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Fig. 1. Research topics of flexible magnetic films and devices. The topics include the fabrication methods (such as direct growth

method™; sacrifice layer and transfer method”, pre-strained growth method!, etc.); the strain modulation properties (of magnet-

ic anisotropy, magnetic resonance, and magnetic domainP?, etc.); the design of flexible functional devices (such as magnetic

sensors?!l| stress sensors?l, and tactile sensorsi?!); etc.); as well as its applications (in human-machine interfacel?”); electronic skinll,

and bio signal monitoring®, etc.).
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Fig. 2. Stress-regulation of the magnetic hysteresis loops of FeGa films under various configurations(’®: (a) The magnetic field (H) in

parallel with the easy axis (K, ) and tensile strain (4¢) perpendicular to K,; (b) H perpendicular to K, and +¢ in parallel with K, ;

(¢) H in parallel with K, and compressive strain (—¢) in parallel with K; (d) H perpendicular to K, and —¢ in parallel with K.
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Fig. 3. Stress-modulation of the magnetic anisotropy of CoFeB films!*”: (a) The anisotropic magnetoresistance curves under various

magnetic field strength; (b) correlation of 05 and 0, at different magnetic fields; (c¢) normalized torque curves of the film at various

stress; (d) dependence of the magnetoelastic anisotropy constant on external stress.
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Fig. 5. (a) Magnetic domain structure of FeGa film with different stress configurations?? (from left to right): with FeGa film at-

tached on a convex mold, removed from the convex mold and flattened, attach on a concave mold, removed from the concave mold

and flattened; (b) modulation of the magnetic domain structure of Ni film with micro-patterned stress by E-beam lithography!*?.

The sample fabrication process, topography of the film, stress distribution, and magnetic domain structures are shown from left to

right.
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Fig. 6. Schematic diagram showing the stress modulation of antiferromagnetic films through the exchange bias effect/™: (a) Two
possible antiferromagnetic configurations under the influence of external stress applied parallel to the initial pinning direction (IPD);
(b) the corresponding hysteresis loop of exchange bias structure with the direction of the antiferromagnetic moment unchanged;
(¢) the corresponding hysteresis loop of exchange bias structure with the direction of the antiferromagnetic moment rotated by 90°.
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Fig. 7. Stress modulation of the exchange bias effect for the CoFeB/IrMnbilayers®: (a), (b) Typical hysteresis loops under differ-

ent stress measured at § = 0° (a) and @ = 90° (b) with the initial pinning direction (IPD) set along the z direction; (c¢) temperature

dependence of M,/ M, measured at § = 0° and 90°; (d) stress dependence of H, measured at 6 = 90°.
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Table 1. Stretchability of selected magnetic films and devices.
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Fig. 8. Preparation of flexible magnetic films with tunable magnetic anisotropy®: (a) Schematic diagram of the preparation process;

(b), (c) magnetic hysteresis loops with magnetic field applied along (b) and perpendicular to (c¢) the compressive stress direction

(y direction).
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Fig. 9. Preparation of flexible magnetic films with stress-in-
variant magnetic anisotropy!'”: (a) Schematic diagram of
the fabrication process of CoFeB films with pre-induced
magnetic anisotropy; (b) the strain dependence of M,/M;
for CoFeB films grown with pre-induced magnetic aniso-
tropy (data with films grown without pre-induced magnetic

anisotropy are indicated as a comparison).
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Fig. 10. Fabrication of flexible magnetic films with periodic wrinkled structures(™): (a) Schematic diagram of growing FeGa film on a

pre-strained substrate; (b) schematic diagram of growing FeGa film on a periodic wrinkled substrate.
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Fig. 11. (a) Crystal structure of mica and its lattice structure in the (001) plane; (b) a summary of typical flexible oxide films grown

on mica substratel®!.
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Fig. 12. Fabrication of flexible Lag 4;Sry33MnO3 film based on SrzAl,Oy sacrifice layer”: (a) Crystal structures of SrzAl,O4 and Sr

TiOs; (b) schematic diagram of the lattice match relationship between SrzAl,Og and SrTiOj along different crystal orientation;

(c) schematic diagram of the preparation of flexible Lag ;51 33MnOj3 film with various crystal orientations.
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Fig. 13. Magnetic properties of flexible StTRuQOj; films fabricated by using water soluble Cas ,Sr,Al,Oq (0<z<3) (CSAO) as sacrifice
layer?’): (a) Comparison of lattice constants between SrRuQ; and different sacrifice layers of SrzAl,O4 (SAO) and CSAO, the ob-
tained SrRuOj; are of orthorhombic and tetragonal structure, respectively; (b) magnetic anisotropy of the obtained flexible STRuO4

films.
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Fig. 14. Flexible giant magnetoresistance device and its property™: (a) GMR device with wrinkled structure; (b) surface morpho-

logy under optical and SEM, the scale bars are 200 pm and 100 pm, respectively; (¢) GMR curves of the wrinkled and flat device.
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Fig. 15. Stretchable spin-valve device and its propertyl®!: (a) Schematic diagram of the device; (b) the device fabrication setups;

(c) schematic show of the periodic wrinkled device; (d) variation of the GMR ration, magnetic sensitivity, and resistance at differ-

ent tensile strain.
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Fig. 16. GMR sensor that can detect the stress direction®): (a) Device structure; magnetoresistance at various stress with field

along z (b) and y (c) direction; (d) resistivity change ratio as a function of strain at various strain directions.
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Fig. 17. GMR-based bimodal flexible sensorl®: (a) Schematic structure of the GMR-based bimodal flexible sensor; (b) mechanisms
of the touchless (proximity) and tactile (pressure) sensing modes; (c¢) photograph of the sensor in bent state. (d) a photograph of
the sensor wrapped around a wooden model finger; (e) change of the electrical resistance upon an interaction event where the finger

bearing the sensor approaches, touches and retreats from the magnet-decorated flower petal.
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Fig. 18. Flexible tactile sensor based on the GMI effect®: (a) Schematic illustration of the device structure; (b) relation between
changes in impedance and applied pressures shows the sensitivity of the tactile sensor in the ultralow pressure range; (c) schematic
diagram showing the circuit that converts analog signals recorded from the sensor into digital-frequency signals; (d) the digital-fre-

quency response of the device changed with applied pressure.
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Abstract

With the rise of the internet of things, humanoid robots, and mobile healthcare services, etc., flexible
electronic materials and devices have received extensive attention. Sensors and memories based on magnetic
materials are important components of electronic devices. With the development of flexible film material
preparation technology, one has prepared high-quality flexible and even stretchable magnetic metal and oxide
films, which exhibit not only greater deformation capability, but also new physical effects and responses. Most
recent studies show that flexible magnetoelectronic devices are advantageous in non-contact sensing, highly
sensitive strain detection, and super-resolution tactile sensing, showing their broad application prospects. In this
work, the research progress of this emerging field is reviewed from the aspects of the preparation of flexible
magnetic materials, the regulation of physical properties and the applications of devices, and the future

development trend is also presented.

Keywords: flexible magnetic film, fabrication, modulation, device applications
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