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Fe,GeTe, (x = 3, 4, and 5) systems, two-dimensional (2D) van der Waals (vdW) ferromagnetic (FM) metals
with high Curie temperatures (T¢), have been intensively studied to realize all-2D spintronic devices.
Recently, an intrinsic FM material FesGaTe, with high T¢ (350-380 K) has been reported. As substitutional
doping changes the magnetic properties of vdW magnets, it can be a powerful means for engineering the
properties of magnetic materials. Here, the coercive field (H.) is substantially enhanced by substituting Ni
for Fe in (Fe;_4Niy)3GaTe; crystals. The introduction of a Ni dopant with x = 0.03 can enhance the value of
Hc up to ~200% while maintaining the FM state at room temperature. As the doping level increases, Tc
decreases, whereas H. increases up to 7 kOe at x = 0.12, which is the highest H. reported so far. The FM
characteristic is almost suppressed at x = 0.68 and a spin glass state appears. The enhancement of H.
resulting from Ni doping can be attributed to domain pinning induced by substitutional Ni atoms, as evi-
denced by the decrease in magnetic anisotropy energy in the crystals upon Ni doping. Our findings
provide a highly effective way to control the H. of the 2D vdW FM metal FezGaTe, for the realization of
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outcome. Substitutional doping of Fe,GeTe, (x = 3, 4, and 5),
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Introduction

Substitutional doping of van der Waals (vdW) magnets can
effectively tune their magnetic properties. In particular, in
metallic ferromagnetic (FM) materials, substitutional doping
not only alters the intrinsic magnetic properties, such as satur-
ation magnetization (M), anisotropy field (Hy), and Curie
temperature (7¢), but may also affect micro-magnetic charac-
teristics, such as domain motion and domain wall energy.'”
For this reason, the effect of substitutional doping on vdw
magnets cannot be understood in a simple way, but various
aspects should be considered to precisely analyze the
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which are metallic FM materials, has been intensively
researched because of their comparatively high T (Fe;GeTe, ~
220 K, Fe,GeTe, ~ 280 K, Fe;GeTe, ~ 300 K) and tunable
material properties."™® Their magnetic properties are shown
to be modulated with substitutional doping, when the Fe atom
is replaced with other transition metals such as Co and Ni.>*”’
In the case of (Fe;_,Co,);GeTe,, substitutional doping detri-
mentally affects the T¢ of crystals.” It has been reported that
(Fe;_xCo,)3GeTe, crystals, with doping ratios ranging from x =
0 to 0.58, exhibit pinning-type FM characteristics. The value of
H. at x = 0 is 0.2 kOe and H. reaches a maximum value of
approximately 1.5 kOe at x = 0.58. Despite having the highest
H, reported in vdW FM materials so far, the significant
decrease in T means that the Co-doping on Fe;GeTe, may not
be advantageous for device application or commercialization
purposes.

Diverse vdW FM materials have been studied since the dis-
covery of 2D magnetism.'”>® Recently, Zhang et al have
reported on the observation of intrinsic ferromagnetism in
vdW Fe;GaTe,, which shows a T above room temperature
(350-380 K), leading to the potential for the realization of
room-temperature operating vdW spintronic devices.”® It has
an identical crystal structure to that of Fe;GeTe,, that is, the
hexagonal space group P6;/mmc. The difference in the crystal

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Crystalcharacterization of doped FNGT. (a) Schematic of the layered structure of FNGT. (b) The cross-sectional scanning tunneling electron
microscopy (STEM) image of FNGT with x = 0.12 (scale bar = 1 nm). (c) Tunneling electron microscopy (TEM) energy dispersive spectroscopy (EDS)
mapping data of the crystal with x = 0.12 (scale bar = 100 nm). (d) Single crystal X-ray diffraction (XRD) patterns of selected FNGT with x = 0, 0.12,
and 0.68, respectively. (e) c-Lattice parameter of FNGT with x = 0—0.68 obtained from the single crystal XRD patterns.

structure is the replacement of the Ge atom with a Ga atom
and, consequently, the changes in bond lengths between
atoms and crystal lattice parameters. The magnetic character-
istics of Fe;GaTe, are comparable to those of Fe;GeTe,,
showing intrinsic ferromagnetism and large perpendicular
magnetic anisotropy (PMA) below T¢. Control of the magnetic
properties of FM materials is of high interest in spintronic
applications, and the magnetic characteristics of Fe;GeTe, are
reported to be modulated by charge control methods such as
electrical gating, current control, doping, etc.> "
Substitutional doping is one of the reported methods to tune
the magnetic properties. However, it is hard to speculate on
the effects of substitutional doping on metallic vdW FM
materials because the results obtained so far have been incon-
sistent and varied.””® Therefore, systematic investigation is
needed to determine the effects of substitutional dopants on
Fe;GaTe, crystals in various combinations.

Here we report a remarkable enhancement of the H. of
(Fe,Ni;_,)sGaTe, (FNGT) single crystals with x = 0-0.68. Our
results suggest that the magnetic properties of FNGT crystals
are strongly influenced by Ni substitution. We find that the Ni
substitution can increase the H. of FNGT from 0.6 kOe (x = 0)
to 7.0 kOe (x = 0.12), which is caused by the domain pinning
effect. To the best of our knowledge, this is the highest H.
among those reported for vdW FM materials so far. As the
doping ratio increases further, their T¢ and M, gradually
decrease. When the Fe atom is fully replaced with Ni
(NizGaTe,), it becomes paramagnetic (PM).>” Compared to the

This journal is © The Royal Society of Chemistry 2023

(Fe;_xCo,)3GeTe, case, higher H. and T have been achieved.
The enhancement of H, in FM materials is desirable for
increasing the thermal stability in memory applications and
reducing the possibility of errors in device applications, which
could potentially accelerate the commercialization of
Fe;GaTe,.

Experimental methods

FNGT crystals have been synthesized by the self-flux method.
The precursor is a mixture of Fe, Ni powder, Ga lumps, and Te
pellets in a molar ratio of 1 — x: x:1:2, and is inserted into a
quartz ampoule. Te plays the role of flux. The ampoule is then
evacuated and sealed while maintaining vacuum conditions.
After sealing, it is placed into a box furnace, heated up to
1273 K in 24 hours and then kept for 24 hours for forming a
homogeneous mixed state of the precursor. Then, it is cooled
at a rate of 3 K per hour to 773 K and then rapidly cooled
down to room temperature. A molar ratio of elements in FNGT
with x = 0-0.68 is measured with scanning electron microscopy
(SEM) energy dispersive X-ray spectroscopy (EDS). Single
crystal X-ray diffraction (XRD) patterns in the ab plane were
collected with a high resolution X-ray diffractometer using Cu
K, whose wavelength is 1.5406 A. The magnetic characteristics
of crystals are measured using a magnetic property measure-
ment system (MPMS 5 T, Quantum Design).

Nanoscale, 2023,15, 1290-11298 | 11291
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Results and discussion

The crystal structure of the mother compound Fe;GaTe,
belongs to the space group of P6s/mmc with a hexagonal struc-
ture, and its unit cell consists of two vdW layers as shown in
Fig. 1a and b.?® Each Fe;Ga layer is surrounded by Te term-
inals and Fe;GaTe, layers are divided by a vdW gap. Fig. 1c
and d present the transmission electron microscopy (TEM)
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EDS mapping result of FNGT with x = 0.12 and the representa-
tive XRD results for single crystals with x = 0, 0.12, and 0.68,
respectively. The SEM EDS result reveals that the molar ratio of
the synthesized crystals is (Fe + Ni): Ge: Te = 2.91:1:1.99. The
homogeneous distribution of Fe-Ni atoms as presented in
TEM EDS mapping and the XRD peaks indicate that Fe atoms
are well replaced with Ni dopants while maintaining the orig-
inal structure. The XRD peaks are indexed to (00[). Fig. 1e
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Fig. 2 Magneticcharacteristics of FNGT. (a) Temperature-dependent magnetization (M—-T) curves of FNGT with x = 0—-0.68. (b) Transition tempera-
ture of FNGT. For FNGT with x = 0-0.22, the plotted transition temperature is the Curie temperature (T¢) as they show ferromagnetic (FM) character-
istics. (c) Isothermal magnetization (M—H) curve of FNGT with H//c measured at 2 K. Arrow pointed magnetization is the saturation magnetization
(M;) of each crystal. (d) M—H curve of FNGT with H//ab measured at 2 K. (e) M—H curve of FNGT with x = 0.12, H//c at 2 K. The red, blue, and green
lines are linearly fitted curves in the pinning state, depinning state, and saturation state, respectively. Hy and H; correspond to the depinning field
and saturation field, respectively. (f) x dependence of Hyq and Hs obtained from the M—H curves of FNGT with H//c, 2 K.
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shows the c-axis lattice parameter of FNGT with respect to the
Ni doping level x obtained from XRD and TEM EDS data, indi-
cating a gradual decrease of the c-axis lattice parameter as x
increases.

To investigate changes in the magnetic properties of FNGT
with respect to x, we performed temperature-dependent mag-
netization (M-T) measurements and isothermal magnetization
hysteresis (M-H) measurements. Fig. 2a shows the temperature
dependence of field-cooled (FC) magnetization (M) at 1 kOe
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for FNGT, where the magnetic field was applied perpendicu-
larly to the ab plane of the crystal (H//c). FNGT with the Ni
doping level x = 0-0.12 shows a clear FM transition, and both
the T and magnitude of M gradually decrease as x increases.
For FNGT with x = 0.22, the transition from PM to FM states
weakens significantly, and for x = 0.68, it becomes ambiguous.
The Tc of FNGT with x = 0-0.22 was estimated based on the
Curie-Weiss law, and the transition temperature 7* for x =
0.68 was determined at the temperature of maximum M, as
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Fig. 3 Temperature-dependentmagnetization curves of FNGT. (a—f) Field cooling (FC) and zero-field cooling (ZFC) temperature-dependent mag-
netization (M-T) curves of FNGT with x = 0-0.68 with H//c and H//ab, H = 1 kOe.
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indicated by the arrow in Fig. 2a. The obtained transition
temperatures Tc and T* from the M-T data are plotted in
Fig. 2b. For FNGT with x = 0.68, T* seems to be related to a
spin-glass transition,>® which will be discussed briefly in the
latter part of this paper.

Fig. 2c and d present the zero-field-cooled (ZFC) M as a
function of the applied magnetic field (M-H) at 2 K for FNGT
for H//c and H//ab, respectively. For FNGT with x = 0-0.12, the
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difference between the M-H curve with H//c and the M-H curve
with H//ab shows that these FNGT crystals have large PMA. For
x = 0-0.12, as shown in Fig. 2c¢, M gradually increases at low
fields and rapidly saturates at a particular field upon applying
a high magnetic field. Until reaching the critical field, M
remains nearly constant despite the increasing magnetic field.
Specifically, the three-step M process can be clearly observed
in the M-H curves of FNGT with x = 0-0.12 at 2 K (Fig. 2c),
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Fig. 4 Hysteresisloop of FNGT at 2 K. (a—f) Hysteresis loop of FNGT with x = 0—-0.68. The field range is +50 kOe. The insets in (a and b) are the mag-
nification of the red-dashed area. (g) x dependence of coercive fields (H.). (h) x dependence of the ratio of remanent magnetization (M,) to saturation
magnetization (My). Every H. and M,/Ms is obtained from Fig. 4a—f. All data are measured with H//c at 2 K.
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which is a typical behavior of pinning-type FM materials.”**>°
The depinning field (Hy) and the saturation field (H) can be
determined from the M-H curves using a linear fit (Fig. 2e),
and the dependence of these values on x is shown in Fig. 2f.
We divided the M-H curves into three magnetic states: (i)
domain pinning state, (ii) depinning state, and (iii) saturated
state. As x increases, both Hy and Hg increase linearly, which
implies that the Ni dopant plays a critical role as a domain
wall pinning site that hinders domain propagation for flipping
in three magnetic states. For FNGT with x > 0.22, however, this
behavior becomes vague and the M-H curve gradually
increases in the measured field range without the three-step M
process observed with low x values (0-0.12), indicating the sup-
pression of FM characteristics. These results are consistent
with the M-T measurements in Fig. 2a.

The temperature dependence of FC M and ZFC M on
both the directions H//c and H//ab for FNGT with x = 0-0.68
is plotted in Fig. 3a-f. The initial value of ZFC M for FNGT
with x = 0-0.12 is nearly zero. As the temperature increases
from 2 K, a steep increase of ZFC M occurs and it increases
until a transition from FM to PM occurs. A similar behavior
has been reported in previous works,>*®*° which is typically
observed in Ising-type ferromagnetic materials due to multi-
domain formation during cooling without an external field.
In Fig. 3a, ZFC M drastically increases as the temperature
increases monotonically below ~20 K. On the other hand, as
shown in Fig. 3b-d, ZFC M is nearly unchanged until reach-
ing certain temperatures (10~20 K) and then an abrupt
increase of ZFC M occurs. The different behaviors of un-
doped Fe;GaTe, and FNGT are due to the weak domain wall
pinning of un-doped ones compared to that of doped crys-
tals.”® When the zero-field cools down and its volume is
large enough, the FM material forms a multi-domain struc-
ture. For a pinning-type FM material, this multi-domain
structure is fixed by domain wall pinning, and the domain
walls are hardly moved by external stimuli. While the
domain wall pinning of Fe;GaTe, is easily depinned by a
magnetic field applied during M-T measurement (1 kOe)
and a marginal temperature increase, for FNGT with x =
0.03-0.12, ZFC M remains almost unchanged due to strong
domain pinning until a certain temperature. When the temp-
erature increases further, domain wall pinning is weakened
by thermal energy, and suddenly the majority of domains
are depinned and ZFC M drastically increases. After the
abrupt increase of ZFC M, it increases gradually as the temp-
erature increases up to Tc.

In Fig. 3e, the M of FNGT with x = 0.22 in the M-T curves
with H//c significantly decreases compared to the M of x =
0-0.12 and T decreases to ~61 K. This indicates that the Ni
dopants effectively suppress the FM characteristics of the
crystal, reducing 7¢ to ~61 K. We expect that this FNGT with x
= 0.22 is in the intermediate state between the FM state and
the spin glass state, resulting in the suppression of domain
pinning and rapid saturation behaviors. In Fig. 3f, the shape
of the M-T curve indicates that the magnetic state of FNGT
with x = 0.68 is the spin glass state.>®

This journal is © The Royal Society of Chemistry 2023
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Fig. 4a-f show the M-H hysteresis loops at 2 K after zero-
field cooling for FNGT with x = 0-0.68. In Fig. 4a, the H. of un-
doped Fe;GaTe, is ~0.6 kOe, which shows pinning-type FM
characteristics with a small Hy. As x is further increased up to
x = 0.12, the hysteresis loop widens, which indicates the
enhancement of H. (Fig. 4b-d). When x reaches 0.22, H.
slightly decreases and a well-defined square-shaped hysteresis
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Fig. 5 Dopinglevel dependence of the FM characteristics of FNGT. (a) x
dependence of the saturation magnetization (M) of FNGT. (b) x depen-

dence of the anisotropy field (H,) of FNGT. (c) x dependence of the an-
isotropy energy (K,) of FNGT. All data are measured with H//c at 2 K.
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loop is rounded as shown in Fig. 4e. A further increase of x
results in the vanishing of FM characteristics, which shows a
typical hysteresis loop of the spin glass state (Fig. 4f).>° The
H, of each FNGT is plotted in Fig. 4g. The maximum H, is 7
kOe from FNGT with x = 0.12, which is the highest H. among
those reported for vdW FM materials to date.

The ratio of remanent magnetization (M;) to M, for each
crystal is plotted in Fig. 4h. When the M,/M; ratio of the un-
doped crystal is 0.15, we can categorize it as a soft FM material
like other Fe,GeTe, systems.'"'**® For FNGT with x = 0.03, its
M,/M; ratio is 0.98 whose value is very close to that of an ideal
hard FM material. FNGT crystals with x up to 0.12 retain their
hard FM characteristics, and then they gradually weaken as x
increases further. Based on these results, we demonstrate that
the H. and M,/M; values are strongly Ni doping dependent,
and that hard magnetic phases can be realized in the range of
0.03 <x<0.12.

The enhancement of H, can originate from two factors.>
One is the increase of K,, which makes a FM system need
more energy to flip the direction of its M. The other is the
increase of domain wall energy and resultant domain pinning.
To find out the origin of enhancement of H,, we extracted the
M, and H, values (presented in Fig. 5a and b) of FNGT with x
= 0-0.12 from Fig. 2c¢, d and 4a-d. Then, we calculated K,
based on the following formula:

_ HyM;at

Ky 2

As shown in Fig. 5¢, K, dramatically decreases with increas-
ing x. A sudden decrease of K, can be noted as the cause of
the suppression of Tc,"? but the enhancement of H, cannot be
explained with this result, as H, decreases when K,
diminishes. Based on this observation, we attribute the
enhancement of H. to the increase of domain wall pinning
induced by the insertion of Ni dopants.

In a FM system, flipping of entire M begins with flipping of
local spins that need less energy to flip compared to adjacent
spins due to, for example, an inhomogeneous environment.
Once the magnetic field is applied, spins in the FM system
initially resist the magnetic field up to H.. When the strength
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of the magnetic field reaches H,, spins that need less energy
flip for aligning with the applied magnetic field, and adjacent
un-flipped spins consecutively flip due to FM coupling
between spins and Zeeman energy. This process continually
occurs throughout the entire system, and this is the main
reason that causes H, to be smaller than Hy. The consecutive
flipping process can be understood from the viewpoint of the
domain wall motion in a multi-domain system. In this sense,
the flipping process can be affected by factors that are related
to the domain wall motion of a system. Fe atoms interact with
adjacent Fe, Ga, and Te atoms and this interaction is the
origin of long-range FM ordering. In FNGT, Ni dopants hinder
the interaction between atoms as they may not interact effec-
tively with neighboring atoms. As Ni dopants cancel out inter-
actions around them, Ni sites naturally work as domain
pinning sites. As x increases, more pinning sites are generated
and the network strength of pinning sites is reinforced, which
enhances H. up to a record breaking value. A further increase
of x increases non-magnetic Ni dopants and results in the sup-
pression of FM characteristics of FNGT.

Fig. 6a shows the M-H hysteresis loops at 300 K after zero-
field cooling for FNGT with x = 0-0.03. Even though the
three-step M process observed from M-H at 2 K has become
ambiguous, the H. of FNGT with x = 0.03 is still higher than
that of the un-doped one maintaining FM characteristics as
shown in the inset of Fig. 6a and b. This result shows that
the enhancement of H. induced by Ni dopants can survive
even above the room-temperature regime. Even though the
H, of pristine Fe;GaTe, increases as the thickness decreases
at low temperatures, the increase in H. in thinner Fe;GaTe,
crystals at room temperature is negligible.® In contrast, it
has been confirmed in our study that Ni doping enhances
the H. of bulk crystals by approximately 200% at room temp-
erature. This enhancement may persist even in atomically
thin crystals, resulting in a higher H. for FNGT compared to
that for pristine Fe;GaTe, with the same thickness. Even a
small amount of Ni dopant is expected to affect the H. of
Fe;GaTe,, and the enhancement of H. in FNGT can be uti-
lized for Fe;GaTe,-based spintronic devices that function in
real-life environments.

(b)

0.03- . |
)
O
=
T 0.02- .

T=300K
" Hlic
0.00 0.03

Doping level, x

Fig. 6 Hysteresisloop of FNGT at 300 K. (a) Hysteresis loops of FNGT with x = 0 and 0.03 at 300 K. (b) x dependence of the H. of FNGT at 300 K.
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Conclusions

In this work, a metallic vdW ferromagnetic material FNGT
with various doping levels from 0 to 0.68 was successfully syn-
thesized. Even a small amount of Ni atom doping dramatically
enhances the coercive field and affects its ferromagnetic
characteristics, such as anisotropic energy and Curie tempera-
ture. In particular, the coercive field is enhanced by ~1100% at
a doping level of x = 0.12. The enhancement of the coercive
field even persists above room temperature with an ~200%
increase. Our research not only suggests an effective way to
control magnetic characteristics from the viewpoint of the
coercive field but also proves the highly tunable magnetic
characteristics of Fe;GaTe, that are expected to make room
temperature operating vdW spintronic devices possible.
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