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ABSTRACT

Layered two-dimensional (2D) magnet/semiconductor heterostructures combine spintronic and optoelectronic properties of constituent
materials, leading to new magneto-optical and magnetoelectric phenomena such as spontaneous emission of helical light and enhanced
Zeeman splitting in single photon emission. While prior focus was mostly on the magnetic proximity effect, where properties of 2D magnets
are transferred to nonmagnetic 2D materials, the inverse effect of 2D semiconductors altering 2D magnets is much less understood. Here, we
fabricated and studied van der Waals (vdW) heterostructures of 2D magnet Fe;GeTe, (FGT) and 2D semiconductor MoS,. With reflectance
magnetic circular dichroism, we found that the coercive field of MoS,-covered FGT reduces compared with uncovered FGT, agreeing well
with our first-principles calculations. With its strong spin-orbit coupling (SOC), MoS, effectively alters the crystal field of the adjacent FGT
and its magnetic anisotropy. Furthermore, an unconventional two-step hysteresis loop emerges in MoS,/FGT as a result of the superposition
of two regions of FGT: at the interface and away from the interface. Our experimental elucidation of the SOC proximity effect that MoS,
exerts on FGT provides fundamental understanding for the rational development of 2D magnet/semiconductor heterostructures.
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Magnetic two-dimensional (2D) materials ~ constitute ideal
platforms, where both spins and atoms are ordered in a flatland and,
thus, promise a wide range of breakthroughs in scaled-down spin-
tronics,” nonreciprocal flat optics,” tunable band topology with helicity
reversal,” and topological magnons’ for quantum information
exchange. When 2D magnets form heterostructures with 2D semicon-
ductors, even with short-range proximity effects, it is possible to trans-
form their fundamental properties and realize novel functionalities.'’
For example, a WSe,/Crl; heterostructure'' can emit helical light
spontaneously, and a WSe,/Cr,Ge,Tes heterostructure'” can emit sin-
gle photons with strongly enhanced Zeeman splitting of excitons.

It has been well known that the interfacial phenomena can devi-
ate from the properties of individual materials that form the inter-
face.'” Even across a vdW gap, electronic wavefunctions of two
materials can strongly interact, as evidenced by the notable bandgap
differences between monolayer (ML) and bilayer transition metal

dichalcogenides (TMDs).'"* The dramatic roles of interlayer coupling
are further demonstrated in superconducting twisted bilayer gra-
phene,' ' superconducting heterostructures of trilayer graphene and
boron nitride,'”'® and Moiré excitons in TMD he‘cero—bilayers.]g 21
For magnetic vdW heterostructures, the existence of magnetic proxim-
ity effects with 2D materials is well established'*' ***” with the typical
focus on the changes in the nonmagnetic 2D materials, which acquire
proximity-induced spin/valley polarization and exchange splitting.
However, the inverse proximity effect of how adjacent nonmagnetic
2D materials modify 2D magnets”' has many important ramifac-
tions” " but is much less understood.

Here, we investigate the proximity effect induced by a stacked
ML MoS, on the few-layer FGT—a prototypical itinerant 2D ferro-
magnet.”’ Through reflectance magnetic circular dichroism (RMCD)
studies of the MoS,/FGT heterostructure, we found that the out-of-
plane coercive field (Hc) of the MoS,-covered FGT is noticeably
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reduced compared with the bare FGT. This is attributed to the
enhanced in-plane magnetocrystalline anisotropy of FGT induced by
the spin-orbit coupling (SOC) proximity due to the presence of
MoS,,” which is further corroborated by our density functional theory
(DFT) calculations. Remarkably, we observed the unconventional
two-step magnetic hysteresis loops that emerge at elevated tempera-
tures (e.g., 138 K) in the MoS,-covered FGT, which shows strong evi-
dence that interfacial FGT layers and other FGT layers exhibit
different magnetic anisotropies. Such multiple magnetization states in
MoS,/FGT heterostructures indicate device opportunities for non-von
Neumann architectures and neuromorphic computing.”**

In this work, few-layer FGT flakes were mechanically exfoliated
onto the 260-nm-thick-SiO,/Si substrate. The ML MoS, was exfoliated
on polydimethylsiloxane (PDMS) and transferred onto a part of the FGT
flake using the all-dry viscoelastic stamping procedure”™ [see Fig. 1(a)].
As shown in the inset of Fig. 1(a), the thickness of the FGT flake is
identified by atomic force microscopy (AFM) measurements, where
an 8.0 nm (estimated to be eight or nine layers (8-9L) thick, consider-
ing the possible presence of moisture or air trapped at the
flake-substrate interface’) step can be observed in the height profile.
The room-temperature Raman and photoluminescence (PL) spectra
[Fig. 1(b)] taken in the MoS,-covered region show an 18.88 cm !
frequency difference between the in-plane E}_ and the out-of-plane
Ajg modes and a strong PL emission at 672 nm, both confirming
the ML thickness of MoSz.B’M’37 Meanwhile, no observable shift in
the characteristic Raman peaks of FGT"® (two peaks in the range of
110-160 cm ") between covered and uncovered regions suggests that
there is no unintentional strain induced in the FGT flake by the
stacked MoS, layer, making our heterostructure a clean platform for
the study of the SOC proximity effect.

To probe the out-of-plane magnetic order in the MoS,/FGT het-
erostructure, we employed RMCD measurements as a function of the
external magnetic field applied perpendicularly to the sample plane.

(b)
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A 7 uW 633nm HeNe laser with sub-micrometer spot size was
focused onto the sample in the normal incidence configuration for
RMCD measurements. By sweeping the magnetic field from 0.3 to
—0.3 T and then from —0.3 to 0.3 T at 124 K [well below the Curie
temperature of 8L FGT of 165K (Ref. 39)], we were able to observe
the near-square-shaped hysteresis loops from both the MoS,-covered
and uncovered regions. As shown in Fig. 2(a), the hysteresis loops
measured at different spots in the bare FGT (represented by the red
curves in the top panel) exhibit similar He and so do the loops mea-
sured in the covered region (represented by the blue curves in the bot-
tom shaded panel), where the specific positions of the spots are
marked in the inset of Fig. 2(b). This consistency of Hc between differ-
ent spots in the same region confirms the homogeneity of our sample.
More interestingly, the loops measured in the covered region are gen-
erally narrower with smaller H¢ than the ones measured in the bare
FGT, as shown in Fig. 2(a). Figure 2(b) displays the extracted Hc mea-
sured at different spots in both regions, showing a clear difference
(~165 Oe) in Hc of two regions on average, as indicated by the blue
and red dashed lines. This reduced H¢ in the MoS,-covered FGT
shows that the stacked ML MoS, enhances the in-plane magnetic
anisotropy of the underlying FGT.

To directly visualize the different Hc of the MoS,-covered and
uncovered FGT, we conducted a RMCD mapping near the boundary
of these two regions [indicated by the blue rectangle in the inset of Fig.
2(b)] at 124 K. The orientations of magnetic domains in FGT were
aligned to the spin-up direction by a positive 0.3 T external magnetic
field first, which is larger than the Hc of both regions. The RMCD
mapping was then scanned after the magnetic field was swept from 0.3
to —0.255 T, which is strong enough to flip the magnetic domains in
the MoS,-covered FGT to spin-down but insufficient to flip the
domains in bare FGT. As shown in Fig. 2(c), while the orientation of
magnetization in the bare FGT remains spin-up (yellow for spin-up
and blue for spin-down), the spins in the MoS,-covered FGT are
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FIG. 1. AFM, Raman, and PL characterizations of the MoS,/FGT heterostructure. (a) Optical image of the MoS,/FGT heterostructure. The regions surrounded by the black
and white dashed lines represent the top ML MoS, and the underneath few-layer FGT, respectively. The inset cross-sectional profile shows an 8.0 nm (8-9L, due to the pres-
ence of moisture or air trapped at the flake-substrate interface™) step along the red line indicated in the optical image. (b) Raman (from MoS,-covered and uncovered regions)
and PL (from the MoS,-covered region only) spectra of the MoS,/FGT heterostructure. The 18.88 cm™" difference between two MoS, modes (E}g and Ayq) and the strong PL
emission at 672nm in the covered region corresponds to a ML MoS,. No noticeable shift in the FGT characteristic peaks™ (two peaks in the range of 110-160cm™") is
observed between covered and uncovered regions, showing there is no observable strain in FGT layers unintentionally caused by MoS, stacking.
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FIG. 2. RMCD measurements of the MoS,/FGT heterostructure at 124 K. (a) Normalized magnetization measured at different spots in both MoS,-covered and uncovered
FGT. The data taken from covered and uncovered regions are represented by the blue curves in the bottom shaded panel and the red curves in the top panel, respectively.
The black dashed lines serve as the eye guide by indicating the average position of coercive fields of the uncovered FGT. (b) Extracted Hc of different spots in both covered
and uncovered FGT regions. The blue and red dashed lines represent the average Hc of covered and uncovered FGT, respectively. Error bars represent the standard devia-
tions of Hg and are smaller than the plotted points if not shown. The inset is the optical image of the MoS,/FGT heterostructure, where the specific positions of the spots are
marked. Scale bar, 3 um. (c) RMCD mapping at the boundary of covered and uncovered regions [indicated by the blue rectangle in the inset of (b)], after the external magnetic
field was swept from +0.3 T (when the whole sample is magnetized to the spin-up configuration) to —0.255 T (when the bare FGT remains spin-up but the MoS,/FGT is
flipped to spin-down). The color bar is plotted by the phase of RMCD, indicating the spin-up (yellow) and spin-down (blue) domains.

flipped to the opposite direction, resulting in two opposite magnetic
states alongside the stacking boundary. This serves as direct evidence
that the ML MoS, reduces the H of the underlying FGT thin flake.

Owing to the extreme sensitivity of 2D layered magnets to inter-
facial engineering, the Hc of few-layer FGT could be affected by the
stacked material via different mechanisms.”'” For example, since the
magnetic properties critically hinge on materials’ structural parame-
ters, the magnetic anisotropy energy and exchange interaction were
shown to be altered by the strain-induced lattice deformation in previ-
ous reports.” When the top ML MoS$, was transferred onto the FGT
flake using PDMS, unintentional strain could be introduced in FGT
and, thus, affect the H¢ of FGT. However, this is unlikely the scenario
in our work since there is no noticeable shift in FGT’s characteristic
Raman peaks between MoS,-covered and uncovered regions, as shown
in Fig. 1(b). Another possible scenario is that, placing a vdW antiferro-
magnetic (AFM) material on top of FGT can alter its coercive field via
the interfacial exchange coupling,*"** but this is not applicable for our
experiment since MoS, is not magnetic on its own. Rather, our
observed reduced Hc in MoS,-covered FGT is more likely caused by
the SOC proximity”® induced by the adjacent MoS,, which could lead
to an increased in-plane magnetocrystalline anisotropy in FGT layers.
Similar suppression of Hc in FGT by the current-driven modulation
of SOC was also reported in the recent work."

To further look into this SOC proximity effect, we performed the
RMCD measurements at an elevated temperature of 138 K. Due to
the stronger thermal fluctuation at elevated temperatures, the H¢ of
the bare FGT at 138K decreased with respect to that at 124K
(i.e., 1850 Oe at 138 K versus 2640 Oe at 124 K), as shown by the red
curve in Fig. 3(a). At 138K, a similar reduction in the Hc of the
MoS,-covered FGT compared with that of the uncovered region is
also observed. More strikingly, at 138 K, in stark contrast with the bare
FGT that exhibits only two magnetic states in the hysteresis loop, the
MoS,-covered region [marked as S1-S3 in Fig. 3(a)] shows two-step
loops with four stable magnetic states [highlighted by the shaded areas
between dashed lines in Fig. 3(a)]. This two-step hysteresis loop can be
repetitively found in different sampling spots in the MoS,/FGT at
138 K. This clearly indicates that the FGT layers interfacing with MoS,
and away from the interface exhibit different He, thereby leading to
two-step hysteresis loops: while the magnetization reversal of the inter-
facial FGT layers occurs at a smaller external magnetic field, the
underneath FGT layers require a higher magnetic field to be flipped,
resulting in intermediate magnetic states between the all-spin-up and
all-spin-down configurations in S1-S3 of Fig. 3(a).

These unconventional two-step hysteresis loops at the elevated
temperature of 138K indicate the difference between FGT layers at
the interface and away from the interface, as illustrated in Fig. 3(b).
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| FIG. 3. RMCD measurements of the MoS,/

: FGT heterostructure at 138 K and the calcu-
N lated interlayer distance-dependent magneto-
| crystalline anisotropy energy (MAE) of MoSy/

| FGT. (a) Normalized magnetization mea-

} sured at different spots in MoS,- covered

! and uncovered regions. The shaded areas
between dashed lines highlight the intermedi-
ate magnetic states observed in the MoS,-
covered FGT. (b) Schematics of the SOC
proximity effect in the MoS,/FGT heterostruc-
ture. The solid yellow circles represent the
Mo atoms in the ML MoS,, and the solid red
circles with arrows represent the magnetiza-
tion orientations of different FGT layers. The
shaded area inside the dashed lines
depicts the interfacial FGT layers affected
by the SOC proximity. (c) DFT calculation
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The SOC proximity effect originates from the interfacing with MoS,
[Mo atoms are illustrated by the solid yellow circles in Fig. 3(b)] and
the augmented SOC at the interface strongly decays into the inner
layers of FGT. The short-range nature of the SOC proximity effect
leads to the modified magnetocrystalline anisotropy primarily for the
FGT layers at the interface, leaving the underneath FGT layers almost
unaffected as shown in Fig. 3(b). At lower temperature (i.e., 124 K),
the interlayer exchange coupling is less disturbed by the thermal fluc-
tuation, and all the FGT layers behave as a whole when flipping under
the external magnetic field. The observed reduced out-of-plane Hc in
the MoS,-covered FGT is an average result of the enhanced in-plane
magnetic anisotropy of interfacial FGT layers and the unaffected mag-
netic anisotropy of the underneath FGT layers. However, as the tem-
perature goes up, the interlayer exchange coupling becomes weaker
due to the stronger thermal fluctuation and, thus, cannot maintain a
uniform coercive field for the interfacial and underneath FGT layers.
This explains the emergence of the two-step hysteresis loops in the
MoS,-covered region at 138 K and its apparent absence at 124 K. In
addition, the interfacial Dzyaloshinskii-Moriya interaction,” which
could possibly be induced by the strong SOC in the stacked ML MoS,
and the broken inversion symmetry at the interface, may play a role in
the canting of interfacial magnetization and, thus, altering the mag-
netic anisotropy of the first few FGT layers at the interface.
Meanwhile, it is worth noting that the changes in the magnitude of
magnetization at the intermediate step exhibit a spot dependence in
the MoS,-covered region. This is likely due to the different local

contact details between the stacked MoS, and the underlying FGT,
which again reveals the interfacial nature of the SOC proximity effect.
We performed DFT calculations to study the SOC proximity
effect of MoS, on the magnetocrystalline anisotropy energy (MAE) of
adjacent FGT, using the general potential linearized augmented plane-
wave method” as implemented in the WIEN2k code.”® The conver-
gence of the calculations regarding the size of the basis set is achieved
using an RMT x Kmax value of 7, where RMT (muffin-tin radius) is
the smallest atomic sphere radius in the unit cell and Kmax is the mag-
nitude of the largest K wave vector inside the first Brillouin zone (BZ).
The local density approximation is used to describe the exchange and
correlation functional, which can give reasonable electronic structures
for FGT-based vdW heterostructures.””** The Monkhorst-Pack k-grid
of 18 x 18 x 1 is adopted for the first BZ integral of the heterostruc-
tures. The structures were fully relaxed with an atomic force of
0.01 eV/A, and the convergence criterion for the charge difference was
<0.0001 e per unit cell. A vacuum space larger than 15 A is set to avoid
the interaction between the two adjacent heterostructure slabs. The
experimental lattice constant of 3.99 A was used for FGT calculations,”’
and 4.0% tensile strain is applied in MoS, to match the FGT lattice.
The MAE is defined as E;p — Eqp, where Ejp (Egp) is the total
energy for the system with in-plane (out-of-plane) magnetization. For
the bare ML FGT, the calculated MAE is about 1.32 meV, consistent
with the previous calculations.”” When the MoS,/FGT (both ML) het-
erostructure is constructed, the MAE of FGT decreases to 1.23 meV.
Such a MAE decrease confirms our experimental observation that
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FGT’s in-plane magnetic anisotropy is strengthened by the adjacent
ML MoS,. We further calculated the MAE of the MoS,/FGT hetero-
structure as a function of their arbitrary interlayer distance d. As
shown in Fig. 3(c), when d — d, (dy = 3.14 A is the optimized dis-
tance) is relatively large, the hybridization between MoS, and FGT is
negligible, giving rise to the same MAE as the bare ML FGT. When d
decreases, their hybridization becomes stronger, resulting in the
decreased MAE. Such a d-dependent MAE behavior confirms that the
stacked MoS, can sensitively affect the magnetocrystalline anisotropy
of interfacial FGT layers.

In summary, we observed the SOC proximity-induced modifica-
tion of magnetic anisotropy in MoS,/FGT heterostructures. The
out-of-plane coercive field of FGT is noticeably reduced in the hetero-
structure, owing to the enhanced in-plane magnetocrystalline anisot-
ropy of FGT induced by the SOC proximity of the adjacent MoS,. The
unconventional two-step hysteresis loops at elevated temperatures
showcase the difference between interfacial and underneath FGT
layers in the heterostructure. The multiple magnetization states in the
layered magnet/semiconductor heterostructure hold technological
implications in spintronics-based neuromorphic computing,’**
Our understanding of the SOC proximity effect in layered magnet/
semiconductor heterostructures provides fundamental knowledge and
valuable guidance for designing magnetic vdW heterostructures for
future spintronic’”" and valleytronic devices.
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