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The discovery of two-dimensional magnets with intrinsic ferromagnetic or antiferromagnetic orders has
opened up promising prospects for exploring magnetism at the desired thickness, paving the way for novel
spintronic applications. In practice, the manipulation of the magnetic state in van der Waals ferromagnets is
highly demanding but remains a significant challenge. In this work, we demonstrate that the magnetic states
of the FesGeTe, (FGT)-based heterostructures can be substantially tuned through a natural oxidation process.
During this process, the exchange bias effect is observed in the naturally oxidized FGT flakes, confirming
the existence of exchange coupling between the ferromagnetic FGT layer and antiferromagnetic oxide layer.
Through the exchange coupling, the formed oxide layer affects the magnetic ordering of the Fel sites and
magnetic anisotropy, which is evidenced by the increment of hard magnetic temperature. Theoretical calculations
shed light on the crucial role of the oxide layer in the magnetic state transitions. These results provide valuable
insights into the understanding and manipulation of the emergent magnetic states, leading to significant advances

in the realization of practical two-dimensional spintronics.

DOLI: 10.1103/PhysRevB.108.094408

I. INTRODUCTION

The emergence of intrinsic magnetism in two-dimensional
(2D) van der Waals (vdW) materials has promoted rapid
development in information memory, spintronics, and mag-
netoelectrics [1-5]. Moreover, the development of appealing
artificial heterostructures based on 2D vdW magnets provides
a unique platform for exploring the exotic physical prop-
erties and potential applications [6-8]. Typically, artificial
heterostructures are constructed by vertically stacking various
exfoliated vdW materials, exhibiting merits of high-quality
interfaces between different materials, controllable thickness
of the devices, and the flexibility to create variable stacking
configurations [9-11]. In addition, chemical-vapor deposition
and molecular beam epitaxy provide alternative ways for
growing highly uniform and crystalline quality heterostruc-
tures [12,13]. Taking advantage of these advanced techniques,
intriguing phenomena such as the magnetic proximity effect,
spin-orbit torque, superconductivity, and quantum anoma-
lous Hall effect have been extensively investigated [14-20].
However, the yield and reproducibility of these approaches
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are fundamentally constrained by the complex fabrication
processes, valuable instruments, and intricate manufacturing
techniques. Consequently, these methods are time-consuming
and not industrially scalable. Hence, an alternative easy and
versatile strategy is urgently needed to develop novel vdW
heterostructures.

Since the first discovery of exchange interaction between
antiferromagnetic (AFM) and ferromagnetic (FM) materials,
the effect has found wide application in spintronic devices for
data storage [21,22]. Through the exchange coupling, the FM
spins are unidirectionally pinned by the AFM, leading to the
emergence of the exchange bias (EB) effect and an increase
in the coercive field (Hc). In addition to traditional FM/AFM
thin films and core/shell systems, the exchange coupling has
also been investigated in various 2D vdW FM/AFM systems,
benefiting from the rapid growth of 2D vdW magnets [11,23—
27]. For cases such as the Fe;GeTe,/FePS; heterostruc-
ture, the proximity coupling enhanced the coercive field and
EB effect has been observed [24]. This finding is signifi-
cant for Fe;GeTe,, which possesses a hard magnetic phase,
making it a promising building block for heterostructure-
based spintronics [28]. In addition, the hard magnetic phase
would possess more significant potential for applications if
it could exist at high temperatures. In contrast to artificially
stacked heterostructures, several works have reported robust
and tunable EB in naturally oxidized Fe;GeTe,-based flakes
or heterostructures, in which the oxide layer is hypothesized
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to present an AFM state [24,27,29]. Nevertheless, the pre-
cise chemical composition and magnetic nature of the oxide
phase as well as its correlation with interface coupling re-
main elusive. Furthermore, previous researches are mainly
focused on the EB effect, while the tuning of the intrinsic
magnetic ground state during the oxidation process has been
rarely reported. Given the easily oxidized nature of Fe,GeTe,
(n =3, 4, 5) when exposed to air, it is crucial to pay more
attention to the interface coupling and investigate its impact on
magnetic properties [29]. Despite the above open questions,
the oxidized strategy is actually an easy and effective method
for creating 2D vdW ferromagnet-based heterostructures and
manipulating the magnetic properties.

Among the family of Fe,GeTe, (n = 3, 4, 5), FesGeTe,
(FGT) is a Stoner-type itinerant ferromagnet with a space
group R3m, which is noteworthy due to its high Curie tem-
perature (7¢) [30-34]. In this study, we propose a facile and
efficient oxidized tactic to manipulate the magnetic states
through the formation of FGT-based heterostructures. During
this oxidation process, the exchange coupling between the
oxide layer and FGT layer leads to the modulation of the
magnetic states, specifically at the Fel site. Furthermore, the
magnetic anisotropy can be controlled, as confirmed by the
hard magnetic temperature gradually increasing from 160 to
260 K. These observations on the control of magnetic order-
ing provide an efficient strategy for the advancement of spin
devices based on 2D vdW ferromagnets.

II. EXPERIMENTAL

A. Sample growth and characterizations

The typical chemical vapor transport (CVT) method was
employed to grow high-quality single crystals. A mixture
of Fe (99.95%), Ge (99.999%), and Te (99.999%) pow-
ders with a stoichiometric ratio of 5:1:2 and iodine powder
(I, 5 mg/cm?) as vapor transport agent were loaded into a
20-cm-long quartz tube. The tube was then evacuated, sealed,
and heated in a double temperature zone tubular furnace. After
a heating process at 650-800 °C for 10 days followed by an-
nealing in air, centimeter-sized single crystals were obtained
in the tube regions of low temperature. The crystalline struc-
ture of the FGT was characterized using a room-temperature
Rigaku 4-circle x-ray diffraction (XRD) diffractometer and
HAADF-STEM imaging with EDS mapping in a spherical
aberration-corrected (Cs-corrected) 300-kV FEI Titan G2 mi-
croscope equipped with a Super-X detector. A focused ion
beam (FEI Helios Nanolab 600i) was used during the prepa-
ration of STEM samples. X-ray photoelectron spectroscopy
(XPS) analyses were performed using a Thermo ESCALAB
250Xi. The Fe L-edge XAS spectra were carried out at
the beamline BL-12B-a of the National Synchrotron Radi-
ation Laboratory (NSRL). Total-electron-yield (TEY) mode
was used to probe the sample. The DC magnetic properties
were probed with a Quantum Design magnetic properties
measurement system (MPMS). The temperature-dependent
magnetization was measured during the warm process with
an applied magnetic field of H = 0.01 T. Raman spectra were
obtained by Raman system (FST2-Ahdx-DZ) equipped with
a 532 nm laser source. The thickness was measured by the
atomic force microscopy (AFM, NX10, Park).

B. Device fabrication and magneto-transport measurements

A standard Hall bar electrode of Cr/Au (3/6 nm) was
patterned on a SiO,/Si substrate using standard electron-
beam lithography and metal evaporation procedures. The FGT
flakes were exfoliated onto polydimethylsiloxane (PDMS)
and carefully transferred onto the prepatterned Hall bar struc-
ture. All the exfoliation and transfer processes were performed
inside an Ar-filled glove box (H,O, O, < 0.1 ppm) to prevent
any degradation. The device was mounted into a customer-
designed puck, which was sealed with vacuum grease in the
glove box. For the oxidized FGT, after the exfoliation, the
flakes were instantly annealed in air at 120 °C for either 15 or
30 min to facilitate the oxide layer. Subsequently, the whole
device was immediately loaded into a commercial Quantum
Design physical property measurement system (PPMS) for
the electrical transport measurements. To conduct the EB
measurements, the temperature was initially raised to 300 K
and then field cooled under a constant magnetic field. In the
measurements, the magnetic field orientation was perpendicu-
lar to the sample surface. The longitudinal magnetoresistance
was negligible compared to the R,y, and thus we utilized the
same data-processing approach as in previous work [25].

C. Density functional theory calculations

The first-principles calculations were conducted based
on density functional theory (DFT) within the generalized
gradient approximation (GGA) and Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional, using the Vienna
ab initio simulation package (VASP) code [35,36]. The
projector-augmented-wave (PAW) method was employed to
describe electron-ion interactions [37]. The energy cutoff of
the plane-wave basis was set to 500 eV. A vacuum space
of 20 A was added to avoid interactions between adjacent
layers. During geometry optimization, the Brillouin zone in-
tegration was performed over a I'-centered k-point mesh of
12 x 12 x 1 to keep the energy converged within 1077 eV.
Within the PBE + U framework, the effective U value of 4.3
eV was included to remove self-interaction errors. The mag-
netic anisotropy energy (MAE) is defined as MAE = £, —
E,, where E; and E | are the total energies of states parallel
and perpendicular to the basal plane, respectively. MAE calcu-
lations were performed by considering the spin-orbit coupling
(SOC) effect, with a k-point mesh of 24 x 24 x 1. Correction
for vdW interactions was included by the DFT-D3 method
with Becke-Johnson damping function [38].

III. RESULTS AND DISCUSSION

Figure 1(a) and Fig. S1 in the Supplemental Material
[39] provide a geometric representation of the FGT structure,
where similar blocks of thick Fe-Ge slabs sandwiched by
Te layers are observed. Specifically within each unit cell,
there are nonequivalent Fe sites labeled as Fel, Fe2, and Fe3,
leading to a complex magnetic structure. Prior to fabricating
the oxidized FGT (FGT-O), high-quality FGT crystals are
successfully synthesized using a chemical vapor transport
method [33]. The quality of the crystal is verified by the
distinct vdW gaps between the FGT sublayers, the large area
of the crystal, and the presence of only (0 0 /) Bragg peaks
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FIG. 1. (a) Schematic illustration of the FGT oxidation process. (b) Cross-sectional HAADF-STEM image and the corresponding EDS
elemental mapping of oxidized FGT (FGT-O) flakes with a gold passivation layer. From the STEM image, the thickness of the oxide layer (the
region between the FGT and gold layer) is about 4 nm. (c¢) Normalized in-plane magnetization as a function of magnetic field (H//ab) for the

FGT and oxidized FGT-O crystals at 7 = 2 K and 7 = 150 K (inset).

[see Fig. S1(b) and Fig. S2 [39]]. To explore the structural
transformation during the oxidation process, XRD measure-
ments of both FGT and FGT-O bulk crystals are conducted,
as shown in Fig. S2(b). Upon annealing in air at 120 °C for
48 h, the a-Fe, O3 phase in the FGT-O bulk crystal is clearly
observed. The microscopic nature of the oxide layer can be
further confirmed by the x-ray photoelectron spectroscopy
(XPS) measurements, in which a higher content of Fe** is
detected in the FGT-O bulk crystal compared to that of FGT
(see Fig. S3 and Table S1 [39]). Moreover, by comparing
the small shoulder around 707.3 eV in the Fe L edge, we
observe that the local bonding and valance state of the oxide
layer are similar to that of «-Fe,O3, suggesting the absence
of ferrimagnetism Fe;O4 or y-Fe,03. To elucidate the origin
of the phase transformation, a cross-sectional HAADF-STEM
image and the corresponding EDS elemental mapping are
carried out on an FGT-O flakes. Here the oxidized FGT flakes
are prepared by annealing freshly cleaved FGT flakes in air at
120 °C for 30 min. The presence of a thin surface oxide layer
(~4 nm) is confirmed through the HAADF-STEM image and
corresponding EDS elemental mapping. Further analysis re-
veals a notable reduced concentration of Te elements within
the oxide layer, indicating a higher propensity for the forma-
tion of iron oxide during the oxidation process.

To gain a comprehensive understanding of the tun-
able magnetic state, we conduct an analysis of the
temperature-dependent magnetization (M-T') of the FGT and
FGT-O bulk crystals [see Fig. S4(a) [39]]. Similarly, the FGT
bulk crystal exhibits much larger magnetization along the in-

plane (IP, H//ab) direction with two distinct temperature kinks
(Ty ~ 107 K and 7, ~ 277 K) [30]. Upon oxidation, two dis-
tinct characteristics concerning the fundamental properties of
FGT crystal need to be addressed. First, a significant reduction
in magnetization is observed, indicating the AFM nature of
the oxide layer. Second, linear decreased magnetization is
observed at the temperatures below 77 ~ 107 K, which is in
contrast to the dome-shaped magnetic behavior exhibited in
the FGT bulk crystal. In the FGT bulk crystal, this anoma-
lous magnetic transition below 77 ~ 107 K is associated with
the magneto-structure transition of the Fel site [30,31], sug-
gesting a modulated Fel site after the oxidation. Isothermal
magnetization (M-H ) measurements provide valuable insights
for determining the magnetization transition [see Figs. S4(b)—
S4(f) [39]]. The M-H loops along the IP and out-of-plane
(OP, H//c) directions indicate the magnetic moments prefer to
align along the IP direction, which is in good agreement with
the M-T data. It is noteworthy that M-H (IP) loops exhibit
more intricate magnetic behaviors at a temperature below 100
K. Figure 1(c) shows the normalized M-H (IP) curves of
FGT and FGT-O bulk crystals at T = 2 K. For the FGT bulk
crystal, we can see two distinct slopes of M-H curve, with a
steep slope at a low magnetic field (green curve), followed by
a gradual decrease in slope until reaching saturation (yellow
curve). However, for the FGT-O bulk crystal, only one slope
of M-H curves is observed (blue curve). The remarkably
contrasting behavior of M-H persists up to 7 = 100 K, above
which the normalized M-H of FGT and FGT-O bulk crystals
are almost identical [Fig. 1(c) and Fig. S4 [39]]. Such behavior
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FIG. 2. EB effect in oxidized FGT flakes. (a) Anomalous Hall
resistance (R,y) as a function of an external magnetic field for 14
nm-O15 flake under positive (PFC, H.,, = 9 T) and negative cool-
ing field (NFC, H.o, = —9 T). (b) EB field (Hg) as a function of
temperature for 14 nm-O15 and 14 nm-O30 flakes. (c) Cooling field
H.,o; (PFC) dependence of |Hg| for 14 nm-O15 and 14 nm-O30
flakes measured at 7 = 2 K. (d) Thickness-dependent |Hg| for FGT
annealed with 30 min under PFC. The green square region represents
the presence of EB in the oxidized FGT with the thickness < 14 nm,
and the red triangle region represents the absence of EB (No EB) in
thicker oxidized FGT flakes.

implies that the oxide layer affects the magnetic ordering of
the Fel sites through the exchange coupling, as the steep slope
may be associated with the coupling between the lattice to
magnetism at 77 ~ 107 K [31].

To investigate the exchange coupling between the oxide
layer and FGT layer, we study the EB effect of the exfoliated
thin flakes. For the formation of the oxide layer, x nm-thick
freshly cleaved FGT flakes are naturally oxidized by anneal-
ing in air at 120 °C for y min (labeled as x nm-Oy). The
oxide layer can be detected by the optical images [see Fig.
S5(b) [39]], as the FGT flake gradually becomes invisible with
increasing annealing time. During oxidation process, Raman
peak of the fresh FGT flake initially located at 155 cm™! splits
into two separate peaks located at 129 cm~! and 145 cm™!,
verifying the oxidized transition of FGT flakes (see Fig. S6
[39]) [31]. After fully oxidized, the FGT flake undergoes a
complete transformation and turns into a highly insulating
state [see Fig. S5(c) [39]]. Generally, the Hall resistance of
a ferromagnetic material can be separated into two parts:

ny = Ry + Ran = RoB, + RM,,

where the Ry is the ordinary Hall resistance and Ry is the
anomalous Hall resistance, which is proportional to the per-
pendicular magnetic M,. Ry and Ry are the coefficients of Ry
and Ray, respectively. Due to the metallic behavior of FGT,
the Ry is extremely small in comparison to the anomalous
Hall resistance Ran. Thus, we use R,y to present magneti-
zation. As depicted in Fig. 2(a) and Fig. S7 [39], the EB

effect of 14 nm-O15 and 14 nm-O30 flakes is carried out
at various temperatures. The Ry,-H loops obtained at low
temperatures exhibit a shift in the opposite direction of the
cooling field, proving the existence of the EB effect in our
system. The absolute EB field |Hg|, reaches ~ 149 Oe in the
14 nm-O15 flake and ~ 160 Oe in the 14 nm-O30 flake at
T =2 K. The Hg is extracted from the loops using the defi-
nition Hg = (Hcy + Hc_)/2, where Hc, and Hc_ represent
the Hc at positive and negative fields, respectively. The Hg
is relatively small but still comparable to values obtained
from other heterostructures such as Fe;GeTe,/MnPS(Se)s,
Fe;GeTe,/CrOCl, and FePS3;/FesGeTe, [25,32,40]. With in-
creasing temperature, the |Hg| of the 14 nm-O15 and 14
nm-30 flakes is gradually suppressed and eventually disap-
pears above the block temperate (T ~ 15 K) due to the
thermal fluctuations, as shown in Fig. 2(b). Additionally, we
observe that the R,,-H loops exhibit an asymmetric shift un-
der PFC and NFC, with this behavior being more pronounced
in the case of 14 nm-O15 flakes. The field-cooled process
prior to the Ryy-H measurements is a key factor in determining
the EB in oxidized FGT flakes. Notably, the |Hg| exhibits
a sharp increase initially as Ho reaches to 0.2 T, but sub-
sequently decreases with further increasing H.oo, implying
that a relatively small H.,, favors a large Hg [Fig. 2(c) and
Fig. S8 [39]. Figure 2(d) and Fig. S9 [39] show the depen-
dence of |Hg| on the thickness ¢ of the FGT flakes. The EB
effect is observed in the oxidized FGT with the thickness
< 14 nm. However, when the thickness of FGT > 22 nm,
there is no detectable EB observed. From the above results,
the emergence of the EB effect confirms the strong mag-
netic coupling between the oxide layer and FGT, highlighting
the tunability of the magnetic states by the AFM oxide
layer.

After establishment of the exchange coupling, we further
explore the modulation of Fel site and magnetic states by
the AFM oxide layer. Figure S10 [39] shows the normalized
longitudinal resistance (Ryxx) curves measured in FGT and
oxidized FGT flakes. For the pristine flakes, Ryx drops with
decreasing temperature and exhibit a kink at 7x ~ 120 K in
the Ryx-T curve. This temperature is close to the 7; obtained
from the M-T curves of bulk crystal. The behavior that occurs
at 77 is dominantly associated with the magnetic ordering of
the Fel sublattice, which leads to the formation of complex
domain structure above 7; (or Tr). Consequently, the reduc-
tion in complex domain structures results in reduced electron
scattering, leading to a decrease in resistance below Tr (77)
[32-34]. As the oxidized time increases, the kink temperature
Tr increases monotonically until it reaches ~ 170 K. How-
ever, for the thicker FGT flakes under air annealing for 30
min (labeled as 22 nm-O30 and 32 nm-O30), the Tr displays
a slight decrease with increasing thickness. Due to the for-
mation of an oxide layer (~4 nm, annealing for 30 min), the
actual thickness of the FM layer in oxidized FGT flakes is
reduced. As a guide of Ry-T curves of freshly cleaved 6 nm
and 11 nm FGT flakes, we can eliminate the influence of
the FM layer thickness on the enhanced 7z. As mentioned
above, the kink temperature 7x varies across the freshly FGT
and oxidized FGT and is summarized in Fig. 3(d), validating
the exchange coupling effect of the oxide layer on the Fel
sublattice.
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FIG. 3. Anomalous Hall effect measurements performed on FGT and oxidized FGT flakes. R,, as a function of external magnetic field
for the (a) 14 nm and (b) 14 nm-O15 flakes at various temperatures. (c) Remnant anomalous Hall resistance R, asa function of temperature
obtained from FGT and oxidized FGT flakes.R;, is normalized by its values at T = 2 K. The black arrows highlight magnetic transitions
temperature at Tpy; and Top,. (d) Tr, Ty, and Tip. The blue dash line indicates the transition temperature 77 obtained from the M-T curves of

FGT bulk crystal.

To assess the viewpoint of magnetic state control through
exchange coupling, we systematically measure the Ryy of both
FGT and oxidized FGT flakes by varying the temperature
and magnetic field. Figure 3(a) displays the temperature-
dependent R,y of the 14 nm flake from 2 to 300 K with
HJlc. A nearly square-shaped Ryy-H loop with Hc ~ 0.14 T
is observed at T = 2 K, indicating the presence of a single
hard magnetic phase. As the temperature increases, the nearly
square-shaped Ryy-H loops gradually diminish and transition
into a state with no discernible Hc or zero-field remanence
features. This suggests that the FGT flakes undergo a tran-
sition from a hard FM to a soft FM state [32], which can be
further characterized by temperature-dependent R}, as shown
in Fig. 3(c). Obviously, at the hard magnetic temperature T;,»
(defined as the existence temperature of hard magnetic phase),
the R\, shows a sudden drop to almost zero. This magnetic
transition may be attributed to the spin reorientation with the
magnetic easy axis changing from the out-of-plane to in-plane
orientation [41]. In addition, Rf(y reaches its maximum at a
temperature of ~120 K (denoted as T;,;), which is close to
Ty or Tr, implying the feature observed around 7;,; might
be related to the modulation of Fel sublattice. In contrast
to R-H loop of 14 nm flake, the oxidized FGT flakes ex-
hibit similar squared-shape loops at 7 = 2 K with larger Hc
[Fig. 3(b), Figs. S11 and S12 [39]]. Moreover, the Ryy-H of
the 14 nm-O30 flake exhibits a two-step magnetic reversal
transition ranging from 2 K to 50 K, which is similar to the
previous report [42]. To precisely depict this phenomenon,
we have deconvoluted Ryy-H into two distinct loops (Loopl
and Loop2), as shown in Figs. S11(b) and S11(c) [39]. It

suggests that the two loops exhibit independent magnetization
behavior and lack interconnection. Specifically, Loops 1 and
2 represent the Ryy-H of pure FGT and the oxidized FGT,
respectively. In 14 nm-O15 flake, the oxide layer is very thin
due to a shorter oxidized time, which has no significant impact
on the overall hysteresis loops. Consequently, only the hys-
teresis loops of the FGT layer are observed in this scenario. To
gain a deeper insight into the underlying mechanism behind
the AHE, the relationship between Hall and longitudinal con-
ductivity (oyy-0xx) of FGT and oxidized FGT are plotted, as
shown in Fig. S13 [39]. The oy value of 14 nm FGT falls near
the boundary between the dirty metal and intrinsic regimes,
suggesting a coexistence of both mechanisms [43-45]. Upon
oxidation of the FGT flakes, we observe a shift of oyy-oxx
towards the dirty metal region. This observation indicates
more disorder in the oxidized flakes, which is consistent with
the presence of two loops in the Ryy-H of oxidized FGT flake.

Moreover, with increasing oxidized time of 14 nm flake,
the dome shape of the R -T curves changes dramatically.
Specifically, the Tp,; value increases from 120 to 140 K and
T increases from 180 to 260 K, indicating the tunable
magnetic anisotropy. In addition, when considering the same
oxidized time of 30 min, both T},,; and T}, decrease slightly
with increasing the flake thickness, confirming the thickness
limits for the exchange coupling. We additionally conduct
R,y-H measurements on freshly cleaved 6 nm and 11 nm
FGT flakes for comparison, from which we can exclude the
effect of FGT layer thickness on the increment of Tj,,; and
To. Based on the above analysis, the evolution of Hc as
well as the variations in Ty, Ty, and Ty can be effectively
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FIG. 4. First-principles calculation of FGT slab models. (a) Structural configurations of FGT, FGT-V1, FGT-O1, and Fe,O3/FGT slab
models. FGT represents 3 uc FGT slab model. FGT-V1 and FGT-O1 represent 3 uc FGT slab models with the top tellurium atoms gone and
substituted by oxygen atoms, respectively. Fe,O3/FGT is constructed using 1 uc Fe,O3 and 3 uc FGT. (b) Calculated magnetic moment for
FGT and oxidized FGT. The inset is the spin-resolved density of states (DOS) of FGT around Fermi energy. (c) Calculated magnetic anisotropy
energy (MAE) and bond distance of Fel and Fe3 (Dge;_ge3) for FGT and oxidized FGT. The Dg;_pe; of FGT is set to O A as a reference. The
inset shows the diagram of Dge_re3. (d) The schematic diagram of oxidation gradient along the ¢ axis of the entire flake. The oxide layer is
divided into two sections: section 1 with strong oxidation and section 2 with low oxidation.

controlled by adjusting the oxidized time and flakes thickness,
as summarized in Fig. 3(d) and Figs. S12(c-d) [39], providing
an opportunity for tuning the magnetic properties through the
interface exchange coupling.

To gain a better understanding of the magnetic evolution
during the oxidation process, we perform density functional
theory (DFT) calculations. Two equivalent occupancies of Fel
and Ge are presented as Felgown-Geyp and Fely,-Gegown (see
Fig. S14 [39]), and having Fel both above and below Ge is
prohibited due to the required bonding length between them
[46]. In the calculation, we use the Felgown-Geyp configuration
to perform our calculations [Fig. 4(a)]. Since the Hc and
spin reorientation are mainly determined by the magnetic
anisotropy energy (MAE), our investigation focuses on the
dependence of MAE on various oxidized FGT configurations.
According to the MAE definition above, the positive MAE

indicates perpendicular magnetic anisotropy (PMA). The inset
of Fig. 4(b) reveals that the total density of states is mainly de-
rived from the Fe atoms with magnetic moment ~3.0 ug/Fe.
Moreover, FGT presents a positive MAE (~1.08 meV/Fe),
consistent with the previous research [47]. Then we take into
account several slab models based on the experimental results
(XRD and EDS element mapping), as shown in Fig. 4(a) and
Fig. S15 [39]. Figure 4(c) shows the calculated MAE of con-
sidered slab models. We find that the FGT-V1, FGT-O3, and
Fe,O3/FGT configurations exhibit stronger MAE compared to
the pristine FGT, while the calculated magnetic moments re-
main unchanged. Thus, the increased MAE is attributed to the
variation of spin-orbit interaction rather than the unchanged
spin moments, which contributes to the enhancement of Hc
and Tyy. In the FGT, the amplitude and direction of magnetic
anisotropy are affected by the interaction of d,» and dy,/dy,
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orbitals, since the spin-minority components of these orbitals
are mainly determined by spin-orbit coupling associated with
the Fe sublayers [47]. To unveil the origin of MAE enhance-
ment, we focus on FGT and Fe,O3/FGT as an example and
decompose the calculated MAE into the coupling of Fe d,
and dy,/dy, pairs. In the Fe,O3/FGT heterostructure, the oc-
cupied dy,/dy, and unoccupied d,» pairs exhibit lower energy
levels (see Fig. S16 [39]), resulting in the overall increment of
the MAE. Intriguingly, we observe a distortion of Fel sublat-
tices in the FGT-V1, FGT-O3, and Fe,O3/FGT configuration
compared to the pristine FGT, verified by the distance between
Fel and Fe3 sites. It is likely that the distortion contributes
to the modulation of the magnetic states (M-H, Tg, and Tp,1)
induced by the oxidation process.

It is noted that 2D vdW Fe;GeTe, ferromagnets, when
exposed to ambient condition for a duration of up to 2 wk,
undergo the formation of an oxide layer on the surface of
exfoliated flakes [42]. This oxide layer exhibits an amorphous
structure, and it is proposed that the O adsorbed on the bridge
between the Fe and Te. In our work, we have proposed various
structure configurations of oxidized FGT, taking into account
the high volatility of the Te element at elevated annealing
temperatures. These configurations include Te vacancies, Te
atoms substituted by oxygen atoms, and the transformation
of a-Fe,0s. In practical scenarios, different structure con-
figurations can coexist, interconvert, or even transition into
disordered spins like spin glass states, depending on the
pristine FGT composition, oxidized condition, and annealing
process. It is important to highlight that the interface between
the oxide layer and FGT layer is not uniform enough, result-
ing in a considerable oxidation gradient along the ¢ axis of
the entire flakes, as verified by the presence of two distinct
sections in the oxide layer (see Fig. S17 [39]). Thus, our
oxide structure differs significantly from that in Fe;GeTe,, as
the oxide layer in Fe;GeTe, is solely formed through natural
oxidation without any element evaporation. Drawing from
these findings, we propose a distinctive structure within the
oxide layer that enables the interaction between AFM (section
1 with intense oxidation) and FM (FGT layer), in conjunction
with lattice distortion (as presented in section 2 with low
oxidation). This configuration is believed to play a crucial role
in the magnetic modulation [Fig. 4(d)].

The distinctive structure of our sample is expected to give
rise to a distinct interface between the FM(FGT) and AFM
(oxide layer), resulting in various FM-AFM interfaces. Under
these conditions, the exchange coupling may exhibit unidirec-
tional anisotropy under PFC and NFC processes, especially

when exposed to strong thermal fluctuations at high temper-
ature (> 2 K), resulting in the asymmetric shift in the AHE
loops during the process. For 14 nm-O15 and 14 nm-O30
flakes, the thickness of the FGT layers is supposed to re-
main unchanged due to the thin oxide layer. As a result,
the variation in the EB effect can be primarily attributed to
the interface exchange coupling induced by antiferromag-
netic anisotropy energy. Compared to the 14 nm-O15, the
thicker oxide layer of 14 nm-O30 enhances the antiferro-
magnetic anisotropy energy, giving rise to stronger interface
exchange coupling to pin the FM spin during magnetization
reversal. This phenomenon is consistent with the conventional
model of EB effect [22], leading to relatively symmetric
shifts of AHE loops under PFC and NFC in 14 nm-O30
flakes.

IV. CONCLUSION

In conclusion, magnetism control is achieved in FGT-based
heterostructures via a naturally oxidized strategy. We have
established a full picture of electrical transport and magnetic
properties by investigating oxidized time and thickness of
FGT. Intrinsically enhanced T and 7;,; with modulated mag-
netic anisotropy are achieved in the oxidized FGT. Several
structure configurations are proposed with the assistance of
density functional theory, and we have determined that the
changeable MAE and the distorted Fel sublattice contribute
to the magnetic state transition. Thus, we envision that the
oxidation treatment provides a step toward heterostructures to
modulate the magnetic state in layered vdW magnets, opening
up opportunities for next-generation magnetoelectronics and
spintronics.
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