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Coherent conversion of microwave and optical photons can significantly expand the capabilities of information
P p g y exp p
processing and communications systems. Here, we experimentally demonstrate the microwave-to-optical fre-

quency conversion in a magneto-optical whispering gallery mode microcavity. By applying a magnetic field par-
allel to the microsphere equator, the intracavity optical field will be modulated when the magnon is excited by the
microwave drive, leading to a microwave-to-optical conversion via the magnetic Stokes and anti-Stokes scattering
processes. The observed single-sideband conversion phenomenon indicates a nontrivial optical photon—-magnon
interaction mechanism derived from the magnon that induced both the frequency shift and modulated coupling
rate of optical modes. In addition, we demonstrate the single-sideband frequency conversion with an ultrawide

tuning range up to 2.5 GHz, showing its great potential in microwave-to-optical conversion.
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1. INTRODUCTION

Electromagnetic waves at microwave and optical frequencies
play important roles in information processing and communi-
cations systems. However, the quantum information technol-
ogy based on the most promising superconducting qubits is
operated at cryogenic temperature with microwave photons,
which cannot achieve long-distance communications between
qubits. Unlike microwave photons, the optical photon can
transmit via low loss optical fibers, making them suitable for
long-distance communications. Thus, frequency conversion
between a microwave photon and an optical photon has at-
tracted great interest [1-6]. Besides, the energy of a single
microwave photon is too low to be efficiently detected with a
high signal-to-noise ratio (SNR). In contrast, converting the
microwave photons to optical photons can be detected directly
with single-photon detectors. Therefore, it can greatly promote
the detection based on the microwave, help to improve the res-
olution of radar, and maybe realize the quantum-enhanced
radar system [7]. Recently, such a microwave-to-optical
transducer [6] has been demonstrated in optomechanics,
electro-optic interaction, atoms, and ions [8—17]. Among
these approaches, optomagnonics based on a magnon provides
an alternative and attractive approach to the coherent
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microwave-to-optical conversion because of its great frequency
tuning range and long coherence time [18-24]. Besides, due to
the nonlinearity of the system, high-order sidebands can be
generated in optomagnonics [25].

Currently, frequency conversion has been demonstrated in
such an optomagnonic system [26-30], where the high-Q
yttrium iron garnet (YIG) whispering gallery mode (WGM) mi-
crocavity was used to enhance the interaction between
magnons and photons, and nonreciprocity of the magnetic
Brillouin light scattering (BLS) has been observed [28,31].
However, similar to the Brillouin optomechanical system
[32,33], the triple-resonance condition (the phase matching be-
tween pump, signal, and magnetic modes) is required in such
systems, which may limit the flexibility in choosing the working
frequencies and tunability of the frequencies. Therefore, using
the great tunability of the magnon and also the two-mode
magnon—photon coupling mechanism would allow us to achieve
the transducer that mitigates the limitations mentioned above.

In this paper, a tunable frequency conversion between mi-
crowave and photons is realized by the dynamical Faraday effect
in a YIG microsphere. The magnetic Stokes and anti-Stokes
scattering induced by the dispersive interaction between the
magnon mode and the optical mode can be observed.
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When the frequency of the pump light is resonant with the
optical mode, the asymmetry of the two sidebands and even
a single sideband (SSB) is observed in our experiment. By
changing the direction of the static external magnetic field,
we observed both the optical mode resonance frequency shift
and the modulated coupling efficiency, corresponding to both
phase and intensity modulations. Therefore, we deduced that
this asymmetry conversion is derived from the phase and inten-
sity modulations induced by the internal magnetization proces-
sion. In our experiment, we demonstrated 16 times asymmetry
of the two sidebands and a magnon tuning range of 2.5 GHz,
corresponding to the tunable frequency conversion with the
same range. We believe, to the best of our knowledge, that
our results serve as a novel method for the implementation
of SSB microwave-to-optical conversion devices.

2. EXPERIMENTAL SETUP AND RESULTS

The principle of the frequency conversion in the YIG micro-
sphere is illustrated in Fig. 1(a). The input light couples to the
YIG microcavity and excites the WGMs through the high-
index prism. The WGMs in the microcavity will have a spin
along the z direction due to the spin-orbit coupling of light
[34-36]. According to our previous work, the spin will be
modulated by the magnetization along the z direction due to
the Faraday effect, thus shifting the resonant frequency of the
WGMs [34]. When applying a magnetic field parallel to the
resonator equator, the microwave excites the magnon mode
in the microcavity by an antenna and causes the procession
of the magnetization in the microcavity. Therefore, as shown
in Fig. 1(c), the resonant frequency of the optical mode
in the microcavity will be modulated by the magnetization
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Fig. 1. (a) Schematic of the microwave-to-optical frequency conver-
sion in a YIG microsphere. The bias magnetic field is parallel to the
optical path, while the input light excites the WGMs and has an
optical spin perpendicular to the propagating direction due to the
spin-orbit coupling. The intracavity field could be modulated by
the dynamic magnetic field via the Faraday effect, and generate
two sidebands at the output port. (b) Frequency conversion via the
coupling between photon (2) and magnon (). (c) Illustration of
the dispersive magnon—photon coupling as the magnetization-induced
modulation of the resonant frequency.

procession. When an optical pump drives at the optical mode,
its amplitude will be modulated and lead to two sidebands at
the output as an oscillator system, and the Hamiltonian of the
system can be written as

H=w,'a+ w,mm+ ga'a(m+ m), (1)

where 4(4") and m(m") are the annihilation (creation) operators
for optical mode and magnon mode, respectively. ¢ is the
magneto-optical coupling strength, and @, and w,, are the fre-
quency of the optical mode and magnon mode, respectively.
Different from the previous experiment based on a triple-
resonance condition [26-29], only one optical mode and one
magnon mode participated in the magneto-optical interaction,
as shown in Fig. 1(b). Therefore, the interaction between the
photon and the magnon in our experiment is similar to the
two-mode interaction in an optomechanical system [37].
Considering the great tunability of the magnon, a larger oper-
ating frequency transducer could be obtained than what has
been reported in previous optomagnonic system research.
Figure 2(a) is the schematic of our experimental setup.
A tunable diode laser is separated into two laser beams by an
optical fiber splitter. One beam excites the WGMs by the rutile
prism, and would generate two sidebands due to the interaction
between the magnons and photons. Another laser beam is
shifted with a frequency of +80 MHz by an acousto-optical
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Fig. 2. (a) Schematic of the experimental setup. A tunable laser is
separated into two beams by an optical fiber splitter. One beam excites
the WGMs by prism coupling, which would generate two sidebands at
the output, and then combines another beam as the local oscillator
(LO) is shifted by an acousto-optical modulator (AOM). PBS, polari-
zation beam splitter; HWP, half-wave plate; FPC, fiber polarization
controller; PD, photon detector; ESA, electric spectrum analyzer.
Inset: spectral position of the pump laser, the sidebands, and the probe
laser as the local oscillator. (b) The detected beat signal when the op-
tical pump is at red and blue detunings, respectively. The Q_(,)
corresponds to the sideband signal, which is higher (or lower) than
the optical pump. (c) Microwave reflection and the generated beat
signal as a function of the microwave frequency.
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modulator (AOM) as the local oscillator (LO) to measure the
sidebands through heterodyne measurement, as shown in the
inset of Fig. 2(a). Two laser beams are combined with the beam
splitter and sent to a 12 GHz high-speed photon detector fol-
lowed by a microwave amplifier and a spectrum analyzer.
In our experiment, the radius of the YIG microsphere is
about 400 pm. Two sets of polarization beam splitters and
half-wave plates are used to control the polarization of the sys-
tem. One is to excite the different polarized WGMs, and the
other is to verify the polarization of the generated sideband sig-
nal, which is consistent with the pump light. A fiber polariza-
tion controller is used to make two light paths have the same
polarization to optimize the beat signal. The magnon mode
used in the experiment is the uniform mode known as the
Kittel mode, whose frequency is determined by w,, = yH,
where ¥y = 27 x 2.8 MHz/Oe is the gyromagnetic ratio and
H is the external bias magnetic field. The external static mag-
netic field with an intensity of approximately 1780 Oe is par-
allel to the resonator equator, corresponding to the magnon
frequency of approximately 5 GHz, and the Kittel mode is ex-
cited by an antenna placed above the YIG microsphere, with
the microwave power amplified up to about 500 mW.

The pump laser with a frequency of @w; modulated by the
dynamic Faraday effect through the YIG microcavity will be
scattered to two sidebands (@ and wp). The LO beam has
a +80 MHz frequency shift with respect to the pump laser.
As a result, the sideband signal @y, (or @p) is measured through
the beat signals Q_ (or Q) in the spectrum analyzer, as shown
in Fig. 2(b). The typical results are measured when the optical
pump has a red (or blue) detuning from the optical mode set
equal to the magnon frequency, which indicates the anti-Stokes
(or Stokes) scattering. Figure 2(c) shows the microwave reflec-
tion and the generated beat signal (Q_) as a function of the
microwave frequency via a vector network analyzer (VNA).
The beat signal shows a resonant characteristic and correlates
to the magnon mode, which verified the participation of the
magnon in the frequency conversion process.

When the pump laser is scanning through the cavity modes,
the typical transmission is shown in Fig. 3(a). The dotted line
is a Lorentz fitting, corresponding to the loaded Q factor of
4.7 x 10°. Figure 3(b) shows the converted signals (Q_ or Q)
obtained with the same optical mode by scanning the pump
laser. When the pump laser is red detuning with a magnon fre-
quency, the sideband wy, is resonant with the optical mode and
another sideband wjp is far detuned, thus generating the fairly
strong sideband @y in the optical spectrum, the anti-Stokes
scattering dominant at this situation. Therefore, the signal
of Q_ is only observed. On the contrary, the signal of Q, is
only observed when the pump laser is blue detuning. In par-
ticular, when the pump laser is resonant with the optical mode,
the modulation of the optical resonant would induce two side-
bands, as obviously shown by both the signals of Q_ and Q.
Therefore, the signal of Q_ and Q, has a similar shape, just
with a magnon frequency shift.

Surprisingly, when the pump laser is resonant with the
optical mode, the two sidebands signals are asymmetric in
Fig. 3(b), in contrast to the symmetric sidebands reported
in the dispersively coupled optomechanical systems [38,39].
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Fig.3. (a), (b) Optical pump transmission and the generated optical
signal as a function of the pump laser frequency. The experimental
results agree well with the numerical calculations. (c) Transmission
as a function of the input light frequency with different bias magnetic
field direction. (d) The frequency shift and linewidth of the optical
mode as a function of the bias magnetic field direction from (c).
(e) Q_/Q, ratio as a function of the input microwave frequency.
The red dotted line represents the fitting result when considering
the thermal effect of magnon.

To investigate the physical mechanism for this novel SSB phe-
nomenon, Fig. 3(c) shows the optical transmission when
changing the magnetic field direction, corresponding to the
magnetic field direction changed with the microwave signal.
The angle € between the magnetic field direction and the res-
onator equator is changed from -45° to 40°. The transmission
of the target optical mode for the efficient frequency conversion
has an obvious change during the adjustment, as shown in the
gray region of Fig. 3(c), while the transmission of other optical
modes has no obvious change during the process. These results
indicate that the changed magnetization direction of the YIG
sphere could significantly change the coupling strength of the
target resonance mode with a near-field coupler. Figure 3(d)
further shows the resonant frequency and linewidth as a func-
tion of the 0. It indicates that both the resonant frequency and
linewidth of the optical mode could also be modulated by the
dynamic magnetic field and the two modulations have a phase
difference ~7, corresponding to the novel magnon-photon
coupling that induces out-of-phase dispersive and dissipative
modulations. Similar to the optical SSB modulator [40], such
out-of-phase phase modulation (frequency) and intensity
modulation (coupling strength) eventually lead to the SSB
microwave-to-optical conversion.

To consider the optical mode owning two modulations
with the dynamic magnetic field induced by the microwave,
one is the frequency modulation ga'a(m + m") shown in
Eq. (1), and the other one is the coupling strength modulation,
where «k,; could be expressed as k,[1 + A(m + m")], and
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where A is the modulation coefficient of the coupling strength.
The coupled-oscillator equations in the interaction picture are
then rewritten as

da

4= (z’Aa - &> a - iga(me™*m' + H.c.)

2

+ JKoill + A(mem" 4+ H.c)/2]y /hp—a;, (2)

) P
P (z’Am - %") m ~ iga’ aem™' +  JK, | ﬁ

+ (cha—l/z) Loy oo, )
? fla)L

where A, = @0; - @, and A, = o, - ®,, are the detuning of
the optical and the microwave pump, respectively. k,, (k,,) is the
decay rate of the optical (magnon) mode. The numerical results
are shown in Fig. 3(b). In Fig. 3(b), one can see that the ex-
perimental and numerical results are in good agreement, which
further verifies the two modulations on the optical mode that
causes the SSB phenomenon. Further studies have found that
when the pumped laser is kept at the near-resonance position,
the ratio of the beat frequency signal between the red and blue
(_/€Q, ) sidebands changes with different microwave detun-
ing. The magnon frequency is 5 GHz and it is found that the
ratio of the beat frequency signal has distinct resonant proper-
ties, which means the stronger driving force of microwave en-
hances the precession amplitude of the magnon along the z axis
near the resonator equator, leading to the stronger SSB effect, as
shown in Fig. 3(e). The resonant frequency in Fig. 3(e) is larger
than 5 GHz because of the thermal effect on the magnon [41].

As we know, the external magnetic field can tune the fre-
quency of the magnon, corresponding to the tunable frequency
conversion. Figure 4 shows the frequency conversion when
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Fig. 4. Converted signal as a function of the pump laser frequency
detuning with different magnon frequencies by changing the magnetic
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only tuning the relevant magnon frequency from 3.5 to
6 GHz, a range that is limited by the permanent magnet we
used. It shows that our device has a much larger operation
bandwidth compared to the previous scheme [26-29]. Taking
the insertion losses into consideration, the power conversion
efficiency in our experiment is estimated as 3.62 x 10, corre-
sponding to the photon number conversion efficiency of
0.94 x 1071%, Despite the fact that the conversion efficiency is
lower than that of the previous experiment based on a triple-
resonance condition [26-30], our experiment provides a novel
method to realize the SSB frequency conversion between mi-
crowave and optical photons.

The conversion efficiency can be improved by introducing
a second microcavity to approach the first microcavity, so that
the optical mode will split due to strong coupling between two
microcavities [10]. The coupling strength is tunable, so the
splitting of the optical mode can be selected to match the re-
quired magnon frequency to achieve the optical pump and side-
band signal resonant with the optical modes. Then the photon

m,1Ka,1

4C
Kk, (1+C)*+(A/x,

number conversion efficiency 7 « 5 L with

C = 4¢*(d' a) . . .
= - could be increased by 70 times when A is changed

mia

from w,, to 0. In addition, scaling down the size of the YIG
microsphere to reduce the mode volume, or replacing the mi-
crosphere with a microdisk and using a high-order magnetic
mode to improve the mode overlap [28,30,42,43], the coupling
strength ¢ /27 could be increased by a factor of about 100, lead-
ing to a frequency conversion efficiency of four orders of mag-
nitude larger. Finally, polishing the YIG microsphere and using
a high-index waveguide can reduce ,, and improve the k,, 1, and
n can be increased by about 20 times. With these improve-
ments, the predicted photon number conversion efficiency
can be improved to about 1.3 x 1072,

3. CONCLUSION

We experimentally demonstrate the SSB frequency conversion
between microwave and optical photons in a YIG microcavity.
By applying the static magnetic field parallel to the resonator
equator, the magnetic Stokes and anti-Stokes scattering occurs
in the YIG microsphere, which resembles the phonon—photon
interaction in an optomechanical system. Besides, due to the
modulation of both the resonance frequency and external cou-
pling intensity of optical modes, the SSB modulation has been
demonstrated in our experiment. Our results provide what
we believe is a novel method to realize the SSB frequency
transducer.

APPENDIX A

The optical transmissions measured in our experiment are
shown in Fig. 5. The refractive index of the a YIG microsphere
ata 1550 nm wavelength is 2.19; thus, we chose the rutile cou-
pling prism (ADT-6, Thorlabs) to get better mode match. As
shown in Fig. 5, the high-Q optical modes can be found in both
TE and TM spectra. The TE and TM modes have a free spec-
tral range of about 54.1 GHz and 54.9 GHz, respectively,
which correspond to the radius of the YIG microsphere (about
400 pm) used in our experiment. The transmission of TE
and TM modes is different due to the birefringence of the rutile
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Fig. 5. Typical transmission of the YIG microcavity with TE and
TM modes via prism coupling.

coupling prism, which has the optic axis perpendicular to the
equatorial plane of the YIG microsphere. For the same incident
direction of laser into the prism, the TE mode and the TM
mode will have a different refractive index, leading to different
wave vectors of the evanescent field. Considering the phase
matching in prism coupling, the different incident evanescent
field will lead to different measured transmissions. It should
be pointed out that when changing the polarization from
TE to TM modes in our experiment, the YIG microsphere
must slightly move in the equatorial plane direction to achieve
the best coupling efficiency.

APPENDIX B

In our research, we also found that the strength of the magnetic
field will affect the transmission. As shown in Fig. 6, the direc-
tion of the magnetic field is parallel to the equatorial plane of
the YIG microsphere, and the transmission is measured when
changing the magnetic strength zero to saturation. Note that
the saturation magnetic field of the YIG is 1780 Oe. It is ob-
vious that the linewidth and resonance frequency of the optical
mode in the blue area change with the magnetic field strength,
but the two other optical modes are hardly changed.

To verify that the single-sideband effect we observed is not
caused by an accidental optical mode, we determined that the
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YIG
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Fig. 6. Transmission as a function of the input light frequency with
different bias magnetic field strength.
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transmission at the magnetic strength is zero and saturation in a
free optical spectral region (FSR), as shown in Fig. 7. Multiple
optical modes can be found in the free spectral region, and their
coupling efficiency is significantly modulated by the strength of
the magnetic field. Therefore, by measuring the relationship
between the sideband signal and the pump light detuning
around these optical modes, one can clearly observe the single-
sideband effect, which verifies the conclusion in our main text.

APPENDIX C

In our experiment, there is only one optical mode and one
magnon mode that participate in the magneto—optical interac-
tion. As mentioned in the main text, the Hamiltonian of the
system is

H=wa'a+ w,mm+ ga'a(m+ m'), (C1)

where 4(4") and m(m") are the annihilation (creation) operators
for the optical pump mode and magnon mode, respectively. g is
the coherent magneto-optical coupling strength and can be
expressed as

€
g= EOifn /(ufuq; - uru;)d)é, (C2)
where #, is the x component of normalized electrical field

% (x) with x € {r, ¢, 2}, & is the vacuum permittivities of

. 2 /50, . .
the material, and f = /;U/i:[f is the coefficient of the magneto—

optical effect in which ¢,, ¢,, by, and M, are, respectively, the
relative permittivity, Faraday rotation, wave number, and the

__ &MV 2N

saturation magnetization of the YIG. 5 = >V
g, = 2 is Lande g factor, pip is Bohr magneton, N = pV is the

, where

total spin population of the sphere, p = 4.22 x 10 m™ is
the spin density, s = 3 is the spin number of YIG, and V is the
volume of sphere. The integral term in Eq. (C2) represents the
chirality of light.

Under external optical and microwave drive, the
Hamiltonian of the system is

H=w,aa+ w,m'm+ ga’a(m+ m")

me

+ M h_(mT g—i(l)mwt _ mez‘wmwt)
w

P ) )
+ Ko /h—aiL(aTe”W - ae'it), (c3)

Here, w; and P; are the frequency and power of input
pump laser, @,,,, and P, are that of the microwave signal in-
put, and k,,; and k, ; are the external coupling rate for the two
modes, respectively. As mentioned in the main text, the optical
mode has two modulations: the frequency modulation
ga'a(m+ m"), and the coupling strength x,, which has a
modulation expressed as k,,[1 + A(m + m")] [44], where A
is a constant. Then, the equations of motion in the rotating
frame can be written as
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Table 1. Parameters Used in the Numerical Simulations
Parameter Symbol Value
External coupling rate of the Ky 27 x 0.03 GHz
optical mode

Decay rate of the optical mode K, 27 x 0.6 GHz
External coupling rate of the K1 27 x 3 MHz
magnon mode

Decay rate of the magnon mode - 27 x 8.6 MHz
Optical pump power Py 0.01 W
Microwave pump power Py 1w
Frequency of the optical mode )3 27 x 193 THz
Frequency of the magnon mode ,, 2r x5 GHz
Modulation constant of x,, A 1
Coupling strength of the g 27 x 6 Hz

magneto—optical interaction

da

4= ( A - ) ~ iga(me ="' 4+ H.c.)

) P
+ Ronll + A(memt 4 H.c.) /2] | ﬁ (Ca)
L

dm . Ky e Py
P (zAz - 7) m— igd e+ JK, | m":nw

+ (A/x,1/ 2)1 / (aT a)e'®m?, (C5)

where we have assumed \/1 + A(me @' + Hie) & 1 +
A(me @' + H.c)/2 for A(me ™" + He) < 1. k, (k,)
is the decay rate of the optical (magnon) mode, and
K, =Ko+ K 1[1+Ame ™" +He)] (K, = Ko + Kp1)-
K0 (K,,0) is the intrinsic loss of the optical (magnon) mode.
A =w; -w, and A) = o, - w,, are the detuning of the
optical pump and microwave, respectively. Through Egs. (C4)
and (C5), we have made numerical simulations, and all param-
eters are shown in Table 1.

The numerical results based on the parameter values above
are shown in Fig. 3(b), which further validates our experimental
results.

APPENDIX D

In our experiment, we used a Fabry—Perét (FP) cavity with an
FSR of 10 GHz to estimate the conversion efficiency of the
system. As shown in Fig. 2(a) in the main text, we measured
the laser power after the prism, and simultaneously recorded
the signal intensity measured by the FP cavity in the position
of the PD. Then, we can get the corresponding relationship
between the laser intensity emitted after the prism and the sig-
nal recorded by the oscilloscope. This method allows us to
ignore the optical loss behind the prism in the optical path
and directly obtain the intensity of the laser light emitted from
the prism through an oscilloscope. As shown in Fig. 8(a), when
the YIG microsphere is pumped by the microwave, the weak
signal can be measured around the sideband of the pump laser
through FP cavity. By recording the intensity of the sideband
signal and the corresponding relationship between the laser
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(b) Converted optical signal change with microwave power.

intensity and the signal intensity obtained by the previous mea-
surement, the output sideband signal from the prism can be
calibrated. In our experiment, we measured the converted
optical signal change with microwave power, as shown in
Fig. 8(b). The slope of the fitted curve is the power conversion
efficiency, and we determine the power conversion efficiency as
about 3.62 x 1076, Taking the optical frequency (193 THz)
and the magnon frequency (5 GHz) into consideration, the
photon number conversion efficiency without insertion losses
in our experiment is about 0.94 x 10719,
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