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Abstract

The demands of the information era, driven by cloud computing and big data, necessitate high-density storage
systems. In magnetic recording media, reducing bit size is crucial for significantly increasing areal density.
Consequently, using single atoms as recording bits offers the potential to achieve unprecedented areal densities.
However, achieving ferromagnetism in single atoms typically requires very low temperatures, and synthesizing
large areas of single atoms for recording media remains a significant challenge. In this study, a straightforward
mixing and stirring method was employed to intercalate a large number of Ni single-atoms into MoS, nanosheets.
Remarkably, room-temperature ferromagnetism was observed in all samples. Specifically, the 2% Ni-doped MoS,
exhibited a magnetic moment of 0.53 u,, which is close to the theoretical value. The magnetization depends on the
bonding between nickel and sulfur atoms. In 2% Ni-doped MoS,, nickel prefers to form Ni-S bonds, while at higher
doping concentrations, S-Ni-S bonding is more prevalent, leading to antiferromagnetic coupling. The observed
ferromagnetism in these higher-concentration-doped samples may be attributed to strain in the nanosheets
induced by nickel intercalation or nanostructured NiS particles.
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INTRODUCTION

In today’s era of rapid technological advancement, we are witnessing the convergence of information
technology, cloud computing and big data. The growth of information technology is remarkable, with the
development and deployment of 4G, 5G, and the forthcoming 6G technologies. These advancements enable
high transmission rates for streaming data and high-quality video services. One of the most popular
services, cloud computing, offers on-demand data access and processing capabilities from any location at
any time, relying heavily on robust data storage systems. Many companies leverage big data, both structured
and unstructured, to analyze customer behavior and enhance their products or services. The vast volumes of
big data generated necessitate advanced data storage solutions. Moreover, artificial intelligence (AI) and
machine learning (ML) have become increasingly prevalent, and are applied extensively in research and
various sectors, including industrial production, stock market predictions, transport optimization, customer
habit analysis, efc."". The development of AI technology is critically dependent on the availability of
substantial data storage capabilities, as large datasets are required for effective ML.

Currently, major data storage methods include solid-state drives (SSDs), such as flash memory, and
magnetic hard disk drives (HDDs). While SSDs dominate portable electronic devices such as phones and
laptops, magnetic recording remains the primary medium for large-scale data storage in servers and cloud
infrastructures due to its cost-effectiveness and high storage capacity"”. Areal density, defined as the number
of bits per inch (bpi) times the number of tracks per inch (tpi), is a key metric for assessing the storage
capability of magnetic recording media. The bit size predominantly determines areal density: smaller
recording bits yield higher storage densities and capacities. Since IBM’s introduction of the RAMAC 350
with a capacity of 5 MB and an areal density of 2 Kbit/in® in 1955, advancements in magnetic recording
media and technologies have increased storage densities to over 1.5 Tbit/in’. Future developments in
patterned recording media, where each particle serves as a recording bit, could further elevate areal
densities, potentially achieving up to 500 Tbit/in” using single-atom recording.

Magnetic HDDs were first demonstrated by IBM (RAMAC 350) with a capacity of 5 MB and an areal
density of only 2 Kbit/in® in 1955. With the development of advanced magnetic recording media and new
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technologies for recording and reading, the storage density has reached over 1.5 Tbit/in
the near future, even higher areal densities may be achievable with the advancement of patterned recording
media, in which each particle serves as a recording bit"”. To further increase the areal density, the particle
size must be reduced. In the long run, the ultimate areal density of magnetic recording media is to use a

single-atom as a recording bit. In this case, the areal density can reach 500 Tbit/in.

As a result, single-atom recording has attracted extensive interest. There are many challenges for single-
atom doping, such as reading, writing, and stability of data storage, etc. From a material point of view alone,
how to make a single-atom capable of recording data is a critical issue. It is known that ferromagnetism will
change to superparamagnetism when the particle size reduces to a critical size. Then there is no remanent
magnetization anymore, hence losing the ability for data storage. The starting of single-atom recording
research goes back to twenty years ago, when scanning tunneling microscopy (STM) became available for
manipulating a single-atom. The reversible recording of a silicon dimer was demonstrated. The
manipulation of a single-atom by STM has been extensively investigated”. For magnetic single-atom
recording, a research group in IBM found that Fe and Mn single atoms can maintain a large anisotropy
when deposited on copper substrate®. Theoretical calculations indicated that Fe and Mn atoms were
embedded into a molecular network of a single layer of CuN with Cu and N atoms covalently bonded.
Following the idea of possibly reducing the recording bit size using a single-atom, the magnetic properties
of single atoms have been extensively investigated”?. A further breakthrough was reported by ETH Zurich
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scientists. They used holmium (Ho) atoms adsorbed on an ultrathin MgO (100) layer deposited on an Ag
(001) substrate instead of directly on an Ag substrate. A large magnetic remanence can be observed even at
a temperature of 40 K. Their more recent work observed that a coercive field of 8T was obtained at 35 K and
the magnetic bistability lasted a very long time"*, which is essential for magnetic data storage. However,
these properties all occurred at very low temperatures.

In addition, the magnetic single-atom cannot be deposited uniformly with a large area on the surface of a
substrate, which makes the areal density orders much smaller than a normal magnetic recording media.
MoS, is a prototypical transition metal dichalcogenide with a 2D layered structure. Compared to the
trigonal prismatic 2H-phase, the 1T-phase MoS, exhibits well-defined octahedral symmetry, which
enhances its reactivity in the basal plane, thereby facilitating the anchoring of single atoms on both the edge
and basal planes. Many studies have been conducted on the intercalation of transition metal single atoms
into MoS, for applications such as water splitting"”, photocatalytic hydrogen production"”, CO,
reduction"” etc. Recently, we have synthesized a large area of Cu single atoms into MoS, nanosheets"®.
Based on this method, Ni was employed to be doped into MoS, and the ferromagnetism of Ni single atoms
was investigated. The results indicated that all samples exhibited ferromagnetism above room temperature.
At low doping concentrations, the Ni single-atoms demonstrate a strong magnetic moment. However, at
higher doping levels, the observed ferromagnetism is primarily attributed to the strained MoS,, where the

Ni-S bonds form antiferromagnetic couplings.

EXPERIMENTAL PROCEDURE

Synthesis of 1T MoS,

Ammonium heptamolybdate [(NH,),Mo,0,,-4H,0], sulfur powders, hydrazine monohydrate (N,H,-H,0),
sulfuric acid (H,SO,), and nickel powders were purchased from Sigma-Aldrich. The 1T MoS, was
synthesized by a hydrothermal reaction, with (NH,),Mo,0,,-4H,0 employed as the Mo source. Sulfur
powders (10 mmol) and Mo source (5 mmol) were fully dissolved in 10 mL N,H,-H,O via 20 min
ultrasonication. The dissolved precursor was then put into a 100-mL stainless steel autoclave and more
hydrazine monohydrate was added into the autoclave until reaching 60 mL. Then the autoclave was kept in
an oven for 48 h at 180 °C. The products were sufficiently washed using 0.sM H,SO, and deionized (DI)
water to remove the impurities and non-react precursors. Subsequently, the final product was centrifuged at
5,000 rpm for 15 min. The centrifuged sample was then transferred into a vacuum oven to dry for 48 h at
room temperature.

Synthesis of Ni single atoms of MoS,

Nickel powders with atomic ratios of 1 at%, 2 at%, 5 at%, 10 at%, and 20 at% compared to MoS, nanosheets
were selected and finely ground in a mortar. Afterward, they were mixed with 2 mL of hexane and placed in
a small jar sealed with a magnetic stirrer. The mixed solution was magnetically stirred for seven days at
room temperature under N, gas flow. The solution, after stirring, was then rinsed by acetone, nitric acid,
ethanol, and DI water to eliminate hexane and Ni powder residues at least three times. It was then
centrifuged at 1,000 rpm for 5 min to settle non-intercalated Ni residues followed by a higher-speed
centrifugation at 12,000 rpm for 30 min to separate the single-atom intercalated MoS,. Finally, the resultant
paste was dried in a vacuum oven at 50 °C for 6 h. The pristine 1T-MoS, is labeled So (0 at% Ni) as a
reference sample and the other variants are labeled as S1 (1 at% Ni), S2 (2 at% Ni), S5 (5 at% Ni), S10 (10
at% Ni), S20 (20 at%), respectively.

Materials characterization
The surface morphology was investigated by a FEI Nova NanoSEM 450 scanning electron microscope
(SEM) at room temperature followed by an energy dispersive spectroscopy detector (EDS, Bruker SDD-EDS
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detector). The crystal structure of the samples was investigated by a JEOL JEM-F200 multi-purpose
transmission electron microscope (TEM) at 200 kV voltage. X-ray diffraction (XRD) analysis was carried
out by a Panalytical Empyrean instrument with wavelength 4 = 1.54 A (CuKo) that generates at 40 kV
voltage and 40 mA current. The sample was loaded onto a circular holder and the angles of measurements
are within a 20 scan range of 5° to 60°. The scan step size is 0.006° with a time-per-step of 97.92 s. Raman
spectra were obtained by a Renishaw inVia Raman Microscope. A 532-nm laser source was used as the
excitation source for 1 h measurement under 0.1% laser power. The coordination information is also
obtained by high-energy (hard) near-edge X-ray absorption fine structure (NEXAFS) analysis in a total
electron yield (TEY) mode at the Australia Synchrotron. X-ray photoelectron spectroscopy (XPS) was
measured by the ThermoScientific ESCALAB 250i at UNSW, Australia. Binding energy was calibrated by
the C 1s peak at 284.86 eV at room temperature. Magnetic measurement was taken by vibrating sample
magnetometry attached to a physical property measure system (PPMS, Quantum Design, USA). X-ray
Magnetic Circular Dichroism (XMCD) was performed at room temperature at the Singapore Synchrotron
Light Source at the National University of Singapore.

RESULTS AND DISCUSSION

The Ni single-atom samples were fabricated by spontaneous incorporation of Ni single atoms in the
interlayers of 1T-MoS, nanosheets, as reported in our previous work"®. The intercalation of Ni single atoms
was accomplished by agitating MoS, nanosheets prepared by a hydrothermal method and varied mass of Ni
powder mixture for seven days in hexane. XRD analysis was carried out to verify both the phase distribution
of MoS, and the intercalation of Ni single atoms. Figure 1A exhibits the XRD patterns of 1T-MoS,
nanosheets and Ni-doped MoS, samples. The peaks observed at 20 = 9.5°, 33.0°, and 57.1° correspond to the
(002), (100), and (110) planes of 1T-MoS,, respectively. Remarkably, the peak corresponding to the (002)
plane shifted slightly towards a lower angle, suggesting an expansion of the interlayer following the
intercalation of Ni atoms. In addition, the impurity peaks observed at 26 = 18.4° in the S10 and S20 samples
may be attributed to the leaching of S, which subsequently reacts with nickel to form NiS. The peak position
corresponds to the (110) plane of NiS""”. Raman spectroscopy was conducted to confirm whether the Ni-
doped MoS, consistently maintained the 1T phase despite an increased dosage of intercalated atoms.
Figure 1B illustrates the different phonon modes of pristine MoS, and intercalated MoS, at 154 (J,), 219 (],),
and 327 cm™ (J,), corresponding to the superlattice structure of semiconductor in metallic 1T phase MoS,”.
Likewise, the peak at 404 cm™ corresponds to the A, vibration mode of 1T-MoS,. The Raman results
indicate that there was no phase transition in MoS, during the intercalation of Ni.

To determine the chemical composition and valence state of intercalated Ni in our samples, XPS was
employed to analyze the Mo 3d and Ni 2p orbitals in pristine MoS, and Ni-doped MoS, samples. The Mo 3d
spectra with different concentrations of intercalated Ni in MoS, are shown in Figure 1C. Two primary peaks
at 229 eV and 232 eV are attributed to the 3d,,, and 3d,, components of Mo*'. As the concentration of Ni
increases, the peak of Mo* in 1T-MoS, exhibits a shift towards a lower binding energy of 0.75 eV, which is
consistent with that of previous studies"**". Also, the proportion of 1T-MoS, remains consistently at 67%-
76% as the concentration of intercalation increases, as shown in Supplementary Table 1. This observation
underscores the stability of the 1T phase throughout the intercalation process. The Ni 2p,, spectra
deconvolute to two peaks and their satellites, as shown in Figure 1D. For the S1 sample, no peak of Ni 2p
from 71 eV to 80 eV was observed in Figure 1D. The fitting results differ from the XPS spectra of Ni in
similar studies”, where typically only one peak of Ni 2p,,, and its satellite are observed. The presence of two
peaks in the Ni 2p,,, spectrum may be attributed to two distinct valence states of Ni species, forming bonds
with sulfur atoms in the configurations of Ni-S and S-Ni-S®!. An observable shift towards higher binding
energy is noted with an increased concentration of intercalated Ni atoms, suggesting that a higher doping
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Figure 1. (A) XRD patterns of pristine 1T-dominant MoS, and Ni single-atom MoS,; (B) Raman spectra of 1T-dominant MoS, and Ni
single-atom MoS,; (C) XPS spectra of Mo 3d; (D) XPS spectra of Ni 2p. XRD: X-ray diffraction; XPS: X-ray photoelectron spectroscopy.

level facilitates enhanced bonding with sulfur atoms.

SEM and TEM were employed for the analysis of microstructure and Ni single-atom intercalation in MoS,
nanosheets. The SEM images of pristine MoS, and Ni-doped MoS, samples are shown in Figure 2A and
Supplementary Figure 1. No significant difference can be observed among all the samples. However, when
enlarging the morphology using a high-resolution TEM, the samples exhibit a nanosheets state [Figure 2B],
consistent with previous studies">****). Figure 2C exhibits the lattice of 1T-MoS, with a d-spacing of 0.82 nm,
which is a typical distance of the MoS, interlayer. TEM images in Figure 2D-H depict varying
concentrations of Ni intercalated MoS,. The presence of single atoms in the interlayers of MoS, is evident,
highlighted by yellow circles. Obviously, the single-atom concentration increases with the doping level.

However, one should note that the TEM image is very localized and only a small area of the microstructure
can be examined. Hence, X-ray absorption spectroscopy (XAS) with Fourier transformation was employed
to identify the single-atom state of Ni, as shown in Figure 3.

The NEXAFS region of Ni K-edge is displayed in Figure 3A, which can be divided into four regions: (1) Pre-
edge region around 8,335 eV; (2) Edge area around 8,340 eV; (3) Main dipole transition peak at 8,350 eV;
(4) After-edge region around 8,360 eV. Compared to Ni foil, a lower pre-edge peak is observed for Ni-
doped samples, indicating higher d-p hybridization and an octahedral-like coordination structure. The pre-
edge peak decreases further with increasing Ni concentrations [Figure 3B] and there is no significant edge
shift when Ni concentration increases. This indicates the same electronegative center in all Ni single-atom-
doped MoS, samples and the stability of Ni-centered coordination structure is improved by the formation of
Ni bulk cluster in the high Ni-concentration samples (S10 and S20 samples)®. The peak intensity for dipole
transition decreases from S1 to S5 samples, indicating a decrease in unoccupied status as the Ni
concentration increases”’. However, the peak intensity drastically increases when Ni concentration reaches
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Figure 2. SEM images of pristine MoS, (A), TEM images of pristine MoS, under different magnifications (B, C) and MoS, with different

doping concentrations of Ni: ST1(D), S2 (E), S5 (F), S10 (G), S20 (H). SEM: Scanning electron microscope; TEM: transmission electron
microscope.
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Figure 3. (A) NEXAFS curves of Ni K-edge with Ni foil reference (Ref.); (B) Zoom-in pre-edge area of Ni K-edge; (C) FT k*-weighted
NEXAFS spectra of Ni single-atom-doped MoS, samples. NEXAFS: Near-edge X-ray absorption fine structure; FT: fourier-transform.

10%, indicating the presence of S-rich centers around Ni atoms due to more empty orbitals. The after-edge
region shows a left shift and a decreasing trend and it suggests a lower work function in high Ni
concentration samples””. The R-space Fourier-transform (FT) confirms a reliable transform result with
good k-q space matching, as displayed in Figure 3C and Supplementary Figure 2, respectively. Ni single-
atom-doped MoS, samples do not exhibit obvious Ni-Ni bonds, but they show a uniform distance
distribution of 1.8 A at the first Ni-S shell. It is noticed that this value is shorter than the Ni-S bond (2.23 A)
in bulk format, indicating a single-atom distribution in Ni single-atom-doped MoS, samples"®. The peak
intensity decreases from S2 to S5 with a right peak shift, indicating a decreased coordination number and
longer Ni-S distance due to repulsive forces between Ni-S and Mo-S chains. On the other hand, with Ni
concentration increasing to 20%, the peak intensity increases with a left shift of the peak position, indicating
higher coordination states and shorter Ni-S bond length due to surface aggregation*’.

To investigate the magnetic properties of the sample, a vibrating sample magnetometer (VSM) attached to a
PPMS was employed. Initially, we measured the magnetic response of pure MoS,, exhibiting a diamagnetic
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behavior, as shown in Supplementary Figure 3. Figure 4A and B displays magnetic hysteresis loops of MoS,
with different concentrations of Ni single atoms taken at 300 and 5 K, respectively. It is seen that all the
materials show magnetic signals at room temperature and with increasing doping concentrations, the
magnetization increases [Supplementary Figure 4]. In addition, with decreasing measurement temperature,
the magnetization steadily increases. However, at low temperatures, paramagnetic signals become stronger,
which is similar to these MoS, nanosheets doped with various magnetic elements or diluted magnetic
semiconductors™ ). Figure 4C and D shows the M-H loops of the samples taken at 300 and 5 K in a small
range. From the two graphs, all the samples possess a small value of coercivity, which evidences the
ferromagnetic behavior of the samples. At 5 K, the coercivity becomes smaller, which is due to the strong
paramagnetic signal at low temperatures. Zero field cooling (ZFC) and field cooling (FC) curves are shown
in Supplementary Figure 5. All the curves indicate a paramagnetic dominated behavior, suggesting that
though there may be some ferromagnetic coupling in the doped samples, most of the samples exhibit
paramagnetic behaviors, suggesting the weak exchange coupling of the single atoms.

Since all the doped samples exhibit magnetic properties, it remains unclear whether the observed
magnetism originates from MoS, or Ni, although pure MoS, demonstrated a diamagnetic behavior
[Supplementary Figure 3]. XMCD, an element-selective technique, was employed to identify the magnetic
moment associated with Ni in this study. This method allows us to determine the extent to which the Ni
element contributes to the overall magnetization of the samples. The XMCD results are shown in Figure 5.
It is to be noted that the Ni content (1 at%) in S1 sample is too low to produce a detectable XMCD signal.
Therefore, only the spectra of four samples are presented. From the curves, it can be seen that the spectra of
Ni elements in all the samples are similar®”. Additionally, Ni in all the samples shows some magnetic
moment from XMCD spectra, while the S2 sample exhibits the strongest. Using SUM rules”*", we can
calculate the magnetic moment of Ni based on XMCD measurement. However, due to the weak XMCD
signals, only the magnetic moment of S2 was accurately determined. The orbital moment of Ni in S2 is 0.02
uy and the spin moment is 0.51 u;;. The overall magnetic moment is 0.53 y;, which is slightly lower than that
of bulk Ni (0.61 u3). Therefore, from Figure 5, Ni contributes the majority of the magnetic moment of the S2
sample. From XMCD, Ni from S5, S10, and S20 does not contribute significant magnetic moment to the
samples, while, as seen from Figure 4, the magnetization values of S5, S10 and S20 are larger than that of S2,
suggesting that the magnetization is from MoS, nanosheets. The induced strain by the intercalation of Ni
single atoms into MoS, nanosheets may be attributed to the magnetization"”.

Figure 6 is the description of Ni single-atom bonding when intercalated into MoS,. At lower concentrations,
Ni primarily bonds with two sulfur atoms. However, as the concentration increases, Ni bonds with four
sulfur atoms, shared with molybdenum, through charge transfer, resulting in weaker bonding. This weaker
bonding implies that the structure is not equivalent to a true compound. Magnetic measurements and
XMCD analysis indicate that in the S2 sample, Ni primarily contributes to the magnetic moment and Ni
moment is 0.51 u;, which is close to metallic Ni’'s moment, suggesting the weak bonding of Ni and S. In
contrast, in samples with higher doping concentrations, the magnetic moment is likely attributed to the
strained MoS§, structure induced by the intercalation of Ni atoms. Therefore, at low doping concentrations,
the bond between Ni and S resembles that in NiS, . It is known that NiS is an antiferromagnet”™’. However,
the weakly bonded Ni still presents strong magnetic moments, as measured by XMCD. At higher doping
concentrations, where Ni bonds with four sulfur atoms, the resulting structure is more akin to NiS, ,, which
is also an antiferromagnet with a Néel temperature of 40 K. Above this temperature, the material
transitions to a paramagnetic state and does not exhibit ferromagnetic signals, making it difficult for XMCD
to detect the magnetic moment of Ni. It is worth noting that NiS,, despite being primarily an
antiferromagnet, can occasionally display weak ferromagnetic signals due to spin frustration under certain
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Figure 5. XAS and XMCD of the samples of MoS, doped with different concentrations of single-atom Ni. (A) S2; (B) S5; (C) S10; (D)
S20. XAS: X-ray absorption spectroscopy; XMCD: X-ray magnetic circular dichroism.

conditions”. On the other hand, from XRD analysis, for higher doping concentration samples, i.e., S20, the
NiS peak could be observed. Nanostructured NiS may contributed significantly to the magnetization at low
temperatures due to spin frustration. Furthermore, as discussed previously, the high doping concentration
of Ni may induce strain in the MoS, nanosheets, leading to magnetic behavior"*”.

CONCLUSIONS

In this work, a straightforward mixing and stirring method was employed to synthesize Ni single-atom
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intercalated Mo§S, nanosheets. Single-atom doping has been confirmed by high-resolution TEM and XAS
with Fourier transformation. All the Ni single-atom-doped MoS, samples exhibited room temperature
ferromagnetism. However, the ferromagnetism observed in samples other than the 2% Ni-doped ones is
primarily attributed to the strain in MoS, induced by the intercalation of Ni single atoms. The nature of the
bonding formed by the single atoms significantly influences the magnetic coupling. To advance single-atom
recording technology, further research should focus on the bonding environment of these single-atoms.
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