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Supplementary Figures

Supplementary Figure 1: AES images of C, O, Co, Cr for a-d) 1LG, e-h) 2LG,
i-1) 3LG, m-p) 4LG. Brighter colors indicate a higher intensity. Outside the
wear track, the C signal (top layer) increases and Co and Cr signals (un-

derlying substrate) decrease with increasing N, due to limited AES sampling
depth[1].
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Supplementary Figure 2: a) AFM scan of CVD 1LG on Si/SiO,. b) Height
profile corresponding the red line in a).
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Supplementary Figure 3: a) Patterned graphene on HDM. b) AFM step
height for 4LG transferred on HDM across the edge of the etched rectangle.
The step height is~2.1nm
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Supplementary Figure 4: Normalized Kerr intensity as function of applied
field. The loops are recorded on BM, BM+COC, and BM+1-4LG.
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Supplementary Figure 5: Percentage of change in area enclosed by the hys-
teresis loops, with respect to that recorded on BM
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Supplementary Figure 6: Histogram of centrosymmetry parameter for Co|Pt
surface layer in the interfacial region. (a) Defect-free structure with cen-
trosymmetry parameter<1.5. (b) Defected surface. The atoms in the inset

are colored by the centrosymmetry parameter for values>1.5
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Supplementary Figure 7: Co|Pt top surface colored by centrosymmetry pa-
rameter. (a) Thermalized Co|Pt surface at interface with alumina before
sliding. (b) Defected surface after 350ps of frictional sliding at 1m/s
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Supplementary Figure 8: Time evolution of friction coefficient for BM, 1LG,

ALG
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Supplementary Figure 9: Fraction of Co|Pt disorder for a) HDM, b)
HDM+1LG, ¢) HDM+4LG. In (a-c) the horizontal dotted line represents
the HDM disorder before friction at 300K by virtue of cross interactions
between alumina, 1/4LG and substrate. The transparent orange box indi-
cates the standard error in the fractional substrate disorder at 300K. The
insets shows atomistic snapshots of Co|Pt at 350ps. The green atoms have
a local FCC environment, while the white ones are surface and/or defects.
The secondary insets in (b,c) report the variation of fractional disorder from
200-300ps 8



Supplementary Tables

Supplementary Table 1: LJ Potential parameters for the various pair-wise
interactions

| Interaction | € (eV) | o (A) | Reference |

C-C_ ] 0.003000 | 3.410 2]
Pt-Pt | 0.694000 | 2.471 3]
ALAl | 0.408000 | 2.551 4]
Co-Co | 0.000304 | 2.872 5]
0-O | 0.007160 | 3.064 [6]

Supplementary Note 1: Hard disk technology
background

HDDs will rule storage technologies at least for the next 5-10 years[7, 8, 9].
This is due to their low cost<0.1$/GB at 2016 prices[10] and large storage
capacity>10TB with 3.5inch HDDs[10]. This is reflected in the 425 million
HDDs shipped globally in 2016[11], decreasing to 350 million by 2020[11],
due to the expected increase in storage capacity per drive.

The key components of HDDs are 1) hard disk medium (HDM)[12, 13];
2) head[13]; 3) mechanics and servo[14]. In a HDD the information is writ-
ten in/read from the HDM by the head[15]. To meet the rise of the data
storage demand, HDD technology moved from inductive, prior to 1990[13],
to magneto-resistive from 1990[13], and giant magneto resistive or tunnel-
ing magneto resistive from 1997[13] and 2004 onwards[13]. HDM technology
moved from particulate media[12] in the first HDD generations in the late
1950s[12] to thin film media[16, 12] after their introduction in the 1980s into
5.35” drives[16, 12]. Servo and signal processing technologies also advanced.

To meet the rise of the data storage demand, HDD technology has moved
from inductive, used prior to 1990[17], to magneto-resistive from 1990[17],
and giant magneto resistive or tunneling magneto resistive heads from 1997(18,
17, 19] and 2004 onwards|[18, 19, 17]. Servo and signal processing technologies
have also advanced[20]. One option to further increase AD is to reduce the
head-media-spacing, since this reduces the signal-to-noise ratio[21] and limits
AD growth|[21]. For this reason, the COC thickness reduced from 12.5nm in
1990[22], corresponding to 1Gb/in?[22], to 2.5-3nm in 2013 for 0.8-1Tb/in?
with a planned reduction to 1.8-1.5nm for 4Tb/in* by 2021.

The main advantage of HDDs is that they can store a large amount of



data~TB cheaply. As of 2019, solid state drives (SSDs) are still more than
twice more expensive than HDDs: A 1TB internal 2.5-inch HDD costs~$40-
50[23], while an SSD of the same capacity and form factor starts at~$250[23].
The main advantage of SSDs over HDDs is that they do not have moving
parts, making them more stable compared to HDDs. Another advantage is
that SSDs based on NAND flash memories are faster than HDDs:~10-13s
average boot-up time for SSDs[23], compared to~30-40s for HDDs|[23].

In order to increase signal to noise ratio and AD, the grain size of the
magnetic recording layer must be reduced[15, 12, 24, 25]. This requires an
increase in the magnetic anisotropy of the grains, to ensure the magnetic
state is stable (thermal stability). However, the magnetic field needed to
switch the magnetic state depends on the anisotropy, and is larger for in-
creasing anisotropy materials than what can be currently achieved in read
and write heads (2T) (writability). In order to achieve higher AD the mag-
netic grain size would need to be reduced<8-9nm|[15, 12]. However, this
would result in thermal instability of the grains, due to decrease of their
magnetic anisotropy energy[15, 31], whereby magnetization can randomly
flip in response of thermal fluctuations[15]. This in turn requires an increase
in the magnetic anisotropy of the grains to ensure the magnetic state is sta-
ble (thermal stability). For thermal stability of small grains~3nm over long
periods of time (up to 10 years) the magnetic recording layer must have
K,V/kgT> 40 — 60[15, 26, 31], where K,=1/2HxM;[15] is the anisotropy
constant, Hx [A/m] is the magnetic anisotropy field, M, [A/m] is the satura-
tion magnetization, V [m?] is the grain volume, kp is the Boltzmann constant
and T is the temperature. Thus, magnetic materials with large>100kOe
Hx are needed to support grains down to 3nm. E.g., FePt supports stable
grains with diameters down to~2-3nm[26, 31, 27, 28]. However, the mag-
netic field needed to switch the magnetic state depends on anisotropy, and is
larger for high anisotropy materials than currently achieved in read and write
heads (2T) (writability)[15, 26]. E.g., the FePt coercivity up to 500000¢
(100000e=1T)[26] is larger than in recording heads with~1-2T[15, 26].

To overcome the magnetic trilemma[29] and to be competitive with solid
state drives[30], heat-assisted magnetic recording (HAMR) has been intro-
duced. HAMR uses a laser to heat the magnetic medium for~1ns[31] in
order to decrease its coercivity, i.e. the amount of reverse driving field re-
quired to demagnetize a magnetic medium[32], bringing the material to its
Curie temperature[33].
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Supplementary Note 2: Magnetic media substrate fab-
rication

The COC thickness reduced from 12.5nm in 1990, corresponding to 1Gb/in?,
to 2.5—3.0nm in 2013 for 0.8—1Tb/in?[25, 34], with a planned decrease to
1.8-1.5nm for 4Th/in? by 2021[25].

The commercial COC is plasma-assisted chemical vapour deposition (PACVD)
grown a-C:H followed by a nitrogen plasma surface treatment[34, 35, 36, 37,
38, 39, 40]. PACVD, magnetron sputtering and FCVA are commonly used
to deposit COCs[41, 34, 42, 43, 44, 45, 46, 35, 36, 37, 38, 39, 47, 48, 40).

We also use magnetron sputtering[47] and FCVA to deposit and compare
the performance of all types of COCs with 1-4LG. COCs with thicknesses
from~0.3 to~1.8nm are deposited on Co-alloy-based HDM using pulsed DC
magnetron sputtering[46, 52] and FCVA[41, 34, 44, 46, 35, 47, 48, 49, 50, 51].
A first COC set is deposited using the NTI Media coating system FS2 FCVA,
equipped with a double bend macro-particles filter[35] at an ion energy~50eV
and dose~3.75x10%ions/cm?. The thickness is controlled by varying the de-
position time, and the rate is calibrated using AFM and high resolution trans-
mission electron microscopy (HRTEM)[35]. A second COC set is prepared
using an AJA sputtering tool[46, 52]. Argon (Ar) plasma cleaning is per-
formed for 3mins, prior to COC deposition, at RF power~40W, Ar gas flow
rate~20sccm and pressure~10mTorr to remove surface contamination|52].
99.999% pure graphite is used as target. The COCs are grown in an Ar
atmosphere with pressure and gas flow rate~5mTorr and 20scem. A pulsed
DC power~100W with 150kHz frequency and duration~2.6us is supplied
to the graphite target. The deposition time is varied to achieve different
thicknesses.

Supplementary Note 3: Lubricant coating

Graphene is an emerging material for lubrication[53, 54, 56, 57, 58, 55, 59, 60],
as well as oxidation[61, 62] and corrosion protection[63, 64, 65].
Commercial HDM with COCs and commercial PFPE lube are sourced
from Wester Digital, USA[40]. We also coat the other samples with PFPE
Zdol 4000 as follows. The lube is dissolved in Vertrel XF. The samples are
then immersed into and withdrawn from the PFPE solution at~0.5mm/s.
Before withdrawal, the samples are held for 20s to allow the lubricant molecules
to adhere. The PFPE-coated samples are then cured at 150°C for 1.5h. This
is done to improve the PFPE bonding to the surface[34]. The parameters are
optimized to obtain a lubricant thickness~1.24+0.2nm[34, 46, 40], similar to
commercial HDM[40]. We also apply PFPE lube on BM (BML) to examine
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the tribology of lube containing bare HDM.

Fourier transform infrared (FTIR) spectroscopy is employed to deter-
mine the lubricant thickness[66, 67]. The measurements are performed in
reflectance mode and the absorption band~1280cm™!, due to combination
of C-F and C-O vibrations, is analyzed to estimate the thickness[40], and cal-
ibrated against the lubricant film thickness measured by X-ray photo electron
spectroscopy[66, 67].

Supplementary Note 4: Auger electron spectroscopy

AES imaging is performed using a JEOL JAMP Auger Microprobe[68, 69].
The results are shown in Supplementary Fig.1.

Supplementary Note 5: Atomic force microscopy

The thickness and roughness of 1-4LG are measured by AFM. We use a
Bruker Dimension Icon AFM in peak-force tapping mode.

The roughness of BM is~0.5nm, while that of BM+1-4LG is~0.6nm.
This shows that there is no major change in roughness after 1-4LG trans-
fer, and that the main contribution to the roughness comes from the BM
substrate. Sp? rich amorphous carbon thin films are ultra-smooth with
roughness~0.12nm[70, 71]. However, for such thin amorphous carbon films
pin holes and island formation occur[70]. Therefore, graphene represents a
suitable alternative.

In order to measure the thickness, we perform AFM measurements of
1LG transferred on Si/SiOy. The step height is~0.7-1nm, Supplementary
Fig.2. For 2LG this is~1.1-1.4nm, for 3LG~1.4-1.7nm, for 4L.G~2-2.6nm, all
below the commercial COC thickness. The topography resolution of a Bruker
Dimension Icon in peak-force tapping mode is~50pm. It is well known that
the height of 1L-layered materials (LMs) on a substrate does not reproduce
the theoretical thickness, as we first discussed in Ref.[72]. This is related to
different parameters: the roughness of the substrate; the force of interaction
between 1L-LM and substrate; trapped contaminants. E.g. even for SLG,
measured AFM thicknesses~1.8nm are common, depending on peak force
and substrate[73].

We also perform AFM measurements on 1-4L.G on HDM. To measure the
step height of graphene transferred on HDM, we pattern it and take AFM
measurements across the edge. The thickness of 4LG on HDM is~2.1nm,
Supplementary Fig.3, well below the~2.7nm of commercial COC.
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Supplementary Note 6: Magneto-optical Kerr effect mea-
surements

Magneto-optical Kerr effect (MOKE) measurements are carried out on BM,
BM+2-3nm COC, and BM+1-4LG. Polar Kerr effect hysteresis loops are
acquired using a wide field Kerr microscope equipped with a computer con-
trolled analyzer, and a polar electromagnet, swept in the range +890mT.
The samples are illuminated with a cross array of 8 white light emitting
diodes of uniform intensity for polar Kerr sensitivity. A 20x microscope ob-
jective lens (NA 0.5) is used to image the sample surface with a 240mm?
field of view using a CMOS camera, with 1920x1200 pixels, and 2x2 pixel
binning. A~185um diameter circular region of interest (corresponding to a
diameter~300 pixels) is selected at the centre of the field of view, to be free
of dust, and to avoid the edge of the field of view. A linear Faraday rotation
due to the exposure of the objective lens to the polar field is removed by using
a computer controlled analyzer to acquire loops with similar reflectivity at
remanence, i.e. the residual magnetization after the external magnetic field is
removed[74], but with opposite sign of the Faraday signal. First, the analyzer
angle is calibrated by locating the minimum in its transmission when crossed
with the incident polarization. The analyzer is then opened by~ 2 — 3° to
provide a visible polar Kerr contrast, without saturating the pixels of the
camera due to the Faraday effect, when swept over the full magnetic field
range. A loop is then acquired at that analyzer angle, and the reflectivity
noted at remanence. The analyzer is then opened to the other side of the
crossed condition to an angle with equivalent reflectivity at remanence, and
a second loop acquired. Since the Faraday effect has opposite sign in the two
measurements, and the reflectivity is equal, subtraction of the loops elimi-
nates the Faraday signal. The resulting doubling of the polar Kerr signal is
corrected for by dividing the signal by 2.

To present a more accurate comparison between the MOKE loops mea-
sured on BM, BM+COC, BM+1-4LG, we normalize the MOKE hysteresis
loops as follows. Normalization is carried out by dividing the measured Kerr
intensity by a normalization factor (1,4 — Inin)/2, where I,,,, is the maxi-
mum and I,,;, is the minimum Kerr intensity of a measured loop. The results
are plotted in Supplementary Fig.4 and agree well with MOKE measurements
on CoCrPt:0 alloys reported in literature[75].

Supplementary Fig.4 shows that coating results in a small change in the
hysteresis loop. The coercivity changes from 510mT (BM) to~545mT (1-
4LG and COC). The remanent magnetization is unchanged at~97-98% of
the saturation magnetization compared to BM. Coercivity and remanent
magnetization of 1-4LG coated BM are similar to BM+COC, indicating that
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graphene coating does not have any detrimental effect on HDM. These pro-
vide a strong indication that the magnetisation in the recording layer is
unchanged even after multiple graphene transfers.

The area enclosed by the loops corresponds to the energy stored, or the
energy barrier for rotating the spins, and changes with size and number of
magnetic domains[74]. For BM+COC this is~4% higher than BM, while it
is~5-7% higher for BM+1-4LG, Supplementary Fig.5. The higher the energy
barrier, the more difficult it is to switch from one state to the other (i.e.
from up to down, or 0 to 1)[74]. So, an increase in energy indicates more
stability of magnetization, with higher data retention, defined as the time
the data is stable without degrading. MOKE data also indicate that there is
no influence of moisture that might have been introduced on the media via
graphene transfer, as the magnetic properties remain largely unchanged.

Supplementary Note 7: Razor-blade determination of
laser spot size

We use the razor-blade technique to determine the laser spot size, as part
of the irradiation stability measurements. This involves using a razor blade
between objective and sample, such that it intersects the beam in a direc-
tion perpendicular to the propagation axis of the beam, and then moving
it from fully covering the beam path until it does not cover the laser, while
measuring the peak intensity[77]. If the profile of the beam is described by
a Gaussian, the signal measured by the detector is represented by an inte-
grated Gaussian[77], i.e. the derivative of the signal will give a Gaussian
profile. We perform a line scan perpendicular to an Au contact, while mea-
suring the Si peak intensity as function of scan position. We plot the Si peak
intensity as a function of scan position. Taking the derivative of the inten-
sity profile gives a Gaussian, and its 1/e* width corresponds to the laser spot
diameter[77]. This information is then used to analyse the laser irradiation
stability of our CVD-grown graphene[76] on magnetic media. Refs.[78, 79]
reported that suspended 1LG has good thermal stability up to 2600K, with
a thermal conductivity up~2000W /mK][78, 80, 81, 82, 83, 84].

Supplementary Note 8: Molecular dynamics simula-
tions

Friction is defined as resistance to sliding[56, 85, 86]. At the macroscopic
level, Amonton’s law[85] states that the frictional force between two bodies
varies proportionally to the normal force. The coefficient of friction, COF
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is the ratio of frictional force to normal force[87, 88]. Since the layers in
graphite are coupled by van-der-Waals forces, they shear easily[89, 90, 91],
as their interfacial shear strength is low, with a shear force per unit area
a ~ 12.8-10"*Nm3[92] and a resulting shear modulus Cy4 ~4.3GPa[92]. 1LG
also shows excellent mechanical properties: breaking strength~42 Nm~—1[93],
Young’s Modulus~1TPa[93], flexibility (1LG can be stretched up to~20%
without breaking[93, 94])

We use molecular dynamics (MD) simulations to study friction in graphene
as described below.

The initial relaxation runs are carried out on a system with~10,000
atoms, periodic in X and Y. Simulations are performed in an isobaric (NPT
[constant N- number of atoms, P- Pressure, T-temperature]) ensemble, with
P controlled in the in-plane directions. A Nose-hoover barostat[95, 96] with
time-constant=>5001s is used. T is kept at 300K, using a Nose-Hoover ther-
mostat with time-constant=>50fs. The timestep is 0.5fs. Equilibration is
performed for~1ns. The sliding runs are done in a microcanonical ensem-
ble (NVE [constant N-number of atoms, V-volume, E-energy|) with a sliding
velocity=1m/s. Sliding simulations are carried out for 600ps.

The MD simulations are performed using the reactive force field (ReaxFF)
[97, 98] interatomic potential in order to capture the interactions between C
in SLG and Al and O in sapphire. ReaxFF can describe chemical reactions
and polarization, and enhances the physical realism of MD simulations[97,
98]. This is done by including variable charges and reactive bond orders
that dynamically adapt to the local environment[100], at significant (i.e.~2-
5 times higher than typical embedded atom models (EAMs)[100]) computa-
tional cost[100]. The potential parameters for C/Al/O interactions are taken
from Refs.[101, 102]. The Co|Pt substrate is assumed to be a fixed wall, since
the goal is to demonstrate that the structure of defected graphene, present as
an interfacial layer between alumina and Co|Pt, does not undergo significant
change due to friction at 300K, even with a sliding velocity of 1m/s. No chem-
ical reactions occur between graphene and alumina. This indicates that it is
sufficient to use non-reactive (i.e. with no chemical bond formation or break-
age) van der Waals interactions to describe the cross-interactions between
different elements. The cross-interaction across the Al,O3|SLG|Co-Pt inter-
face is assumed to be van der Waals, and described by the 12-6 Lennard-Jones
(LJ) potential using Lorentz-Berthelot rules. The interactions in graphene
are described by the bond-order Tersoff interatomic potential[103].

The final MD simulations are performed in LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator)[104] with the hybrid/overlay pair
style. Al,Oj3 is described by EAM parameters developed as part of the charge-
transfer ionic potential (CTIP) formalism[105], which is an extension of the
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Streitz-Mintmire interatomic potential[106]. The charges on Al and O are
assumed to be fixed at 2.86 and -1.91, i.e. the charge equilibrated charges,
Qeq, in bulk Al,O3 using the CTIP formalism[105].

No charge equilibration is performed during friction simulations, as we are
interested in observing structural changes in SLG and Co|Pt due to friction.
The interactions in SLG are described by the Tersoff potential of Ref.[103],
while the Co|Pt substrate is described by the EAM potential of Ref.[107].
All cross-interactions are described via the LJ potential, with parameters
obtained using Lorentz-Berthelot mixing rules[108]. The C-C, Pt-Pt, Al-Al
Co-Co, O-O LJ parameters used for mixing are in Supplementary Table 1.

The local disorder in the FCC Col|Pt substrate is identified using common
neighbor analysis (CNA)[109, 110, 111] with adaptive/variable cutoff[111].
CNA is used to compute a fingerprint for atom pairs and to characterize the
structural environment local to each atom. Such an approach is effective as
a filtering method to classify atoms in crystalline systems[109, 110, 111]. We
identify all non-FCC atoms as either surface atoms or bulk disorder. CNA
also identifies surface atoms, which may not be disordered or defected[109,
110, 111]. In our simulations, we have two Co|Pt surfaces with 286 atoms
each. Hence, we evaluate the number of disordered atoms in the bulk by
subtracting the number 572 from the CNA output. The surface disorder
is identified by evaluating the centrosymmetry parameter[112], which is a
useful measure to characterize the local lattice disorder. The histogram of
centrosymmetry parameters for the Co|Pt surface layer in the interfacial
region is in Supplementary Fig.6.

A perfect, defect-free surface layer has atoms with 4 nearest-neighbors,
used to evaluate the local environment of every atom. The inset of Sup-
plementary Fig.6a shows the defect-free structure. From the histogram, a
centrosymmetry parameter cutoff~1.5 is reasonable to identify defect atoms.
Supplementary Fig.6b shows the histogram for a sample defected surface.
The atoms in the inset of Supplementary Fig.6b are colored by the centrosym-
metry parameter for values>1.5. The total number of disordered/defect
atoms is NCS+NCNA—-572, where NCS is the number of defect atoms on
the surface identified by the centrosymmetry algorithm, and NCNA is the
number of non-FCC atoms identified by the CNA algorithm. Supplementary
Fig.7 shows how the surface defects change during frictional sliding at 1m/s
of alumina on bare Co|Pt at 300K.

We use 350ps of simulation data for the initial centrosymmetry calcula-
tion, followed by an additional 250ps run, where the forces on atoms are also
collected. Supplementary Fig.8 shows these additional 250ps (starting from
0). This is 250ps of more or less steady state. The sliding and normal force
on a central group of atoms of substrate + interlayer are block averaged every

16



25ps. The friction coefficient in the MD simulations is estimated as the ratio
of sliding and normal force, block averaged every 25ps, as for Ref.[113].

Supplementary Figs.9a-c compare the computed COF and surface disor-
der of Co|Pt, 1LG, 4LG. The surface disorder represents the friction induced
damage/wear of the HDM, and its value is derived considering 0% surface
disorder before friction measurements. The amount of disorder in HDM is
quantified using the centrosymmetry parameter, which is a measure of the
local lattice disorder around an atom[112]. This is 0 for a perfect lattice[112]
whereas, when point defect exists, i.e. when symmetry is broken, it assumes
a larger positive value[112].
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