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Fig. 1. Historical milestones and landmark achievements in Brillouin light scattering technology: (a) First magnetic application of
BLS technology in 1966: observation of spin wave signals in FeF, thin films, with characteristic peaks at 52 and 154 cm ! first re-
vealing the magnon excitation spectruml; (b) tandem Fabry-Pérot interferometer (TFPI) developed by Sandercock in 1981, whose
breakthrough high contrast and wide dynamic range characteristics remain the core component of BLS systems to this day!?);
(c) direct observation of interfacial DMI effects in 2015: asymmetric frequency shifts of Stokes/anti-Stokes peaks in NigyFey/Pt
bilayer films, providing a key experimental tool for chiral magnetic structure research’¥); (d) micro-focused BLS breakthrough in
2008: spatial imaging of spin wave modes in submicron-scale (400 nm width) magnetic rings, revealing size-dependent eigenmode
distribution patterns('?; (e) ultrafast magnon dynamics research in 1998: time-resolved BLS first captured the spatiotemporal self-fo-
cusing dynamics of spin wave packets in magnetic thin films, showing two-dimensional spin wave intensity distributions and their
full-width-half-maximum contours at different propagation times('”); (f) phase-resolved technology breakthrough in 2009: phase-sens-
itive measurements achieved through magneto-optical modulation, enabling direct detection of propagating spin wave phases, with
interference patterns clearly revealing the phase structure of wave packets!'”; (g) surface acoustic wave evolution imaging: BLS
demonstrates the formation process of two-dimensional standing waves in time and space®); (h) biomedical applications in 2008:
high-resolution cross-sectional imaging of elastic modulus in artificial lens achieved, with the upper image showing elastic modulus
distribution based on frequency shift measurements and the lower image using scattering intensity as contrast2!l,

PEBAY 22 5. A 1(h) Brzs, 2008 ARBFFEN 51 21 A&, & —IF I TAE g BLS 7AW 11 W5 P Y
FIH BLS HOARSEI 1T A TR AR A 10 v 20 A T B HBEE T 2EA.
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Fig. 2. Schematic diagram of Brillouin light scattering

process.
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Fig. 3. Schematic diagrams of Fabry-Pérot interferometers (adapted from Ref. [24]): (a) Single-stage FPI; (b) Sandercock-type tan-

dem 3+3 pass scanning interferometer.
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Fig. 4. (a) and (b) illustrate the transmission orders of FPI 1
and FPI 2, respectively. The difference in mirror spacing
leads to variations in the free spectral range (FSR) between
the two FPIs. (¢) By offsetting the mirror spacing, higher-
order transmission orders are suppressed, allowing only the
central transmission order to pass through both FPIs and
reach the photon detector2™.
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Fig. 5. Schematic diagram of conventional BLS measurement: (a) BLS measurement of wave vector; (b) BLS measurement of spin

wave dispersion relation(,

237201-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 237201

] A — 3, 8 T 5 A (Backward Volume,
BV) #ix [ HERE BRI SR, % TR RS
(5 IR HEBESRA , T BE DR AR AR SR e i A2
TGRS E R A TR — i, SO0 B 5 % HLVHEAE
K EBRT 2.
TSR RE SRR 9, R LA I B 1 T A H
TEBEWER ko, yy » —HERFRN
kg, ) =2-2msind/AL. (16)

Bilan, 7P KR 532 nm FYEOE, PTERIN Y 5K
PR ke, = 23.6 um ™, X R e/ L RESE
K amn, = A\L/2 = 266 nm . X il R pePEERR I
AE 1 BLS BUARFSE A TER: 2 1 A amoe R i
5K T A

&4 BLS &G 7 — 1 B EFE 2B K
BOWEEERSE. TS ARBUN, BOLRE
RE AT BR, B B A9 DG B B A2 38 72 JL T oK B %
(20—100 pm). XFPR R OCREAE S8 TP A 5
TEEAS TR AT i DX R R SR AR TR
RS DX 3R A~ Xm0, 1 R Ry 3R i — e sl
155t BLS TEWFSE I SR R 2R ik e IR i €6,
THAEFRI 4 K RUBE G548 v (9 Jey 38 80 g 547 Sy i A
TE— 7€ SR PR

D e (5 H0OC R 21558 BLS R —14>
FEN (anE 5(b)). SLgerh, B A s RS
MU S I A B (RO A AR 9), SR —
FRINS AR kg, 19 BLS JGi. BASGE
1) AT L YR A8 R W XoF I 45 I8 O 1) Y T I 4 6.
I T AN RO I F A, AT ARG e A
B E N (R R INER w(k) . X —id PR I8 T B
R B AR B R R G TAR E DOGA f, LA
PRIFEAS B OGR4 R AR B A
JOT | ACHRR B | 45 ) S DL S A A ) Bl e
Rt TEEFEE, B R LSRN
z—.
B 7 I X AR L HOC R Ah, BLS Stk # 7
PRI AR IR B 5 eI B4 5 T e 3 5 K
MIRETT. ATEDE IR E Z 1, BRI A e R AR i T
HALAE T (w(k) # w(=k)), 7] LA Z Fh EHL
51 &, #4051 Dzyaloshinskii-Moriya #H H /F
JH (DMI) 0830321 e g 25 48 (40 22 2 1) wp i (8 i
FHEAEHTIB, PL AT Damon-Eshbach(DE) JL{Af
P B0 TR Yy T A e AE. Horp, B AL DMI

51 ) A eI AE B 5 PR AT A R AT A R A
1 DMI 38 5 ARG 2 5 HA 5 A e A
HE4SIRIE (0 Pt, Ta %) B S HIAL, T8 T-45H
OSBRI RN B A R A AN . XA AR
FEAG ] T 76 S TE AT A R TR0 B e AL,
FEXF A TEDE FIAEHE = B . BRI, DMI
FIA T —ABROFRAYASHRREII, 12RE 5 00 HA AH
R kA —k W9 B BEDE AR AN R Y BE i (0% )
BIE. HYBALHAE T, DMI K& DOy )3 5
HFAmERNESRZ) 5 AN AR
PR DCER, i B Fh s 0] Tk 24 H e A4 45
Jrla) (W0 —k ) %R Y23 a1 P 5 DMI i & 9 F-
PE—Bnt, HABE () S3FEAC; 0 Y 1% 48 7 1)
(U0 +k ) XA T-PE 5 DMI 32 T-HAH R, H
AEI (JIR) ST,

7E BLS 5256, X Fl DMI 55 1930 R 6 1F &
A DL EAZE I ). BLS Y63 A9 Stokes 14X 1 T
PR R e A R (ST REEREAR), 50
BRI A ) (A0 +& ) A3 B9 F BEDE; 1M anti-
Stokes X 7 F B T K ad fg (AT
RESE BN, BB ST AR m (—k) FE3E 1Y H
e (K 6(a)). i, DMI 477 2 T 2L Stokes
UEEFN anti-Stokes WEAHXS T Lo FEOEATR H BA X
PREGHIRE (14 6(a)). BARRI N, XPRLT +k F -k
B E BEW AR AN FARSE, BD f(4+k) # f(—k), X H
N WLAE BLS 3% _E i J& Stokes I 5 anti-Stokes
WEE PR AR A/ INAS [ 38 A A A ) 5 X 06 =2 ] P 30
2% 0] DUE bR EUGE DMI SR D. X FpiiR
ZET R
w(—k) —w(k 2

Af(k) - ( )271 ( ) - ﬂ]\Zfs

Horp oy 2 lER L, M R fLsR EE, D J& DMI
TR k& AR, BE S 9 BEAE, BRI
IR kg, BB ARAE, PR BLS AT AR S8
b R 25 A f B Ky, BIHIEOC R S8R 2300
BB AL B Ky, ) RAERTIN, £5FG iR AR w0,
X —2UESE T DMI AL PR R AR I RE I, I o
V2 0 A XTFR A A e I A BOC R w(k) . X A
FIF BLS FT #8800 i DMI 5|2 B9 [ i i 45 %
AT G PER Ik (& 6(b) A 6(c)), LA
TIE Y AT 22 J2 B 25 v B DMIT 3 B i 7 B2 52 06
FE.

Dk,  (17)

237201-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 237201
k«
\‘\ kM
{ fas Fo A kp / Stokes

fo+fom

< > >
BLS intensity k BLS intensity

(b) 200 (©) | |

@ s 4200 mT Pt/Co/Ni 1r Pt/Co/Ni

g o —200 mT DML-induced shift o 14r | 200 mT L eni | /Co/

= 150 5 , L

< 7 = 12 ¥ N

& Il Anti-Stokes N 5

2 100 9 10 ~. O—f—*on % YOV

£ £ = Co/MgO/Ni

g ) <

o B0t g 8r 5200 mT o 54 mT

e F v 150 mT ¢ 54 mT

A 6 , -1t 497 mT o 54 mT
O 1 1 1 1 1

—20 -—10 0 10 20
BLS frequency/GHz

—-20 -—10

Wave vector k/pm—

—-20 —-10 O 10 20
1

0 10 20
1 Wave vector k/pm~—

B 6 BLS X HEEHAEE S HEHEFE  (a) DMI S301 BLS H' Stokes Fl anti-Stokes IE45R2 5 H & [181; (b) DMI 51324 BLS j5&45i#% 0,
(c) DMI 5 2 i3 =l %R € I 5E R B I 1] % 45 19 T 10 401 38 22 B g 2 2% A 11

Fig. 6. BLS study on spin wave nonreciprocity. (a) Schematic diagram of Stokes and anti-Stokes peak shifts in BLS due to DMII'¥);

(b) BLS spectrum shift induced by DMIPY; (c) asymmetric dispersion relation caused by DMI and variation of frequency difference

of backward propagating spin waves with wave vector!.
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Fig. 7. Micro-focused Brillouin light scattering studies. (a) Schematic of the experimental setup and SEM image of the magnonic
waveguidel*l. A 50 nm wide YIG waveguide is magnetized along its long axis (backward volume spin wave mode, BVSW) under an
external magnetic field of poHex = 55 mT. Spin waves are excited by applying a radio frequency (RF) current to a coplanar wave-

guide antenna (CPW). Frequency-, time-, and space-resolved scans are performed using micro-focused BLS. (b) two-dimensional in-

tensity map of propagating spin wave interference in Nig,Fe,q stripes, obtained by pBLS measurement!*?. (c) intensity map of spin

waves in a Y-shaped waveguidel®. (d) two-dimensional intensity maps of spin waves at different frequencies in a magnonic direc-

tional coupler!*4.
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Fig. 8. Examples of time-resolved Brillouin light scattering studies: (a) Magnon Bose-Einstein condensation (BEC) achieved via rap-
id cooling, showing a significant signal at the bottom of the magnon band after pulse termination, indicating BEC formation!?;
(b) spatiotemporal propagation characteristics of fast and slow quasiparticle wave packets in phonon-magnon hybrid states, demon-
strating velocity differences for wave packets propagating in different directions*”; (c) a bistability-based all-magnon repeater
achieving approximately 6-fold spin wave signal amplification, illustrating the operational states of the source and pump at different
periods*”; (d) non-stationary self-focusing process of two-dimensional spin wave packets, showcasing the propagation and trans-
verse contraction of spin wave packets under strong nonlinear conditions*¥; (e) nanosecond-fast switchable unidirectional magnon

excitation achieved via an asymmetric Oersted field generated by a DC pulsel*).
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Fig. 9. Schematic diagram of phase-resolved BLS (Adapted
from Ref. [11]).
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Fig. 10. Examples of phase-resolved BLS measurements: (a)-(d) Four measurements required to fully reconstruct the spin wave
phasel in which panel (a) is the spin wave intensity measurement (EOM off), showing spin waves excited only near the antenna;
panel (b) shows the EOM signal intensity measurement (spin wave excitation off), with the signal proportional to the sample re-
flectivity (constant for thin films); panels (c) and (d) show two interference patterns (spin wave and EOM signal both on) with a
relative phase shift of ©/2; (e) reconstructed phase from the measurements in (a)—(d)P; (f) measured interference signal as a func-
tion of scan length and external magnetic field for a permalloy strip with dimensions of 2.5 pmx100 pm and a thickness of 40 nm.
Black (white) regions represent the locations of constructive (destructive) interference; (g) complete reconstruction of the spin
wave phase under a selected magnetic field®”; (h) wavelength of the excited spin waves as a function of the applied magnetic field™.
The solid line represents the calculated dispersion relation. Red circles indicate results extracted from the interference patterns in

(f). Blue squares indicate results obtained from the phase distribution in (f).
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Fig. 11. Applications of Brillouin light scattering in phonon and magnetoacoustic coupling studies. (a) Thermal response of magnon
and phonon peak frequencies in a magnetic insulator: The left panel shows phonon data fitted linearly (red line) and magnon data
fitted quadratically (blue line) as a function of sample stage temperature; the right panel shows data fitted polynomially as a func-
tion of heating laser power with the sample stage at room temperature. Together, they reveal the distinct thermal response charac-
teristics of the two quasiparticles/l. (b) Thermal magnon-phonon BLS spectra in YIG, showcasing thermally excited magnon and
phonon peaks, providing a reference for studying magnon-phonon interactions?. (c¢) BLS imaging study of phonon dynamics: Real-
time visualization of surface acoustic waves is achieved through inelastic scattering of photons and phonons, with the figure illus-
trating the formation process of two-dimensional standing wave modes®). (d)—(e) In magnetoacoustic coupling experiments, BLS is
used to test phonon signals (d) and magnon signals (e) at different applied magnetic fields and propagation distances. Panel (d)
shows the gradual formation of two intensity dips at the resonant magnetic field as the surface acoustic wave propagation distance
increases, directly reflecting the progressive absorption of surface acoustic waves due to magnetoacoustic coupling!™; panel (e) shows
that magnon excitation reaches its maximum at the starting position of the ferromagnetic layer and decreases with the attenuation

of the phonon amplitude, revealing the localized energy conversion process from surface acoustic waves to spin waves(™.
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Fig. 12. Applications of Brillouin light scattering in biology: (a) Miniature Brillouin-Raman microspectrometer (top) and correlated
spectra acquired from the same sample location (bottom)®; (b) schematic of pBLS measurement illustrating three key spatial
scales: acoustic Wwavelength scale La (200 nm, determined by incident light wavelength and sample refractive index), optical col-
lection scale Lpsr (1-5 pm, determined by the point spread function of the microscope system), and component scale L¢ (struc-
tural size with homogeneous mechanical properties in the sample)®; (c¢) Brillouin microscopy (bottom) and phase contrast micro-
scopy (top) images of NIH 3T3 mouse embryonic fibroblasts before and after hyperosmotic shock, scale bar: 10 pm, demonstrating
changes in cytoplasmic sol-gel transition™); (d) effect of environmental ssmotic pressure on cellular Brillouin frequency shift and
AFM nanoindentation measurements, showing a linear relationship between Brillouin frequency shift and sucrose concentration!™;
(e) high-resolution Brillouin image of In Vitro cultured porcine aortic endothelial cells, clearly revealing cellular structures such as
the nuclear envelope (arrows) and nucleoli (*)[™0); (f) Brillouin spectral analysis of candida albicans biofilms, including optical micro-
scopic images, high-contrast Brillouin spectra, and frequency and linewidth distribution maps!/™™, red box size: 20 pmx20 pm.
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Brillouin light scattering spectroscopy and its applications”
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Abstract

Brillouin light scattering (BLS) spectroscopy has emerged as a cornerstone technique for investigating
elementary excitations in condensed matter systems, offering unique capabilities for the noninvasive
characterization of magnon and phonon dynamics. This review examines the fundamental principles,
technological evolution, and diverse applications of BLS across multiple research domains.

BLS operates through inelastic scattering between photons and quasiparticles (magnons, phonons), enabling
precise measurement of excitation frequencies, propagation characteristics, and interaction mechanisms through
the detection of characteristic frequency shifts. Since Brillouin's theoretical prediction in 1914 and Gross's
experimental verification in 1930, this technique has evolved dramatically. The Sandercock’s revolutionary
development of tandem Fabry-Pérot interferometers in the 1970s laid the foundation for modern high-resolution
BLS systems, achieving contrast ratios exceeding 10'° and frequency resolution in the MHz range.

We detail four advanced BLS configurations: 1) Traditional wave-vector-resolved systems that can precisely
measure dispersion relation and detect non-reciprocal spin wave propagation induced by Dzyaloshinskii-Moriya
interactions; 2) Micro-focused BLS (LBLS) that can achieve sub-micrometer spatial resolution for nanoscale
magnetic structure characterization; 3) Time-resolved BLS (TR-BLS) that provides nanosecond temporal
resolution for studying ultrafast dynamics, magnon Bose-Einstein condensation, and nonlinear phenomena; 4)
Phase-resolved BLS (PR-BLS) that can directly measure wave vector and phase through electro-optical
modulation.

Beyond traditional magnonic applications, BLS demonstrates remarkable versatility in phonon research and
magnetoacoustic coupling studies. The technique's polarization-sensitive detection can simultaneously
investigate the magnon-phonon hybrid states and energy transfer mechanisms. Notably, BLS has successfully
expanded into biomedical applications, exhibiting non-contact characterization of cellular and tissue viscoelastic
properties at GHz frequencies and revealing disease-related biomechanical changes.

As BLS technology continues to advance through improved instrumentation and novel methods, it serves
as an indispensable platform spanning quantum materials research, magnonic device development, and cellular
mechanobiology, positioning itself at the forefront of interdisciplinary science, thus bridging condensed matter

physics, materials engineering, and biomedical research.
Keywords: Brillouin light scattering, spin wave, phonon, tandem Fabry-Pérot interferometer
PACS: 72.10.Di, 78.35.4c, 07.10.Cm, 85.75.—d DOI: 10.7498/aps.74.20251162

CSTR: 32037.14.aps.74.20251162

* Project supported by the National Natural Science Foundation of China (Grant No. 12574118).

1 Corresponding author. E-mail: williamqgiwang@hust.edu.cn

237201-21


http://doi.org/10.7498/aps.74.20251162
https://cstr.cn/32037.14.aps.74.20251162
mailto:williamqiwang@hust.edu.cn
mailto:williamqiwang@hust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

A ELMOG R il R R
EPF HEFE IM

Brillouin light scattering spectroscopy and its applications

WANG Yueqgi GUO Mengying  WANG Qi

5] Fi{ &, Citation: Acta Physica Sinica, 74, 237201 (2025) DOI: 10.7498/aps.74.20251162
CSTR: 32037.14.aps.74.20251162

TELR T2 View online: https://doi.org/10.7498/aps.74.20251162

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT RRROSGER A HA SCEE

Articles you may be interested in

FT AT AR T O R EREECO, Tk

Method of measuring atmospheric CO, based on Fabry—Perot interferometer

PPz 2024, 73(2): 020702 https://doi.org/10.7498/aps.73.20231224

¥ 0, ~CoFe 1 BV R 4 B0 9 F et
Spin waves in Y Fe 0 ,~CoFeB spin-wave directional coupler

YIBR2E4f. 2021, 70(18): 187501  hitps://doi.org/10.7498/aps.70.20210507

B R B ERAT A B -3 R R O G A

Lead halide perovskites Fabry—P é rot resonant cavity laser

PFEEEAR. 2021, 70(5): 054205  https:/doi.org/10.7498/aps.70.20201302

Ridge—type suspended waveguide Brillouin laser
PPz, 2022, 71(2): 024203 https://doi.org/10.7498/aps.71.20211539

FT o —MoO, 1 P I AT HL - A2 PRI b A M 1R e

a —-MoOj; based tunable Fabry—P & rot cavity colorimetric biosensor

PPz 2021, 70(4): 048701  https://doi.org/10.7498/aps.70.20201548

BRIEWEEE I ER L R TS S R ZE e 1k A e
Left—handed polarized spin waves induced by spin polarized electric currents in ferromagnetic domain walls

YrHE2E 4. 2024, 73(14): 147501  https://doi.org/10.7498/aps.73.20240651


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20251162
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231224
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231224
https://doi.org/10.7498/aps.73.20231224
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210507
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210507
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210507
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210507
https://doi.org/10.7498/aps.70.20210507
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201302
https://doi.org/10.7498/aps.70.20201302
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211539
https://doi.org/10.7498/aps.71.20211539
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201548
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201548
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201548
https://doi.org/10.7498/aps.70.20201548
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240651
https://doi.org/10.7498/aps.73.20240651

	1 历　史
	2 BLS的基本原理
	3 波矢分辨BLS系统
	4 微聚焦布里渊光散射系统
	5 时间分辨布里渊光散射系统
	6 相位分辨布里渊光散射系统
	7 BLS在声子与磁声耦合研究中的应用
	8 BLS在生物医学中的应用
	9 结论与展望
	参考文献

