measured magneto-optical spectrum. The dashed curves indicate
the normalized laser spectra at the chosen wavelengths of 800
(blue), 803 (green), and 806 nm (red).

FIG. 7. (a) Calculated
and (b) measured
Faraday-rotation  dy-
namics of the femtosec-
ond pulse, with the
central wavelength
varying from 790 to
810 nm, transmitted
through a 16-ym-thick
magnetic film.
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Ao = 806 nm, the time-resolved Faraday rotation continu-
ously decreases by A6 = 0.11° during the same time
period. The instant Faraday rotation becomes smaller than
its steady-state value after approximately 80 fs. The
conventional view of the Faraday rotation [55] is that it
generally increases with time due to the nonreciprocity of
the effect. Consequently, the time decay of the Faraday
rotation has always been explained by the intrinsic mag-
netic processes, such as spin relaxation. In our case, the
medium’s magnetic state remains steady. For the positive
derivative of the Faraday rotation, which is observed at
800 nm, the group velocity is lower than average, light
spends more time inside the magnetic film, and the output
vector of the electric field rotates more and more signifi-
cantly relative to the initial state. This mode is expected,
since the magnetic film is an extreme case of a MPC,
with no dielectric mirrors. The time increment of Faraday
rotation in the film at the oscillation maximum of 800 nm is
comparable to the one in the MPC at the center of the
microcavity mode of 895 nm, but the film is thicker by 2
orders of magnitude. The relative change of Faraday
rotation normalized to its steady-state value AQ/6 differs
significantly: 20% for MPC versus 2% for magnetic film.
This difference is explained by the difference in the values
of the group-velocity decrease. Therefore, the quality factor
of the photonic crystal and size of the cavity are ways to
control the output time-dependent Faraday effect. In
comparison with magnetoplasmonic crystals [56], where
the relative change of the femtosecond magneto-optical
response is about 8%, the pulse modifies more than that in a
MPC and less in magnetic films. An appropriate nano-
structure design, for example, with two magnetic layers
[57], can lead to the enhanced value of the effect up to 45°.
After larger values are obtained, the results would be
suitable for practical applications, such as improved
magneto-optical spatial light modulators [58] and holo-
graphic memory [59]. Another promising implementation
is the development of a refractive-index optical sensor. The
advantages of a high-sensitivity gyrotropic band-gap sensor
[60] will be supplemented by the possibility of an ultrafast
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real-time measurement. Finally, the observed effects can be
useful for magnetic-field-controlled polarization shaping of
ultrafast pulses for coherent control.

IV. SUMMARY AND CONCLUSIONS

In conclusion, in this paper, we detect ultrafast Faraday-
rotation dynamics in magnetophotonic crystals caused by
femtosecond laser-pulse self-interference in the structured
media. The magnitude of the time derivative of the effect
depends crucially on the spectral position of the pulse
central wavelength with respect to the microcavity mode,
due to the artificial light dispersion. The derivative is always
positive and is larger when the pulse central wavelength is at
the center of the microcavity mode; the farther from the
microcavity mode center, the smaller the increase of the
Faraday rotation. For the reference film, the time derivative
of the Faraday rotation turns from positive to negative via
spectral tuning of the incident pulse. For compact magneto-
optical devices in data processing, MPCs are more suitable,
as the normalized effects are higher than in thin films. The
results might be useful for femtosecond polarization pulse
shaping with the advantage of magnetic-field control in next-
generation photonic devices.
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