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2D materials possess exceptional mechanical properties making them
promising candidates for protecting nanostructures. However, the magnetic
field screening properties of 2D materials are largely unexplored. Here it is
used Magnetic Force Microscopy (MFM) to unveil the effects on the magnetic
field of magnetic nanostructures when 2D materials are placed on top of
them. It is demonstrated that while graphene exhibits a weak diamagnetic
response due to its unique electronic structure around the Dirac point, the
overall screening effect remains minimal (~0.5% per layer). Conversely,
graphene oxide (GO) and MoS, show negligible response to the magnetic
field, making them ideal for applications where preserving the original
magnetic properties is crucial. These findings suggest that 2D materials can
offer effective protection while minimally affecting the underlying magnetic
functionalities, important for data storage technologies and spintronics.

diamagnetic behavior remains an area
that is less explored.[®! This diamag-
netic nature becomes particularly rele-
vant when considering their potential in-
tegration with magnetic nanostructures,
which play a fundamental role in spin-
tronics and data storage technologies.[”*!
The performance and reliability of these
magnetic nanostructures are often af-
fected by environmental factors.®! This
vulnerability demands the development
of protective layers that can effectively
safeguard these delicate structures. In
this context, 2D materials emerge as
promising candidates for such protec-
tive layers. Importantly, the discovery of

1. Introduction

2D materials have gained significant attention in the field of
electronic nanodevices due to their unique combination of elec-
trical, mechanical, and chemical properties.[!3] Over the past
two decades, researchers have deepened the exploration and
understanding of these materials, discovering a wide range of
promising characteristics.[*>] While many of these remarkable
properties of 2D materials have been extensively studied, their

2D magnetic materials had a huge im-

pact due to their potential applications
in many technologies from sensing to data storage,['”) and could
be easily stacked in heterostructures.'!l Of all 2D materials,
graphene has the best mechanical performance, making it ideal
for physically reinforcing magnetic nanostructures and improv-
ing their resistance to physical stress.[1213]

The origin of diamagnetism in graphene can be traced back to
its unique electronic structure, characterized by the presence of
Dirac points and therefore a linear band dispersion around the
Fermi energy. Consequently, graphene electron effective mass
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is very small resulting in a high electron mobility. Therefore,
graphene under ideal conditions should present a high diamag-
netic response.['*] However, imperfections, such as defects, stack-
ing faults, and electron-phonon coupling, increase the effective
mass of graphene electrons, decreasing their mobility, Fermi ve-
locity, and opening a finite gap, all resulting in a reduction of the
diamagnetism.['>1° Despite this reduction, graphene diamag-
netism would be expected to shield the magnetic field originated
by an underlying magnetic structure.

On the other hand, graphene oxide (GO), a derivative of
graphene, possesses oxygen-containing functional groups on its
surface. These functional groups produce modifications on their
electronic structure, increasing the effective mass of the charge
carriers, opening a band gap, and therefore reducing its dia-
magnetism. However, their magnetic properties are not fully un-
derstood, with reports suggesting ferromagnetism in graphene
oxide,["718] paramagnetism or even weak diamagnetism at room
temperature.l'’] As a result, we expect a significantly differ-
ent behavior of the magnetic field when covering the magnetic
structures with graphene and with GO. Additionally, the well-
documented mechanical properties of GO, similar to graphene,!”!
are promising for offering physical protection to the underlying
substrate while minimizing interference with its magnetic signa-
ture.

Similarly, MoS,, a semiconducting 2D material, also exhibits
minimal diamagnetism.[?% Its layered structure and semicon-
ducting nature make it a potential candidate for multiple applica-
tions, including its integration in 2D transistors.[?!l and its com-
bination with other technologically relevant materials such as
ferroelectrics,[??] and its negligible diamagnetic response could
be advantageous in situations where any magnetic field disrup-
tion needs to be minimized.

Our work explores the ability of these 2D materials to shield
the magnetic signal from different underlying magnetic struc-
tures. Our findings aim to clarify the potential of 2D materials
in enhancing the performance and reliability of magnetic nanos-
tructures, paving the way for advancements in spintronics and
data storage technologies.

2. Results and Discussion

2.1. Diamagnetic Response of 2D Materials

We deposited the 2D materials on top of several kinds of sub-
strates with different magnetic anisotropies, ranging from in-
plane to out-of-plane. Magnetic anisotropy refers to the prefer-
ence of a material’s magnetization to align along a specific di-
rection. This easy axis for magnetization depends on the mate-
rial’s crystal structure and electronic properties. Samples with
in-plane anisotropy are those in which magnetization prefers
to lie within the plane of the material (parallel to the surface),
while samples with out-of-plane anisotropy are those in which
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the magnetization prefers to lie perpendicular to the plane of
the material (pointing out of the surface). The type of anisotropy
present in a material affects its magnetic properties and behav-
ior. For example, materials with strong out-of-plane anisotropy
are desirable for perpendicular magnetic recording (used in mag-

netic hard dr1ves) I spintronic devices such as Magnetic Tun-
nel Junctions,?*! Spin-Transfer Torque (STT)!?*) memories or en-
ergy harvesting devices based on thermomagnetic effects.”l On
the other hand, samples with in-plane anisotropy are used for
sensors[?®l or magnetic memory devices.[?’]

First, we used commercially available magnetic hard disks
where the magnetization is in-plane. Second, we also employed
Magnetic Force Microscopy (MFM) chip cantilevers as substrates
where the magnetization corresponds to out-of-plane stripes. The
third type of substrates are electrodeposited Niy,Fe,, films, a
metallic alloy with relevant magnetoelastic properties where out-
of-plane stripe domains are visible in MFM images.?®! Finally, we
used SiO, substrates with ferromagnetic cylindrical nanowires
deposited on the surface.

We transferred few-layer graphene (FLG) and MoS, flakes
by an all-dry deterministic transfer using polydimethylsilox-
ane (PDMS).I*! (Figure 1a—d), and GO flakes by drop casting
(Figure 1e,f) onto these substrates. For the nanowires, we spin-
coated them onto SiO, substrates and then covered them by de-
terministic transfer of FLG flakes in some cases and drop casting
of GO flakes in others.

We used the MFM technique to study the shielding of the
magnetic fields generated by the different substrates mentioned
above due to the presence of 2D materials on their surface. MFM
is a non-destructive technique that can be used to study a wide va-
riety of magnetic materials. All measurements were performed
in amplitude modulation (AM) mode, so that the magnetic sig-
nal was obtained from the phase shift or frequency shift (when
a Phase Lock Loop [PLL] was activated). In this mode, the inter-
action between the MFM tip and the underlying magnetic do-
mains leads to a shift in the cantilever’s oscillation frequency
and phase. This frequency (phase) shift is directly proportional
to the strength of the magnetic field gradient experienced by the
tip, allowing variations in magnetic signal strength to be quan-
tified. Due to the different electronic nature of the studied ma-
terials, electrostatic compensation can play an important role.
Therefore, the combination of Kelvin Probe Force Microscopy
(KPFM) with MFMP%31 was used to avoid any possible influ-
ence of electrostatics. A standard two-step MFM measurement
approach was adopted to neglect any short-range (van der Waals)
interaction between the MFM tip and the surface. In the first step,
the topography of both the bare surface and the surface covered
with 2D materials was acquired in the AM operation mode. This
step provided a detailed topography of the surface, including the
thickness of the deposited 2D layers (see for instance Figure 2a).
The second step involved a retrace pass performed at a defined
lift height above the surface. This lift height was calculated con-
sidering the height of both bare and covered surfaces to ensure
that short-range interactions were negligible. In this way, this ap-
proach enabled the acquisition of the true magnetic signal from
the frequency or the phase channel. By mapping the frequency
(phase) shift values obtained during the retrace pass, an image
representing the distribution of the magnetic signal across the
sample surface was generated.
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Figure 1. Scheme of the procedure used to prepare and measure the samples. a)-d) describe the PDMS based transfer method used to prepare FLG
and MoS, flakes on substrates with magnetic domains and the MFM measurements. e,f) show the drop casting method used for preparing the GO
flakes on the different substrates and the MFM measurements on these kinds of samples.

The second scan can be performed in different ways. On one
side, the topography profile acquired in the first image can be
repeated. This method would not be appropriate in this experi-
ment since when we are measuring the 2D-covered materials we
would be further away from the magnetic material than in the
uncovered areas. The correct method for this study is to set the
second trace to an average plane or profile in such a way that the
tip is always at the same distance from the ferromagnetic ma-
terial, regardless of whether it is covered or not. In the case of
samples with a high number of layers, this explains the ranges
used, between 20 and 350 nm, to avoid interactions with the top
parts of the covering 2D flakes.

Furthermore, we also used a spectroscopy mode (frequency
shift spectroscopy) to measure how the frequency shift varied as a
function of the distance at each point of the topography (see Sup-
porting Material S1 in the Supporting Information, SI). Know-
ing the thickness of the flakes, we can identify the frequency
shift at the same distance from the substrate at each point. This

Adv. Electron. Mater. 2024, 2400607 2400607 (3 of 8)

technique provides results consistent with the method described
above.

While MFM possesses the resolution to analyze such small
samples, it inherently cannot directly quantify the intrinsic sus-
ceptibility of the material. Therefore, the quantification of the
magnetic signal change relied on the analysis of the RMS ampli-
tude of the frequency shift oscillations within designated regions
of interest of the same area (see Supporting Material S2 in the
Supporting Information SI). These regions were carefully chosen
to encompass zones both inside and outside the deposited 2D
material flakes. By comparing the RMS amplitude values from
these regions, we could assess the relative decrease in magnetic
signal strength caused by the presence of the 2D material layer.
This procedure was repeated for samples with different types
of 2D materials (FLG, GO, and MoS,) and varying their thick-
nesses, allowing us to evaluate the impact of these materials on
the magnetic properties of the underlying nanostructures. In ad-
dition, the use of average profiles has been used to quantify the

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. a) AFM topography and magnetic signal b) of a FLG transferred to an MFM chip cantilever with wormlike magnetic domains. The profiles
c) and d) show that the magnetic signal is reduced on the FLG. Topography e) and magnetic signal f) of a FLG covering magnetic domains of a magnetic
hard disk. In all the cases, the edges of the FLG flakes are outlined with dashed green lines for clarity.

screening effect of the 2D materials in selected areas (see Sup-
porting Material S3 in the Supporting Information SI).

A representative MFM measurement of the magnetic signal
of an FLG flake partially covering a magnetic substrate is shown
in Figure 2. As the profile reveals, there is a subtle decrease
in the magnetic signal intensity for regions covered with FLG
(Figure 2d). This decrease corresponds to a reduction of ~0.5%
per layer of graphene, suggesting a minimal shielding effect due
to this material. This observation aligns with theoretical pre-
dictions for single-layer graphene, which exhibits a weak dia-
magnetism due to its unique band structure around the Dirac
points.[!]

Similarly, Figure 3 shows representative magnetic signal im-
ages of GO and MoS, flakes covering part of a magnetic hard disk
and a Nigy,Fe,, film, respectively. Contrary to the case of FLG, GO
and MoS, exhibited negligible diamagnetic response. This aligns
with the presence of various functional groups in GO, and
the presence of S-vacancies and grain boundaries in MoS,,[2%33
which introduce unpaired electrons into the electronic structure
of these materials. These electrons interact with the magnetic
field of the substrate, resulting in localized magnetic moments
that contribute to the reduction or suppression of any intrinsic
diamagnetism in both materials.

Adv. Electron. Mater. 2024, 2400607 2400607 (4 of 8)

The images presented in Figures 2,3 are part of a broader
dataset obtained from various 2D materials (GO, FLG, and MoS,)
deposited on a range of substrates. While only four specific ex-
amples are shown for illustrative purposes (two for FLG, one for
GO, and one for MoS,), similar trends were observed across all
material-substrate combinations. Figure 4 summarizes the MFM
measurements on the different samples, plotting the normalized
MFM magnetic signal as a function of the number of layers of the
different 2D materials.

On the one hand, no relevant differences in the magnetic sig-
nal are observed for either MOS, or GO. This may be a con-
sequence of the rising population of unpaired electrons with
the number of layers in both materials. Each layer may intro-
duce additional features (functional groups, vacancies or grain
boundaries) that disrupt the structure of these materials, mini-
mizing any possible diamagnetic response, as discussed above.
On the other hand, our results reveal an intrinsic shielding effect
due to the presence of FLG. The effect is quantified by the de-
crease of the MFM signal with the increasing number of layers.
By analyzing an hBN/FLG heterostructure we have confirmed
that the origin of this screening comes from the nature of the
graphene itself and not from the FLG interaction with the mag-
netic substrates (see Supporting Material S4 in the Supporting

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. a) AFM topography and b) magnetic signal of GO (height 6.5 nm) covering a magnetic hard disk with in-plane magnetic domains. c) and d)
Similar to a) and b), but now there is MoS, (terrace heights ~7, 15 and 26.5 nm) on a NiggFe o film. No significant difference can be observed between
covered and uncovered areas. In all the cases, the edges of the flakes are outlined with dashed green lines for clarity.

Information SI). The variability in the data aligns with the find-
ings presented in the study by B. Semenenko and P.D. Esquinazi
on diamagnetism in bulk graphite.l'®! There it was proposed that
the dominant diamagnetic contribution in bulk graphite arises
from highly conducting 2D interfaces within the structure, rather
than from the intrinsic properties of the ideal graphene layers.
These interfaces, arising from defects, impurities or variations
in stacking order, can introduce inhomogeneities in the diamag-
netic response across the FLG surface. In addition, it was empha-
sized the importance of sample size and thickness in isolating
the intrinsic diamagnetic response, suggesting measuring thin-
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Figure 4. Magnetic field screening quantified by the decrease of the MFM
signal for regions covered by FLG, GO, and MoS, as a function of the
number of layers.
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ner and smaller graphite samples (down to 10 nm thickness and
1 um? area) to minimize the influence of these interfaces. The ob-
served variability in our FLG measurements could be attributed
to the influence of such interfaces present within the flakes, es-
pecially for those whose thicknesses and sizes are above the sug-
gested values for which the uncertainty is significantly higher.
Another source of variability in our measurements is the inher-
ent variation in the magnetic domain structure across the sample
surface. Doping level, a factor beyond our experimental control,
is also potentially influencing magnetic shielding."l However,
the crucial observation is the systematic decrease in the magnetic
signal with graphene and the complete absence of any change
with GO and MoS,. In the first case, the findings highlight a
weak diamagnetic behavior of graphene. Nevertheless, the com-
bined effect of n layers of this material would attenuate the mag-
netic field by a factor (1 — )", where r is the shielding factor of a
single layer of graphene (0.5%, as mentioned above). Therefore,
graphene emerges as a potentially attractive material for applica-
tions where partial modulation or control of stray magnetic fields
is desirable, such as in spintronic devices with intricate magnetic
field interactions.® As for the second case, the minimal influ-
ence of GO and MoS, on the magnetic signal highlights their po-
tential as protective layers for magnetic nanostructures, as they
offer minimal magnetic field disruption while potentially miti-
gating environmental degradation.

2.2. Impact on Magnetic Nanostructures

The previous results demonstrate the influence of different
2D materials on thin-film-type magnetic samples with varying
magnetic anisotropies. However, in spintronic devices and other
electronic devices not only thin films but also 3D materials are

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. Topographic and magnetic images of individual NWs covered by GO and FLG. a) AFM topography of several NWs showing both uncovered
and covered with GO. b) Corresponding MFM image of a). The dashed green lines outline the edge of the GO flake. c) AFM topography of a single NW
covered with GO and d) its corresponding MFM image. e) Profiles along the MFM signal of an uncovered (top) and covered NW (bottom) with GO,
showing no appreciable changes in the amplitude of the signals. f) AFM topography of several NWs showing both uncovered and covered with FLG. g)
Corresponding MFM image of f).The dashed green lines outline the edge of the FLG flake. h) AFM topography of a single NW covered with FLG and i)
its corresponding MFM image. j) Profiles along the MFM signal of an uncovered (top) and covered NW (bottom) with FLG, showing a visible decrease
in the amplitude of the signal in the covered NW. In all cases, the blue and red arrows indicate the edges of the blue and red profiles in the MFM images.

used.!’] These materials may be susceptible to oxidation, local
heating, or strain. As a result, combining them with different 2D
materials that may act as protective or activating layers could be
beneficial.

Figure 5 shows a summary of the most significant results of
combining FLG and GO with modulated magnetic nanowires.
The composition of the NWs alloy is Fe,;Cog,Cus (hereafter re-
ferred to as the FeCoCu nanowires). As expected, due to the shape
anisotropy, the strong dark-white magnetic contrast confirms the
overall axial magnetization in the nanowires. The intermediate

Adv. Electron. Mater. 2024, 2400607 2400607 (6 of 8)

dark-bright pattern conversely evidences the presence of mag-
netic charges accumulated at the periodically imprinted geomet-
rical modulations along the length of the nanowires.

When GO was deposited on magnetic nanowires, it did not
screen nor alter the magnetic contrast (Figure 5a—e). This sug-
gests that GO can effectively act as a protective layer, pre-
venting oxidation or corrosion of the underlying magnetic
nanowires without altering their intrinsic magnetic properties, in
agreement with our previous observations on thin films
(Figures 3 and 4). This characteristic makes GO a promising

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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candidate for encapsulating magnetic nanowires used in data
storage devices, where environmental factors can significantly
impact performance and reliability.[3¢37]

FLG, on the other hand, exhibited a slight shielding effect on
the magnetic signal of nanowires. As can be seen in the profiles
(Figure 5f—j), the intermediate contrast that appears due to the
accumulated magnetic charges in the FeCo/Cu interlayers dis-
appears completely in the NWs covered by the FLG flakes. On
the other hand, the bright/dark contrast at the ends of the NW
decreases gradually due to the reduction of the magnetostatic in-
teraction between the tip and the sample thanks to the graphene
shielding.

3. Conclusions

This work explores the capability of different 2D materials to
screen the magnetic signal from different underlying magnetic
structures. We employed MFM to investigate the interaction be-
tween graphene (FLG), graphene oxide (GO), and MoS, with pre-
patterned magnetic domains on commercially available magnetic
hard disks, MFM chip cantilevers, thin films with stripe domains,
and magnetic nanowires.

Our findings suggest that FLG exhibits a weak diamagnetic re-
sponse, consistent with experimental results and theoretical pre-
dictions for single-layer graphene.[*®) This characteristic suggests
its potential for applications where minimal magnetic field mod-
ulation is desired. Other properties of graphene, such as its high
Young’s modulus, mechanical strength, and the relative ease of
fabrication, allow for better integration into new-generation de-
vices while preventing mechanical damage to the heterostruc-
tures in which it is present. Moreover, its exceptional thermal
conductivity would allow efficient heat dissipation during device
operation, which can be critical in spintronic and data storage
devices where high-speed operation can lead to significant Joule
heating. Conversely, GO and MoS, display negligible diamag-
netism, making them promising candidates as a protective layer
due to their minimal magnetic field disruption and potential for
mitigating environmental degradation. In addition, these mate-
rials could be combined in magnetic device architectures with
2D ferromagnets, such as Fe,GeTe, or Fe;GaTe,, which present
long-range magnetic order along the plane and the weak inter-
layer forces between monolayers.[*] This will help to increase in-
tegration as well as reduce power consumption.

In the case of magnetic nanowires, the gradual decrease of the
bright/dark contrast at the ends of the NWs might be beneficial
for specific applications where controlled magnetic field interac-
tions with nearby elements are crucial. For instance, FLG spacers
could be strategically placed in magnetic nanowire devices to tai-
lor their response to external magnetic fields. Another advantage
of the FLG combination with magnetic nanowires would be its
use as an electrode for magnetotransport measurements.

Further investigations would imply the manipulation of the
diamagnetic response of graphene through a gate voltage to dope
the system. Utilizing controlled doping methods and comple-
mentary characterization techniques would help understanding
this phenomenon, although these challenging measurements
are out of the scope of the present work.

Overall, this work demonstrates the potential of 2D materials
like FLG, GO, and MoS, for various applications in magnetic de-
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vice architectures. By harnessing their unique properties and ex-
ploring advanced manipulation techniques, it can pave the way
for the development of novel magnetic devices with enhanced
functionality and performance for future technological advance-
ments.

4. Experimental Section

Sample Preparation: Commercially available magnetic hard disks were
employed as substrates due to their well-defined and readily available mag-
netic recording domains. Additionally, MFM chip cantilevers with pre-
patterned magnetic domains were utilized to provide a controlled and
easily characterizable platform for MFM measurements. Finally, two more
representative samples were analysed: a 1 um thick Ni;yFeqgq thin film with
stripe domains!?340] and modulated FeCoCu individual nanowires.[*']

For the preparation of graphene and MoS, flakes, it was employed
the well-established polydimethylsiloxane (PDMS) transfer method. High-
quality natural graphite was mechanically exfoliated to yield FLG flakes.
These flakes were then carefully transferred onto the desired substrate
(magnetic hard disk, MFM chip cantilever, thin film with stripe domains,
and nanowires) using PDMS stamps. The PDMS stamp acts as a tem-
porary carrier, allowing for the controlled placement of the flakes on the
target surface.

GO flakes were prepared via chemical exfoliation of graphite, oxidizing
the graphite using the Hummers method[#?] and dispersing the graphite
oxide in water.*3] Two distinct approaches were employed to achieve dif-
ferent GO layer thicknesses:

- For thin GO layers, a controlled amount of the GO solution was care-
fully placed as a drop onto the substrate. This drop was allowed to re-
main on the surface for several minutes, allowing for partial evaporation
of the solvent and some degree of self-assembly of the GO flakes. The pro-
cess was then terminated by gently blowing the remaining solvent with a
stream of nitrogen gas. This technique typically results in the formation of
relatively thin and uniform GO layers.

- For thicker GO layers, a similar approach was employed, but the GO
solution drop was left undisturbed on the substrate. This allowed for com-
plete evaporation of the solvent at ambient conditions. As the solvent
evaporates, the GO flakes tend to concentrate and self-assemble, leading
to the formation of thicker GO films on the substrate.

Magnetic Force Microscopy (MFM): The interaction between the 2D
materials and the underlying magnetic domains was investigated us-
ing Magnetic Force Microscopy. It was employed a custom-built AFM
equipped with commercially available MFM tips from Nanosensors (PPP-
MFMR). The specific tip material and coating (e.g., CoCr-coated silicon tip)
were chosen for their sensitivity to magnetic field gradients. The AFM’s op-
eration was controlled by Dulcinea Electronics, a dedicated AFM control
system, and the data acquisition and analysis were performed using the
WSxM software,[*443] a widely used platform for AFM data processing.

MFM measurements were conducted at room temperature in dynamic
AM mode. This mode is a non-contact imaging technique where the MFM
tip oscillates at its resonant frequency while being maintained at a con-
stant average distance (set point) above the sample surface. The force
modulation parameters, such as the set point and the frequency modula-
tion amplitude, were carefully optimized for each sample type to achieve
high-resolution imaging of the magnetic domain features. Depending on
the experiment, the magnetic signal was measured in frequency shift (ifa
PLL was used) or in phase shift.

The WSxM software served as the primary tool for analyzing the MFM
data. This software offers various functionalities for image processing,
data analysis, and visualization. WSxM allows to calculate various statisti-
cal parameters like the average, standard deviation, and distribution of the
frequency shift values within designated regions of interest. By comparing
these statistical values for areas with and without 2D material coverage,
the average decrease in magnetic signal strength can be quantified and the
variability of this effect across different regions of the sample assessed.
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