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Differences in the (Fe;sCo,s)sGeTe, flake before and after oxidation.

Public summary

m The successful fabrication and characterization of high-quality (Fe;5Co,5)sGeTe, room-temperature van der Waals ferro-
magnetics are presented.

m A small coercivity (~3 Oe) and low damping (~0.040) at room temperature in (Fe;sCo,5);GeTe, were reported, indicat-
ing that this material is an ideal soft in-plane room temperature 2D magnet used in future 2D magnet-based spintronic
devices.

m Compared with the freshly exfoliated sample, the oxidized (Fe;sCo,5)sGeTe, sample exhibited exchange bias and smal-
ler coercivity, demonstrating that the oxidation strategy is an effective method for modulating the magnetic properties of
2D magnets.
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Abstract: Two-dimensional (2D) van der Waals (vdW) magnets have demonstrated intriguing functionalities in spintronic
devices and have drawn enormous interest. Nevertheless, the development of soft in-plane 2D magnets with low coerciv-
ity remains limited. In this study, we fabricated a high-quality (Fe;sCo,5)sGeTe, crystal and achieved a soft in-plane 2D
magnet with coercivity of approximately 3 Oe in a naturally oxidized (Fe;sCo,5)sGeTe, flake at room temperature. A com-
bination of X-ray magnetic circular dichroism (XMCD) and ferromagnetic resonance (FMR) revealed a high Curie temper-
ature of ~350 K and relatively low magnetic damping at room temperature. Kerr microscopy further demonstrated that the
oxidized flakes exhibited exchange bias and an unconventional reduction in coercivity compared with their non-oxidized
counterparts at liquid nitrogen temperatures. Detailed analyses using transmission electron microscopy (TEM) and density
functional theory (DFT) calculations attribute this behavior to modifications in magnetic anisotropy and interlayer ex-
change coupling induced by oxygen intercalation. These findings deepen the understanding of the magnetic properties of
the cobalt-doped Fe;GeTe, family and highlight the potential of oxidation modulation in 2D vdW magnets, positioning
(Fe;5Co,5)sGeTe, as a promising candidate for next-generation spintronic devices.

Keywords: soft two-dimensional van der Waals ferromagnet; exchange bias; X-ray magnetic circular dichroism; Kerr mi-
croscopy; ferromagnetic resonance
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1 Introduction controlled phase transitions.

Among layered vdW magnetic materials, the Fe,GeTe,
(n =3, 4, 5) family stands out because of its high intrinsic 7
and versatile tunability of its magnetic properties'”. Increas-
ing the Fe content from n = 3 to n = 5 raises 7 from 220-230
K, with a saturation magnetization of ~376 emu/cm’'"'*"], to
270-330 K, with a saturation magnetization of 500-640
emu/cm’'*".  Partial substitution of Fe with Ni in
(Fe,_Ni,)sGeTe, has been reported to achieve a record-high
Tc of 478 K. Similarly, Co substitution in FesGeTe, (up to
30%) not only enhances 7 but also reorients the magnetic easy
axis from out-of-plane [001] axis to in-plane direction® =",
Higher cobalt doping levels (34% to 55%) induce a transition

The recent advent of two-dimensional (2D) magnetism in ex-
foliatable van der Waals (vdW) materials has garnered signi-
ficant attention in both fundamental and applied research!-”.
These 2D vdW magnetic materials exhibit unique features, in-
cluding ideal morphologies, well-defined atomic-level vdW
interfaces, weak vdW interfacial exchange coupling, high
surface-to-volume ratios, and exceptional mechanical flexibil-
ity. These attributes make them promising candidates for next-
generation spintronic devices®. Great efforts have been dedic-
ated to increasing the Curie temperature (7¢) of vdW mag-
nets to room temperature (RT) and beyond while simultan-
eously modulating their magnetic properties'. Strategies such

as the application of high pressure®, strain®, and magnetic
proximity effect!”” have proven effective in dramatically in-
creasing the 7¢ and altering magnetic anisotropy. Addition-
ally, the intercalation of foreign atoms, including Li'™,
protons®, oxygen!"”l, and Ga'l'""I has demonstrated remark-
able success in increasing the 7. and enabling gate-
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in (Fe,_,Co,)sGeTe, from ferromagnetic to antiferromagnetic
behavior” . Recent studies have demonstrated the potential
of (Fey 35Coq 15)5GeTe, with strong in-plane room temperature
magnetization and spin polarization in spin valve devices as
an efficient spin injection and detection layer”. Notably,
monolayer flakes of (FejsC0g44)sGeTe, have shown
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Realizing soft two-dimensional room temperature magnets in oxidized (Fe;sCo,5);GeTe,
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record-high RT ferromagnetic order””. Despite these ad-
vancements, the modulation of soft in-plane magnetism in
(Fe,_,Co,)sGeTe, remains underexplored. Soft in-plane ferro-
magnets are particularly valuable for unconventional neur-
omorphic computing™* and probabilistic computing®™. Their
small coercivity and low hysteresis loss make them highly
promising for spintronic memory devices.

Ambient oxidation has emerged as an effective method to
modulate the magnetic properties of 2D magnets, leading to a
range of intriguing phenomena, including exchange bias""*'~",
unusual hysteresis loop shapes®™’, and oxidation-dependent
magnetic domains and skyrmions™*". In this study, we syn-
thesized high-quality 25% Co doped FesGeTe, crystals, de-
noted as (Fe;5Co,5)sGeTe, (FCGT). Kerr microscopy and
X-ray magnetic circular dichroism (XMCD) measurements
revealed a high Curie temperature (~350 K) for FCGT. Not-
ably, naturally oxidized FCGT flakes exhibited exchange
bias and an unconventionally smaller coercivity than freshly
exfoliated (non-oxidized) flakes at liquid nitrogen
temperature. The oxidized FCGT demonstrated a small
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coercivity of ~3 Oe and relatively low Gilbert damping at
room temperature, highlighting its strong potential for applic-
ations in 2D magnet-based spintronic devices.

2 Materials and methods

The (Fe;5sCo,5)sGeTe, crystal was synthesized via the chemic-
al vapor transport method. As depicted in Fig. 1a, the FCGT
structure consists of a covalently bonded (FeCo)sGe slab
sandwiched between two Te layers. The material adopts a
rhombohedral R3m structure, featuring five distinct Fe(Co)
atomic sites, where Co atoms are known to substitute for Fe
atoms upon doping. High-resolution cross-sectional scanning
transmission electron microscopy (TEM) images of the ac-
plane (Fig. 2), along with sharp electron diffraction patterns
(inset of Fig. 2b), confirm the high quality of the synthesized
single-crystalline FCGT samples. The TEM analysis reveals
lattice parameters of approximately 0.990 nm along the c-axis
and 0.402 nm along the g-axis, which are comparable to the
values reported in Ref. [22]. Furthermore, energy dispersive
X-ray (EDX) spectroscopy mapping (Fig. Ic) demonstrated

(b),,

| —— |
2.5 um

Fig. 1. (a) Schematic illustration of the atomic structure of (Fe,_Co,)sGeTe, from the top view and side view. (b) High-resolution cross-sectional scan-
ning TEM images of the ac plane of (Fe;sCo,s);GeTe,. The inset shows the corresponding electron diffraction patterns. (¢) EDX mapping of

(Fe;5Co,5)sGeTe,, suggesting a uniform distribution of constituent elements.
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the uniform distribution of the constituent elements in the
FCGT crystal. The atomic ratios of Fe : Co ! Ge ! Te were
determined to be 4.35 7 1.42 1 1 1 1.95, corroborating the ex-
pected stoichiometry.

The GHz dynamic magnetic properties of FCGT were in-
vestigated using a custom-built ferromagnetic resonance
(FMR) system. A coplanar waveguide (CPW) with a 50 Q
impedance was employed to deliver the microwave field to
the sample. The FCGT crystal was placed directly onto the
CPW, with measurements performed in an in-plane magnetic
field geometry. For each microwave frequency, a high mag-
netic field was initially applied to fully saturate the sample’s
magnetization. The magnetic field was subsequently swept
from a high positive value to a high negative value. At each
magnetic field step, a microwave signal generator and a
diode detector were used to measure the power absorbed by
the sample. To enhance the signal-to-noise ratio, a small mod-
ulated magnetic field was applied in combination with a lock-
in amplifier.

Hysteresis loops in this study were measured using a com-
mercial Kerr microscopy system (Tuotuo Technology) with a
light source wavelength of 620 nm. Low-temperature meas-
urements were conducted in a cryostat cooled by liquid nitro-
gen flow. For the hysteresis loop measurement presented in
Fig. 3, a long working distance 50% objective with a numeric-
al aperture (NA) of 0.42 was employed. The incident light
was at a grazing angle (~24.8° relative to the normal direc-
tion) while the magnetic field was applied in the plane of the
sample (see Fig. S2a in Supporting information).

First-principle calculations in this study were performed
using density functional theory (DFT) as implemented in the
Vienna ab initio simulation package (VASP). The
exchange—correlation interactions were modeled using the
Perdew—Burke—Ernzerhof (PBE) functional within the gener-
alized gradient approximation (GGA) framework. The first
Brillouin zone was sampled using an 11 % 11 x 2 grid of
gamma-centered k-points. A plane-wave energy cutoff of 520
eV was employed. During the atomic optimization, the
Hellman—Feynman force tolerance was set to 0.03 eV/A, and

(a) (b)
\f‘~—--—-~...\/\.. 4500
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the energy convergence criterion was 107 eV. Spin—orbit
coupling (SOC) was included in the calculations to determine
the magnetic anisotropy energy (MAE), defined as the en-
ergy difference between the magnetization easy axis along the
[100] and [001] crystallographic directions. Considering the
similar magnetic behavior with Co doping of less than 30% in
Fe;GeTe,"'*", a slightly different element ratio from experi-
mental samples was used to simplify the calculation.

3 Results and discussion

To investigate the GHz dynamic magnetic properties of
FCGT, FMR measurements were performed. During the FMR
measurement, the fabricated FCGT crystal was placed on a
coplanar waveguide with an in-plane magnetic field applied
along the signal line of waveguide. This configuration allows
the GHz microwave-generated alternating magnetic field to
excite magnetization precession, enabling the interaction
between microwave signal and magnetization dynamics to be
probed. Fig. 2a shows the FMR spectra of FCGT at various
microwave frequencies at room temperature (RT), confirm-
ing the ferromagnetic state of FCGT at RT. By fitting the
FMR spectra with a combination of symmetric and antisym-
metric Lorentzian functions, the resonance field H, and peak-
to-peak AH were extracted as a function of microwave fre-
quency, as depicted in Fig. 2b and c.

The resonance field versus microwave frequency curve
(Fig. 2b) was fitted with the Kittel equation’**":

f=y \H+aMH, )

where f is the microwave frequency, y' = 21 is the reduced
gyromagnetic ratio, and 47 M, is the effective magnetization.
Fitting the data in Fig. 2b with Eq. (1) yielded a Landé g-
factor of 2.296, using |y| = g% and the effective magnetiza-

tion 47M.; value of 2.201 kG, which is consistent with Ref.
[37] results. In Fig. 2c, the linewidth AH shows the expected
linear dependence on frequency f, with the slope « repres-
enting the effective FMR damping!**":

(d) (e)

circular X-ray 60 —

—0
200 K|

30°
o s
s 0 £ ,
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Energy (eV)

Fig. 2. (a) Frequency-dependent ferromagnetic resonance spectra with a magnetic field applied along the in-plane direction of (Fe;5Co,5)sGeTe,. Sum-
mary of (b) resonance fields and (c) linewidth as a function of frequency. The solid red lines are fitting curves using Eqs. (1) and (2), respectively. (d)
Schematic drawing of the X-ray magnetic circular dichroism measurement geometry, with circularly polarized X-rays at grazing incident angle and mag-
netic field of 0.2 T along X-ray direction. (e) Typical X-ray absorption spectra and temperature-dependent XMCD spectra.
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where AH, is the intercept of the linewidth at zero frequency,
AH:ys accounts for two-magnon scattering, and vy is the gyro-
magnetic ratio. The linear fit (solid lines) of Fig. 2¢c yields a
= 0.040 for FCGT with external magnetic field applied along
the in-plane direction. These FMR results indicate that the
bulk FCGT crystal maintains RT magnetism and spin dynam-
ics under the influence of high-frequency microwaves.

Next, we characterized the electronic and spin structure of
FCGT using the element-resolved X-ray magnetic circular di-
chroism (XMCD) at Fe L edge. As shown in Fig. 2d, XMCD
measurements were performed with circularly polarized
X-rays at grazing incidence, where a magnetic field of 0.2 T
was applied along the X-ray direction. The angle between
sample surface and X-ray incidence direction was set to 30°
to balance the spot size of X-ray on sample and the projec-
tion of the sample’s magnetization along the X-ray direction.
Fig. 2e displays a typical X-ray absorption spectroscopy
(XAS) of FCGT with left (¢*) and right (o7) circularly polar-
ized X-rays. The XMCD signal is obtained by taking the dif-
ference between the two spectra, where a nonzero XMCD sig-
nal indicates the presence of a magnetic moment of Fe atoms
in FCGT. We observed that the amplitude of XMCD signal
decreased with increasing temperature and completely van-
ished at approximately 350 K, clearly indicating the Curie
temperature of FCGT was approximately 350 K. According
to previous theoretical calculations® and photoemission
electron microscopy images”” from Co doped FesGeTe,, the
coupling between Fe spin and Co spin was ferromagnetic.

As previously noted, the ambient oxidation strategy has led
to the observation of many intriguing phenomena in 2D vdW
magnets”' . In this study, prior to applying the oxidation

(@) (c)

strategy, we first fabricated a freshly exfoliated 480 nm-thick
FCGT flake (see Supporting information Fig. S1). To avoid
any inadvertent oxidation, the fresh FCGT sample was loaded
onto a cryostat for low-temperature Kerr microscopy meas-
urement within the inert atmosphere of a glove box. The
sample was measured in longitudinal magneto-optic Kerr ef-
fect mode, with magnetic field applied along the ab-plane of
FCGT (Fig. S2a). As shown in Fig. 3a, the non-oxidized
FCGT flake exhibited a square-shaped easy-axis hysteresis
loop at liquid nitrogen temperature, indicating an in-plane
easy axis of magnetization. The coercivity decreased from
~23.3 Oe to ~7.75 Oe at RT (Fig. 3b), which can be attrib-
uted to the weakened magnetic anisotropy at higher temperat-
ures. We subsequently adopted the oxidation strategy by ex-
posing the sample to air for approximately 4 h. As shown in
Fig. 3a, the oxidized FCGT flake displayed an unusual nar-
rowed hysteresis loop, with a clear exchange bias of ~—5.64
Oe and a reduced coercivity compared to the non-oxidized
sample. Temperature-dependent hysteresis loops in Fig. 3¢ re-
vealed that the coercivity decreased from ~10.4 Oe at 78 K to
~3.20 Oe at RT and further decreased to ~1.25 Oe at 338 K,
demonstrating that the oxidized FCGT is a promising candid-
ate for soft magnet applications. The magnitude of the Kerr
signal decreased with increasing temperature and vanished at
approximately 358 K, which is consistent with the Curie tem-
perature obtained from the XMCD measurements.

To explore the physical origin of the unconventional
behavior observed in the oxidized FCGT sample, we first em-
ployed focused ion beam (FIB) cutting to prepare the sample
for cross-sectional imaging using transmission electron mi-
croscopy (TEM). Fig.3d presents a cross-sectional TEM
image of the oxidized FCGT sample, which consists of two
distinct regions: the top ~2.5 nm of oxidized FCGT (referred

(d)

0.002 | Non-oxidized|
' | —— Oxidized

S

Al/l
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0.001 1% "I
0.000 —W
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i —
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Fig. 3. (a) Hysteresis loops from a freshly-exfoliated FCGT nanoflake before and after oxidization. (b) Summary of the exchange bias field and coerciv-
ity field from pristine and oxidized FCGT as a function of temperature. (c) Hysteresis loops from oxidized FCGT as a function of temperature. (d) Cross-
sectional scanning TEM image of oxidized sample clearly shows the formation of oxidized FCGT on top of the pristine FCGT. (e) Schematic drawing of
the model in our oxidized FCGT sample, which consists of two parts of O-FCGT and FCGT. A formation of exchange spring spin structure at interface
was speculated from the exchange coupling between a ferromagnet with in-plane easy axis and an antiferromagnet with out-of-plane easy axis.
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to as O-FCGT) and the bottom FCGT layer. The bottom
FCGT region maintained its pristine single-crystalline struc-
ture, with a clear vdW gap, while the top oxidized FCGT (O-
FCGT) region displayed a degraded crystalline structure,
lacking the vdW gap between the Te atoms. Notably, the
portion of O-FCGT closer to the bottom FCGT exhibited a
relatively better crystalline quality, likely due to a lower de-
gree of oxidation. Based on these observations, we consider
the oxidized FCGT sample to consist of three parts, as illus-
trated in the schematic drawing of Fig. 3e.

To explore the type of interlayer exchange coupling and the
strength of magnetic anisotropy as a function of oxygen inter-
calation, we performed density functional theory (DFT) cal-
culations on Fe;GeTe,, 20% Co doped FesGeTe,, and oxygen-
intercalated (Fe,Co)sGeTe,. Two scenarios of oxygen inter-
calation in (Fe,Co);GeTe, were simulated: (Fe,Co);GeTe,-10
(one oxygen atom intercalated per unit cell) and
(Fe4Co)sGeTe,-20 (two oxygen atoms intercalated per unit
cell). Based on the DFT calculation results in Fig. 4b, both
Fe;GeTe, and Fe,CoGeTe, exhibit a ferromagnetic (FM) type
of interlayer coupling. While FesGeTe, exhibits an out-of-
plane easy axis of magnetization, Fe,CoGeTe, has an in-plane
easy axis of magnetization (Fig. 4c). These results are consist-
ent with previous reports on FesGeTe, and Co doped
FesGeTe, !¢ especially given that the simulation was
performed at zero temperature for thin Fe;GeTe,. Moreover,
as shown in Fig. 4a, our DFT calculations indicate that oxy-
gen intercalation results in an antiferromagnetic (AFM) type
of interlayer coupling (Fig. 4b) and an out-of-plane oriented
easy axis of magneto-crystalline anisotropy in O-intercalated
FCGT (Fig. 4c). Despite the calculated out-of-plane magnetic
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anisotropy for O-FCGT, the spins of O-FCGT are expected to
be canted, with both in-plane and out-of-plane components,
due to the exchange coupling between the in-plane magnet-
ized FCGT and the AFM phase of O-FCGT. Therefore, the
appearance of exchange bias (Fig. 3a) in oxidized FCGT can
be attributed to the pinning effect of the in-plane component
of the AFM-ordered layer in O-FCGT.

In non-vdW FM/AFM bilayer films, the appearance of ex-
change bias is typically accompanied by an increase in coer-
civity due to the additional energy required to switch the ro-
tatable AFM spins™**’], However, as shown in Fig. 3a, we ob-
served a clear reduction in coercivity after applying the oxida-
tion strategy. The behavior of reduced coercivity and en-
hanced Kerr signal from O-FCGT sample, compared to the
same sample before oxidation, is also demonstrated in Fig.
S2b. Considering the gradient of oxygen diffusion in
O-FCGT""* the crystalline structure, as confirmed by the
cross-sectional scanning TEM images of oxidized sample in
Fig. 3d and magnetic state in the O-FCGT layer should not be
homogeneous. Thus, we speculate that O-FCGT layer con-
sists of two distinct regions: one with AFM-ordered O-FCGT
and the other with FM-ordered O-FCGT exhibiting weak
magnetic  anisotropy  (Fig. 3e¢).  Unfortunately, DFT
calculations for O-intercalated FCGT with an oxygen concen-
tration lower than 10 (one oxygen atom intercalated per unit
cell) are not technically feasible. However, our previous
work!"! on oxygen-intercalated Fe;GaTe, demonstrated that
even small concentration levels of oxygen intercalation into
the vdW magnet can induce an FM-ordered phase. The nearly
square-shaped easy-axis hysteresis loops in Fig. 3a and mag-
netic domain images during field scanning (Fig. S3) suggest
that the in-plane magnetization reversal mode follows a
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Fig. 4. (a) Schematic drawing of Fe;GeTe,, Co doped FesGeTe,, and oxidized Fe,CoGeTe, with different concentrations of intercalated O. Density func-
tional theory (DFT) calculation result of (b) energy difference between ferromagnetic (FM) and antiferromagnetic (AFM) alignment of interlayer spins

and (c) magneto-crystalline anisotropy of four situations shown in (a).
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combination of initial domain nucleation and subsequent do-
main wall propagation. In this reversal mode, the coercivity is
primarily dominated by nucleation field mechanism™’. It is
possible that the FM-ordered O-FCGT, which nucleated at a
smaller magnetic field, lowered the critical field required for
the nucleation of the bottom FCGT layer, thereby signific-
antly reducing the coercivity. The enhanced Kerr signal in ox-
idized FCGT could be attributed to the reflection at the emer-
ging O-FCGT/FCGT interfaces! or the different magneto-
optical response of FM-ordered O-FCGT compared to
FCGT.As revealed in previous studies of oxidized vdW
magnets!'* ! the amorphous crystal structure and nonuniform
chemical composition make the characterization of magnetic
order in the oxidized layer particularly challenging. Although
further characterization and investigation are needed for the
oxidized FCGT flakes, our intriguing results demonstrate that
ambient oxidation provides an efficient route to create soft 2D
vdW magnets.

4 Conclusions

In conclusion, we successfully fabricated high-quality
(Fes5Co,5)sGeTe, crystal and realized a soft in-plane room
temperature 2D magnet with a coercivity of approximately 3
Oe in the naturally oxidized (Fe;5Co,5)sGeTe, flake. This
material exhibits high-frequency ferromagnetic resonance
with relatively low damping. Our results not only enrich the
understanding of magnetic properties in the 2D vdW magnet
family, particularly for cobalt doped FesGeTe,, but also re-
veal the intriguing effects of oxidation modulation on 2D
vdW magnets. Our discovery of room-temperature soft 2D
magnetism in (Fe;sCo,5)sGeTe, coupled with high-frequency
spin dynamics suggests that this material is a promising can-
didate for future 2D magnet-based spintronic devices.

Supporting information

The supporting information for this article can be found on-
line at https://doi.org/10.52396/JUSTC-2024-0153. The sup-
porting information includes three figures showing the optic-
al image, AFM characterization of FCGT flake, schematic
drawing of Kerr measurement geometry and comparison of
hysteresis loops from another flake, and magnetic domain im-
ages observed by Kerr microscope at different temperatures.
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