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Fast- and slow-light-enhanced light drag in a
moving microcavity
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Fizeau's experiment, inspiring Einstein’s special theory of relativity, reveals a small dragging
effect acting on light inside a moving medium. Dispersion can enhance such light drag
according to Lorentz's predication. Here fast- and slow-light-enhanced light drag is demon-
strated experimentally in a moving optical microcavity through stimulated Brillouin scattering
induced transparency and absorption. The strong dispersion provides an enhancement factor
up to ~104, greatly reducing the system size down to the micrometer range. These results
may offer a unique platform for a compact, integrated solution to motion sensing and

ultrafast signal processing applications.
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regardless of the choice of reference frame, according Ein-

stein’s theory of special relativity!. However, once light pro-
pagates in a moving medium, it can be dragged by the host
medium, known as Fresnel drag effect?, which was first theore-
tically predicted by Fresnel in 1818 and experimentally verified by
Fizeau’s experiment in a water-running tube interferometer in
18513, Later, Lorentz pointed out the influence of dispersion on
the light-dragging effect*, which was also experimentally verified
by Zeeman>®°, All of these works play a very important role in the
development of Einstein’s special relativity’. However, under the
circumstance of low or no dispersion, such a light-dragging effect
is so insignificant that requires either long traveling path or large
velocity of host media for any observable results. Therefore, large
light dragging requires strong dispersion to enhance the effect for
compact systems and any practical applications such as motional
sensing?®,

Previously, strong dispersion enhanced light drag has been
observed in highly dispersive media, such as atomic vapors®10,
cold atoms!!, and doped crystals!2, where ultra-narrow linewidth
atomic resonances associated strong normal dispersion, e.g. in an
electromagnetically induced transparent (EIT) medium!3, can
enormously enhance the drag effect up to ~10° times as compared
to low dispersive media like water or glass>>®, greatly reducing the
system sizes down to the millimeter scale. However, the rigid
experimental conditions in these atomic systems, i.e. vacuum and
temperature control, highly limit their practical applications. On
the other hand, in solid-state systems, photonic crystals!®1>,
optomechanical devices!®20, and doped crystals?!-?2 have shown
great potential for dispersion management in a compact form,
allowing exotic propagation such as slow/fast light23. Particularly,
both normal and anomalous dispersion associated with Brillouin
scattering-induced transparency/absorption (BSIT/BSIA) have
been demonstrated in a micro-scale optomechanical micro-
cavity?0, providing a fertile ground to test light drag under both
dispersion regimes. Especially, light drag under anomalous dis-
persion, which has not been experimentally demonstrated yet, is
believed to be crucial for improving gyroscopic sensitivity in a
high-finesse resonant optical cavity®%4,

I t is well-known that the speed of light in a vacuum is the same

(]

>

In this work, we experimentally demonstrate strong normal
and anomalous dispersion enhanced light dragging effect arising
from both slow and fast light induced by stimulated Brillouin
scattering (SBS) processes in a solid-state microcavity platform.
In a high-quality (Q) microcavity, both acoustical and optical
waves can be trapped resonantly in whispering gallery modes
(WGMs), the high-Q acoustical resonances induce sharp per-
turbations in optical ones, creating Brillouin scattering-induced
transparency or absorption depending on their relative phase. In
these spectral disturbed regimes, dispersion relations are strongly
altered, resulting in slow or fast group propagation of light. Based
on that, Lorentz’s predications of light drag are examined with an
enhancement factor up to ~10% in both dispersion regimes
through a fiber-coupled microcavity in a vibrating mode. More-
over, such optomechanical micro-devices allow actively tuning
the induced dispersion. As a result, the light dragging can also be
modified accordingly, further validating the nature of dispersion-
depended enhancement. At last, a Fano-like resonance obtained
by detuning in the microcavity permits the observation of the
drag by both slow and fast light in close spectral proximity. These
results extend the special relativity experiment to a new solid-
state system at the microscale, opening up new avenues for their
practical applications in motional sensing and ultrafast signal
processing® (see Supplementary Note 1).

Results

Theoretical model for enhanced light drag in a BSIT/BSIA
microcavity. Our work to investigate the light dragging effect is
based on a tapered fiber-coupled microsphere resonator, which
vibrates translationally parallel to the coupling fiber to provide
the drag (Fig. 1a). Here light can tunnel from the input fiber into
the microcavity to form a WGM due to total internal reflection®®.
Such tunneling occurs in both ways, allowing intracavity light
coupled back to the fiber. However, such drag is relatively small,
for example, Carmon’s team has shown that a millimeter size
resonator with Qqptical ~ 106 spinning at ~6000 Hz can only cause
~20 MHz nonreciprocal resonance shift for optical isolation2>,
dispersion can greatly enhance this process and reduce the
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Fig. 1 Light-dragging effect in a BSIT/BSIA microcavity. a Illustration of the light-dragging effect in a moving microsphere cavity. b Forward Brillouin
scattering in a microcavity. The control and the probe lasers in two phase-matched cavity modes are coupled through a forward-traveling acoustic wave.
The microscope image of the coupling system is in the inset, with a scale bar of 50 pm. ¢ For Brillouin scattering-induced transparency/absorption (BSIT/

BSIA), the probe experiences anti-Stokes loss/Stokes gain inside the cavity.

2 COMMUNICATIONS PHYSICS| (2020)3:118 | https://doi.org/10.1038/s42005-020-0386-3 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-020-0386-3

ARTICLE

dimension. In the case of BSIT/BSIA!>20, strong dispersion can
result in slow/fast light up to microsecond level, similar disper-
sion can be found in other coupled resonances system!7:18:27:28,
this opens up a unique window to test light drag.

As shown in Fig. 1b, our microsphere cavity can support both
optical and acoustic whispering-gallery-type resonances, where a
strong optical pump light is launched into one optical WGM,
simultaneously generating a Stokes photon with an extra acoustic
phonon, or an anti-Stokes photon via absorbing one phonon
through an electrostriction-induced SBS process'®1%20. The
Stokes or anti-Stokes processes occur depending on whether an
extra optical resonance can be found for the scattering photon as
shown in Fig. lc. This leads to BSIA or BSIT transmission,
respectively, due to inherent loss or gain mechanisms?®. Mean-
while, it has been reported slow and fast light can reach up to
microsecond level?Y, this can hugely enhance the light drag
according to Lorentz’s predication®.

The mechanism of slow and fast light enhanced light drag in a
moving WGM microcavity can be considered by applying
Lorentz transformation to the coupling system. Here we assume
that light is coupled into a microcavity moving along the tapered
fiber at velocity v (Fig. la), the round-trip time and the
frequency of light with respect to the frame of moving cavity (S’)
are given by the Lorentz transformation: 7, = Ln(w')/c,
w' = w(1 —v/c), where L is the perimeter of the cavity, n(w’)
is the refractive index of the cavity in the moving frame.
Meanwhile, light is resonantly trapped inside the cavity for a
certain period which is further enhanced through the dispersion.
By the time the intracavity light is coupled back to the fiber, the
cavity has already moved translationally for some distance,
effectively dragging the intracavity field towards the direction of
motion. Therefore, the moving medium can modify the round-
trip phase of internal light accordingly, which is expected to be
very small when v < c. To achieve large dispersion enhancement
by means of slow/fast light, a weak probe laser at w,, is scanned
through the Stokes or anti-Stokes resonances induced by a
strong control laser at w. with SBS as shown in Fig. 1b, ¢, similar
to prior works!%20. This drag can induce phase shift with
respect to the remaining light only propagating in the tapered
fiber in terms of interference, experimentally this drag phase can
be measured by the transmission output through a spectrum
scanning combined with a lock-in detection scheme (see
Supplementary Note 2).

By considering the dragging effect in term of the refractive
index of lasers under the moving frame3? (see Supplementary
Note 3), the relative light-dragging phase shift of the probe can be
obtained as

L(ro. — w,)n(w.)v - ng(w,) — n(w,)
c n(w,) (1)
L(rw, — wp)n(wc)de(w )
p )

Q

A(pdrag,p (wp)

c2

where r is the thermal drift factor®, F,,(w,) is defined as the light-
dragging enhancement factor, which is approximately propor-
tional to n4(w,) with a factor of 1/n(w.) when ng(wp) > n(wP).
The strong group dispersion ng(w,) tremendously enhances the
dragging effect brought by the velocity v, which is similar to the
light drag in the atomic vapors and cold atoms!®11.

In our experiments, the transmission of the probe through the
fiber-coupled microcavity system is altered by such light-
dragging-induced phase shift through interfering with the
residual light inside the fiber’!, giving us a tool to measure the

dragging phase shift (see Supplementary Note 4)
—a? —
ATdrag,P(wP) ~ 2&1{2(1 a )(1 K%)A(po(wciQBz)
(1= ax,)? + g, £0)
=C- Aqsdrag,p(wp)?

x Agbdrag,p (wp)

(2)
where a is the round-trip absorption loss of the cavity, «, is the
coefficient of transmission between the tapered fiber and the
cavity, Qp is the frequency of the acoustic wave, A¢o(w. + Qp) is
the initial round-trip phase mismatch of the cavity at anti-Stokes/
Stokes frequency, depending on the case of slow light(4) or fast
light(—). It is convenient to define a parameter C to characterize
the effect of small phase perturbation on the transmission near an
optical resonance. Then the phase shift induced by dispersion
enhanced light-dragging effect can be converted into the change
of probe transmission.

Slow-light-enhanced light drag in a BSIT microcavity. Firstly,
we realize BSIT through an anti-stokes process in our opto-
mechanical microcavity (see “Methods” section). Figure 2a
depicts an ultra-narrow mechanical resonance peak (3 kHz line-
width) inside an optical cavity mode (22.4 MHz linewidth),
similar to the previous works!%2, Its phase spectrum in Fig. 2b
exhibits a rapid climb near the center of the induced transparency
window, which later will be explored for the light-dragging
enhancement. Meanwhile, we observe a slow light with time delay
up to 338 us (Fig. 2c) by probing a secondary light through BSIT
window, which is related to the group index by (see Supple-
mentary Note 5):

7, (w

. p)nc

LF G)

where 7, is the probe time delay, Fq(w,) is the finesse of the cavity.
Then n is calculated to be —3.5 x 10%, which can provide a light
dragging enhancement for up to —2.4 x 10* according to Eq. (1).
Note that a time delay is associated with a negative g in the BSIT
due to output coupling from the intracavity field?0 (see Supple-
mentary Note 5), which is totally opposite to the case of atomic
systems. Based on this platform, we exam dispersion enhanced
light drag by vibrating the microcavity along the fiber while
keeping a constant coupling gap so that the relative speed is
sinuously modulated (see Supplementary Note 6).

Here the microsphere is fabricated on the top of a fiber,
effectively composing a cantilever that oscillates at several
mechanical resonances’? in Fig. 2d. We choose two of these
resonances (at 59 and 62 kHz) driven by an attached piezoelectric
vibrator (Fig. 2e) for maximizing moving speed to exam any
observable dragging effect. This is done by reading out the
transmission of the probe laser whose frequency is periodically (4
Hz) scanned through one slow-light window (in 20 kHz frequency
range), meanwhile, the microcavity cantilever’s vibration fre-
quency is slowly swept through those two resonances (with a
repetition rate of 10 mHz in the range of 2.5kHz). As a result,
small dips in the envelope of probe transmission are observed
periodically on slow-varying background humps (Fig. 2e), which
arise from the superposition of light-dragging effect (dips) and
coupling-gap modulation (humps) as shown in Supplementary
Note 7. These dips are measured through a lock-in technique
recording the temporal modulation induced by the light drag of
the vibrating cantilever. Ideally, the coupling gap is kept constant
if perfectly aligned. However, slight misalignment can lead to a
huge response in the transmission exhibiting a background hump.
The relative motion of the vibrating microcavity is calibrated to
give a maximum velocity of 0.12m/s accompanied with 10 nm

ng(w,) ~ —
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Fig. 2 Light-dragging effect in a BSIT microcavity. a Brillouin scattering-induced transparency (BSIT) is observed in an anti-Stokes mode (Q = 8.6 x 109).
b Large positive slope in the probe phase indicates strong normal dispersion. ¢ Probe delay of 338 ps is observed at the through port, corresponding to an

intracavity group index of ng = —3.5 x 104 and Fy=

—2.4 x10%. d lllustration of a vibrating microcavity driven by a piezoelectric vibrator. e The amplitude of

perturbation on probe transmission near two microcavity vibration resonances. The perturbation is contributed by the light-dragging effect (dips) and
coupling-gap modulation (background hump). f The light-dragging perturbation, ATg.,g, linearly scales with cavity velocity. The error bars of ATg,,e are
smaller than the data points and the x-axis error bars represent the standard deviation of cavity velocity. The inset compares a single dip and corresponding

enhancement factor. .

change in the coupling gap by monitoring the coupling efficiency
with perpendicular alignments of the piezoelectric vibrator.

Such dips in the envelope of transmission are caused by the
interference between the direct transmitted light and those
dragged by the vibrating microcavity (see Supplementary Note 6).
Their height directly measures the dragging phase due to
destructive or constructive interferences according to Eq. (1).
Under the condition of slow-light enhancement, the amplitude of
light-dragging perturbation, measured from the height of the dips
linearly scale with the velocity of the microcavity (Fig. 2f), which
is calibrated by the displacement and the vibration frequency.
This confirms the velocity dependence of light drag in Eq. (2).
Meanwhile, since the dragging effect is linearly enhanced by the
dispersion, the profile of a dip is compared with the group index
near the slow light regime in the inset of Fig. 2f, exhibiting good
agreement in height and linewidth.

Fast-light-enhanced light drag in a BSIA microcavity.
Anomalous dispersion can also induce strong enhancement to

light drag in a Stokes SBS configuration as shown in Fig. 3. The
complex phase of the Stokes-induced acoustical resonance
coherently interferes with one optical resonance, resulting in
BSIAZ20 in Fig. 3a, b. Unlike the previous case of BSIT, the phase
spectrum of BSIA has a large negative slope at the center of the
absorption dip, exhibiting a near-Lorentzian lineshape in
Fig. 3c. The central strong dispersion leads to fast light mea-
sured by the group time advancement up to 26 ps in Fig. 3d. The
resulting light drag induces dips in the envelope of perturbation
in the transmission. Note that, such dips mix up the coherent
interference from both optical resonances, the acoustical reso-
nance as well as light drag (see Supplementary Note 6). The
height of the dips can be translated to the light-dragging per-
turbation, which is characterized to be linearly dependent on
the corresponding microcavity velocity (Fig. 3e). Previously,
only slow-light media, ie. normal dispersion, have been
implemented for light drag, the current work in a BSIA medium
is the first one, to our knowledge, demonstrating anomalous
dispersion-enhanced light drag, which is crucial for improving
rotational sensing®24.
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group index is calculated to be 3031. The probe time advancement decreases with increasing control power, which implies decreasing intracavity group
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calculated from panel e.

Moreover, we illustrate that such dispersion-enhanced light
drag can be actively tunable through dispersion management in
Fig. 3. Experimentally, the linewidth of BSIA can be effectively
controlled by the pump power through nonlinear Brillouin gain
similar to prior work!® (see Supplementary Note 8). Here the
depth of the BSIA transmission dips decreases by around 50%
when increasing the pumping power from 650 to 740 uW. More
importantly, their linewidths increase (Fig. 3b), resulting in
smoother phase jumps (Fig. 3c) and reducing group time
advances by half (Fig. 3d). As a result, the corresponding light
drag measured under these pumping conditions now exhibits
slightly different slopes with respect to the cavity velocity (Fig. 3e),
since the enhancement factor F4 has been modified by different
dispersion in these configurations. For verification purpose, we
plot these slope coefficients from Fig. 3e as a function of
corresponding group indexes in Fig. 3f, which shows good
linearity confirming the linear dependence of light-dragging
enhancement factor on the dispersion, i.e. group index as shown
in Eq. (1).

Light drag enhanced by normal and anomalous dispersion.
Both normal and anomalous dispersion enhanced light-dragging
effect are demonstrated simultaneously in an SBS-induced

Fano-like transmission spectrum in Fig. 4. We realize such
Fano-like transmission using the detuning technique!®28, where
the asymmetric Fano lineshape arises from the interference
between two coupled resonances (optical one and acoustic one)
and a coherent background?®3334, Such Fano resonance has a
distinct asymmetric lineshape in the intensity spectrum (Fig. 4a)
as well as the phase spectrum (Fig. 4b), which contains highly
normal dispersive regimes on both wings but anomalous one in
the center. As a result, the probe time delays are present on both
wings, while turning to time advancement in the center (Fig. 4c).
This opens up an opportunity to observe the light drag through
these dispersion relations at the same time. The measured
enhanced light drag now behaves oppositely to each other in
terms of slope, with a ratio around —0.5 (Fig. 4d). In the
meantime, the intracavity group index is estimated to be —1732
for the slow light regime and 3050 for the fast light regime cal-
culated from the probe time delay/advancement in Fig. 4c. The
ratio of group index in the two situations, calculated to be —0.57,
coincides with the slope ratio above. This is an important result
since the dispersion-enhanced light drag can be easily flipped by a
frequency detuning less than the linewidth of the resonance
(acoustical one), opening up a new possibility for manipulating
dispersion-enhanced light drag for sensing applications.
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Discussion

At last, we would like to discuss the potential applications of
dispersion-enhanced light drag in motion sensing. Ideally, the
current configuration can be directly applied for microscopic
velocity sensing, i.e. velocimetry, which not only has a compact
size comparable to devices based on micro-electro-mechanical
systems but may also provide exceptional sensitivity (see Sup-
plementary Note 1). Theoretically, combining with sensitive
heterodyne detection and counter-propagating scheme, such
dispersion-enhanced light-drag sensor can reach a sensitivity as
low as 200 pm s—! Hz~1/2, but with a limited travel range ~1 mm
(constrained by coupling waveguide’s length), which has already
outperformed than many electrical/optical counterparts. On the
other hand, if modifying the translational motion of the micro-
cavity to a rotational one in the ref. 2%, we may also expect sig-
nificant enhancement in rotation sensing. For the given
configuration in this work, the corresponding rotational sensing
ability can be theoretically estimated to be 9 degrees per hour
with a millimeter-scale footprint (see Supplementary Note 1),
which is sufficient for industrial metrology and motion-sensing
applications. Moreover, a four-fold enhancement was reported
recently in an exceptional-point-enhanced Sagnac gyro3°, which
may also be considered for further improvement in sensitivity
with dispersion enhancement3°, This implies a bright future of
BSIT/BSIA enhanced rotation sensors due to its significant group
index and controllability.

In summary, we have theoretically and experimentally exam-
ined Lorentz’s prediction of dispersion-enhanced Fresnel light
drag in both slow and fast light configurations. Compared with
prior works, our new platform is implemented on a solid-state
microcavity with a micrometer dimension (see Supplementary
Note 9), thanks to a dispersion enhancement factor introduced by
the BSIT/BSIA processes. Both fast-light-enhanced and slow-
light-enhanced light drag has been demonstrated with a flexible
tunability from active pumping or detuning, paving a way for
compact applications in inertial, gyroscopic motional sensing.

Methods

Experimental system. The experimental system for this work is illustrated in
Fig. 5. A taper-coupled microsphere optical cavity was used as a platform for
studying dispersion-enhanced light drag. A control laser, generated by a con-
tinuously tunable laser with a center wavelength of 1550 nm, was used to pump up
the forward Brillouin scattering. A probe laser, generated through an electro-optic
modulator (EOM), was scanned near the SBS resonance to experience the dis-
persion and exhibit light drag. The network analyzer controlled the modulation
frequency of EOM and monitors the amplitude, phase, and group time delay of the
transmitted probe collected by a high-speed photodetector (PD), similar to prior
works!%20, The probe delay time recorded by the network analyzer was used to
calculate the light-dragging enhancement factor F4 based on Supplementary
Note 5.

A piezoelectric actuator was used to drive the microsphere cavity vibrating
along the direction of the tapered fiber for the demonstration of light drag. The
perturbation on probe transmission induced by the oscillating cavity was filtered
and amplified by a lock-in amplifier. The piezo-driving signal and the reference
signal for the lock-in amplifier were provided by two synchronized channels of a
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Fig. 5 The set-up for stimulated Brillouin scattering (SBS)-enhanced light-dragging experiment. A continuous-wave (CW) laser was used to generate
the control signal. The probe signal was generated by a network analyzer through an electro-optic modulator (EOM). The control and the probe lasers were
coupled in and out of the microsphere cavity via a tapered fiber. The optical transmission signal was received by a high-speed photodetector (PD) at the
through port and the excitation of SBS was monitored on an electric spectrum analyzer (ESA). When SBS was excited, the amplitude, phase, and group
time delay of the probe signal near the Brillouin resonance were measured by the network analyzer. A piezoelectric actuator was used to drive the
microsphere cavity vibrating along the direction of the tapered fiber for the demonstration of light drag. The function generator generated the piezo-driving
voltage and the reference signal for the lock-in amplifier. The lock-in amplifier was used to measure the amplitude of the perturbation on probe

transmission led by light drag. FPC is the fiber polarization controller.

function generator. The perturbation on probe transmission consisted of a light-
dragging part and a coupling-gap-modulation part, as mentioned in
Supplementary Note 6. To get the light-dragging part, the probe frequency was
scanned near BS resonance with a high repetition rate (4 Hz) for varying dispersion
meanwhile the piezo-driving frequency was scanned slowly near the microcavity
cantilever modes (at 10 mHz repetition rate) for varying vibration velocity. As the
dispersion experienced by the probe was changed periodically by the fast scan of
the probe laser, the dispersion enhanced light-dragging perturbation on probe
transmission could be distinguished from the slowly varying background which did
not respond to the change in dispersion.

Data availability
The data generated for the current study are available from the corresponding author
upon reasonable request.
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