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Room-Temperature Magnetism in 2D MnGa,-H Induced

by Hydrogen Insertion

Nan Wei, Liangcheng He, Changwei Wu, Dabiao Lu, Ruohan Li, Haiwen Shi,

Haihui Lan, Yao Wen, Jun He, Youwen Long,* Xiao Wang,* Mengqi Zeng,* and Lei Fu*

2D room-temperature magnetic materials are of great importance in future
spintronic devices while only very few are reported. Herein, a plasma-
enhanced chemical vapor deposition approach is exploited to construct the
2D room-temperature magnetic MnGa,-H single crystal with a thickness
down to 2.2 nm. The employment of H, plasma makes hydrogen atoms can
be easily inserted into the MnGa, lattice to modulate the atomic distance and
charge state, thereby ferrimagnetism can be achieved without destroying the
structural configuration. The as-obtained 2D MnGa,-H crystal is high-quality,

construction of tedious devices, which
seriously impedes the realization of reli-
able and convenient 2D magnetic phase/
state modulation. To conquer such chal-
lenges, innovative effective methods
necessitate further exploration toward
realizing 2D magnetism, especially at
room temperature.

The hydrogen atom is the smallest and
lightest atom, and it can be easily inserted

air-stable, and thermo-stable, demonstrating robust and stable room-tem-
perature magnetism with a high Curie temperature above 620 K. This work
enriches the 2D room-temperature magnetic family and opens up the possi-
bility for the development of spintronic devices based on 2D magnetic alloys.

1. Introduction

2D magnetic materials have aroused a surge of research
interest in recent years since they open the door to explore
new spintronic devices.'®! To further achieve practical appli-
cations, a stable magnetic phase/state at room temperature of
2D magnets is demanded. However, only very few 2D intrinsic
room-temperature magnets have been discovered."") Mag-
netic modulation can enrich the magnetic material family,
encompassing but not limited to the electric field,'” element
doping, "B strain, P pressure,!] etc. These methods
in general suffer from a destroyed structure or require the

into the interstitial sites of the host lattice.
Meanwhile, 2D material is considerably
sensitive to lattice variations. It is expected
that effective magnetic modulation can
be achieved by inserting hydrogen atoms
into the 2D material lattice. 2D Metals are
ideal hosts due to the large lattice distance
and flexible structure that can ensure hydrogen atoms easily
enter their host lattice without embrittlement.l'! Moreover, 2D
magnetic metals can be used to fabricate spintronic devices
while the relevant research is still in its infancy. The strong
metallic bonding of non-layered metals hinders the layer-by-
layer mechanical exfoliation or 2D anisotropic growth, and even
worse the majority of 2D metals are unstable in the air due to
the surface dangling bonds and relatively high oxidability.
Herein, we develop a plasma-enhanced chemical vapor depo-
sition method to construct the 2D room-temperature magnetic
MnGa,-H crystal with a thickness of 2.2 nm. Hydrogen inser-
tion inside the MnGa, lattice can modulate the atomic distance
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Figure 1. Synthesis and characterizations of 2D MnGa,-H single crystals. a) Schematic illustration of the growth process of 2D MnGa,-H. b) OM image of
2D MnGag-H single crystal on SiO,/Si substrate. c) AFM image and corresponding height profile of the 2D MnGa,-H single crystal on SiO,/Si substrate.
d) XRD 6-20 pattern of 2D MnGay,-H single crystals on W substrate. [l indicates the XRD peaks of W substrate. % indicates the XRD peaks of 2D MnGay-H.

and charge state without destroying the structural configura-
tion, thereby ferrimagnetism can be achieved. The as-obtained
2D MnGayH crystal is high-quality and air-stable, exhibiting
robust and stable room-temperature magnetism with a high
Curie temperature (T¢) above 620 K. Our work provides an
effective method for the construction and modulation of 2D
room-temperature magnetic alloys and opens up the possibility
for the development of spintronic devices based on 2D mag-
netic and metallic materials, such as spin-valve and magnetic
tunnel junction.

2. Results and Discussion

2.1. Construction of 2D MnGa,-H Single Crystals

2D MnGag-H crystals were constructed by the plasma-enhanced
chemical vapor deposition (PECVD) approach, in which the H,
plasma plays an important role. Figure 1a schematically illus-
trates the growth route of 2D MnGa,-H on the gallium (Ga)
surface with H, plasma. Most metals have a certain solubility
in Ga, thus Ga can be used as a metallic solvent to synthesize
Ga-based alloys.'"?!l In the oxygen-containing environment, a
protective Ga,03 layer will automatically form on the Ga sur-
face,?223l and cannot be reduced by conventional reducing
gases such as hydrogen unless under extreme conditions.¥
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Due to the strong interaction between Ga,0; and Ga, the sur-
face lateral diffusion rate of solute atoms is limited,?’! which
hampers the layer-by-layer 2D growth mode of Ga-based alloy. It
is urgent to develop a facile method to remove the Ga,0; layer.
From Gibbs free energy, monatomic hydrogen can reduce many
metal oxides more easily than molecular hydrogen,26%] thus we
exploit H, plasma with strong etching ability and reducibility to
remove the Ga,0; layer on the Ga surface at a relatively mild
condition. After removing the Ga,0; layer, the Mn atoms seg-
regated to the surface can obtain a relatively faster lateral diffu-
sion rate, thereby 2D MnGa,-H can be successfully constructed.
Instead, bulk samples will be obtained without H, plasma
(Figure S1, Supporting Information). Optical microscopy (OM)
and scanning electron microscope (SEM) images of the Ga sur-
face after H, plasma-assisted or H, plasma-free growth routes
are shown in Figures S2-S4 (Supporting Information), demon-
strating the apparent Ga,0; removement by H, plasma. OM
image shows that the obtained 2D MnGa,-H crystal presents a
tetragonal morphology (Figure 1b) with a lateral size of =20 um.
Atomic force microscopy (AFM) substantiates the 2D feature
of the MnGa,H single crystal. Such a typical single crystal
shows a thickness of =2.2 nm (Figure 1c), which is =3—4 unit
cell thickness. The 6-26 X-ray diffraction (XRD) was performed
to identify the crystal structure of thus-produced samples. The
XRD pattern of the bulk MnGa, grown without H, plasma
was carried out (Figure S5, Supporting Information), which is
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corresponding to the reported cubic MnGa, (Im-3m, No. 229).
In comparison, the XRD pattern of 2D MnGa,H (Figure 1d)
only shows (X00) peaks and the measured (X00) peaks shifted
to lower angles. This indicates that the as-obtained 2D MnGa,-
H single crystals undergo the lattice expansion. Considering
the high activity, density, and radical ionization properties of
H, plasma,?®l the employment of the H, plasma can enable a
decrease in the activation energy barrier for H, dissociation.
The hydrogen atom is the smallest atom and 2D MnGa, has a
relatively large interstitial void, which ensures the dissociated
hydrogen atoms insert into and expand the 2D MnGa, lattice.
In the XRD test, the substrate was W foil, the peaks at 40° and
78° can be attributed to the W substrate. The XRD pattern of
the pure W substrate is shown in Figure S6 (Supporting Infor-
mation). We collected XRD patterns of 2D MnGa,-H at dif-
ferent plasma treatment times to provide further evidence of
lattice expansion induced by hydrogen insertion. It can be seen
that with the increase in processing time, the (X00) peak posi-
tions gradually move to the lower angle, which means a larger
lattice expansion (Figure S7, Supporting Information). In order
to verify the stability of the obtained MnGa,-H, we carried out
annealing experiments at high temperatures. After annealing at
473.15 K in Ar for 1 h, the XRD spectrum of MnGay-H remains
unchanged, indicating that the obtained MnGa,-H has good
thermal stability. After annealing at 623.15 K in Ar for 1 h, the
(X00) peak positions move to the higher angle, manifesting that
hydrogen atoms escape from the interstitial void of MnGa,-H
(Figure S8, Supporting Information). We noticed that the XRD
peak of MnGa,-H deteriorated obviously when the annealing
temperature reached 673.15 K. According to the reported phase
diagram, this can be attributed to the decomposition of MnGa,
at =670 K.[?! Secondary-ion mass spectrometry (SIMS) meas-
urements were carried out to further explore the hydrogen
insertion and release (Figure S9, Supporting Information).
We also conducted H,-plasma treatment on bulk MnGa,, but
no shift of peak position was observed (Figure S10, Supporting
Information). This can be attributed to the fact that the passiva-
tion layer on the surface of the bulk MnGa, prevents hydrogen
insertion.l*] X-ray photoelectron spectroscopy was also used to
elucidate the composition and surface chemical states of the as-
prepared samples (Figures S11,S12, Supporting Information).
Ga 2p core line of 2D MnGa,-H shifted to a higher binding
energy compared to that of bulk MnGa,, which is a typical fea-
ture of hydrogen insertion in metals.?*3? For 2D metals, rapid
degradation under environmental exposure is a crucial issue.
It is worth noting that even after 2D MnGa,-H was exposed to
air for 7 days, no obvious oxidation was observed on its sur-
face (Figure S13, Supporting Information). This may be due
to the reducibility of the inserted hydrogen atoms so that they
can be employed as an antioxidant. In addition, hydrogen fills
the interstitial void of MnGa,, which could potentially hinder
oxygen penetration.?3] The evolution of XRD patterns with
time progression also showed good air stability within 7 days
(Figure S14, Supporting Information). We made a comprehen-
sive comparative table to demonstrate the superior air stability
of our prepared 2D MnGa,-H in 2D non-noble metal systems
(Table S1, Supporting Information). The great air-stable of our
as-prepared magnetic 2D MnGay-H is essential for exploring
the practical application in future spintronic devices.
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2.2. Structural Characterization of 2D MnGa,-H Single Crystals

The overall structure of MnGay can be viewed as a defective
CsCl structure where three-fourths of the Cs-site atoms are
eliminated to form cornerlinked cubes.? To get a deeper
insight into 2D MnGay-H crystal, the composition and crystal
structure were further confirmed using energy dispersive
X-ray spectroscopy (EDS) and high-angle annular dark-field
aberration-corrected scanning transmission electron micros-
copy (HADDF-STEM). The 2D MnGa,-H on the W foil was
transferred onto carbon-supported Cu grids via the polyvinyl
alcohol (PVA) assisted transfer method. The "Experimental
Section" and Figure S15 (Supporting Information) provide the
details about the transfer process. The low-magnification STEM
image of a MnGa,-H single crystal and the corresponding EDS
elemental mapping images (Figure 2a) demonstrate the uni-
form spatial distribution of Ga and Mn elements throughout
the whole crystal with the Mn/Ga ratio of =0.25 (Figure S16,
Supporting Information). The selective area electron diffrac-
tion pattern is shown in Figure S17 (Supporting Information),
suggesting that the MnGa,-H crystal is a single crystal with a
tetragonal structure. Figure 2b,c shows a typical atomic-resolu-
tion HAADF-STEM image of the top view of a 2D MnGa,-H
single crystal. Figure 2h,i display the cross-section view of the
2D MnGay-H single crystal, where the Mn and Ga atoms corre-
spond to dark and bright spots due to their difference in atomic
numbers (Z). The well-ordered atomic arrangement without
observable local discontinuities or defects in the STEM image
verifies the high crystal quality of the 2D MnGa,H single
crystal. In addition, the corresponding fast Fourier transform
(FFT) patterns further confirm the high crystallinity, owing to
that both of them only have one set of tetragonal diffraction
spots (Figure 2ek). Figure 2d,j manifests simulated STEM
images of MnGa,, demonstrating that MnGa,-H has the same
crystal configuration as MnGa,. The hydrogen insertion would
not lead to the collapse of the crystal structure of 2D MnGa,.
To further examine the crystal structure of 2D MnGa,-H, the
HAADF images were analyzed in detail by extracting the
intensity line profiles. In the top view of 2D MnGa,-H crystal,
the lattice spacing of 4.15 and 2.93 A can be observed, corre-
sponding to the (110) and (020) planes, which is larger than the
simulated MnGa, (Figure 2f,g). In the cross-section view, the
lattice spacing of 4.15 and 2.93 A correspond to the (1-10) and
(002) planes, which are also larger than those of the simulated
MnGa, (Figure 21, m). These results suggest that hydrogen can
incorporate into interstitial sites of the 2D MnGa, lattice to
induce lattice expansion without destroying the structural con-
figuration, thereby making the lattice constant enlarged in the
entire structure, agreeing with the above XRD results.

2.3. Magnetic Properties of 2D MnGa,-H Single Crystals

To study the magnetic properties, both the magnetization
versus magnetic field (M—H) curves and magnetization versus
temperature (M-T) curves for bulk MnGa, and 2D MnGay-
H were measured with the Vibrating Sample Magnetometer
(VSM, Quantum Design) system. First, the M—H curve of the
substrate (W foil) was investigated. The linear M—H curves with
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Figure 2. Composition and structural characterization of 2D MnGag-H single crystals. a) HAADF image and corresponding EDS mapping of the
MnGa,-H crystal. b,c) An atomic resolution HAADF-STEM image and the corresponding false-color image of the MnGa,-H crystal acquired along the ¢
axis. d) The atomic structure simulation of MnGa, crystal along the c-axis. e) the corresponding FFT pattern. f,g) Intensity line profiles for the purple and
blue rectangles marked in (c) and (d). The colored solid lines and black dotted lines represent the corresponding intensity line profiles of the MnGa,-H
STEM image and simulated MnGa, STEM image, respectively. h,i) An atomic resolution HAADF-STEM image and the corresponding false-color image
of the cross-section of the MnGa,-H crystal. j) The atomic structure simulation of the cross-section of the MnGa, crystal. k) the corresponding FFT pat-
tern. |,m) Intensity line profiles for the purple (I) and blue (m) rectangles marked in (i) and (j). The colored solid lines and black dotted lines represent
the corresponding intensity line profiles of the cross-section MnGa,-H STEM image and the simulated cross-section MnGa, STEM image, respectively.

zero hysteretic loops taken at different temperatures indicate
a paramagnetic background of W substrate (Figure S18, Sup-
porting Information). The M-T curve for bulk MnGa, is pro-
vided in Figure S19 (Supporting Information). With decreasing
temperature from 600 to 300 K, the magnetization gradually
increases, and then a kink shows up at Ty = 340 K, indicating
the occurrence of an antiferromagnetic transition as reported in
the literature.®! Moreover, the linear M—~H behavior measured
at 300 K is also in agreement with the antiferromagnetism.
For the 2D MnGa,-H with an average thickness of =5 nm on
W substrates, both low-temperature (2-350 K) and high-tem-
perature (350-800 K) M-T curves were measured to analyze
the magnetism. Unless otherwise specified, the 2D MnGa,-H
exposed by H, plasma for 90 min are all used for the following
measurements. Since different samples were adopted for such
measurements, the M-T data were normalized based on the
data obtained at 350 K. As shown in Figure 3a, the normalized
M-T curve in 2-800 K nearly remains constant except for a
remarkable decrease on heating to =620 K, where the hydrogen
starts to release from the 2D MnGa,-H. The phase transition of
dehydrogenated MnGa,-H is also observed at 670 K, which is
consistent with MnGa,. Such a constant M-T feature is remi-
niscent of a saturated ferromagnetic (FM) behavior below its
Tc. To further reveal the possible ferromagnetism of the 2D
MnGa,H, M-H curves were measured at different tempera-
tures. As shown in Figure 3b, canonical FM hysteresis loops

Adv. Mater. 2023, 35, 2210828

2210828 (4 of 9)

are found to occur at all of our selected temperatures (10, 50,
100, 200, 300, and 390 K). The magnetic property of 2D MnGa,-
H after dehydrogenation was further conducted, which shows
a non-magnetic response, suggesting the magnetism of 2D
MnGa,-H is induced by hydrogen insertion (Figure S20, Sup-
porting Information). These features confirm the long-range
FM ordering of the 2D MnGay-H, and the intrinsic T should
be higher than the hydrogen-released temperature (620 K) of
the sample. To probe the tunable magnetism, 2D MnGa,-H
samples with different H, plasma exposure times were pro-
duced. A series of M—H data were collected for the 2D MnGa,-H
under different H, plasma exposure times (Figure 3c). MnGa,
without H, plasma treatment has zero coercivity, which is a
typical characteristic of antiferromagnetism. At a longer expo-
sure time such as 30 min, MnGa, turns to exhibit a very weak
ferromagnet with coercivity (Hc) of 0.5 Oe. A narrow scale is
shown in Figure S21 (Supporting Information) for better pres-
entation. As we continue to increase the H, plasma exposure
time, maximum coercive fields can be observed in 120 min
with Hc up to 100 Oe. Exposure-time dependence of the Hc at
300 K is provided in Figure 3d. With increased H, plasma expo-
sure time, 2D MnGay-H can be tuned from antiferromagnetic
(AFM) to ferromagnetic (FM) states. The in-plane and out-of-
plane magnetization curves at 300 K show an out-of-plane
easy magnetization axis (Figure S22, Supporting Information).
Although 2D MnGa,-H exhibits the same macroscopic prop-
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Figure 3. Magnetic properties of 2D MnGag-H. a) The temperature dependence of FC and ZFC M-T curves for 2D MnGa,-H measured in the H=1kOe
from 2 to 800 K. The inset shows the M—T curves on a narrow scale for better presentation. b) M—H curves of 2D MnGay-H at different temperatures
with magnetic fields ranging from —10 to 10 kOe after background subtraction. The inset shows the M—H curves on a narrow scale for better presenta-
tion. ¢) M—H curves of 2D MnGag-H at different H, plasma exposure times with magnetic fields ranging from —1to 1 kOe after background subtraction.
d) Exposure-time dependence of the coercivity (Hc) at 300 K. With the increase of H, plasma exposure time, the magnetic property of 2D MnGa,-H

can be tuned from AFM to FM states.

erties as ferromagnetic, its ground state magnetic structure is
ferrimagnetic. As shown later, theoretical calculations demon-
strate that the FM behavior of the 2D MnGa,-H arises from the
competition between antiferromagnetic exchange interactions
and ferromagnetic spin configuration.

2.4. Magneto-Transport Measurement of 2D MnGa,-H
Single Crystals

It is worth noting that the VSM test can only obtain the
overall signal of all samples on the substrate. Considering
the influence of sample thickness on magnetic properties, 2D
MnGa,-H single crystals with typical thicknesses of 5.5 and
19.0 nm were fabricated into devices to investigate the anoma-
lous Hall effect through the magnetotransport measurement,
respectively. AFM analysis of the fabricated device of 2D
MnGay,-H is provided in Figure S23 (Supporting Information).
The Hall resistance (R,,) was investigated within the £2.0 T
external magnetic field range, applied perpendicular to the
sample plane. For 5.5 nm MnGa,-H, the R, shows clear hys-
teresis loops at all temperatures (Figure 4a). Such hysteresis
reflects spontaneous magnetization and thus the long-range
magnetic order, which agrees well with the VSM measurement.

Adv. Mater. 2023, 35, 2210828

2210828 (5 of 9)

For 19.0 nm MnGa,H, no obvious hysteresis loop was
observed (very low coercivity and remanence), manifesting
the extremely weak magnetism and the waning magnetism of
MnGa, with the increase of thickness (Figure 4b). As shown
in Figure 4c, the coercive field shrinks obviously as the tem-
perature rises for 5.5 nm MnGa,-H, which is characteristic
of robust magnetism. In contrast, the coercive field of 19 nm
MnGayH is negligible and does not change significantly
over the entire measured temperature. These results indicate
that hydrogen insertion becomes difficult as the thickness
increases, resulting in a weaker magnetic transition. Further
calculated results show the diffusion barrier of the hydrogen
atom at 2D MnGa, is lower than at bulk MnGa, (Figure S24,
Supporting Information), indicating that hydrogen atoms are
easier to migrate and insert in the 2D system, which is con-
sistent with the experimental results. A schematic of a four-
probe device for longitudinal resistance (R,,) measurement is
provided in Figure S25 (Supporting Information). The temper-
ature-dependent R,, of 2D MnGa,-H and the first derivative of
R, as a function of temperature are shown in Figure 4d. R,
decreases gradually as the temperature decreases, exhibiting
metallic behavior with good conductivity. No kink is observed
in both R, and the first temperature derivative curves, indi-
cating there is no phase transition from 2 to 300 K.
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Figure 4. Magnetotransport measurement of 2D MnGa,-H. a,b) Out-of-plane Hall resistance hysteresis loops at various temperatures obtained from
2D MnGay-H single crystals with thicknesses of 5.5 and 19.0 nm, respectively. The insets show the R,—H curves on a narrow scale for better presenta-
tion. c) The coercivity fields obtained from 2D MnGa,-H single crystals with different thicknesses as a function of temperature. The insets show OM
images of the corresponding Hall devices. d) The temperature dependence of the longitudinal R,, of 2D MnGa,-H measured in zero magnetic fields.
The inset shows the first derivative of the longitudinal resistance as a function of temperature.

2.5. Insight into the Origin of Magnetic Order in 2D MnGa,-H
Crystals

To obtain an in-depth understanding of the origin of the
room-temperature magnetic in the 2D MnGa,-H system, we
performed density functional theory (DFT) calculations (see
computational details in the Experimental Section). We cal-
culated the adsorption energy of hydrogen for 2D MnGa,
(Figure S26, Supporting Information). By comparing the
adsorption energies of hydrogen atoms at different sites, it can
be concluded that hydrogen adsorbed at the center of the face is
the most stable. Molecular dynamics simulation of hydrogen at
different adsorption sites show that while hydrogen is adsorbed
at the center of the face, the simulated framework of the struc-
ture is well maintained, which verifies the conclusion that the
center of the face is the optimal adsorption site (Figure S27,
Supporting Information). After that, the magnetism of the 2D
MnGa,-H was studied to reveal the mechanism of magnetic
phase transition. The spin density differences of 2D MnGa, and
2D MnGay-H were calculated (Figure 5a). The results suggest
that magnetic moments are almost derived from Mn atoms.
The magnetic moments of Mn atoms in MnGa, with hydrogen
insertion are displayed in Figure S28 (Supporting Information).
The magnetic moment of Mnl and Mn2 without hydrogen
insertion is almost inverse (1.32 uB vs —1.45 uB) and displays
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the apparent antiferromagnetic character. As the hydrogen is
inserted into MnGa,, the magnetic moment of Mn1 increases
and even reaches 2.58 uB while Mn2 decreases and finally
reduces to nearly zero. Figure 5b plots the projected spin-
polarized density of states (DOS) of 2D MnGa, and 2D MnGay
H. The Mn1l and Mn2 atoms possess opposite spin states and
compensate each other for 2D MnGa,, which is consistent with
our aforementioned magnetic moment. While in the case of
2D MnGayH, the spin-up states of Mnl and Mn2 atoms both
shift to lower energy, leading to the magnetic moment of Mn1
increasing and Mn2 decreasing. To understand the effect of
hydrogen insertion on the magnetism of 2D MnGa,-H, we cal-
culated the exchange energy (AE = Expy — Epy) variation with
the concentration of hydrogen insertion, where Epy and Epy
are the total energy of the antiferromagnetic and ferromag-
netic states, respectively (Figure S29, Supporting Information).
The exchange energy AE is —0.133 eV without hydrogen inser-
tion, which indicates the magnetic moments of Mn atoms in
MnGa, arrange oppositely. The total magnetic moment is
=0.0 uB. The magnetic moments of Mn atoms in MnGa, are
reduced with hydrogen insertion, then the exchange energy AE
increases and becomes positive. The system becomes ferrimag-
netism (Figure 5c). In conclusion, when 2D MnGa, is inserted
with hydrogen, the Mn—Mn antiferromagnetic coupling in the
nearest neighbor will be weakened, and the ferromagnetic
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Figure 5. Theoretical calculations of the magnetism in 2D MnGa,-H. a) The calculated spin densities of 2D MnGa, and 2D MnGa,-H with an isosurface
value of 0.005 e Bohr=. The green and yellow isosurface contours represent spin-up and spin-down, respectively. b) Projected spin-polarized DOS of
Mn1 and Mn2 atoms in 2D MnGa, and 2D MnGa,-H. The Fermi level is set to zero. The spin-up and spin-down states are indicated by black arrows.
c) AFM-FM energy difference (AE) evolution as a function of H concentration. d) Spin configurations of 2D MnGa, and 2D MnGa,-H indicated by

black arrows.

coupling of the second nearest neighbor Mn—-Mn plays a domi-
nant role, thus the whole system arises remanent magnetism
(Figure 5d).

3. Conclusion

In summary, we develop a facile and controllable approach to
construct and modulate 2D room-temperature magnetic MnGay-
H crystal. Our as-obtained 2D MnGa,-H crystal is high-quality,
air-stable, and thermo-stable, demonstrating robust and stable
room-temperature magnetism with a high Curie temperature
above 620 K. We systematically study the 2D room-temperature
magnetism through experimental and theoretical results, dem-
onstrating that hydrogen insertion inside the MnGa, lattice can
regulate the atomic distance and charge state, thus making 2D
MnGa,-H exhibit room-temperature magnetism. The magnetic
properties of 2D MnGay-H can be well-regulated in a controlled
manner. With the increase of H, treatment time, the coercivity
of 2D MnGa,-H gradually increased, and AFM to room-temper-
ature FM phase modulation can be achieved without destroying
the structural configuration. We can expect that this method
could potentially provide a universal strategy to prepare more
room-temperature magnetic metals and thus meet the require-
ments of potential applications in spintronic devices.
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4. Experimental Section

Pretreatment: Before growth, the tungsten (W) foils (0.5 cm x 0.5 cm,
99.95%, Alfa Aesar) were ultra-solicited and rinsed with acetone, ethanol,
and deionized water for 30 min sequentially. After that, 1x 1072 M KMnO,
(99.5%, Aladdin) aqueous solution was prepared by dissolving the salt
into deionized water. The solution was then spin-coated on the W foils
with a speed of 8500 rpm for 1 min to ensure a uniform distribution
of Mn sources. Finally, the Ga ball (99.9%, Alfa Aesar) was uniformly
coated on the treated W foil at the temperature of 50 °C.

Growth of 2D MnGag-H Single Crystals: 1) Ga-W substrate was loaded
into a one-inch tube furnace for the PECVD process. The CVD system
was pumped with a base pressure of 1 Pa and then purged with high-
purity argon gas (Ar, 99.999%) at a flow rate of 1000 sccm for 10 min.
2) The PECVD system was then purged with 100 sccm H, as carrier
gases, and the pressure of the PECVD system was 170 Pa. The substrate
was heated to 650 °C at a rate of 10 °C min™' and held for 10 min
after the desired growth temperature was reached to fully reduce and
diffuse the precursor under H, plasma (100 W). The overall pressure
of the system remained unchanged after plasma was initiated, thus
the corresponding H; plasma flux could be regarded as the same as the
flux of H,. 3) Plasma was turned off after synthesis, and the system was
cooled to room temperature rapidly under the H, atmosphere.

Transferring 2D MnGay-H to Target Substrates: Ga—W substrates with
MnGa, crystals were placed on the heating stage at a temperature of
40 °C until Ga was molten. W foils are adapted to transfer the obtained
sample on the Ga surface due to the relatively strong adhesion between
metals and the relatively weak adhesion between the oxide layer and
metal. To remove residual Ga from the sample, a facile mechanical
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cleaning method was employed. At first, =50 ml of deionized water was
taken into a beaker, followed by heating them to 50 °C. Then, the W foil
with printed 2D MnGa, crystals was immersed in the deionized water
and cleaned by ultrasonic treatment to remove residual Ga. Then the
PVA film was covered on the W foil and heated to 100 °C for an hour.
After that, the PVA film was transferred from the W substrate to the
desired substrate (SiO,, Si, TEM grids, etc.). The polymer mediator was
then removed by dissolving in deionized water. Finally, the 2D MnGa,-H
could be obtained on the target substrate.

Device Fabrication and Transport Measurement: A thick poly (methyl
methacrylate) (PMMA 950, A4) film was deposited by spin coating at
3000 rpm for 1 min and then was baked at 100 °C for T min. The devices
with Hall bar geometry and four electrodes for measuring R, were
patterned by a standard electron beam lithography technique on SiO,/
Si substrate. Bilayer metals with 10 nm Cr and 60 nm Au were deposited
by a thermal evaporator (JSD300 Vacuum, 1.0 x 10~ Torr) and used as
contact electrodes.

Characterizations and Measurements: The XRD characterization
was conducted using a Rigaku Miniflex600 with Cu—Ker radiation over
the range of 20 = 20-80°. Optical images were taken with an optical
microscope (Olympus DX51). SEM images were obtained from a ZEISS
Merlin Compact SEM with EDS spectra collected by X-MaxN Oxford
EDS. The acceleration voltage of the electron beam was 8 kV. The
thickness was measured on an NT-MDT Ntegra Spectra atomic force
microscope. TEM images and HADDF-STEM images were taken by FEI
Tecnai G2F30 operated at an accelerating voltage of 300 kV. The sample
lamellas for the cross-sectional TEM characterization were prepared
via FIB treatment by Thermofisher Scios 2. TEM energy-dispersive
EDS elemental mapping was also performed by FEI Tecnai G2F30.
ToF-SIMS measurements were carried out with a Focused lon Beam
Scanning Electron Microscope with the ToF-SIMS instrument (Tescan
AMBER) equipped with a Ga liquid-metal ion source for analysis and a
Ga®*" ion beam for sputtering. The detected region was =20 x 20 um?.
Depth profile and cross-section chemical mapping were collected
in spectrometry mode with a current of 298 pA to sputter through
the 2D materials. The magnetic susceptibility and magnetization
measurements were carried out using a superconducting quantum
interference device magnetometer (Quantum Design, MPMS-VSM).
Two modes (zero field cooling and field cooling) were adopted to
measure the susceptibility at a magnetic field of 0.1 T. Magnetization
was measured between —1 and +1 T at selected temperatures. The
longitudinal resistance (R,,) was collected by a pulse relaxation method
on a physical property measurement system calorimeter (Quantum
Design, PPMS-9T) varying from 300 to 2 K under zero magnetic fields.
The Hall electrical resistance (R,,) was measured by a physical property
measurement system calorimeter (Quantum Design, PPMS-9T) at
some selected temperatures and with varying external magnetic fields
(H) from =2 to +2 T. A constant current of 100 HA was carried out in
those experiments.

Theoretical Calculations: First-principle calculations were performed
using the framework of DFT as implemented in the Vienna ab initio
simulation package.’5¥] The pseudopotentials were treated by the
projector augmented-wave method with a cutoff energy of 500 eV for
plane-wave expansion.’¥l The generalized gradient approximation
described electron exchange-correlation potential.’¥ The Hubbard U
for 3d electrons of Mn was chosen as 0.5 eV referred to in the previous
works."0 During structural relaxation, the atomic positions were
relaxed until the Hellman-Feynman force on each atom was less than
0.01 eV A~ The climbing-image nudged elastic band method was used
to estimate the kinetic pathways.!l The ab initio molecular dynamics
simulation was performed at the canonical ensemble for 1 ps with the
time step set as 1fs.

Supporting Information

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