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ABSTRACT

The rapid growth of artificial intelligence (AI) has increased the demand for large-scale data storage, making hard disk drives
(HDDs) indispensable in data centers due to their cost-effectiveness and stability. To support Al-driven data requirements,
increasing the areal storage density is critical. However, this metric is increasingly constrained by the carbon overcoat (COC), the
essential protective layer for magnetic media. Traditional diamond-like carbon (DLC) can no longer fulfill the stringent demands
for ultrathin coatings and high thermal stability required by next-generation technologies like Heat-Assisted Magnetic Recording
(HAMR) and bit-patterned media. Here, we introduce monolayer amorphous carbon (MAC) as a superior alternative. MAC is
directly grown on the heterogeneous (Fe, Pt, SiO,) HDD surface at low temperatures (~ 300°C), achieving an uniform 0.8 nm
thickness across 2.5-inch disks. Despite its atomic thickness, MAC demonstrates high corrosion resistance and low roughness
comparable to commercial 2.5 nm COCs. Its fully amorphous, sp>-hybridized structure ensures excellent thermal stability under
HAMR-like conditions (~450°C) and a low friction coefficient, enabling potential lubricant-free operation. Replacing traditional
COCs with MAC facilitates the development of HDD media capable of achieving 10 Tb/in?, addressing the urgent storage demands
of the digital era.

1 | Introduction zettabytes, and the latest forecast by the International Data
Corporation (IDC) anticipates a rapid increase to 393.9 zettabytes
Rapid advances in deep learning, generative models, and large- by 2028 [1, 2]. As AI model complexity and dataset sizes grow

scale data analytics drive a massive demand for data storage exponentially [3, 4], magnetic hard disk drives (HDDs) are
infrastructure. Global data generation is expected to reach 175  increasingly recognized as one of the few workable solutions
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for large-scale storage due to their cost-effectiveness and high
stability. However, storing these vast amounts of data leads
to a significant increase in physical footprint and power con-
sumption [5]. Therefore, technologies like heat-assisted magnetic
recording (HAMR) [6], which provide higher storage density, are
essential to minimise device counts and energy use in storage
centers.

Higher areal density imposes significant challenges on tradi-
tional HDD technology [7-9]. The IEEE roadmap identifies
the carbon overcoat (COC) as a component requiring critical
advances [7]. The COC protects the magnetic recording layer
from corrosion, mechanical wear, and head crashes. Theoreti-
cal calculations suggest reducing the COC thickness to below
1 nm for both magnetic media and read-heads could increase
the areal density towards 10 Tb/in? [10, 11]. Despite this poten-
tial, commercial COC thickness has only decreased from 3
to 2.5 nm over the past decade [10]. Conventional COCs use
diamond-like carbon (DLC) with mainly sp> hybridized content.
The out-of-plane nature of sp® bonds makes it a significant
challenge to achieve a continuous film below 1 nm [12, 13].
The presence of the COC now sets a fundamental limit on
areal density.

First, the head-media spacing (HMS) must be reduced to accom-
modate smaller magnetic bits and weaker magnetic signals. For
current HDDs with areal density ~1.4 Tb/in?, the total HMS for
hard disk media is ~6.5-8.9 nm.This distance comprises of the
head COC (1.5-2 nm), the flying height (2-3.2 nm), the lubricant
(1-1.2 nm) and the media COC (2-2.5 nm) [10]. Second, the
superparamagnetic limit affects smaller magnetic bits [14]. To
overcome the size limit, magnetic materials with higher coer-
civity, such as FePt, are required for stable information storage
[6]. Writing to these materials requires techniques like HAMR
to locally heat magnetic bits above their Curie point (Figure 1a)
[6, 14-16]. These high temperatures, especially when paired with
rapid changes, pose significant challenges for commercial COCs
[15, 17-19]. The sp® carbon in DLC graphitizes under these
conditions, leading to cracks during operation. Increasing sp*
content reduces graphitization but does not eliminate it [20].
Graphene has emerged as a potential alternative due to its high
thermal stability [21]. While promising results were reported with
transferred graphene [22], direct growth at low temperature has
not yet been established.

Third, traditional COCs require a lubricant layer to lower the
friction coefficient between the magnetic media and head.
Thermal depletion of the lubricant and its volume within
the HMS reduce storage density and shorten the HDD lifetime.
Recent theoretical findings suggest that sp?-rich amorphous
carbon can reduce friction coefficients down to superlubricant
conditions [32].

We propose monolayer amorphous carbon (MAC) to overcome
these limitations. We synthesize MAC directly on the heteroge-
nous hard disk media surfaces at low temperatures. This process
yields an atomically thin, uniform film with high mechanical
strength and corrosion resistance. The continuous sp? network
provides excellent thermal stability and a low friction coeffi-
cient. Replacing traditional COCs with MAC enables the next
generation of high-density HAMR technology.

2 | Result and Discussion
2.1 | Basic Characterization of MAC Grown on
HDD

The growth substrate used in this work is a platter of commer-
cially available 2.5-inch HDD (Figure S1). Such hard disk platters
are coated with a layer of lubricant and a COC, as illustrated
in Figure la. We follow Reuben et al. to remove in situ the
COC and lubricant to obtain pristine bare metal disks by Ar*
plasma cleaning prior to the growth of MAC [23]. Removal of
the lubricant and COC layer is confirmed by cross-sectional
electron energy loss spectroscopy (EELS) mapping (Figure S2).
We further show, using atomic force microscopy (AFM) analysis,
that the structural damage of both the etching and growth
processes is negligible. The roughness values of the commercial
disk, as purchased (0.17 nm) and after the growth of MAC
(0.18 nm), are comparable (Figure 1b; Figure S2). Moreover,
magnetic force microscopy (MFM) mapping of the HDD also
shows that the typical domain structures is preserved after the
growth of the MAC layer (Figure 1c; Figure S2).

The thickness of the as-grown MAC film was directly mea-
sured by cross-sectional transmission electron microscopy (TEM,
Figure 1f). The MAC layer is uniform and continuous, as shown in
Figure 1d, and zoomed-in images confirm a monolayer thickness
of 0.8 nm (Figure 1f), compared to the 2.5 nm thickness of
traditional COC (Figure 1g). X-ray photoelectron spectroscopy
(XPS) measurements of the as-grown MAC film confirm its
sp? structure (Figure S4), and the Raman spectrum shows an
I(D)/I(G) ratio of 0.8 (Figure S4), suggesting that the MAC
prepared in this work is structurally similar to previously reported
MAC grown on Cu [24, 25]. The thickness uniformity over the
entire hard disk surface is examined by ellipsometry mapping
and shows a variance of ~0.2 nm across the entire 2.5-inch disk.
Growth conditions followed the previously reported approach of
laser-plasma-assisted CVD with carbon precursor (see Materials
and Methods and Figure S5).

2.2 | Anti-Corrosion Performance of MAC

The data storage layer contains alloys of transition metals such
as Co, Fe, and Cr, which are chemically active and unstable
against corrosion [26]. Therefore, one of the main functions of
COC is to prevent such degradation. The efficiency of corrosion
suppression of as-grown MAC was characterized using a standard
3-cell electrochemical test and compared to the bare disk and
commercial COC-protected hard disk. The measurements were
done in 0.1 M NacCl electrolyte with saturated Ag/AgCl as refer-
ence electrode and Pt as counter electrode, following the previous
procedure by Dwivedi et al. [22]. The test area for each scan
was about 0.25 cm? randomly chosen across the entire hard disk
(see Figure S6).

When metal contacts a corrosive solution, metal ions are released
into the liquid while electrons are generated at the surface
(Figure 2a). The reverse process occurs at the cathode, where
metal ions in solution gain electrons and are reduced. During
electrochemical corrosion tests, both anodic and cathodic sweeps
were performed by ramping the potential and recording the
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FIGURE 1 | Characteristics of HDDs with directly grown monolayer amorphous carbon overcoating. (a) Schematic illustration of the HAMR device

zoomed at the head (including laser)/media interface. Magnetic bits are indicated by blue and red stripes with a protective COC layer (black) and lubricant
(gray) on top. (b) AFM surface topography image used for roughness analysis of as-grown MAC on hard disk (RMS ~ 0.18 nm). (c) Phase contrast MFM
image of a hard disk after MAC growth, clearly showing ordered magnetic bit lines. (d) Large view cross-sectional TEM image of as-grown MAC on HDD
capped with an Au layer. (e) Histogram of the thickness distribution obtained from multiple TEM images (see Figure S3). (f) Zoom-in cross-sectional
TEM image of as-grown MAC showing a thickness of 0.8 nm. (g) Zoom-in cross-sectional TEM image of a commercially purchased hard disk with COC
showing a thickness of 2.5 nm. (h) Ellipsometry mapping of MAC thickness across the entire 2.5-inch disk surface showing a thickness variation smaller

than 0.2 nm.

current with a potentiostat. To extract figures of merit, we used
Tafel plots (Figure 2b). The corrosion current density J,,,, was
determined by linearly extrapolating the anodic and cathodic
branches of the Tafel plot and identifying their intersection point,
as shown in Figure S6. For each sample tested, at least three
sweeps were performed to ensure the stability and reliability of
the data. As a result, we obtained a corrosion current density
of ~22 nA/cm? for the bare disk and ~4.3 nA/cm? for the
COC-coated hard disk, which matched previous reports [22].

Since the corrosion reaction entails the transfer of electrons and
ions between the metal and solution, the corrosion rate depends
directly on the corrosion current. The corrosion protection effi-

ciency (CPE) is then defined as how efficiently the coating can
protect the hard disk against corrosion [22]:

Bare

-
CPE (%) = —=—"" X 100%

corr

where J29¢ is the corrosion current density for the bare hard disk
and J,,,, refers to a protected hard disk. The calculated results
show that despite the monolayer thickness of the MAC film, the
corrosion current is ~3.8 + 0.1 nA/cm?, which gives a CPE of
82.7%, a performance comparable to that of a 2.5 nm thick com-
mercial COC, previously reported DLC coatings, and outperforms
even 4-layer thick transferred graphene films [22]. (Figure 2c).
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FIGURE 2 | Electrochemical corrosion test of bare and coated hard disk media. (a) Schematic of some corrosion reactions possible in NaCl
electrolyte and the protection function of COC. (b) Tafel plot for etched COC disk (red), COC-coated disk (black), and disk with MAC (green). (c)
CPE of MAC compared to commercial COC, DLC, and transferred CVD graphene as a function of thickness [22, 23, 27, 28].

In addition, we performed complementary measurements at
different pH values as well as under prolonged electrochem-
ical treatment. The corresponding results are summarized in
Figure S6.

2.3 | Thermal Stability Test Under HAMR Like
Condition

In addition to its anti-corrosion properties, thermal stability is
also essential for HAMR technology. During HAMR operation,
magnetic bits are heated to around 750 K in less than 1 nanosec-
ond using an infrared laser [15], reaching the Curie temperature
of FePt, so the bit’s state can be changed. It is important that
the carbon coating (COC) remains stable at high temperatures
and can withstand the rapid heating and cooling cycles [26, 27].
To test the thermal stability of MAC, we checked its structure
after irradiating the sample with an 800 nm femtosecond pulsed
laser similar to the one used by John et al. for HAMR magnetic
switching (see Figure S7) [28]. We also studied the impact of
the laser power on the graphitization of the COC, with power
ranging from O to 12 mW, which corresponded to a max intensity
of 18 mJ/cm? per pulse. An intensity of 15 mJ/cm? is enough to
flip the magnetization without damage [28]. Given the 80 MHz
repition rate and 85 fs pulse duration, 15 s of irradiation yields a
~ 100 ps cumulative exposure. This total irradiation time simu-
lates the cumulative laser exposure expected over a five-year HDD
lifetime [29].

After the exposure, we measured the Raman spectrum using
a 532 nm green laser with a power of ~ 0.1 mW. Our setup
allowed measurements of the Raman spectrum exactly at the

same spot, thanks to the alignment of the laser beams. This
power value is tested and known to be low enough to avoid any
additonal damage to the film during measurements (Figure S7b).
The measured Raman spectra for commercial COC and as-grown
MAC are shown in Figure 3a,b. For each value of the infrared laser
power, we have used a new position to avoid accumulated damage
to the film.

For the commercial COC, two clear changes were detected in
the Raman spectrum. First, the commercial COC exhibits a
significant increase in the I(D)/I(G) ratio (Figure 3c), which
is associated with graphitization. In addition, although less
pronounced, a shift of the G band toward higher wave num-
bers was also observed(Figure 3c). Both phenomena indicate
clustering and modification of the sp? phase in the structure
[30, 31]. In contrast, MAC does not show any obvious structural
change as indicated by the Raman spectrum, suggesting that
its thermal stability is suitable for HAMR applications. Overall,
conventional hydrogenated DLC overcoats are stable up to ~300-
350°C, advanced ta-C or doped DLC formulations can tolerate
~450-500°C [30, 31].Graphene exhibits even higher intrinsic ther-
mal stability [21].Notably, MAC demonstrates thermal robustness
approaching this upper envelope.

2.4 | Investigation of Friction at the Interface

During the operation of the hard disk, occasional contact between
the read head and the magnetic media is unavoidable. To
minimize mechanical damage to the media, a lubricant is usually
used to reduce friction. Therefore, COC should either provide
a high affinity to lubricants to prevent their depletion during
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FIGURE 3 | Thermal stability test of commercial COC and MAC
subjected to 800 nm laser radiation with Raman spectroscopy analysis. (a)
Raman spectrum of COC after laser irradiation from 0 mW (not treated)
to 12 mW. (b) Raman spectrum of MAC after laser irradiation from 0
mW (not treated) to 12 mW. (c) I(D)/I(G) ratio for MAC and COC after
laser treatment. (d) Position of the G band for MAC and COC after laser
treatment.

operation or have a low coefficient of friction (COF). It is worth
noting that for a disordered sp?-hybridized amorphous carbon,
superlubricity has been predicted [32].

For HDD operation, typically a COF of 0.2-0.3 is required. Since
commercial COCs have a friction coefficient of up to 0.5, a
lubricant is necessary [33]. In this work, the friction between
various surfaces was characterized by lateral force microscopy
(LFM) using a SiO, ball tip as illustrated in the inset of Figure 4a.
Even though the read head is commonly made of Al,O;, studies
done by Hiratsuka et al. have shown that when measured in an air
environment, the COF of Al,O; against various metals is similar
to that of SiO, (with a discrepancy of less than 0.1) [34]. In our
experiments, we used two different tips: one was an as-purchased
SiO, ball, and the other was a SiO, ball coated with MAC.

During the friction test, the spring constant of the cantilever was
calibrated using the thermal tune method. This is a standard
technique available in most modern AFMs for converting the
raw voltage signal into the applied normal force Fy. For each
friction test, an area of 10 um? was scanned for both trace and
retrace. (Figure 4a,b) To avoid contributions from topographical
features naturally occurring during scanning, the friction signal
was obtained from half of the difference between the lateral

force microscopy (LFM) signals recorded during trace and retrace
(Figure 4c) [35]. To obtain the friction force F; from the raw
voltage signal Vy,;, several calibration steps were performed to
calculate the sensitivity S, (voltage signal to torsional deflection,
V/rad) and torsional spring constant k, (Nm/rad). The friction
force can then be calculated by F; = Sy, k¢ Vy,i/H, where H is the
height of the AFM tip. We followed an approach first proposed by
Sader et al., which allows estimation of S;, and kg, within 10-20%
accuracy [36, 37]. (Figure S8)

To extract the coefficient of friction (COF), we obtained surface-
averaged values of the lateral force as a function of the applied
normal load. All measurements followed the classical linear
Amontons-Coulomb law F; = uFy. The scanning rate was fixed
at 10 um/s to minimize contributions from the stick-n-slip effect.
As shown in Figure 4a,b, lateral force maps were free of any
steps and kinks. For the bare disk, we obtained a COF of~0.6,
whereas a COC with lubricant covered HDD exhibited a lower
COF of ~0.28, consistent with previously reported values [21].
The friction coefficient between MAC and SiO, was ~ 0.41, which
limits its application with non-covered heads. However, the COF
of MAC-coated media (without lubricant) against MAC-coated
SiO, was as low as 0.27. Remarkably, this value is comparable
to COC with lubricant. This value remains stable over 15,000
repeated cycles along the same scan line in the LFM experiment,
indicating good tribological stability at the nanoscale. Even
though macroscopic friction and wear tests under HDD-relevant
conditions are still required, the present results provide a strong
motivation for advancing toward full-disk fabrication and test-
ing. While transferred graphene can enable even lower friction
coefficients [21], directly grown MAC exhibits advantageous
mechanical characteristics, including stronger adhesion to the
growth substrate [38] and high mechanical fracture toughness
[39], which are critical for the robustness of ultra-thin overcoats.

3 | Conclusions

In summary, we demonstrate that monolayer amorphous carbon
(MAC) functions as an ultra-thin, robust, and thermally stable
protective overcoat for hard disk drives, breaking the long-
standing ~2 nm thickness barrier for carbon-based coatings.
Direct growth of MAC onto commercial HDD media provides cor-
rosion resistance comparable to conventional 2.5 nm diamond-
like carbon (DLC) films, while reducing the overcoat thickness
to 0.8 nm. MAC further preserves its structural and chemical
integrity under HAMR-relevant thermal stress.

Beyond the disk overcoat, our results indicate that replacing
the conventional carbon overcoat on the read head with MAC
could enable sufficiently low friction to allow lubricant-free HDD
operation. This offers a pathway to further reducing the head-
media spacing and mitigating lubricant depletion in HAMR
systems. Together, these findings establish MAC as a promising
material for pushing the limits of areal density in next-generation
HDD technologies.

From a manufacturing perspective, the process meets key
requirements for industrial translation, including scalability,
throughput, and compatibility with double-sided disk coat-
ing. The growth approach is scalable to at least 4-inch disk
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FIGURE 4 | Coefficient of Friction analysis by LFM. (a) Trace scan map of lateral force measured by LFM. (b) Retrace the scan map of the lateral

force measured by LFM. (c) Calculated plot of (Trace-Retrace)/2, in whicn the non-uniformity caused by sample slope is removed. (d) Plot of lateral

force vs. normal force applied. The slope of the trend line reflects the coefficient of friction for the corresponding interfaces.

substrates as it relies on uniform plasma/photochemical acti-
vation and surface-limited growth. While current growth times
are on the order of minutes, they are already within one
order of magnitude of industrial targets and are expected
to be reduced through further optimization, without exceed-
ing the HAMR thermal budget, as the growth temperature
of 300°C is fully compatible with established manufacturing
constraints [40, 41].

Looking forward, integration of MAC overcoats offers a clear
pathway toward continued scaling of magnetic data storage. More
broadly, the combination of sub-nanometer thickness, thermal
stability, and effective barrier performance positions MAC as
a compelling material for other technologies requiring ultra-
thin protective layers, including nanoscale sensors, advanced
optoelectronics, and photonic devices.

4 | Materials and Methods
4.1 | Synthesis

The hard disk platters were taken from commercial 5 TB
Seagate hard disk drives, each containing five platters. During
the growth, one platter was loaded into the CVD chamber,
mounted on a Cu foil. The CVD chamber was pumped to the
base pressure of 7 X 10~ mBar. Ar gas was then introduced
into the chamber with a flow rate of 70 sccm. The pressure
was controlled by a butterfly valve and stabilized at 3 x 1072
mBar. A DC plasma was then generated at 50 V and 3W
for 2 min for the etching of the surface lubricant and COC.
After the etching process, the plasma setup was changed to a
remote setting in situ. The CVD chamber was again pumped
to the base pressure. During the growth process, 20 sccm of
CH, gas was passed through the CVD chamber while main-
taining a pressure of 3 x 1072 mBar. The temperature of the
stage was raised up to 250°C for uniform growth over the
entire surface. To generate required growth species, 248 nm
laser with an energy of 220 mJ per pulse and a frequency of
50 Hz was irradiated on the Cu foil underneath the platter

while not directly irradiating the surface of the platter. The
final temperature of the substrate was measured to be 300°C.
A DC plasma of 80 V and 5 W was used to generate the
plasma environment. The total growth time was 10 min. Control
experiments without plasma or without Cu foil resulted in incom-
plete film formation and poor electrochemical performance
(Figure S5).

4.2 | TEM Lamellae Preparation and Analysis

TEM lamellae were prepared using a standard lift-out proce-
dure with a Helios G4 UX FIB system (Thermo Fisher Scien-
tific), equipped with a Ga* ion beam source. High-resolution
TEM (HRTEM), high-angle annular dark-field scanning TEM
(HAADF-STEM) imaging, energy-dispersive X-ray spectroscopy
(EDS) mapping, and electron energy loss spectroscopy (EELS)
were performed using FEI Titan Cs Probe and FEI Titan ST
transmission electron microscopes.

4.3 | Ellipsometry

MAC-COC thickness was mapped by spectroscopic ellipsometry
using an Accurion EP4 spectrometer equipped with a computer-
controlled x-y stage. The angle of the incident light was 60°, and
the spatial resolution was 0.6 mm.

4.4 | Electrochemical Tests

Electrochemical tests were performed with a standard three-
cell setup and a Keithley 6430 as a potentiostat to control the
potential and measure the current. The electrolyte was a 0.1 M
NacCl solution. The reference electrode was a saturated Ag/AgCl,
and the counter electrode was Pt. The working electrode-hard
disk pieces were fully covered by epoxy with only the test window
exposed in the electrolyte for the measurement (Figure S6). The
voltage was swept linearly with 1 mV per step at a number of
power line cycles (NPLC) of 10.
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4.5 | Raman Spectroscopy

Raman measurements were performed with a home-built confo-
cal setup in a backscattering geometry. A 532 nm continuous-wave
laser has been used for excitation. The laser beam was focused
into a spot with a diameter of ca. 0.5 um using a 100X/0.55
optical objective (Olympus M Plan Apo SL). The collected spectra
were dispersed by a 0.75 m spectrometer (SpectraPro HRS-750,
Princeton Instruments) coupled with a nitrogen-cooled visible
CCD camera (PyLoN 100BRX, Princeton Instruments).

4.6 | Thermal Stability Measurements

For thermal stability experiments, a 785 nm pulsed laser has been
used (Toptica FemtoFiber smart with a typical pulse width of 85 fs,
laser spot of 0.9 pm, and repetition rate of 830 MHz). The exposure
time was controlled by using a beam shutter (SHO5R, ThorLabs).
Power has been changed by rotation of a variable neutral density
filter (NDC-100C, ThorLabs).

4.7 | X-ray Photoelectron Spectroscopy

Room temperature XPS (C 1s (Figure 3g)) was performed at the
FlexPES beamline of the MAX IV synchrotron radiation facility.
The measurements were performed for the annealed (~500°C)
samples of MAC on SiO,/Si. All the spectra were pre- and
post-edge normalized.

4.8 | Atomic Force Microscopy

Topography measurements were performed using Park NX-20
AFM operating in non-contact mode with Multi75A1G cantilevers
by Budget Sensors.

Magnetic force microscopy (MFM) imaging of the magnetic bits
in a hard disk after MAC growth was carried out in ambient
conditions using Bruker Dimension Icon AFM in tapping-based
dual pass mode. During the first pass, the topography of the
sample was captured. Then the tip was lifted by 20 nm and tracked
the z-profile captured during the first pass with the tip oscillating
at resonant frequency. Magnetic interactions between the tip and
substrate were recorded via the phase channel. We used MESP-
V2 (Bruker, spring constant k~3 N/m) tips covered with CoCr
magnetic alloy. Before the measurements, the tip was magnetized
using a permanent magnet.

Lateral Force Microscopy measurements were done using Park
NX-20 AFM at ambient conditions. We used S-Qube CP-NCH-
BSG-C-5 cantilevers with 10-130 N/m spring constant and 204-
497 kHz resonant frequency. A 20 + 2 um SiO, ball was mounted
on top of the cantilever beam. AFM was operated in a standard
contact mode with lateral deflection detection enabled.
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