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Manipulating exchange bias in 2D magnetic
heterojunction for high-performance robust
memory applications

Xinyu Huang1,2,7, Luman Zhang3,7, Lei Tong1,7, Zheng Li1, Zhuiri Peng1,
Runfeng Lin1, Wenhao Shi1, Kan-Hao Xue 1, Hongwei Dai3, Hui Cheng 3,
Danilo de Camargo Branco 4, Jianbin Xu 5, Junbo Han 3 ,
Gary J. Cheng 4 , Xiangshui Miao 1,2 & Lei Ye 1,2,6

The exchange bias (EB) effect plays an undisputed role in the development of
highly sensitive, robust, and high-density spintronic devices in magnetic data
storage.However, theweakEBfield, lowblocking temperature, aswell as the lack
of modulation methods, seriously limit the application of EB in van der Waals
(vdW) spintronic devices. Here, we utilized pressure engineering to tune the
vdW spacing of the two-dimensional (2D) FePSe3/Fe3GeTe2 heterostructures.
The EB field (HEB, from 29.2mT to 111.2mT) and blocking temperature (Tb, from
20K to 110K) are significantly enhanced, and a highly sensitive and robust spin
valve is demonstrated. Interestingly, this enhancement of the EB effect was
extended to exposed Fe3GeTe2, due to the single-domain nature of Fe3GeTe2.
Our findings provide opportunities for the producing, exploring, and tuning of
magnetic vdW heterostructures with strong interlayer coupling, thereby
enabling customized 2D spintronic devices in the future.

Natural two-dimensional (2D) magnetic crystals and related van der
Waals (vdW) heterostructures are premium candidates for studying
novel magnetic phenomena and realizing innovative device
structures1–8. In particular, ferromagnets-based vdW heterostructures
constructed from various 2D materials have exhibited interesting
properties and functionalities9–13, which offer great potential in
nanoscale spintronics applications14–17. A central research goal in 2D
spintronics lies in developing effective methods for generating,
transmitting, and detecting spin information based on 2D vdW mate-
rials. The exchange bias (EB) effect, for which the spins of a ferro-
magnet (FM) are pinned by those of an antiferromagnet (AFM)18–20, has
become an integral part of modern magnetism and is essential to this
goal, as it provides a well-defined principal direction of spin

polarization for spintronic devices. Especially, fundamental research
interests and numerous device applications have widely embedded 2D
spin valves and 2D MTJs for in-memory technologies such as storage
media, readout sensors, and magnetic random-access memory
(MRAM)7,21,22.

Recently, the EB effect of magnetic 2D vdW heterostructures has
been studied in CrCl3/Fe3GeTe2

23, MnPS3/Fe3GeTe2
24, MPSe3/

Fe3GeTe2
25, FePS3/Fe5GeTe2

26, and Fe3GeTe2
27systems. However, EB

effect of 2D vdW heterostructures faces challenges such as weak EB
field HEB and low blocking temperature Tb, because the existence of
vdW interface gap and interfacial contamination in the 2D hetero-
structure tend to yieldweak interlayer coupling, which cannot provide
a sufficient EB field28–30. Consequently, it is crucial to effectively
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enhance interlayer coupling for the purpose of a stronger EB effect in
2D heterostructure-based spintronic devices. Specifically, the sensi-
tivity to interlayer coupling enables effective tuning of material
properties through external modulation of the vdW interface
distance31–33. Thus, manipulating the interlayer vdW spacing in mag-
netic 2D vdW heterostructures has been considered an effective way
towards exchange coupling enhancement16,34,35, but was paid with less
attention thus far. To obtain strongmagnetic coupling rapidly without
damage by manipulating the vdW interface spacing of magnetic vdW
heterostructures over large areas remains a challenge, which is a key to
the observation and application of the EB effect in many new spin-
tronic devices.

In this work, we demonstrated a proximity-induced EB effect in
vdWmagnetic heterostructures formed by Fe3GeTe2 (FGT) and FePSe3
(FPSe), which can be effectively modulated via vdW interface spacing
turning with the aid of laser shocking engineering (LS). After con-
trollably applying high-pressure shocking in an ultra-short time (few
picoseconds), the vdW spacing can be permanently tuned to enhance
its interlayer coupling. The enhanced interlayer coupling of the FPSe/
FGT heterostructure led to an impressive improvement of the EB field
(HEB, from 29.2 to 111.2 mT) and the blocking temperature (Tb, 110 K
near the Néel temperature of FPSe (113 K)). In addition, a high-quality
tunneling spin valve (FPSe/FGT/h-BN/FGT) was fabricated and inves-
tigated. After LS, the enhanced magnitude of the tunneling magne-
toresistance (TMR) of 154% and the field window of 320mT at 5 K was
observed, respectively. The fieldwindow is around 15 times larger than
the vertical FGT/h-BN/FGT spin valves before LS in our work. Inter-
estingly, the exposed region of FGT connected to the heterostructure
(connected FGT covered by FPSe) showed a similar improvement of
HEB andTb, completely contrary to the resultsmeasured frombareFGT
that was isolated from the heterostructure. This phenomenon is
attributed to the single-domain nature of ferromagnetic FGT. Our
findings offer new insights for regulating the AFM/FM interlayer cou-
pling through pressure engineering and show the possibility of
developing novel and extensive vdW heterostructures with adjustable
interlayer coupling. Furthermore, the robust and sizable EB effect for
vdWmagnets persisting up to relatively high temperatures presents a
significant advance for realizing practical next-generation 2D spin-
tronics devices.

Results
VdW heterostructure interlayer spacing regulation via laser
shocking
A typical MRAMbased on the EB effect is composed of amatrix of spin
valves of vdW heterostructures. To obtain higher performance
requirements such as high tunnelingmagnetoresistance and high read
fault tolerance5,7, the modulation of the EB effect can enhance the
interlayer coupling to optimize performance. As shown in Fig. 1a,
according to the generalizedMeiklejohn-Beanmodel36,HEB is inversely
proportional to the interfacial spacing (Fig. 1aI). Therefore, reducing
the interfacial spacing of the AFM/FM heterostructure can induce a
stronger EB field and saturation magnetization (Fig. 1a II). Here, FGT
and FPSe single crystals were confirmed by scanning electron micro-
scope and energy dispersive spectrometer (Supplementary Figs. 1
and 2), and their bulk magnetizing characteristics are shown in Sup-
plementary Fig. 3, indicating a Néel temperature TN of 113 K for FPSe
and a Curie temperature TC of 230K for FGT, consistent with those
reported in the literature37–40. To study the interlayer coupling tuned
by vdW spacing engineering, weprepared heterostructures composed
of FGT and FPSe flakes. Raman spectrum characterized the FPSe, FGT,
and FPSe/FGT heterostructure, where the peaks could well match
those of FPSe and FGT, indicating the excellent quality of the FPSe/FGT
heterostructure (Supplementary Fig. 4). The LS technology enables the
modulation of the interlayer spacing of the vdW heterostructures,
which can provide high pressure up to ∼20GPa peak level in an ultra-

short time scale (tens of picosecond), like a “hammering” operation.
Figure 1b II shows a schematic diagram of the LS process (see the
“Methods” for details). As shown in Fig. 1b, the FPSe/FGT vdW het-
erostructurewith a natural vdW interface distance ofd1 exhibits aweak
interlayer coupling. After LS41,42, its vdW interface distance was
reduced to d2, promising a stronger interlayer coupling. The evolution
of interface spacing under LSwas studied bymolecular dynamics (MD)
simulations (Fig. 1c). The equilibrium states for both the unstrained
configuration and strained configuration were simulated for the FPSe/
FGT system, showing an interface spacing (distance between flake
edge atoms) of 6.6Å and 4.2 Å before and after LS, respectively
(Supplementary Information Sections 3 and 4). Supplementary
Figs. 5–7 and Tables 1–3 show the calculation details and strain evo-
lution of the LS MD simulation. More importantly, LS is effective to
flatten wrinkles and voids without any damage to the
heterostructures43,44. The Raman spectrum and mapping before and
after LS are shown in Supplementary Figs. 8 and9, the E2

2g peak of FGT,
and the E1

2g peak of FGT and A1g peak of FPSe in the FPSe/FGT het-
erostructure showed negligible change, indicating that FGT and FPSe/
FGT heterostructure sustained their good quality after LS. Further, we
used cross-sectional (scanning transmission electron microscopy)
STEM images to measure the interface gap width of the FPSe/FGT
heterostructure. The STEM images of the samples before and after LS
were acquired along different orientations because the laser shocking
process outside the chamber made it hard to conduct in situ char-
acterizations. After LS, vdW interlayer distances of FPSe and FGT were
fixed at their intrinsic values of ~2.5 Å and ~2.1 Å, respectively, con-
sistent with previous reports40,45–47, and there was no damage to the
lattice structure, but the interface gap width (initial ~7.4Å) was dra-
matically reduced to ~4.6Å (Fig. 1d, e).

Enhanced interfacial magnetic coupling by interlayer spacing
modulation
According to the above mechanism, reducing the interface spacing
in AFM/FM heterostructures is expected to significantly enhance
HEB and Tb. To confirm the enhancement of HEB and Tb in AFM/FM
heterostructures via LS technology, magneto-optical Kerr effect
(MOKE) techniques were used to investigate the magnetic proper-
ties of a FPSe/FGT heterostructure, denoted as sample A (Supple-
mentary Fig. 10a). Sample A was characterized by atomic force
microscope, showing the FPSe thicknesses of ~24.4 nm and the FGT
thicknesses of ~18.0 nm (Supplementary Fig. 10b). We first explored
the relationship of Kerr rotation angle (θk) with respect to the
magnetic field of FPSe/FGT before LS. Figure 2a shows the typical
temperature-dependent Kerr loops of FPSe/FGT as a function of
magnetic field (B) from 5 K to 80 K, where θk vs B exhibits an obvious
shift along the negative B direction, signifying the emergence of
HEB. However, the typical MOKE curves of FGT before LS as a
function of magnetic field (B) from 5 K to 200 K showed that their
Kerr hysteresis loops remained symmetric relative to the zero point
along the B-axis, suggesting a lack of HEB (Supplementary Fig. 11).
The EB effect could be explained by the Meiklejohn-Bean model
(namely M-B model, FPSe and FGT both with a single-domain state).
In the AFM/FM system, an adjacent AFM layer causes a unidirec-
tional pinning of the FM,manifesting as a shift in the hysteresis loop
along themagnetic field axis below the Néel temperature (TN) of the
AFM, known as the EB field HEB (Supplementary Fig. 12). With the
increase of temperature, HEB decreases gradually and disappears
above 20 K, indicating a Tb of EB field at 20 K.

On the other hand, according to the generalizedMeiklejohn-Bean
model48–50, HEB can be written as:

HEB = � A12= ξ

μ0MFMtFM
+

A12
3

8KAFM
2μ0MFMtFtAFM

2
ð1Þ
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Where A12 is the interfacial exchange stiffness, ξ is the distance of the
interlayer, MFM is the saturation magnetization of the ferromagnet,
KAFM is the anisotropy constant of the AFM layer, tFM is the FM thick-
ness, and tAFM is the AFM thickness. Equation (1) reveals that vdW
spacing engineering can manipulate the magnetic coupling in vdW
FPSe/FGT heterostructure. Therefore, we utilized LS to perform vdW
spacing engineering, inducing extreme out-of-plane pressure onto
another vdW FPSe/FGT heterostructure. Supplementary Table 4
provides a relationship between laser power and pressure in
Supplementary Information Section 5. Its EB effect was effectively
enhanced, as shown in Fig. 2b. The HEB and Tb of sample A before and
after LS are shown in Fig. 2c, d. After LS,HEB increased from29.1 to 111.2
mT at 5 K, and Tb increased from 20 to 110K, which is close to the Néel
temperature of FPSe (113 K), as shown in Fig. 2e. The prominent
improvement ofHEB and Tb confirms that the interlayer coupling of 2D
magnetic heterostructures can be strongly enhanced by LS. Further-
more, Fig. 2f, g demonstrates the significant enhancement of the
coercive field (HC-L: left coercive field,HC-R: right coercive field), which
can also be verified from Fig. 2h. In Fig. 2h, to further confirm the
enhancement of the coercive field, an on-off ratio parameter RC is
defined as RC =

θkuð�180mTÞ�θkdð�180mTÞ
θkuð0mTÞ�θkdð0mTÞ

, where θku(−180mT), θkd(−180mT),
θku(0mT), and θkd(0mT) represent the magneto-optical Kerr angles at
−180 and 0mT, corresponding to up and down sweeping directions of
the hysteresis loop, respectively. The significantly enhanced coercive

field offers a remarkable advantage in obtaining a large fieldwindow to
reduce the error rateofdatawriting and readingduring spin valves and
MTJs design.

Comparison between interlayer spacing modulation and thick-
ness modulation
According to the generalized Meiklejohn-Bean model, HEB can be
modulated by both the interlayer spacing of the AFM/FM hetero-
structure, and the thickness of AFM or FM material. Thickness mod-
ulation represents the traditional device performance modulation
method by changing the material thickness. Since the thickness cannot
be modulated in situ, so new devices need to be prepared. LS mod-
ulation represents a novel approach to device performancemodulation
by changing the interface spacing. LS modulation can be modulated
in situ directly on the fabricated devices, showing a more convenient
application potential. Equation (1) shows that HEB increases to satura-
tion with the increase of tAFM and decreases with the increase of tFM,
therefore, the effect of FM or AFM thickness on HEB for the FPSe/FGT
heterostructure was investigated. The anisotropy energy that can pin
the FM spins during magnetization reversal, is enhanced upon
increasing the AFM thickness, and HEB is also strengthened con-
comitantly. Figure 3a shows the dependences of AFM thickness tFPSe on
HEB, whereHEB increases from 28mT (FPSe (17.2 nm)/FGT (26.9 nm)) to
62 mT (FPSe (21.6 nm)/FGT (26.9 nm)). To further explore the effect of
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tFPSe on HEB, more FPSe/FGT heterostructures (FPSe with different
thicknesses, and FGT with a certain thickness of ~18.0 nm) were pre-
pared and measured in Supplementary Fig. 13a. In addition, we also
investigated the dependences of HEB on the thickness of FM (tFGT).
Figure 3b displays the hysteresis loops for FPSe (~27.0 nm)/FGT
(18.0 nm, 22.4 nm, and 25.5 nm, respectively) heterostructures at 5 K,
where HEB decreases from 32 mT (FPSe/FGT, 27.0 nm/18.0 nm) to 10
mT (FPSe/FGT, 27.0 nm/25.5 nm). The dependences of HEB on tFGT are
summarized in Supplementary Fig. 13b, showing that HEB decreases
upon increasing tFGT, which satisfies the FM-thickness dependence of
HEB in conventional exchange-biased systems. In contrast, interlayer
spacing modulation becomes a more stable and efficient modulation
methodwith a lower cost. According to the above experimental results,
the weak EB effect in FPSe/FGT heterostructure is extremely sensitive

to its interlayer spacing. We have investigated the effect of various out-
of-plane pressures on the EB effect, and temperature-dependent Kerr
loops of FPSe/FGT heterostructures (sample B, optical image in Sup-
plementary Fig. 14) pressed under 0, ~8, ~11, and ~13GPa at 5 K were
measured, respectively (Fig. 3c). Under 0GPa, a slightly shifted loop
signifies weak magnetic interface coupling in FPSe/FGT hetero-
structures. As the pressure increases, HEB enhances. Tb is also sensitive
to pressure, increasing from 20 to 110K which is close to the Néel
temperature, when the pressure varies from 0GPa to ~13GPa. The
coercive field (HC) is also remarkably enhanced as the pressure
increases, as shown in Supplementary Fig. 15. The performance com-
parison before and after LS is shown in Supplementary Table 5. Fig-
ure 3d, e illustrates the evolution of HEB in thickness-modulation and
interlayer spacing modulation. Furthermore, we compared HEB(20 K)
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temperature and pressure before and after LS. f, g The evolution of HEB and Tb on

pressure and tAFM/tFM. Error bars represent standard deviation for several con-
secutive measurements. h Schematic diagram of spin valve device. i Tunneling
resistance of the pristine device (I), thickness modulation device (II), and LS
modulation device (III) with B applied parallel to the FGT c-axis. Device structure
diagrams are shown in the upper part. Thickness modulation is achieved by con-
structing a new heterojunction. pristine device and thickness modulation device
have different top FGT and FPSe thicknesses. LS modulation reduces the interlayer
spacing of pristine device by applying pressure in situ.
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and Tb as a function of pressure and tAFM/tFM, as shown in Fig. 3f, g.
HEB(20 K) is defined as the exchange bias field at 20K. HEB(20 K) and Tb
show a linear correlation with the increase of pressure by fitting.
Compared to thickness-modulation, the interlayer spacing-modulation
results reveal a clear pressure-induced magnetic coupling enhance-
ment, offering important insights into the understanding of the phy-
sical nature of the interlayer magnetic states.

Based on the above experimental results, we fabricated high-
quality tunneling spin valves (FPSe/FGT/h-BN/FGT, with optical image
and atomic force microscope image illustrated in Supplementary
Figs. 16 and 17) using the dry transfer technique in a glove box to
investigate the spin valve behavior under various modulation meth-
ods. Figure 3h shows a schematic diagramof the spin valve device. The
pristine spin valve device and the spin valve device modulated by two
modulation modes are shown in the upper schematic diagram of
Fig. 3i. To demonstrate spin valve behavior, the resistance (R) of the
MTJ as a function of a perpendicular magnetic field was measured.
Figure 3i shows the resultsmeasured at 5 K. For the pristine device (the
optical image in Supplementary Fig. 16), as B was swept from negative
to positive values, the resistance suddenly increased from approxi-
mately ~20 to ~49 kΩ at ~60mT, followedby a suddendecrease back to
~20 kΩ at ~80 mT. As the magnetic field was swept back, an analogous
abrupt increase and equally abrupt decrease in tunneling magnetore-
sistance were observed at ~−80 mT and ~−120 mT. This was precisely
the behavior expected for a tunneling spin-valve due to the hysteretic
magnetization switching of two ferromagnetic electrodes. For thick-
ness modulation, a new device (thickness modulation device, the
optical image in Supplementary Fig. 17) was constructed to investigate
thickness modulation since thickness cannot be modulated in situ,
whose thicknesses of top FPSe and FGTwere different from that of the
pristine device. For LS modulation, LS was processed directly on the
pristine device to modulate the performance. Spin valve behavior was
observed after bothmodulations (Fig. 3i). SupplementaryFig. 18 shows
the resistance of the MTJ as a function of magnetic field (B) from 5 to
120K. The magnitude of the TMR was defined as (RAP − RP)/RP, which
characterizes the transmission efficiency, where RAP and RP are the
resistance obtained for parallel and antiparallel alignments of the
magnetization. The TMR values were 141%, 130%, and 154% at 5 K for
the pristine device Fig. 3i (I), thickness modulation device (Fig. 3i (II)),
and LS modulation device (Fig. 3i (III)), respectively. The maximum
field window of the thickness modulation device and LS modulation
device is 3.5 and 7.5 times larger than that of the pristine device,
respectively. Compared to thickness modulation, interlayer spacing
modulation ismore stable and efficient with a reduced cost. To further
verify the significant performance enhancement after LS modulation,
the tunnel resistance of thickness modulation device was measured
after LS, showing a three-fold enhancement (Supplementary Fig. 19). In
addition, the TMR and the field window of the FGT/h-BN/FGT spin
valve before LS was 119% and 20 mT, respectively, as shown in Sup-
plementary Fig. 20. Compared to FGT/h-BN/FGT spin valve in our
work, the field window under LS modulation was around 15 times lar-
ger than that of the vertical FGT/h-BN/FGT spin valves at 5 K. The
experimental results confirmed the great advantage of LS modulation
in realizing high-performance spin valve devices.

Non-local EB effect in magnetic vdW-structure
Generally, the hysteresis loops of FGT flake remain symmetric without
any magnetic EB, unless capped with FPSe18,19. Nevertheless, theHEB of
FGT is also observed at point 2 (Fig. 4a, sample B), a phenomenon that
has not been reported yet. Unexpectedmagnetic hysteresis behavior is
observed in the exposed FGT region connected to the heterostructure
(position 2), even without LS (Fig. 4b). A 27 mT HEB and a 20K Tb are
observed as shown in Fig. 4b (II), consistentwith FPSe/FGT (position 1).
Importantly, the measured HEB, Tb, and HC of this connected FGT
(position 2) exhibit basically identical reinforcement after LS, as shown

in Fig. 4c (I) and 4c(II). However, we have alsomeasured the hysteresis
loops of isolated FGT (position 3) before and after LS to exclude
pressure-inducedmagnetic hysteresis behavior of FGT, and the results
show a lack of the EB effect (position 3) either with or without LS
(Fig. 4b (III) and 4c(III)). In addition, to prove that the phenomenon is
prevalent, we also fabricated other FPSe/FGT heterostructures con-
taining both connected and isolated FGT (sample C, see Supplemen-
tary Information). As shown in Supplementary Fig. 21, the hysteresis
loops of isolated FGT remain symmetric without any magnetic EB,
while the connected FGT and FPSe/FGT heterostructure exhibit similar
HEB, Tb, andHc. Figure 4d shows the comparison ofHEB and Tb at three
positions. Before LS, positions 1 and 2 show the same EB effect, but the
EB effect is absent at position 3. After LS, HEB, Tb, and HC show con-
sistent enhancement at positions 1 and 2, and there is still no EB effect
at position 3. The temperature-dependent scatter plots of the left and
right coercive fields at all three positions are shown in Fig. 4e. The
difference betweenHEB gradually decreases from 71 mT and 68mT (at
5 K) to 0 mT (at 90K) for positions 1 and 2, respectively, which are
summarized in Fig. 4f. This result indicates that the modulation of HEB

and Tb at positions 1 and 2 are basically the same. This non-local cou-
pling mechanism of the horizontal pinning originates from the inher-
ent influenceof the FGT. As long as the FGT is connectedwith FPSe, the
scale of transverse propagation can reach tens of micrometers or even
hundreds ofmicrometers, leading to a large horizontal pinning. Due to
the limitation of mechanically peeledmaterials, the exact boundary of
the transverse propagation effect has not been studied further. This
wide range of EB effect and propagation effects at the micrometer
level will be beneficial for the application of industrial devices.

To investigate the non-local coupling mechanism of the hor-
izontal pinning, we propose amodel based on the experimental results
above, which suggests the possible spin structures in the inset of
Fig. 4g, h. First, we observed this non-local effect below the Néel
temperature of 110 K. Fei et al. pointed out that FGT exhibits single-
domainproperties at temperatures below150Kwhen its thickness falls
between 10 and 100 nm38. The single-domain state of FGT was proved
in new FPSe/FGT heterostructures (Supplementary Fig. 22a), with the
MOKE mappings of the FGT and heterostructure measured at 5 K
(Supplementary Fig. 22e–g). The magnetism in areas of different
thicknesses within one flake was flipped simultaneously, clearly indi-
cating the single-domain nature of FGT flakes and confirming the
sample homogeneity. Furthermore, we measured the non-local
exchange bias field in two heterostructures with various thicknesses
(sample D and sample E) (Supplementary Figs. 22 and23). By com-
paring the RMCD signals of the heterostructure regions with those of
the adjacent connected bare FGT region, the non-local exchange bias
field across the same sample was homogeneous. Therefore, within the
range of temperature and sample thickness measured in this experi-
ment, FGT can be considered as the single-domain configuration.
When FGT was covered by FPSe, the spin direction of FGT of the het-
erostructure was pinned by the antiferromagneticmaterial. Due to the
single-domain nature of FGT, the spin of connected FGTwas pinned in
the same manner, leading to the non-local EB effect. As shown in
Fig. 4g, h, when no pressure was applied, the pinning effect is not
obvious due to the weak interface coupling, corresponding to a small
HEB and a low Tb experimentally.When sufficient pressurewas applied,
the enhanced interlayer coupling led to an increase of the pinning
effect, whichcaused larger coercivefields in thehysteresis loop, aswell
as largerHEB and higher Tb in the experiments.Moreover, this distance
at which EB can be detected in connected FGT can go beyond 40 µm in
our samples after LS (Supplementary Fig. 21, where the maximum
distance is limited by the length of the sample), showing a simulta-
neous enhancement between FPSe/FGT heterostructures and con-
nected FGT. This phenomenon can provide a potential platform for
studying the experimental determination of spin transport properties.
Moreover, understanding of the non-local coupling mechanism of the
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horizontal pinningwill ultimately contribute to thedevelopmentof the
spin logic device adopting 2D FM as a spin transport channel.

Discussion and prospect
Devices based on 2D MTJs and 2D spin valves are becoming the most
promising candidates for future development of MRAM and magnetic
sensor applications51,52. The reliability of the device is becoming an
increasingly important technical issue. A large EB effect between FM
and AFM promotes magnetic stability of the pinned layer FM, which is
key to producing a reliable, high-quality spintronic device with
improved resistivity to magnetic noise. Our work has demonstrated
the existence of EB effects in vdW magnetic heterostructures and
achieved great enhancement of HEB, Tb, and HC through vdW spacing
tuning. It is worthwhile to emphasize that the interlayer coupling of

vdW heterostructures can be manipulated promptly over a large area
via LS. This provides the potential to promoteMRAMwithmore stable
performance and higher storage density (Supplementary Fig. 24). This
method can be extended to other different types of vdW hetero-
structures. Here, the EB effect can greatly enhance the stability and
scalability of themagnetic device. The useof themanipulationmethod
and the selection of suitable magnetic materials hold the potential of
realizing 2D vdW heterostructures memory devices at room
temperature.

On the other hand, the EB effect shown in connected FGT is par-
tially consistent with the phenomenon observed in heterostructures.
This non-local effect of HEB is enhanced after LS. According to the
current experimental data, HEB can propagate over 40 μm without
degradation. Unfortunately, limited by the experimental conditions,
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we are unable to measure the maximum extent that this lateral EB
effect can reach. It is expected to realize the transmission ofmore than
100 μmor even hundreds of micrometers. This effect can enhance the
function of spintronic devices and expand their design flexibility.
Investigation into its mechanism is also an essential task in the future.

With the above effects, novel functional devices with a much
simpler structure can be designed. For example, by means of the EB
effect with enhanced interlayer coupling in vdW heterostructures, a
larger storage window can be obtained in a spin valve or an MTJ.
Moreover, the HEB of a specific device can be effectively regulated by
the external pressure field without the need to re-manufacture the
device, compared to the traditional adjustment of the HEB field by
changing the AFM and FM layer thicknesses. On the other hand, the
non-local effect may even enable the magnetic property regulation in
suspended 2D materials, which has been extremely difficult. Further-
more, the non-local effect can be utilized to resolve a long-lasting
problem in nanoscale MTJs. Traditionally, the free layer and the fixed
layer in an MTJ need to be perfectly aligned, proposing a great chal-
lenge for the photolithography process. However, using non-local
effects, the two layers of FM material do not have to be perfectly
aligned, which could greatly facilitate the manufacturing process.

In conclusion, we have successfully established a strongmagnetic
coupling that yielded a stable and considerable exchange bias effect,
by achieving the tuning of vdW spacing in 2D magnetic FPSe/FGT
heterostructures through pressure engineering. Then, we demon-
strate a spin valve device with high sensitivity and robustness. Fur-
thermore, we also observe the exchange bias effect in the connected
FGT,which is consistentwith the regulation of the coupling strengthof
the FPSe/FGT heterostructures. Our findings provide novel methods
for the manufacture, exploration, and tuning of magnetic vdW het-
erostructures with strong interlayer coupling, opening the possibility
for customized 2D spintronic devices in the future, such as high-
density magnetic storage, and more possible applications in other
fields including logic devices.

Methods
Details of laser shock processing
The FPSe/FGT vdW heterostructures placed on SiO2 (300 nm)/Si
substrate were nano-strained by employing laser shocking pressure.
Figure 1bII shows a schematic of the laser shocking process. First, A
SiO2 (300 nm)/Si substrate with FPSe/FGT heterostructure was
placed on a slide and covered with a cleanmetal film. Here, themetal
film was a 10 μm aluminum (Al) foil, which functioned as a buffer
layer and a contaminant barrier due to its excellent ductility and low
cost. Further, nano-graphene powder (Hangdan Optoelectronics
Technology, China) was uniformly spun onto Al foil as an ablative
coating with a thickness of approximately 1.0mm. Note that the
range of the spin-coated graphene powder needs to completely
cover the SiO2 (300 nm)/Si substrate area. A cover glass was then
placed over the graphene powder to serve as a shock confinement
layer. In this way, the FPSe/FGT heterostructure was successfully
sandwiched between two glass sheets. Finally, multiple laser pulses
were implemented by placing the prepared sample on an X–Y–Z
computer-controlled motorized stage. The laser position was fixed
by adjusting the laser focus. And the step size and path of the X–Y–Z
electric platform were set to realize the pressure application in the
customizable area.

Next, a pulsed (10 ps) Q-switch Nd:YAG laser (Continuum Sur-
elite III, Wavelength: 1064 nm, Power: 0.3–1.4 GW/cm2) was used as
an energy source for ablation. The laser beamdiameter of 4mmwas
attained by a focusing lens, which was calibrated by a photo-
sensitive paper (Kodak Linagraph, type: 1895). The laser pulse
irradiated the ablative coating (1.0mm graphene powder). Shock
waves were generated by sublimation of the ablative layer using
laser pulses. Due to the constraints of the confinement layer, the

shock wave could propagate through the Al foil and apply pressure
at the nanoscale resolution on the SiO2 (300 nm)/Si substrate with
FPSe/FGT heterostructure. The pressure depends on the intensity
of the laser and the duration of the pulse during the laser shocking
process.

Fabrication of FPSe/FGT heterostructures
The FPSe/FGT vdW heterostructures presented in this work were
fabricated by a common dry transfer method utilizing a poly(-
dimethylsiloxane) (PDMS) carrier in a glove box. First of all, thin FGT
flakes were exfoliated from bulk crystal using Scotch tape and then
transferred onto SiO2/Si substrates. Next, thin FPSe flakes were exfo-
liated onto the PDMS carrier from an as-grown FPSe crystal and then
directly transferred onto the FGT flake under the optical microscope
assisted by an aligned transfer system. Other vdW heterostructures
were prepared with a similar method.

Magneto-optic Kerr effect (MOKE) spectroscopy
The polar MOKE measurements were performed using a standard lab-
madeMOKE setup. A 633 nmpolarized laser with the intensity of 3 μW
was used as a light source. The temperature range of the setup was
4.2–300K, and the magnetic field range was 0–5 T. During the mea-
surement, a chopper and a photoelastic modulator were used to
improve the signal-to-noise ratio of the Kerr signal and the laser was
irradiated normally on to the surface of the sample to detect the out-
of-plane magnetism. The FPSe/FGT heterostructure went through a
cooling step from 160K (a temperature between the Néel temperature
of FPSe and the Curie temperature of FGT) down to the lowest tem-
perature 5 K, with a large cooling field of 1 T (the cooling field was
much larger than the coercive field of FGT).

Characterizations of heterostructures
For FPSe/FGT vdW heterostructures, optical imaging and mor-
phology were acquired by optical microscope and atomic force
microscope, respectively. Raman measurements were performed
using Laser Confocal Raman Spectrometer with a laser wavelength
of 532 nm (LabRAM HR800, Horiba JobinYvon, France). The
SEM equipped with an EDS were performed to check the quality,
orientation, topography, and composition of the FGT and FPSe
single crystals, respectively.

Measurements of spin valves
Hall effect measurements were performed in a Quantum Design phy-
sical property measurement system (PPMS) with the temperature
ranging from 300 to 2.5 K. The magnetic field was applied normal to
the 2D plane during all the measurements.

Data availability
All data that support the findings of this study are available in the
Figshare database at the following https://doi.org/10.6084/m9.
figshare.22372912.

Code availability
The codes used in this paper are available from the corresponding
author upon reasonable request.
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