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Fig. 2. Composition dependence of the damping constant «
(red plot, left axis) and D(Eg)(g — 2)?(blue plot, right axis):
(a) Ni-Col*l; (b) Ni-Fel*; (c) NigyCoy-Fe; the value of Co
was used for Co-(i) film (fcc Co)l*4.
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Fig. 3. Damping and its anisotropy for CoFe(10 nm) and
CoFe(20 nm), reproduced with permission from Ref. [47].
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Fig. 4. Anisotropic damping of Fe/a-GeTe: (a) The angular dependence of the damping of Fe/a-GeTe (30 nm), Fe/Cu/a-GeTe

(30 nm), and reference sample Fe/FeSi,/Si are shown by the blue, orange, and red circles, respectively; (b) the isotropic damping of

Fe/a-GeTe (5 nm), reproduced with permission from Ref. [55].
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Fig. 5. Damping and frequencies as a function of magneti zation orientation: (a) Gilbert damping coefficient « as a function of 6,

(a) AR Y CogoFes 18 15% K 10 nm Fe MR 19 75 /KA1 FRBLJE R BN o BERE 1L

Sk, Hr P2 (0 S 0 BBl I A SCRR 57,

for the CogzgFes, film with different thickness and a 10 nm Fe film; (b) precession frequencies as a function of magnetization orienta-

tion from the CoszyFesy and Fe films with a thickness of 10 nm, where the red solid lines are the fitting curves; reproduced with per-

mission from Ref. [57].
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Fig. 6. Angular remanence ratio data points and the fitted
curve (red solid line); the effective damping o as a func-
tion of angle of the applied magnetic filed for 7'= 80 K and
T = 300 K, reproduced with permission from Ref. [65].
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Fig. 7. Dependence of linewidth (damping) on microwave frequency, angle of the appiled magnetic fild, and sputtering power of Co
target: (a) AH vs. falong EA for sample series!®); (b) dependence of a; and a; on P, (inset showing A« as a function of Pg,)%%;
(c) dependence of linewidth AH on microwave frequency f with different ¢y for Coy 4Fe; Al film, where the solid lines and curves

are fits to the datal?!l; (d) the damping constant as a function of py with fourfold symmetry for this sample, where the dotted line is

guide to the eyes!.
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Fig. 8. Damping constant as a function of in-plane orientation of magnetic field™: (a) The extracted values of the damping con-
stant (filled points) as a function of the in-plane orientation of the magnetic field for Si/SiO,/Ta/CoFeB (2.2 nm)/MgO films,
where the solid curves represent the fits; (b) the extracted values of the damping constant (filled points) as a function of the in-
plane orientation of the magnetic field for Si/SiO,/Ta/CoFeB (2.0 nm)/MgO films; (c) the extracted values of the damping con-
stant (filled points) as a function of the in-plane orientation of the magnetic field for Si/SiO,/Ta/CoFeB (1.8 nm)/MgO films;
(d) the extracted values of the damping constant (filled points) as a function of the in-plane orientation of the magnetic field for
Si/Si0,/Ta/CoFeB (1.6 nm)/MgO films; (e) the extracted values of damping constant (filled points) as a function of in-plane ori-
entation of magnetic field for LiNbO3/Ta/CoFeB (2 nm)/MgO film.
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Fig. 9. FMR measurements and fitting results: (a) Frequency dependence of resonance field (Hpyg)™; (b) frequency dependence of
linewidth (AH)[™; (c) angular dependence of the a, in the Cr/Fe bilayer™ where the solid lines are guides for eyes, the dash line
indicates the reference value of the magnetic damping of Fe given[™, error bars are smaller than the symbol size; (d) FMR linewidth
as a function of frequency for the selected ¢y!™; (e) the measured damping constant as a function of ¢y, where the solid lines are

fitting curves as described in the main text(™.
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Fig. 10. (a) Optical layout of the TR-MOKE system for ultra-micro-nano devices (UMNs); (b) spin dynamics mechanism under op-
tical excitation. The figure simultaneously displays the Kerr effect (reflection) and Faraday rotation (transmission through semi-

transparent samples), depending on the measurement configuration, reproduced with permission from Ref. [83].
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Fig. 11. TR-MOKE measurements and fitting results: (a) Extracted precession frequency®); (b) the extracted relexation times/®);
(c) the extracted damping factor with respect to the orientations measured at relatively high fieldsi®?, the solid lines are the guides

to eyes.
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Fig. 12. TR-MOKE and FMR measurements and fitting results: (a) The TR-MOKE precession signals obtained under various ap-
plied magnetic fields with ¢y = 90° and their fits (blue lines)®7; (b) the magnetic field dependence of g for CoFeB(10 nm), the in-
set shows the agg values at oy = 15°, 30°, 60°, 90° and H = 13000 Oe, the red line is guide to eyes; (c) the experimental (dots) and
fitted (lines) frequency dependences of AH with ¢y = 0°, 30°, 60°, 90°; (d) the experimental (dots) and fitted (line) azimuthal de-
pendences of a, for CoFeB(10 nm), reproduced with permission from Ref. [87].
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Fig. 13. Anisotropic Gilbert damping in Fe/Bi,Tes: (a) Schematic illustration of the measurement configuration of FMR in
Fe/BiyTes; (b) magnetic field orientation ¢ dependent enhanced Gilbert damping in Fe (8 nm)/BiyTe3(1QL)/AL,O55; (c) magnetic
field orientation ¢ dependent enhanced Gilbert damping in Fe (8 nm)/BiyTe3(2QL)/Al,O5 sample; (d) schematic illustration of
measurement configuration of TR-MOKE; (e) ultrafast demagnetization curves for different in-plane magnetic field directions;

(f) fitted demagnetization time, where the blue dashed line serves as a guide for the eye; reproduced with permission from Ref. [37].
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Abstract

Magnetic damping refers to the physical parameter describing how the magnetization vector M dissipates
energy and eventually returns to its equilibrium orientation after being perturbed. It directly governs energy
dissipation and response speed in spintronic devices. Traditionally, magnetic damping is regarded as an isotropic
material constant. However, as material systems enter the nanoscale thin-film regime, reduced dimensionality
and interface effects break spatial symmetry. Recent theoretical and experimental studies have revealed that the
magnitude of magnetic damping strongly depends on the direction of magnetization, prompting a shift from a
scalar-to a tensor-based description.

This review systematically surveys research progress in this field from historical development, material
systems, physical mechanisms, modulation approaches to characterization methods. Different material systems
exhibit different characteristics: the properties of single-layer films are predominantly governed by crystal
symmetry, whereas interfacial effects dominate in multilayer films. The physical origin of magnetic damping is
jointly determined by intrinsic factors such as electronic density of states and spin-orbit coupling and extrinsic
factors including two-magnon scattering and interface effects. Among these, spin-orbit coupling serves as a
crucial bridge connecting microscopic electronic structure with macroscopic magnetization dynamics. In terms of
modulation techniques, the methods of achieving anisotropic magnetic damping through structural design,
fabrication processes, and compositional control have become relatively mature. Regarding characterization,
complementary mainstream techniques such as ferromagnetic resonance (FMR) and time-resolved magneto-
optical Kerr effect (TR-MOKE) are now widely applied.

In the future, the research on anisotropic magnetic damping should be promoted simultaneously in basic
studies such as multiphysics filed coupling and quantum effects, as well as device integration and application
exploration, in order to promote the development of next-generation high-performance spintronic devices.

Keywords: anisotropic magnetic damping, ferromagnetic thin films, spintronic devices

DOI: 10.7498/aps.75.20251709 CSTR: 32037.14.aps.75.20251709

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 51601093),
the Fundamental Research Funds for the Central Universities (Grant Nos. 30923010923, 30925010323), and the Funding
Program for Excellent Postdoctoral Talent of Jiangsu Province, China (Grant No. 2024ZB688).

1 Corresponding author. E-mail: ericliu@njust.edu.cn

060702-13


http://doi.org/10.7498/aps.75.20251709
https://cstr.cn/32037.14.aps.75.20251709
mailto:ericliu@njust.edu.cn
mailto:ericliu@njust.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

RS R AR R AR B B S R REL R
ANLL FRA LFH IR KE =

Anisotropic magnetic damping in ferromagnetic metallic thin films

LIU Wenwen  LElI Mingyue MA Zigi WU Huan XU Zhan LIUEr

5] Fi{ &, Citation: Acta Physica Sinica, 75, 060702 (2026) DOI: 10.7498/aps.75.20251709
CSTR: 32037.14.aps.75.20251709

TELR T2 View online: https://doi.org/10.7498/aps.75.20251709

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

AT ARG HAh SCEE

Articles you may be interested in

2 RS PR RS R O

Spintronic devices based on topological and two—dimensional materials

PPz, 2024, 73(1): 017505  https://doi.org/10.7498/aps.73.20231166

TR L A K B0 B B S A5 i i 5 e v 4 R
Significant role of thermal effects in current—induced exchange bias field switching at antiferromagnet/ferromagnet interface

YIBR2A4R. 2024, 73(2): 027501 https://doi.org/10.7498/aps.73.20231374

HoCoSitRIAAT ARG R4S 1] S R FAR8 R
Magnetic and anisotropic magnetocaloric effects of HoCoSi fast quenching ribbons

YrHE2EdR. 2022, 71(16): 167501  https://doi.org/10.7498/aps.71.20220683

TP R TR B AR BRI R REL S 25 i) S P R A £

Regulation of magnetic moment and magnetic anisotropy of magnetite by doping transition metal elements

YIBR2A 4. 2024, 73(6): 066104  https://doi.org/10.7498/aps.73.20231744

JO7 A AN AT A 1) S AL
Mechanism of stress induced irreversible magnetic anisotropy in Fe—based alloy ribbons

WIBAEA. 2022, 71(24): 247501 https://doi.org/10.7498/aps.71.20221509

FETF 1) SO 1) Andreev T

Theory of Andreev reflection spectroscopy with anisotropic spin—dependent scattering

Y27, 2026, 75(5): 247501 https://doi.org/10.7498/aps.75.20251669


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20251709
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231166
https://doi.org/10.7498/aps.73.20231166
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231374
https://doi.org/10.7498/aps.73.20231374
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220683
https://doi.org/10.7498/aps.71.20220683
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231744
https://doi.org/10.7498/aps.73.20231744
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221509
https://doi.org/10.7498/aps.71.20221509
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20251669
https://doi.org/10.7498/aps.75.20251669

	1 引　言
	2 各向异性磁阻尼的发展历程
	2.1 理论预言阶段
	2.2 实验验证与系统研究阶段
	2.3 应用导向阶段

	3 各向异性磁阻尼的研究体系
	3.1 单一铁磁金属薄膜体系
	3.2 铁磁/非磁多层膜体系

	4 各向异性磁阻尼的影响因素与物理机制
	4.1 本征机制
	4.2 非本征机制

	5 各向异性磁阻尼的调控手段与策略
	5.1 工艺调控
	5.2 成分调控
	5.3 结构设计

	6 各向异性磁阻尼的表征方法
	6.1 主流表征方法
	6.2 技术局限性与互补性

	7 总结与展望
	参考文献

