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Fe,GeTe, have proven to be of greatly intrigue. However, the underlying
mechanism behind the varying Curie temperature (T_) values remains a
puzzle. This study explores the atomic structure of Fe;GeTe, crystals
exhibiting T_ values of 160, 210, and 230 K. The elemental mapping reveals a
Fe-intercalation on the interstitial sites within the van der Waals gap of the
high-T_ (210 and 230 K) samples, which are observed to have an exchange
bias effect by electrical transport measurements, while Fe intercalation or the
bias effect is absent in the low-T_ (160 K) samples. First-principles
calculations further suggest that the Fe-intercalation layer may be responsible

1. Introduction

The recent discovery of 2D magnets offers a
promising opportunity to explore both the
fundamental aspects of physics and prac-
tical applications, such as spintronic de-
vices. Researchers first observed 2D mag-
nets by exfoliating the bulk crystals of
NiPS,, 12 FePS,, >4 Crl,,57) Cr,Si,Te,,®!
and Cr,Ge,Te,.[”) However, as these crys-
tals are semiconductors or insulators, it

for the local antiferromagnetic coupling that gives rise to the exchange bias
effect, and that the interlayer exchange paths greatly contribute to the
enhancement of T_. This discovery of the Fe-intercalation layer elucidates the
mechanism behind the hidden antiferromagnetic ordering that underlies the

enhancement of T in Fe;GeTe,.

is impossible to directly evaluate their
magnetism using transport measurements
or apply them to electronic devices.!'*12]
Quantitatively probing the magnetism of
monolayer or few-layer crystals is techni-
cally challenging. Indirect techniques, such
as the low-temperature magneto-optical
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Kerr effect!®!®] or scanning single-spin magnetometer based on
diamond nitrogen-vacancy centers,['*] have been applied to ad-
dress this challenge. The recent observation of 2D ferromagnetic
Fe,GeTe, (FGT), thanks to its metallic nature with high carrier
density up to 10?! cm™3, provides a path to study both the charge
and spin degrees of freedom in 2D magnetic systems.[!>77]
FGT exhibits a high Curie temperature (T,) that is representa-
tive from 200 K in bulk to 100 K in monolayer crystals.[!19]
The T. of an N-layer crystal follows an empirical formula as
T (N) = [1 - (C/N)*]T?P, where C is a non-universal constant,
and A = 1/v demonstrates the critical exponent v of the spin di-
mensionality in the bulk 3D crystal.''l However, an ionic gating
could significantly enhance the T, of trilayer crystals up to room
temperature.l*”) Later experiments demonstrate that ionic gating
can also dramatically enhance the coercive field (H,). [2!] Alterna-
tively, the T, and H, can be tuned by Fe vacancy.?] The tunable
magnetic properties reinforce the potential application of FGT in
electrically controlled magnetoelectronic devices.[23-%]

In the lattice structure of FGT, each unit cell contains two
quintuple layers, where Te, Fe, Fe—-Ge, Fe, and Te layers are
successively stacked. Fe atoms in the Fe and Fe-Ge layers ex-
hibit two inequivalent Fe sites but with different valence, namely,
Fe** (Fe-1 site) and Fe?* (Fe-2 site). Both have partially filled
d-orbitals, but they induce considerably different magnetic pic-
tures as local magnetic moment and itinerant ferromagnetic or-
der, respectively.[101215-2L.28] Therefore, it is essential to explore
the exact atomic structure of both Fe-1 and Fe-2 sites. Chemical
doping or occupancy on either site can locally change the mag-
netic exchange interaction and induce modification of T, and H,
in a wide range.

In this study, an investigation into the atomic structure
of Fe ions was conducted on samples with high-T. (230 K),
intermediate-T, (210 K), and low-T. (160 K). The scanning trans-
mission electron microscopy and energy-dispersive X-ray spec-
troscopy (EDS) techniques were utilized to explore the atomic
structure of the FGT crystals with varying T.. In the high-T_ (230
K) samples, Fe-intercalation was observed on the interstitial sites
in the van der Waals gap, while the low-T, crystals lacked such
intercalation. The Hall resistivity loop measurements showed
the presence of an exchange bias effect in the high-T, samples,
whereas the low-T, (160 K) samples exhibited no exchange bias
effect. The exchange bias effect can be attributed to the coex-
istence of ferromagnetic and antiferromagnetic interface (cen-
ter). To investigate the underlying antiferromagnetic coupling
in the inter-layer ferromagnetic system, first-principles calcula-
tions were conducted to determine the contribution of the Fe-
intercalation layer, which plays a role in local antiferromagnetic
coupling for the exchange bias effect. The introduced interlayer
exchange paths were found to significantly enhance T,. The iden-
tification of the Fe-intercalation layer provides a means to explore
the mechanism behind the enhancement of T, and H, of FGT.

2. Results and Discussion
2.1. Structure Analysis
We utilized a transmission electron microscope that is double

Cs-corrected and is equipped with energy-dispersive X-ray spec-
troscopy to accurately reconstruct the lattice structure. The crys-
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tals were sectioned by focused ion beam (FIB) along three crys-
tal planes indexed as (001), (120), and (100), as depicted in the
schematic image in Figure S3A-D (Supporting Information).
Figure 1 displays the high-angle annular dark-field images cap-
tured using scanning transmission electron microscopy mode
(HAADEF-STEM) and the corresponding EDS atomic resolution
mapping of FGT samples having different T, values of 160, 210,
and 230 K. The HAADF-STEM images are suitable for identify-
ing all ions based on their size and electronic states since the Ge
and Te anions are much larger than the Fe cations. Moreover, the
HAADF-STEM images are in good agreement with the cartoon of
the crystal structure along the (120) plane, and the planes of (100)
and (001) are also consistent with the structure (see Figures S3E—
], Supporting Informationm). Additionally, the Fe-1 and Fe-2 sites
are identifiable, where Fe-2 is positioned on the same layer with
the Ge ions. Some Fe ions in the van der Waals gap (also see
Figure S5, Supporting Information) can be identified, suggest-
ting the Fe intercalation.

2.2. Elementary Distribution Analysis

Elementary mappings obtained through EDS for the
intermediate-T, and high-T, crystals (Figure 1B,C) indicate
the presence of three distinct kinds of defects. First, an ad-
ditional layer of weaker spots between two Te-sublayers was
observed in the Te mapping toward (120) plane, and such Te
ions were also observed along the (100) plane. Based on the
lattice cartoon of Ge and Te ions along (100) and (120) planes, it
was found that the substitution of Te occurred on the Ge sites.
Second, the Ge mapping demonstrated the doping of a few
Ge on the Te sites. Third, a Fe intercalation layer was clearly
observed within the van der Waals gap in the Fe mapping toward
both (150) and (100) planes. The HAADF-STEM image also
confirmed the presence of such an intercalation layer within the
van der Waals gap. However, no occupation of Ge or Te on Fe
sites was detected.

In the low-T, crystal, as shown in Figure 1A, both HAADF-
STEM and EDS images demonstrated the absence of Fe-
intercalation, while the antisite defects of Ge and Te anions were
observed. The antisite of Te and Ge was found in all high-T_,
intermediate-T, and low-T,. crystals, indicating that it was not the
main factor that modulated T, in different samples. On the other
hand, the additional layer of Fe ion not only contributed to the
carriers of FGT, but also modified the magnetic coupling, thus
inducing peculiar magnetic ordering.

2.3. Density Functional Theory Calculations on the Defects

The application of density functional theory (DFT) was utilized
to reveal the underlying cause of Fe intercalation and its effects
on the Curie temperature in FGT. The primary origin of inter-
calated Fe can be attributed to the segregation of Fe ions from
their original sites to the interlayer region, resulting in the cre-
ation of Fe vacancies at those sites. This process can be facilitated
by the presence of additional atoms, such as Te or Ge, that fill
these Fe vacancies, leading to the formation of antisite defects.
Formation enthalpies of several vacancies, antisite defects, and
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Figure 1. The image shows a Cs-corrected HAADF-STEM image of Fe; GeTe, crystals with EDS mappings of Fe, Te, and Ge atoms toward the (120) plane.
The EDS mappings in the image are optimized using both a Wiener filter and a weak Wiener filter. The crystals are labeled (A), (B), and (C), representing
low (T. = 160 K), intermediate (T, = 210 K), and high (T, = 230 K) T, values, respectively. In the image, brown, lilac, and orange balls represent Fe, Ge,
and Te atoms, respectively. The green dashed-line frames in the image highlight the van der Waals gap, while the red circle in panels (B) and (C) marks

the Fe intercalation. The scale bar in the image is 1 nm.

their various combinations, including Fe* * (V5 . ), Fe* ™ (Vi L),
Ge (Vg.), and Te (V) vacancies, Teg, antisites, bare Fe intercala-
tion (Fe; , ,GeTe,), as well as combinations of Fe; , ,GeTe, with
Gepes 1 Gep 4r Tepes,, and Tep, , antisites, were examined in
our calculations. Figures 2A-C and Figure S5 (Supporting Infor-
mation) illustrate their formation enthalpies as a function of Fe,
Ge, and/or Te chemical potentials. Vi, , (red) and Fe;, ,GeTe,
(blue) exhibit the lowest formation enthalpies among all con-
sidered defects in Fe deficient and rich limits, respectively, as
shown in Figure 2A. Nevertheless, the combination of Vi, , and
Fe,,  GeTe, (Vi,, + Fe;, ,GeTe,) has a higher formation en-
thalpy under both Fe deficient and Fe rich limits, indicating that
it is less likely to be the source of Fe intercalation. Although this
combination can intrinsically introduce intercalated Fe atoms, it
requires additional energy gain for stabilization.

A potential method for stabilization involves occupying the Fe
vacancy with Ge or Te atoms, resulting in the formation of anti-
site defects. In the Te-rich regime, the formation enthalpy of the
Te/Ge antisite (Te substituting Ge) lies within a range of -0.3 to
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2.0 eV (as shown in Figure 2B), which is the most energetically
favored among all considered antisite defects. This is consistent
with the most frequently observed Te substitution at Ge sites in
our experiments (as depicted in Figure 1). The substituted Ge
atoms have a propensity to occupy Fe? * sites instead of Fe? * sites,
as the filling of the former site (Fe**) provides an additional en-
ergy gain of at least 0.8 eV (as shown in Figure 2C; Figure S6,
Supporting Information). Therefore, we may infer that the intro-
duction of intercalated Fe atoms is most likely facilitated by the
formation of Te, and Gey,; , antisite defects in FGT. This pro-
cess could be regulated, in principle, by controlling the supplying
ratio of Te.

Incorporating the Te., antisite defect and/or Fe intercalation
presents an opportunity to further adjust the magnetic properties
and spin exchange couplings of FGT. Upon considering the Te,
antisite defects, an intralayer and interlayer ferromagnetic (FM)
state becomes the most energetically favored magnetic configu-
ration (Figure 2D-G; Figure S7, Supporting Information). This
state is more stable by 14 meV/Fe than the antiferromagnetic
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Figure 2. A) Enthalpies of formation for the vacancies Vg, , and Vg3, and for Fe intercalations resulting from Fe atoms escaping from vacancies in the
Fe3+ or Fe2* positions are presented. B,C) Formation enthalpies of the antisite defects Teg, and Geg,; .. are provided. D-F) Schematic representations
of interlayer magnetic orders, including FM(d), FiM(e), and AFM(f), are depicted. Only Fe atoms are shown here for better presentation. Blue and red
balls represent two anti-parallel orientations of magnetic moments on Fe atoms, respectively. g) Relative total energies of the FM (black rectangles),
intercalation FiM (blue triangles), and interlayer AFM (red circles) orders of FGT bulk with different types of defects are compared. The reference zero

is chosen as the energies of the FM order.

(AFM) order, and is consistent with the observed FM behavior in
FGT samples, where Te, antisite is commonly present. As illus-
trated in Figure 2G, the FM state remains the ground state when
the intercalated Fe is situated in the interlayer region sandwiched
by FGT free of Te, antisite defects. However, in the presence
of both Te, antisite and Fe intercalation, a ferrimagnetic order
(FiM, Figure 2E) emerges, where the intercalated Fe sublayers are
AFM coupled with adjacent FGT layers, and this configuration
is energetically favored. This local AFM coupling can potentially
give rise to an exchange bias effect in the high-T, samples with
both Te, antisite and Fe intercalation.

2.4. Fe Intercalation Modified Exchange Couplings

Incorporation of Fe intercalation would furnish additional mag-
netic moments and exchange paths, thus reinforcing magnetic
couplings along the interlayer direction in FGT. To assess the tun-
ability of the Curie temperature, we computed the spin-exchange
coupling (SEC) parameters based on a Heisenberg model, which
are indicated with dashed arrows in different colors in Figure 3A
and listed in Table S2 (Supporting Information). Monte Carlo
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simulations were executed with an anisotropic Heisenberg (AH)
model (refer to the Methods for elaboration). Local magnetic mo-
ments of Fe atoms along the easy magnetization axis, as disclosed
by Monte Carlo simulations, were depicted in Figure 3B for FGT
with defects. Based on the derived SEC parameters and the easy
axis single-ion anisotropy, a T, value of 148 K was obtained in
FGT with Te, antisite defects, which is in close proximity to the
experimental value of 160 K of low- T, ferromagnetic samples. As
the magnetic couplings within FGT layers are predominantly de-
termined by the intrinsic FGT exchange couplings and Te, an-
tisite defects, we further considered a J, to describe the spin ex-
change between the intercalated Fe and the Fe atoms in the ad-
jacent FGT layers. Our calculations demonstrated that the value
of J, is highly adjustable, ranging from -3.0 to 15.9 meV/Fe, de-
pending on the density of the intercalated Fe atoms (Table S3,
Supporting Information). Due to the augmented number of ex-
change paths and enlarged J, value, T, elevates from 160 to 250 K
with an increase in Fe intercalation density (Figure 3B ;Figure S8,
Supporting Information), indicating that Fe intercalation is an
exceptionally efficient method of enhancing T, in FGT. It worth
noting that including spin-orbit coupling effect only makes quan-
titatively small change (less than 1 meV/Fe) to the relative total
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Figure 3. A) A perspective view of FGT is presented, highlighting the SEC parameters between Fe atoms with dashed arrows. For better presentation,
only Fe atoms are shown, with slate-blue and blue balls representing Fe** and Fe2* atoms, respectively. Specifically, J; corresponds to the exchange
parameter between intercalated Fe and Fe atoms in adjacent FGT layers. B) The on-site magnetic moments are shown as a function of temperature,
as revealed by Monte Carlo simulations. The amount of Fe labeled in Figure 3B comes from settings in our DFT calculations. C) An optical image of a
typical device with a thickness of 25 nm is presented. A BN slice with a thickness of about 10 nm was covered on top of FGT to prevent oxidation. D) A
cross-section view of the device is shown. The Ti/Au electrodes were buried onto the SiO,/Si substrates so that the FGT and BN slices could be stacked
onto a flat substrate, avoiding the collapsing problem that often occurs at the edge steps of the electrodes in a conventional method. E) The anomalous
Hall resistance papg is plotted as a function of temperature, indicating Curie temperatures of 160 K, 210 K, and 230 K, respectively.

energies and does not qualitatively change the calculated mag-
netic ground states (Table S4, Supporting Information).

The magnetic characteristics of three distinct samples with
varying T, were assessed through measurements of the anoma-
lous Hall effect and magnetic moment. The magnetic field was
applied along the c-axis, and the FGT flakes were transferred onto
pre-patterned Ti/Au electrodes under an inert atmosphere, as il-
lustrated in Figure 3C,D. The temperature dependent normal-
ized anomalous Hall resistivity (p,;;) was determined from the
pane-H curves in Figure S9 (Supporting Information), as shown
in Figure 3E. The p, ;- T curves approached zero at temperatures
0f160, 210, and 230 K for the low-T, intermediate-T., and high-
T. samples, respectively, indicating the same T as the bulk crys-
tals. The mangnetic moment measurements in Figure S8 (Sup-
porting Information) also revealed an increasing magnetic mo-
ments per f.u. with increasing T, consistent with the augmented
number of exchange paths with more Fe intercalations.

2.5. Exchange Bias Effect

Our density functional theory (DFT) calculations of FGT, incor-
porating both TeGe antisite and Fe intercalation, indicate that in-
tercalated Fe atoms could induce local antiferromagnetic (AFM)
coupling between intercalated Fe sublayers and adjacent FGT
layers, resulting in an exchange bias effect in the high-T, sam-
ples. To investigate this effect, we analyzed the Hall resistance
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hysteresis loops for both high and low-T, samples, as shown in
Figure S10 (Supporting Information). The low-T, crystal exhib-
ited a typical anomalous Hall effect (AHE) of ferromagnetism
under zero-field-cooling (ZFC), as displayed in Figure S10A (Sup-
porting Information), while the ordinary Hall effect was relatively
weak as a flat Hall resistance (R,,) at large magnetic field (H). The
coercive fields H, were almost the same at 160 mT for both pos-
itive and negative sweeping directions, comparable to the previ-
ous report on FGT.[®] To study the effect of magnetization history
on the hysteresis loops, we also examined nine consecutive Hall
resistivity loops at 2 K immediately after field-cooling (FC) by ap-
plying a magnetic field of 14 T along the c-axis above the T (see
Figure S10, Supporting Information). The Hall resistance loops
of the low-T, samples were independent of sweeping history or
cooling field, and the H_ was fixed at about 160 mT.

In the case of the high-T. samples, as demonstrated in
Figure 4A-D and Figure S10E-G (Supporting Information), the
hysteresis loops of Hall resistance exhibit a perfectly square
shape with no intermediate state, consistent with the Stoner-
Wohlfarth model. Notably, the magnetization reversal process is
observed to have an asymmetric shape, with the center of the hys-
teresis loop shifted from zero field by a certain value, resulting in
different coercive fields H,, and H,. This asymmetric R,, hys-
teresis loop is a typical behavior of the exchange bias effect, which
is essentially attributed to the interfacial coupling between a fer-
romagnetic (FM) layer and an adjacent antiferromagnetic (AFM)
layer.30]
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Figure 4. A) Magnetic field sweeping was performed nine times to measure the magnetization loop. B-D) Nine consecutive Hall resistivity loops
were measured under three different conditions: zero-field-cooling (ZFC), negative field-cooling FC (-14 T), and positive field-cooling FC (14 T), respec-
tively. The fixed coercive fields at the negative and positive branches are indicated by blue and red dashed lines, and the exchange field responds to
the positive or negative field cooling. All Hall resistance loops were measured at a temperature of 2 K. E,F) Schematic images of the magnetization
loop of the high-T, FGT were obtained under negative FC (-14 T) and positive FC (14 T), respectively. The red cycles depict the schematic images
of the exchange bias effect induced by the local Fe-intercalation-induced FM/AFM interface. The red and blue arrows represent the magnetic mo-
ment up and down on Fe atoms. Under the relatively large FC (14 T), the AFM coupling from local Fe-intercalation has yielded a completely spin-flip

transition.

The exchange bias effect exhibited by the high-T, samples is
noteworthy for its FC dependent behavior. When the system is
subjected to ZFC, a fixed coercive field is observable on the neg-
ative side of H, for all loops. Conversely, the positive side of H,
fluctuates with sweeping history, leading to a variable HE within
a broad range from -162 to 89 mT. The ZFC exchange bias ef-
fect is atypical, yet consistent with previous research into gating
induced exchange bias effect in FGT.[?!] Once exposed to FC of
a high magnetic field (+14 T), as illustrated in Figure 4C,D, the
exchange bias field displays greater stability than those obtained
from ZFC. With a negative field cooling (-14 T), the coercive fields
are almost biased to the positive side, whereas applying a positive
FC of 14 T causes the coercive fields to shift to the negative side,
in line with a negative exchange bias effect. As a result, the ex-
change field (HE) is primarily fixed at 89 mT for -14 T FC and -72
mT for 14 T FC.

Moreover, the antiferromagnetic (AFM) coupling has the abil-
ity to increase the coercive fields of the high-T. sample to ap-
proximately 640 mT, which is significantly higher than that
of the low-T,. sample (=160 mT). This intensification of mag-
netic coupling from the low-T, crystals is evident in the square-
shaped hysteresis loops of Hall resistance and the enhanced
H_, of the high-T. FGT. However, unlike the conventional train-
ing effect observed in FM/AFM bilayer systems,?!l there is al-
ways a fluctuation of HE, as discussed in detail in Supplemen-
tary Materials. Therefore, identifying the relationship between
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the local atomic structure and the AFM coupling within the
FM ordering is crucial to uncover the source of the exchange
bias effect.

In essence, it can be concluded that Fe intercalation is respon-
sible for the emergence of the exchange bias effect in the high-T.
samples. In the low-T, crystal, all magnetic moments at Fe-1 and
Fe-2 sites are ferromagnetically coupled, whereas the intercalated
Fe may locally induce antiferromagnetic coupling to adjacent lay-
ers. The pinning effect of the FM/AFM interface on the FM do-
main is crucial in achieving the exchange bias effect. It is worth
noting that the intercalated Fe is not uniformly filled but ran-
domly distributed at interstitial sites. Thus, the FM/AFM inter-
face is more likely to be the pinning sites. By gradually ramping
up the high magnetic fields to 14 T while cooling, the magnetic
moment in the AFM component overcomes its exchange energy
to align along H, and the AFM coupling at the FM/AFM inter-
face can be well-defined. Consequently, the exchange bias effect
is turned from negative to positive, as shown in Figure 4E,F for
14 T and -14 T cooling, respectively. When under ZFC, FM/AFM
interfaces (center) can be spontaneously generated after the FM
transition, although the polarization is randomly distributed for
each interface due to the random formation of the ferromagnetic
domain. The polarization direction of the FM domain can be well-
aligned under relatively low field sweeping (900 mT), while the
AFM can hardly be reoriented. Thus, the pinning effect still ex-
ists, resulting in the exchange bias effect.

© 2023 Wiley-VCH GmbH
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3. Conclusion

To summarize, we have established a connection between the
magnetism and structure of Fe,GeTe, with varying Curie tem-
perature using electrical transport measurements, STEM, and
first-principles calculations. Our results demonstrate the pres-
ence of an exchange bias effect in high-T, samples, indicat-
ing the existence of a ferromagnetic and antiferromagnetic
interface at the center, while this effect is absent in low-T,
samples. Atomic-resolution scanning transmission electron mi-
croscopy and energy-dispersive X-ray spectroscopy imaging pro-
vide element-resolved atomic structure information of Fe,GeTe,
in real-space and confirm the presence of Fe intercalation on
interstitial sites in the van der Waals gap in high-T, samples.
First-principles calculations further support the notion that the
Fe-intercalation layer can lead to local antiferromagnetic cou-
pling for the exchange bias effect, thus significantly enhancing
both antiferromagnetic coupling and T.. The discovery of the Fe-
intercalation layer provides a mechanism for enhancing T. and
H_ in Fe;GeTe,, namely, the hidden antiferromagnetic ordering
due to the Fe-intercalation. It also offers a path to control T. and
H_ in Fe;GeTe, by manipulating the external magnetic coupling
within the inter-layer ferromagnetic system, which is promising
for the development of spintronic devices.

4. Experimental Section

Crystal Growth: The bulk crystal of high-T_ and intermediate-T_ FGT
was synthesized by the chemical vapor transport (CVT) method. Fe
(99.95%, Aldrich), Ge (99.999%, Aladdin) blocks, and Te (99.99%, Al-
addin) granules in a molar ratio of 3:1:2 were mixed using a mortar for
20 min. The starting materials were placed into an alumina crucible with
iodine. The crucible was sealed into a quartz tube and was subsequently
placed in a two-temperature zone tube furnace. For high-T. sample, one
end of the quartz tube loading the mixture was kept at 750 °C and another
end for the crystal growth was kept at 600 °C. For intermediate-T, sample,
one end of the quartz tube loading the mixture was kept at 750 °C and an-
other end for the crystal growth was kept at 650 °C. After 150 h, large and
thin pieces of black Fe;GeTe, plates with metallic cluster were obtained at
the cold end of the tube.

The bulk crystal of low-T, FGT was synthesized by self-flux method. Fe
powder, Ge blocks and Te powder in a molar ratio of 3:3:6 were mixed
and placed into an alumina crucible. The crucible was sealed into a quartz
tube under a vacuum of 10 Pa and subsequently heated in a furnace up to
1000 °C in 10 h. After reaction at this temperature for 20 h, the assembly
was slowly cooled down to 550 °C at a temperature decreasing rate of
3 °Ch_; and stayed at 550 °C for 15 h. The assembly was finally naturally
cooled down to room temperature by shutting down the furnace and thin
pieces of black crystals were obtained.

The crystal structure was confirmed by single crystal X-ray diffraction
(XRD, Bruker D8) and #-26 method (Bruker D8). The XRD patterns showed
the clear diffraction patterns and lattice parameters agree well with the
standard card (see Figures S1 and S2 and Table S1, Supporting Informa-
tion), guaranteeing the quality of the crystal. The stoichiometry of these
crystals were measured by inductively coupled plasma optical emission
spectroscopy (ICP - OES).

Structure Analysis:  The double Cs-corrected scanning transmission
electron microscopy (STEM, Grand JEM-ARM300F) was applied to ana-
lyze the atomic structure, the microscopy was equipped with a cold field-
emission gun and operated at the accelerating voltage of 300 kV. To con-
firm the exact type of the defects, it cut the crystal by a focused ion beam
(FIB, Grand |IB-4700F) along three crystal planes with the index of (001),

(120), and (100) as illustrated in Figure S3 (Supporting Information).
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Here, the thickness of the thin specimens was around 50-100 nm. The
energy-dispersive X-ray spectroscopy (EDS) mapping was applied for the
element distribution study.

Transport Measurement: ~ For transport measurements, a thin FGT flake
was transferred on pre-patterned Ti/Au electrodes under inert atmosphere
in Figure 3C,D, using standard mechanical exfoliation and polymer trans-
fer method. The device was wire bonded on the puck and loaded into Phys-
ical Property Measurement System (PPMS, Quantum Design) as soon as
possible. AHE was measured by Keithley 2400 and 2182A as the current
source and voltage meter. A low current of 10 uA was applied to prevent
from local heating and current driven effect. The noise level of the system
was lower than 600 nV (Figure S17, Supporting Information). The thick-
ness of the FGT was measured by atomic force microscopy and the corre-
sponding color code after the transport measurement. The thicknesses of
the measured samples were from 25 to 50 nm.

DFT Calculations: This study performed density functional the-
ory calculations using the same methods described in its previous
publications,[3273%] was utilized to reveal the underlying cause of Fe in-
tercalation and its effects on the Curie temperature in FGT. In brief, it
used a van der Waals density functional (vdW-DF) method,[3¢37] with the
optB86b functional for the exchange part (optB86b-vdW!38]), to optimize
atomic structures of bulk FGT. The choice of optB86b-vdW usually enables
us to well reproduce experimentally measured structure-related proper-
ties of 2D materials.[3940] Given fully relaxed atomic structures, it em-
ployed the standard Perdew-Burke-Ernzerhof (PBE) functional,[*'] with a
proper on-site Coulomb interaction value (PBE+U), to compare energy
differences of all considered magnetic configurations. This scheme was
found to be capable of revealing magnetic properties highly comparable
with those of the Heyd-Scuseria-Ernzerhof (HSE06) functionall*?l in 2D
magnetic layers, e.g., Crl;132] and CrSCLI*3] On-site Coulomb interactions
on Fe 3d orbitals were considered with two different pairs of U and J val-
ues, namely U = 3.6 eV and J = 0.2 eV for Fe>* and U = 4.6 eV and
J=1.0¢eV for Fe2*, as revealed by a linear response method.[**] A uni-
form Monkhorst-Pack k-mesh of 15x 15x 3 was adopted for integrating

over the Brillouin zone of a FGT unit cell. An orthorhombic 4 x 2\/5 X 2
magnetic supercell was used for predicting magnetic properties of FGT
bulk crystals with low defect density, in which a MP k-mesh of 4 x 6 X 1
was used. A kinetic energy cutoff of 400 eV for the plane-wave basis set was
used for both structural relaxations and electronic structure calculations
of defective FGT bulk crystals. All atoms could relax until the residual force
per atom was less than 0.01 eVA!. Metropolis Monte Carlo simulations
were carried out to predict Curie temperatures. A 2D anisotropic Heisen-
berg model containing both the easy axis single ion anisotropy and the
isotropic exchange was adopted with a 50 x 50 lattice and the periodic
boundary condition.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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