L

===\

2]

-

Q

)

e

()
—

/2]
O

2]

>
=

Q.

o

D

Qo
Q.
<<

AIP
Publishing

RESEARCH ARTICLE | SEPTEMBER 16 2024
Optical measurement and feedback control of a

ferromagnetic mechanical resonator @3

Hong-Yi Qiao © ; Guan-Ting Xu; Zhen Shen & © ; Yu Wang © ; Guang-Can Guo ©® ; Shui-Ming Hu & © ;
Chun-Hua Dong

’ @ Check for updates ‘

Appl. Phys. Lett. 125, 121106 (2024)
https://doi.org/10.1063/5.0230373

@ B

View Export
Online  Citation

Articles You May Be Interested In

Magnomechanically induced absorption and switching properties in a dispersively coupled magnon-qubit
system

J. Appl. Phys. (September 2022)

Phase control of the transmission in cavity magnomechanical system with magnon driving
J. Appl. Phys. (December 2020)

Distant bipartite entanglement generation in a hybrid opto-magnomechanical system

AIP Advances (May 2024)

Failure Analysis &
Sensors T Semiconductors

Impedance éé Scanning Probe
Analysis Microscopy

Unlock the Full Spectrum.
From DC to 8.5 GHz,

Your Application. Measured.

% % Nanotechnology & . Optics & —_—
Materials Science A Photonics =

lizuzneneneie
l=il<lielelelie

[P P
lzh-uencnencn
s leneneiei:

N/ Zurich

7\ Instruments

12:9€:€0 ¥20z Joquisidas 67


https://pubs.aip.org/aip/apl/article/125/12/121106/3312756/Optical-measurement-and-feedback-control-of-a
https://pubs.aip.org/aip/apl/article/125/12/121106/3312756/Optical-measurement-and-feedback-control-of-a?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0008-7614-2423
javascript:;
javascript:;
https://orcid.org/0000-0002-7380-1963
javascript:;
https://orcid.org/0000-0002-3293-0478
javascript:;
https://orcid.org/0000-0003-3771-9185
javascript:;
https://orcid.org/0000-0002-1565-8468
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0230373&domain=pdf&date_stamp=2024-09-16
https://doi.org/10.1063/5.0230373
https://pubs.aip.org/aip/jap/article/132/12/123104/2837457/Magnomechanically-induced-absorption-and-switching
https://pubs.aip.org/aip/jap/article/128/23/233101/288234/Phase-control-of-the-transmission-in-cavity
https://pubs.aip.org/aip/adv/article/14/5/055201/3287829/Distant-bipartite-entanglement-generation-in-a
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2529456&setID=592934&channelID=0&CID=910368&banID=522311056&PID=0&textadID=0&tc=1&rnd=1841972560&scheduleID=2447666&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1727580987726822&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0230373%2F20158650%2F121106_1_5.0230373.pdf&hc=c39b15d272669a0fe0281d8211cc575e59bc1dc9&location=

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

Optical measurement and feedback control
of a ferromagnetic mechanical resonator

Cite as: Appl. Phys. Lett. 125, 121106 (2024); doi: 10.1063/5.0230373

Submitted: 23 July 2024 - Accepted: 4 September 2024 -
Published Online: 16 September 2024

© th @

View Online Export Citation CrossMark

Hong-Yi Qiao,"” () Guan-Ting Xu,"” Zhen Shen,"**
and Chun-Hua Dong'?

Yu Wang,'?

Guang-Can Guo,"” (¥ Shui-Ming Hu,**?

AFFILIATIONS

ICAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei, Anhui 230026, China
2CAS Center For Excellence in Quantum Information and Quantum Physics, University of Science and Technology of China,

Hefei, Anhui 230026, China

*Department of Chemical Physics, University of Science and Technology of China, Hefei 230026, China

2 Authors to whom correspondence should be addressed: smhu@ustc.edu.cn and shenzhen@ustc.edu.cn

ABSTRACT

The measurement and control of mechanical resonators are critical for cavity magnomechanics, which has emerged as an important frontier
for hybrid quantum systems based on magnonics. Traditional microwave-based measurements require handling high-frequency signals and
cannot achieve field distribution detection. Here, we demonstrate a method for optically measuring and manipulating a ferromagnetic
mechanical resonator. This technique allows for direct observation of the response and field distribution of mechanical oscillations during
magnomechanically induced transparency/absorption processes, confirming that the mechanical mode S; ; is coupled with the magnon. The
optical measurement not only serves to validate the magnomechanical coupling theory but also reduces the necessity for high-frequency mea-
surements. Furthermore, we utilize the instantaneously measured results to implement feedback control of the self-oscillating mechanical res-
onator to overcome the dynamical back-action limit, achieving a threefold enhancement of phonon lasing amplitude. This feedback control
lays the foundation for the study of quantum cavity magnomechanics, such as the feedback cooling of a magnomechanical resonator.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0230373

In analogy to cavity optomechanics,' ~ cavity magnomechanics
has emerged as an important new frontier for hybrid quantum sys-
tems based on magnonics.” * The magnetostrictive forces could be
used to couple the mechanical degrees of freedom and magnon oscil-
lator, which can be flexibly adjusted through the magnetic field.'" "*
In particular, the cavity magnomechanical system consisting of mag-
nons and phonons in a single-crystal yttrium iron garnet (YIG)
sphere has made remarkable progress recently. Many applications
have been promoted based on this platform ranging from magnome-
chanically induced transparency/absorption (MMIT/MMIA),"” "
magnetometry,l("17 mechanical bistability,'s tunable microwave-to-
optical conversion,'”*’ and magnonic frequency comb”' ** to long-
lifetime coherent storage for microwave photons.”” *” Among these
applications, precise measurement and control of mechanical reso-
nators play a critical role, especially for the self-oscillating mechani-
cal resonators with larger amplitudes that can be harnessed to
broaden magnonic frequency comb, minimize phase noise of micro-
wave oscillators, probe the limits of magnomechanical sensors, and
study nonlinear dynamics.

Although magnomechanical coupling allows for the measure-
ment and control of mechanical resonators using microwave fields,
mismatches in frequencies exceeding GHz between magnons and
mechanical oscillators require high-frequency microwave measure-
ments, or the use of high-frequency microwave sources as local oscilla-
tors to compensate for this frequency mismatch through homodyne
measurement.* Additionally, the microwave measurements applied to
magnons are unable to map the field distribution of the mechanical
field due to its own wavelength limitation, which hinders the compre-
hensive characterization and performance optimization of magnome-
chanical resonators. At the same time, the further development of
applications reliant on self-oscillation in magnomechanical systems is
impeded by the constrained maximum displacement, arising from the
dynamical back-action limit.**

Here, we demonstrate a method for optically measuring and
manipulating the mechanical resonator of a YIG microsphere using
optical heterodyne detection.””** This technique allows for highly
accurate retrieval of vibration information from the YIG sphere,
including center frequency, amplitude, and linewidth. Our optical
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measurements have good agreement with microwave measurements,
while also providing spatial resolution by mapping the distribution of
mechanical vibrations along the equator of the YIG sphere. The experi-
mental results confirm that the mechanical mode S, , is coupled with
the magnon, rather than the more common §; o mode in the optome-
chanical resonator. Furthermore, when the mechanical-induced fre-
quency shift of the magnon oscillator surpasses the magnon linewidth,
the amplitude of the self-oscillating mechanical resonator tends to sat-
urate. To overcome this limitation, we implement a measurement-
based feedback control of the self-oscillation using this optical mea-
surements, achieving a threefold enhancement of phonon lasing
amplitude. Our results lay the foundation for fully implementing
bandwidth-friendly measurement and feedback cooling of a magno-
mechanical resonator.

The experimental setup for optical measurement and feedback
control of the YIG microsphere is illustrated in Fig. 1(a). For the het-
erodyne measurement part, a laser beam is divided into two parts via a
polarization beam splitter (PBS). One is the detection beam and the
other is the local oscillator, which is blue-shifted 100 MHz by an
acousto-optic modulator (AOM) to avoid the low-frequency noise.”*
The detection beam is focused on the surface of the YIG microsphere
through the objective lens. When the mechanical resonator is excited,
the vibration information of the mechanical mode is carried by the
photons reflected from the surface of the YIG sphere and measured
through the interference between the reflected photons and local oscil-
lator. The beating signal is around the vicinity of 100 MHz*w,,,
where m,, ~ 8 MHz is the mechanical frequency of the YIG sphere.
The beating signal can be demodulated and amplified by the lock-in
amplifier (LIA).”

First, our approach is used to directly measure the response of the
mechanical resonator during MMIT and MMIA processes. This measure-
ment not only serves to validate the magnomechanical coupling theory
but also allows for comparison of results with microwave measurements,
thus corroborating the efficacy of optical measurements. The MMIT/
MMIA processes are derived from the cavity magnomechanical properties

(a) (b)
. D Network Analyzer Feadback

(RF Probe) Lowpas
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Circulator Coupler
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of the YIG microsphere, by analogy with optomechanical systems.
When an external magnetic field exists, the YIG microsphere contains a
uniform magnon mode with frequency of @, g that can be excited by
an antenna placed near the YIG microsphere. The magnon mode can
couple with the mechanical mode through magnetostrictive interaction by
introducing a strong pump microwave. When the frequency of the pump
field satisfies pump + m = Opagnons corresponding to the red detuning
and MMIT process as shown in Fig. 1(b), the interaction between the
magnon mode and the mechanical mode can be described with a linear
beam splitter model, where a weak probe microwave (~prop) resonant
with the magnon mode is converted into mechanical vibrations. This con-
version leads to the observation of a transparent window in the reflection
spectrum of the probe when sweeping across the magnon mode using a
network analyzer, as shown in Fig. 1(c). In our experiment, the dissipation
rate of the mechanical and magnon modes are about /27 = 500 Hz
and Kk, /2n = 3.8 MHz respectively. The single magnon-phonon cou-
pling strength is described by g/27 = 6.5 mHz.

During the sweep of the probe across the magnon mode and
occurrence of the MMIT process, the corresponding vibration infor-
mation is directly detected through optical measurements and consti-
tutes the mechanical mode in the frequency domain. By varying the
intensity of the pump microwave, the vibration amplitude and the
properties of the mechanical resonator change as well. Figure 2(a)
shows the measured mechanical modes with different pump intensities
from 5 to 11 dBm. It clearly indicates that, with the intensity of pump-
ing microwave increasing, the linewidth of the mechanical mode is
widened, as depicted in Fig. 2(b). In addition, the mechanical mode
frequency shifted toward low frequency, and the electrical measure-
ment results from the network analyzer are also shown in Fig. 2(b).
These results are consistent with the heterodyne measurement.
Furthermore, when the pump field ®j,,, is blue-detuned from the
Magnon resonance Mpggnon by one mechanical frequency, the magno-
mechanical interaction is converted into the parametric oscillator
model, corresponding to MMIA process."” The response of mechani-
cal resonator is illustrated in Fig. 2(c), showing different trends for the
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FIG. 1. (a) Schematic of the experimental setup of mechanical vibration measurement. PBS: polarization beam splitter; BS: beam splitter; PD: photodetector; AOM: acoustic
optical modulator; LIA: lock-in amplifier; All microwave sources have been synchronized. (b) Spectral positions for the pump and probe signals used in magnomechanically
induced transparency/absorption experiment, while the mechanical mode exists. (c) The typical spectrum showing a transparency window when the probe signal is scanning

across the magnon mode.
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FIG. 2. (a,c) The points represent the squared YIG vibration amplitudes obtained
from measurements with different pump intensities at red or blue detuning, respec-
tively. The Lorentz lines are the corresponding theoretical results of squared ampli-
tudes of the mechanical fields. (b,d) The center frequencies and linewidths of the
mechanical mode with different pump intensities with heterodyne method from (a,c)
or network analyzer, respectively.

linewidth with increasing pump power, as depicted in Fig. 2(d).
However, the center frequency is shifted with the similar trends to
MMIT case. Here, another YIG microsphere with o, ~ 8.93 MHz is
used for Figs. 2(c) and 2(d). Through optical measurements, we
directly observed the optical spring effect of mechanical resonator and
the changes in linewidth caused by dynamical back-action."* These
observations are consistent with both electrical measurements and the-
oretical predictions, making the experimental study of this process
more comprehensive.

While YIG microspheres share a similar structure to silica micro-
spheres, the mechanical mode coupled with optical modes through
radiation pressure in silica microspheres is the S; o breathing mode,
which has a uniform amplitude distribution on the equator. In con-
trast, theoretical analysis indicates that the mechanical mode S; , cou-
ples with the Kittel magnon mode in YIG spheres,” characterized by a
non-uniform amplitude distribution. Microwave measurements lack
the capability to provide detailed pattern distribution of mechanical
resonators, rendering direct verification challenging. Leveraging the
enhanced spatial resolution of optical detection down to the spot size,
we will next investigate the amplitude distribution along the equator to
distinguish this mechanical mode. Here, the YIG sphere is continu-
ously rotated with a step of 5° with the stem as the rotation axis, main-
taining other conditions. The measured vibration amplitudes are
shown in Fig. 3. Due to the noise floor, some experimental results with
too small amplitude are overwhelmed, which will not materially affect
the overall trend. Obviously, the vibration amplitude presents a peri-
odic change with a period length of about 90°. COMSOL simulation of
mechanical mode S;, shown as an inset also exhibits four periods
within 360°. The measurement results are consistent with theoretical
analysis and show the advantages of optical measurements.

Our approach not only enables the precise characterization of
mechanical resonators but also facilitates direct application in feedback
control, achieving enhanced self-sustained mechanical oscillation,
commonly referred to as a phonon laser."’ When the microwave
pump is blue-detuned from the magnon mode at the mechanical
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FIG. 3. Measured amplitude distribution along the equatorial line of YIG micro-
sphere (red line) and the corresponding noise level (blue line). The inset shows the
COMSOL simulation of the amplitude distribution of the mechanical mode.

frequency, the effective dissipation rate of the mechanical resonator
decreases and the magnon undergoes a frequency shift dependent on
the phonon number. Upon surpassing a certain threshold, the effective
dissipation rate can become zero, which means the amplitude of
mechanical oscillation will be strongly excited and increase exponen-
tially over time until saturated, when the instantaneous frequency shift
of the magnon mode induced by the oscillations is comparable to the
magnon linewidth. This indicates the pump has deviated significantly
from the originally nominal blue detuning. Therefore, the principle of
our feedback is to adjust the pump frequency based on the instanta-
neously measured mechanical oscillation to compensate for the
mechanical-induced frequency shift of the magnon mode, and dynam-
ically match the frequency difference between the pump and the mag-
non oscillator with that of the mechanical resonator. The experimental
setup for the feedback section is introduced as shown in Fig. 1(a). The
signal received by photodetector first passes through a bandpass filter
to extract only one probe signal (with the frequency of wyer + @yech Or
Oref — Opecn), Which contains vibration information. After that, it is
mixed with @,,; which has been phase shifted by ¢. The original vibra-
tion signal is extracted out from a lowpass filter. Using this signal as
the phase modulation input for the pump microwave source, the feed-
back control of phonon laser can be realized.*”

Figure 4(a) shows the max-hold spectrum of the phonon laser
with the feedback on and off. The mechanical comb teeth with interval
of w,, are all enhanced. The effect of feedback is related to phase shift
¢ and modulation depth of microwave source. Figure 4(b) shows the
influence of phase shift ¢ on the first sideband of the mechanical
comb. The feedback is phase sensitive, with the maximum enhance-
ment located near 140°. This value may vary depending on the experi-
mental devices. Figure 4(c) shows the influence of the depth of phase
modulation under optimal phase shift. With a modulation depth of
about 2 rads, the feedback is close to saturation. The enhanced self-
oscillation amplitude provides access to rich nonlinear optomechanical
dynamics’ and assist in observing nonlinear nanomechanical
effects.*

In summary, we present an optical measurement approach for
the detection of the mechanical resonators of the YIG microsphere, as
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FIG. 4. (a) The max-hold spectrum of the phonon laser before and after the feed-
back is turned on. (b) Feedback enhancement dependence on phase shift. (c) The
max feedback enhancement dependence on modulation depth.

well as the feedback control loop of the enhanced phonon lasing. In
contrast to traditional electrical measurements, this scheme allows for
the direct observation of the response and field distribution of
mechanical resonators during MMIT and MMIA processes. This not
only helps to verify the magnomechanical coupling theory but also
reduces the necessity for high-frequency measurements. It also has the
potential to be applied to infer the magnon population of ferromag-
net"” and realize the coupling between opto-magnonmechanical sys-
tems and atoms.”® Currently, the excitation of mechanical vibrations
still relies on the parametric process with high-frequency pumping,
which could be replaced by laser pulse excitation to achieve fully
bandwidth-friendly measurement.”’ Furthermore, we utilize the
instantaneously measured results to implement feedback control of the
self-oscillating mechanical resonator to overcome the dynamical back-
action limit, achieving a threefold enhancement of phonon lasing
amplitude. This result not only benefits the applications reliant on self-
oscillation, such as generating frequency combs and squeezed states,
but also lays the foundation for the study of quantum cavity magno-
mechanics, such as the feedback cooling of a magnomechanical
resonator.' >
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