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a b s t r a c t

Modifying the properties of graphene has gained wide interest for a plethora of potential applications,
including spintronics. One approach has demonstrated that proton irradiation can induce ferromagne-
tism in graphene as well as in graphite. However, little is known about how the protons interact with
graphene, the mechanism that creates the ferromagnetism, or whether the protons remain in the gra-
phene. Here we report an investigation, broadly relevant to graphitic carbon, using low-energy (360
e2000 eV) ions of hydrogen, deuterium, and helium implanted into multilayer epitaxial graphene.
Complementary x-ray and neutron reflectivity demonstrate that essentially all of the implanted
hydrogen remains chemisorbed in graphene. In situ x-ray diffraction reveals significantly different rates
of interlayer expansion of the multilayer graphene. Analysis of these data demonstrates that the inter-
layer expansion arises entirely from the interstitials created by the ions and not from hydrogen that
remains in the graphene. The results also establish a quantitative measure of the layer expansion due to
carbon interstitials. Magnetometry and x-ray diffraction studies show that the magnetic moment relates
to the amount of interstitial carbon rather than the amount of hydrogen, demonstrating that the induced
room-temperature ferromagnetism arises directly from the disrupted bonding of the carbon lattice.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Graphite is widely used in a myriad of applications, ranging
from nuclear reactors to dry lubricants, electrical contacts, and
batteries [1e6]. On a smaller scale, a single atomic layer of graphite
e graphenee exhibits novel electronic properties due to its linearly
dispersing bands and high electron mobility [7,8]. Its discovery has
spawned nearly two decades of graphene research and, more
recently, is the foundation for the study of a broad class of two-
dimensional (2D) materials having weak van der Waals interlayer
interactions [9e13].
.
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As a single atomic layer, graphene is extraordinarily sensitive to
its environment, which allows its properties to be modified, and
many routes to its functionalization have been explored [14e17].
One such example is the attachment of H to the graphene sheet that
opens a band gap and induces ferromagnetism [18,19]. This unusual
p-orbital magnetism in carbon is itself interesting. The origin of
magnetism in graphene is discussed in terms of defects that lead to
an inequivalence among the two lattice sites in its bipartite lattice
[20,21]. In highly-controlled experiments, scanning-tunneling
spectroscopy measurements have revealed the electronic and
magnetic properties of a single vacancy defect and of a single H
atom on the surface of graphene e both cases lead to a local
magnetic moment [18,22,23].

While the attachment of H to graphene surfaces has been
demonstrated, its stability is fragile [24e27]. It is necessary to split
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the H2molecule into atomic H in order for it to stick to the graphene
surface and this has been accomplished by using a hot filament
[19], plasmas [24,25], and chemical synthesis [28]. However, each
of these methods is limited to the exposed surface area of the
graphene samples and cannot be used to uniformly dope layered
graphene systems [29]. Attempts to introduce atomic H and D in
between the graphene layers of epitaxial multilayer graphene,
where the attached hydrogenwould be protected, have shown that
it does not enter in between the layers: it resides only on the sur-
face and possibly at defect sites within the film [30]. Nevertheless,
because single layers of graphene are difficult to handle, multiple
layers of graphene may be more suitable for device applications,
particularly epitaxial multilayer graphene.

As an alternative route to incorporating H, proton implanta-
tion at high (MeV) kinetic energies into graphite has been shown
to produce ferromagnetism at room temperature [31e33]. These
studies clearly demonstrate that proton irradiation induces
ferromagnetism in graphite, although, many fundamental ques-
tions remain to be answered. For example, it is not known how
much of the H remains in the graphite nor whether the
remaining hydrogen is atomic or molecular. How does the H
interact with the carbon and what role does it play in causing the
magnetism? X-ray magnetic circular dichroism (XMCD) studies
have suggested that H might contribute to the magnetic moment,
although there are a number of assumptions necessary to model
the data [34,35]. In contrast, electron spin resonance (ESR)
measurements seem to conflict with this result, providing
negative evidence for hydrogen playing a role in ferromagnetism
in graphite which points out the clear importance of under-
standing the hydrogen defect density and relationship with
arising magnetism [33]. A similar conclusion is found in
implanted C60 samples, where the resulting magnetism did not
to appear to correlated with implanted protons [36]. More
broadly, ion implantation in MoS2 [37] also exhibits induced
ferromagnetism, suggesting a implantation might provide a
general route to ferromagnetism in 2D materials.

Understanding ion interactions with graphite is also broadly
important. Early studies of ion implanted graphite were driven by
nuclear power applications. These primarily focused on graphite's
mechanical and thermal properties as well as the aim of under-
standing how proton implantation leads to graphite damage and
hydrogen uptake [38e46]. For example, an interlayer expansion
and a decrease in the crystalline size of graphite as a result of H and
He ion implantation is observed from transition electron micro-
scopy (TEM) studies [44e46]. Hydrogen recombination into H2 is
believed to, in part, drive the change in graphite crystal size,
although, experimental corroboration of hydrogen's exact role has
yet to be understood.

Rather than use high-energy ions, a potentially more useful
approach for studying ion implantation in graphitic carbon would
be to investigate atomically thin graphene samples with low-
energy (hundreds of eV) ions, which allows more quantitative
studies for obtaining fundamental information while still being
able to modify the graphene lattice [47]. This approach also caters
to device fabrication by utilizing the unique properties of graphene
along with the potential for ion beam patterning to create regions
of functionalized/doped graphene. For example, very low energy
ions of B, N, and Cwere shown tomodify the electrical properties of
graphene, including switching the sign of the magnetoresistance
[48,49]. It is noted that ion beams can be controlled with high
resolution (sub-nm) [50] and a potentially useful technological
pathway could be the use of ion beams to write onto graphene and
other 2D materials. Since the layers are very thin, it can be done at
low energies with nanoscale depth control using readily available
laboratory tools.
463
In this paper, we investigate how low-energy H, D, and He ions
affect the structure of multilayer graphene grown epitaxially on C-
face 4HeSiC and we relate the results to the induced ferromag-
netism that is observed. The high sample quality of thin and
atomically-flat epitaxial graphene layers is key to enabling
quantitative studies. Complementary neutron and x-ray reflec-
tivity is used to determine the amount of hydrogen that remains
after implantation. X-ray diffraction measured in situ during im-
plantation determined the interlayer expansion as a function of
the ion dose. These results show that the expansion caused by
different species of ions can be quantitatively related to the in-
terstitials created. Low-energy ions allow nanoscale control of the
implantation depth and our investigation reveals the existence of
two different implantation regimes, depending on whether the
average ion range resides within the film or at the buried inter-
face. We show how x-ray diffraction measurements can distin-
guish these regimes and their resulting differences with respect to
ion damage. It is also shown that H is chemisorbed to the carbon.
Frommagnetometry measurements as a function of H dose, which
is combined with x-ray diffraction measurements, we show that
the induced ferromagnetism is directly related to carbon inter-
stitial formation and not the H chemisorption. These results
provide important insight into how low-energy ions modify
multilayer graphene and, more broadly, graphitic carbon; thereby,
opening the door to potential ion-beam writing for the nanoscale
manipulation of graphene layers and other 2D materials.
2. Experimental

2.1. Sample growth

The graphene samples were grown on (0001) (C-face) of 4HeSiC
9 � 9 mm wafers from Cree, Inc. Multilayer epitaxial graphene is
obtained using the pre-treatment and confinement-controlled
sublimation (CCS) process described by de Heer et al. [51]. To
grow samples exceeding 10 graphene layers additional growth
cycles, usually 4 or 5, were needed in order to achieve 30þ gra-
phene layers. The growth cycles allow for the cleaning of excess Si
on the graphite crucible that is used to control the Si vapor pressure
and the graphene growth rate.
2.2. Implantation performed in-situ with X-ray diffraction

At low energy, the range and the distribution of ions within
the multilayer epitaxial graphene can be controlled on the
nanoscale. Consequently, we investigated two qualitatively
different ion distributions, one with the average ion range in the
center of the graphene layer and one with the average range at
the buried interface, between the graphene and the SiC. Exam-
ples of these distributions are shown in Fig. 1. Ion distributions
were calculated using SRIM (described below and in the sup-
plementary materials) and, in this way, the ion energy could be
chosen for a given graphene thickness in order to achieve the
desired ion distribution. A complete list of all samples studied is
given in Table 1. The sample naming convention gives informa-
tion about the location of the center of the ion distribution (Int or
Gr for interface of graphene/SiC or graphene respectively), the
ion type (hydrogen, H, deuterium, D, or helium, He), and the
thickness (number of layers). The thickness of all samples is
determined by x-ray reflectivity.

X-ray diffraction data was collected in situ, at various ion doses,
for samples H-Gr-60, H-Int-78, D-Int-20 and D-Int-22 and He-Int-
30. Implantation is accomplished using a Phi ion gun where
10�5 Torr of H2, D2 or He gas is admitted into a vacuum chamber,



Fig. 1. Ion distributions for samples H-Gr-60 (a) and H-Gr-78 (b) calculated from SRIM demonstrating the location of ions relative to the buried interface of graphene/SiC. Also
shown is the x-ray diffraction data measured in situ for different ion fluences during the implantation of (c) H-Gr-60 and (d) H-Int-78. The key gives the proton fluence in units of
1016 ions/cm2. The solid curves are best fits to the model described in the supplement. It can be seen that the graphene layer spacing progressively expands with increasing ion
fluence. (A colour version of this figure can be viewed online.)
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base pressure 10�10 Torr. The ion flux is determined for each im-
plantation condition: 3 ± 1.5 mA/cm2 for 2 kV acceleration voltage,
1.5 ± 0.7 mA/cm2 for 1 kV, and 1.1 ± 0.6 mA/cm2 for 500 V. These
experiments were carried out to high fluences until very high strain
or limited change was observed in the x-ray diffraction with
increased ion fluence.

Amultilayer focusing elliptical mirror monochromator was used
to focus CuK-alpha from a rotating anode x-ray generator in point-
focus geometry into the vacuum chamber with a beam size of
1 � 1mm. In-situ extended range x-ray reflectivity (EXRR) data was
collected as a function of ion dose for the first order graphene Bragg
reflection. Data was collected immediately following ion implan-
tation for each of the reported fluences. Sample alignment did not
change during the duration of the experiment allowing for reliable
comparison of sample (001) reflection intensity and position. Data
was collected with the scattering vector along the surface normal,
with wavevector transfer qz ¼ 4p/l sin(2q/2), where l is the x-ray
wavelength.

Sample H-Gr-50 was measured ex-situ using a four-circle high-
resolution x-ray diffractometer (X'Pert Pro, Panalytical with CuKa1
radiation) after each dose where it was implanted with an ion flux
of 0.3 ± 0.05 mA/cm2 for 360 V acceleration voltage.
2.3. SRIM calculations

The ion distribution in the samples is estimated using SRIM
software [52] which calculates the approximate path of implanted
ions of a given incident energy for an amorphous sample having a
given density and composition. SRIM directly outputs the final ion
distribution as well as the final target atom distribution, which
results from target atoms moved from their original location. For
the calculations given here (performed for 106 incident ions), SiC is
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assumed to have a density of 3.211 g/cm3 and graphene a density of
2.2 g/cm3. The ion and atom distributions are given in units of
number density/fluence.

2.4. Neutron reflectivity (NR)

NR data was obtained on the reflectometer, BL-4A, at the Spall-
ation Neutron Source (SNS) at Oak Ridge National Laboratory. Data
was collected on a two-dimensional position sensitive detector at
room temperature. The data were then reduced by integrating a
region of interest on the detector along q|| ¼ 0 and subtracting a
neighboring parallel region of interest in order to produce the
specular line. Data is fit using the Refl1D [53]. X-ray reflectivity (XRR)
was measured using a rotating anode x-ray generator with a flat
Ge(111) monochromator that produced a high-resolution MoKa1
beam having a horizontal angular divergence of 0.003 degrees. Due
to the neutron sensitivity to hydrogen, complementary measure-
ments of NR and XRR provide a robust method of determining
hydrogen content in implanted graphene samples.

2.5. X-ray photoelectron spectroscopy (XPS)

XPS was run on a SIGMA PULSE system which utilizes MECS
monochromator (quartz crystal mirror for the Bragg reflection) and
focusing of Al-Ka radiation on a Rowland circle with 500 mm
diameter. This allows for high-resolution measurements which can
be run in-situ during sample annealing. The sample environment
was in UHV, with a sample stage which allows for annealing to
nominally 800e900 K. A single sample, D-Int-22, was studied after
D ion implantation. The sample was studied before annealing,
during (in-situ) annealing, and after the annealing process was
finished. For comparison, an untreated sample was also run under



Fig. 2. (a) shows the graphene interlayer expansion vs. ion density (dose) for samples
implanted with hydrogen, deuterium, and helium. The solid curves are the best fit to
the data using eq. (1) described in the text. In (b), the data in (a) are normalized by the
maximum expansion, εsat , obtained from the fitted curves in (a). The plot demonstrates
that the interlayer expansion begins to saturate for all samples as the ion density
approaches the carbon density. Sample D-Int-22 is included to show repeatability, but
implantation was not carried out to high ion density and therefore was unable to be fit.
(A colour version of this figure can be viewed online.)
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the same conditions.

2.6. Magnetic properties measurements

Magnetization measurements were conducted on a Quantum
Design MPMS3 magnetometer and are corrected for substrate
background by subtracting the diamagnetic background signal
from collected data. The diamagnetic signal is subtracted by
measuring a bare SiC substrate at the appropriate temperature and
directly subtracting (corrected for sample mass) the substrate
signal. In order to reduce the impact of handling the samples, the
magnetization was measured only with the field applied in-plane.

3. Results

3.1. Graphene layer expansion due to ion implantation

In situ x-ray diffraction measurements of the graphene (001)
Bragg reflection, which corresponds to the interlayer distance be-
tween the graphene sheets, d, are shown for different H-ion flu-
ences in Fig. 1. The average ion range is located within the graphene
film in Fig. 1(c) whereas it is located at the buried interface in
Fig. 1(d) as is evident from their respective calculated ion profiles in
Fig. 1(a) and (b) respectively. Although the line shapes viewed on a
logarithmic intensity scale exhibit slight differences for the two ion
distributions e a point addressed quantitatively in the supplement
e it can be seen that in both cases the Bragg reflection progressively
moves to lower qz with increasing fluence, indicating that the
spacing between the graphene layers, d, increases with fluence. All
samples studied, with different thicknesses, ion types and ion
distributions, exhibit this behavior.

The effect of the increasing interlayer expansionwith dose for all
samples is captured in Fig. 2(a) which shows the relative layer
expansion, ε ¼ dd

d , determined from the center-of-mass position of
the Bragg reflection. The dose is given as an average ion density
within the graphene, which is obtained from SRIM calculations
performed for each sample using the experimental conditions and
the ion fluence (details in the supplement). As can be seen, there
are considerable differences among the expansion curves for the
different samples and ion types. A common feature of these data,
however, is that the expansion begins to saturate as the ion density
approaches the carbon density. We have modeled (solid curves in
Fig. 2(a)) these data according to,

ε¼ ε
sat

�
1� e�kc

�
(1

where c is the average ion density, k is a parameter related to the
ion density at which the strain begins to saturate, and ε

sat is the
saturation value of the interlayer expansion. The two parameters, k
and ε

sat , were fit to the data and the results are given in Table 2. It
can be seen that the k values are similar among all of the samples,
indicating a similar saturation ion density in each case. This point is
highlighted in Fig. 2(b), which divides the measured expansion by
ε
sat to demonstrate that the saturation occurs as the ion density
approaches the carbon density. Fig. 2(b) also illustrates that the
essential differences among all of the data can be described by a
single parameter in themodel: the saturation value of the interlayer
expansion, εsat .

The large differences among the data in Fig. 2(a) suggest that the
implanted ions themselvesmight not be directly responsible for the
observed expansion. In particular, we note that He causes the
largest expansion although this inert atom is not expected to
chemically bind to the carbon in order to expand the graphene
layers. We have, therefore, explored the role of carbon interstitials.
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From SRIM, we have determined the number of carbon interstitials
generated in the graphene layer for the experimental conditions of
each sample (see supplemental materials). These calculations allow
us to determine the average number of carbon interstitials gener-
ated in the graphene per incident ion ; b, for each ion energy, ion
type, and for each of the sample's thickness parameters. The result
of these calculations for b are given in Table 2.

We can show that the experimentally observed interlayer
expansion is entirely due to the carbon interstitials created by the
ions. Because ε

sat is the single model parameter that reflects the
expansion in each sample, we have plotted it versus b in Fig. 3 for
each sample studied. As can be seen, there is a striking linear
dependence on b. Note that this simple relationship occurs despite
the fact that the interstitials were generated by a broad range of
experimental conditions, which include three types of ions,
different ion energies and different graphene film thicknesses.

It can also be shown that the expansion depends linearly on the
carbon interstitial density n, when the density is low, as would be
expected if the interstitials cause the expansion. Fig. 4 shows the
low-n region of the data in Fig. 2(a) replotted by converting the ion
density to the interstitial density, n ¼ bc. The expansion data



Table 1
Samples used in this study.

Sample Thickness (Layers) Ion Energy (eV) Ion Type Total Fluence (1016ions/cm2) Distribution Center

H-Gr-60 60 500 H 34.1 Graphene
H-Gr-50 50 360 H 46.8 Graphene
H-Int-78 78 2000 H 27.4 Interface
H-Int-23 23 500 H 85.8 Interface
H-Int-21 21 500 H 28.6 Interface
D-Int-20 20 500 D 12.8 Interface
D-Int-22 22 500 D 3.8 Interface
He-Int-30 30 1000 He 14.1 Interface

Table 2
Parameters obtained by fitting the dose-dependent data in Fig. 2(a) to eq. (1). b, the
number of carbon interstitials produced per ion, was calculated for each sample
using SRIM.

Sample εSat k b (Interstitials/ion)

H-Gr-60 0.85 3 0.97
H-Gr-50 0.53 2.5 0.44
H-Int-78 4 3 4.82
D-Int-20 5.1 2.5 4.91
He-Int-30 10 2.5 14.04
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clearly exhibits a linear dependence on the interstitial density, ε ¼
ðdvÞn, for all samples at low interstitial density. The data also ex-
hibits the same slope, dv¼0.2 Å3, which is obtained from a fit to the
data of all samples in Fig. 4. This result should be contrasted with
the varying slopes at low ion density observed in Fig. 2(a): replot-
ting versus the carbon interstitial density reveals an expansionwith
the same slope for all of the data, thereby making it clear that the
expansion, prior to saturation, derives from interstitials and not
ions. It is worth emphasizing that the controlled geometry of these
experiments, where we use an epitaxial graphene film having
nanoscale thickness rather than a macroscopic sample of graphite,
is a key experimental strategy that enables a quantitative deter-
mination of the basic expansionmechanism due to low-energy ions
in graphitic materials.
Fig. 3. demonstrates a linear relationship between the saturation interlayer expansion,
ε
sat , which was obtained from fitting the data in Fig. 2(a), and the number of carbon
interstitials generated per ion. The solid line is fit to the data which has a slope of 0.75%
expansion per interstitials/ion. This result shows that the interlayer expansion of
graphene is due to carbon interstitials, independent of the type of ion, the ion range or
ion energy. (A colour version of this figure can be viewed online.)
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3.2. Hydrogen retention

We turn now to the question of whether the implanted H ions
remain in the sample or if they escape. Grazing-angle neutron
reflectivity (NR), which is sensitive to the hydrogen density due to
the neutron's negative coherent scattering length for H, is used in
conjunction with grazing-angle x-ray reflectivity (XRR) to deter-
mine both the layer structure and the hydrogen retention of an
implanted sample. This negative scattering length of H reflects our
decision to study H and not D implanted samples, as it provides the
clearest contrast in comparison to un-implanted samples. Neutrons
scatter from nuclei whereas x-rays scatter from electrons, yielding
a significantly different elemental contrast for the two probes. Since
scattering at grazing angles is sensitive to the nanometer scale
(rather than the atomic scale), the data are modeled in terms of
several layers having an average scattering length density (SLD)
[53]. We co-refined both the neutron and x-ray reflectivity data
using the same structural model so that the combined results
produce a higher confidence for the modeled parameters, including
the hydrogen content.

Fig. 5(a) and (b) show the x-ray and neutron reflectivity results,
respectively, for a H-implanted sample, H-Int-78. XRR is also
measured prior to implantation. In a prior investigation of un-
implanted many-layer graphene on C-face 4H SiC it is found that
a 3-layer model is required to accommodate the rough buried
interface between graphene and SiC [54]. These three layers are
comprised of the graphene layer, a transition (T) layer between
Fig. 4. shows the interlayer expansion plotted versus the calculated interstitial density
in the low-density region of the data for samples implanted with hydrogen, deuterium,
and helium. The solid line, with a slope of 0.2 Å3, demonstrates that all samples exhibit
the same slope at low density, indicating that the interstitials are the source of the
expansion. (A colour version of this figure can be viewed online.)



Fig. 5. (a) XRR for the un-implanted and the H implanted sample. (b) NR for the implanted sample. The data (symbols) were taken on the same sample, H-Int-78. The solid curves
show the fitted model, which is discussed in the text. (c) Shows the resulting SLD profile that was obtained from fitting the XRR data in (a) for both the un-implanted and implanted
sample. (d) Shows the SLD profile obtained from fitting the NR data of the implanted sample as well as the neutron SLD for the un-implanted sample calculated from the measured
XRR. The color bands at the bottom of (c) and (d) indicate the layers assumed in the model, as discussed in the text. (A colour version of this figure can be viewed online.)
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graphene/SiC accommodating the rough interface, and the SiC
substrate. In addition to these layers, H-Int-78 has a thin tungsten
(W) layer on the surface from exposure to a tungsten filament in
vacuum. It influences the reflectivity profile shape, and the W layer
is included in the XRR/NR co-refinement by adding a 4th top-layer
to the model. The layer structure is schematically indicated by
colored bands at the bottom of Fig. 5 (c) and (d). The amount ofW is
small, with approximately 5 nm total coverage contained in islands
that cover at most 20% of the surface of the sample (determined
from x-ray scattering). The W layer should not affect the retention
of hydrogen as the surface coverage is very small.

Because hydrogen is a negligible scatterer of x-rays, the effect of
implantation does not impact the x-ray SLD of graphene other than
a slight roughening of the sample, revealed by the sharper drop in
reflectivity seen in Fig. 5(a) and the corresponding broadening of
the graphene/SiC interface in the SLD profile in Fig. 5(c). NR, in
contrast to XRR, is highly sensitive to the negative SLD of hydrogen.
The effect of hydrogenation is observed by the large decrease in SLD
within the “Gr” layer, which can be seen when comparing the
calculated profile for the pristine sample and the profile for the
implanted sample seen in Fig. 5(d). Given the effect on the SLD, the
hydrogen density can be determined by requiring that the joint
refinement of the x-ray and neutron SLDs arise from the same
atomic number densities of carbon rC and hydrogen rH . The gra-
phene SLDs are then calculated as:

SLDNeutron ¼ bNC rC þ bNHrH (2a

SLDX�ray ¼ bXCrC þ bXHrH (2b

where bNC and bXC are the scattering lengths of carbon for neutrons

and x-rays, respectively, and bNH and bXH are the scattering lengths of
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hydrogen for neutrons and x-rays, respectively. For x-rays, the
scattering length for hydrogen, bXH , is negligible. Ourmodel assumes
a uniform spatial distribution of hydrogen because the limited q-
range of the neutron data reduces our sensitivity to a gradient.
From the joint refinement of the x-ray and neutron reflectivity data,
the hydrogen content in the graphene is determined to be 0.3(±
0.05) H:C which should be compared to the 0.38(± 0.04) that is
determined to be in the sample from SRIM calculations considering
the total measured ion dose. Therefore, we conclude that nearly all
of the implanted H remains in the graphene. Due to the limited q-
range of the data, we are unable to accurately determine from NR
the amount of H in the SiC, which can be between 0 and 0.2 H:C in
SiC. The amount of H in the graphene layer is well-determined
experimentally because it strongly influences the critical angle for
total reflection whereas determining the amount of H in the buried
layer of SiC would require having data with a larger range in q.

Additional investigation of the retention of H ions was per-
formed with x-ray photoelectron spectroscopy (XPS). XPS mea-
surements were done on a deuterium-implanted sample (D-Int-22)
to look for evidence of deuterium bonding to carbon. The C1s
spectra can be compared to pristine graphene on SiC [55,56], which
is primarily sp2 with some sp3 carbon resulting from defects. We
annealed the sample for 1000s in steps of 100 �C, starting at 50 �C.
For reference, the temperatures 150 �C, 250 �C, 350 �C, 450 �C and
550 �C were reached at 1000s, 2000s, 3000s, 4000s, 5000s
respectively. During this time, the C1s peak is measured in order to
investigate the relative contributions of sp2 and sp3 carbon. The sp3

carbon peak occurs at higher binding energy than the sp2 peak so
that the two contributions can be distinguished by fitting the shape
of the C1s peak.

The effect of annealing is shown in Fig. 6, with the inset illus-
trating the C1s peak before and after annealing alongwith the fitted
components. As can be seen, the ratio of sp2/sp3 carbon increases as



Fig. 6. The XPS area ratio of the sp2/sp3 carbon contributions to the C1s peak as a
function of annealing time while heating to 550C. The inset shows the C1s peak before
and after annealing and the solid curves show the relative sp2 and sp3 contributions
used to fit the data. (A colour version of this figure can be viewed online.)

Fig. 7. The evolution of the graphene first order Bragg peak as a function of annealing
temperature for a H implanted sample (H-Int-78). As can be seen, the graphene film
does not recover to the un-implanted state (qz~1.865 Å). The solid curves are a guide-
to-the-eye, where a curve, fit to the dataset at 25 �C, was simply shifted to lower qz to
account for thermal expansion for each of the other temperatures. (A colour version of
this figure can be viewed online.)
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a function of annealing time, indicating that sp3 carbon is being
converted back to sp2 carbon. Interestingly, the sp2/sp3 ratio does
not saturate even at 550 �C, suggesting defects are still being
annealed out even at these temperatures. This conversion does not
appear to be temperature dependent, as the rate of conversion is
constant upon ramping the temperature from 50 to 550 �C and it,
therefore, implies that the morphology or kinetics, rather than the
enthalpy, inhibit the removal of hydrogen. While the amount of sp3

carbon cannot be determined, this result (with knowledge from NR
showing H retention) indicates that graphene forms hydrocarbon
bonds upon ion implantation and this conversion is reversible,
contrary to sp3 carbon-carbon bonds which are energetically much
more difficult to repair via low-temperature annealing [57]. Other
types of defects, such as unstable carbon adatoms and vacancies,
could contribute to the reversibility of sp2/sp3 bonded carbon but
would be impossible to distinguish from HeC bonding with XPS.
However, the annealing of carbon defects would lead to revers-
ibility of the layer expansion which, as discussed below, is not
observed. Therefore, we attribute the sp3 signal in the XPS to HeC
bonds.

Although the retention of hydrogen suggests that H might be at
least partly responsible for the interlayer expansion, our studies
show no reversibility of the expansionwhen H is removed. As shown
in Fig. 7, after implantation there is no significant change in position
of the interlayer graphene (001) Bragg peak upon annealing to
400 �C in helium atmosphere (in order to avoid oxidation of gra-
phene). Here the slight shift to lower qz is due to thermal expansion,
captured in the solid curves which are derived from the fits to the
25 �C data and shifted by the calculated thermal expansion of
graphite. It is noted that H2 would leave the film at these tempera-
tures as mobility calculations and diffusion experiments show that
molecular hydrogen moves rapidly both in graphene and graphite
even at room temperature, making it unlikely to remain in the film
after ion implantation [20,21,58]. Further, the XPS measurements of
Fig. 6 indicate that implanted H, which is attached to carbon, can be
removed by annealing. This result corroborates the result of the XPS
annealing study, where the sample is also found to show no reversal
of the interlayer expansion in ex-situ experiments. Therefore, the
lack of reversibility with annealing shown in Fig. 7 indicates that H
plays little role in the interlayer expansion.
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We also note that the disorder introduced by the ions has a
strong impact on the electronic band structure. Angle-resolved
photoemission (ARPES) measured on a sample (H-Int-21) implan-
ted with high fluence of ions (1:1 H:C ratio) with their average
range at the buried interface but the data was found to be
featureless, implying the ion damage has a large effect on the
electronic properties. By contrast, un-implanted samples where
many layers of graphene grown on C-face 4HeSiC are found to
exhibit the Dirac cones that are characteristic of single layer gra-
phene [31,54].
3.3. The effect of ion damage on the diffraction line-shape

The x-ray diffraction line-shape reveals useful information
about the nature of the ion damage. When viewed on a logarithmic
intensity scale, Fig. 1(c) and (d) exhibit important differences in the
shape of the Bragg peak. We can accurately account for these dif-
ferences by including strain and reduced crystalline size in our
diffraction model, shown by the solid curves in Fig. 1. Full details of
the model are given in the supplementary materials. In short, we
find that a strain gradient must be used in order to explain the
diffraction line-shape when the average ion range is near the
buried interface, as is the case in Fig. 1(d). This gradient is reason-
ably expected as the density of interstitials increases from the
surface towards the buried interface for this type of ion distribu-
tion. Conversely, we do not observe this gradient when the average
ion range is within the film, as in Fig. 1(c). In this case, however, we
find significant broadening that results from a reduced crystalline
coherence, meaning that there is a broadening of the Bragg peak
that cannot be explained by a strain gradient or from the film
thickness, pointing to crystalline elements that are thinner than the
thickness of the film. Therefore, when the average ion range is
within the film, significant crystalline damage occurs such that the
crystalline coherence perpendicular to the graphene layers is less
than the thickness of the graphene film. It can be seen that our
diffraction model, shown by the solid curves in Fig. 1, provides an
excellent description of the x-ray diffraction data in both cases.



Fig. 9. Magnetization measurements at 10 K of samples measured after implantation.
Samples H-Int-23 and H-Int-21 were not measured in-situ. Each sample exhibits clear
remnant magnetization and has a hysteresis of ~150 Oe. (A colour version of this figure
can be viewed online.)
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The reduced crystalline coherence that occurs when the average
ion range is within the film is also manifested by rotational disorder
in the graphene film. Fig. 8 shows the intensity of the specular x-ray
reflection that is integrated along qz (from data such as those shown
in Fig. 1) as a function of ion fluence. The intensity is integrated
using the fitted model so that all of the intensity could be captured
regardless of the statistical quality in different regions of the data.
In the absence of orientational disorder, intensity integrated in this
manner will not change as the peak broadens along qz. When the
average ion range is centered at the buried interface, Fig. 8 shows
that the integrated specular intensity barely changes with ion flu-
ence, indicating little orientational disorder in this case. When the
average ion range is centered in the graphene film, however, Fig. 8
shows an initial precipitous drop in specular intensity and then it
slowly decreases with increasing fluence, indicating significant
orientational disorder that develops at low fluence. Nevertheless, a
significant (~25% of the sample) specular Bragg reflection persists
to high fluence, indicating the persistence of graphene that main-
tains its initial orientation to within instrumental resolution of
0.03�. These results demonstrate that the reduced crystalline
coherence occurs concomitantly with the development of orien-
tational disorder.

3.4. Ion-induced ferromagnetism

With the understanding of how the ions influence the structure
of the epitaxial graphene, we are in a position to explore the rela-
tionship between the implanted ions and the induced ferromag-
netism. Several samples were measured post-implantation by
magnetometry and each exhibits ferromagnetic behavior, as shown
in Fig. 9. It is noted that the magnitude of the saturation moment
density is on the order of (or larger) than those observed in bulk
graphite [31,59] However, it is noted that one difficulty in esti-
mating moment densities from the bulk graphite studies is the
uncertainty of the relevant volume, which is not an issue for the
epitaxial films. We observe that the ferromagnetic transition
Fig. 8. The fluence-dependence of the integrated intensity of the (001) Bragg reflection
normalized by the integrated intensity prior to implantation, which is shown for two
samples. The case where the ion range is centered at the buried interface (D-Int-20)
shows almost no decrease in integrated intensity with fluence. In contrast, when the
ion range is in the graphene layer (H-Gr-60), there is an initial drop of integrated in-
tensity followed by a slow decrease with fluence, signifying a loss of crystalline
coherence of the graphene, which is consistent with our x-ray diffraction model dis-
cussed in the supplemental materials. (A colour version of this figure can be viewed
online.)
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temperature is well above room temperature, evident from
magnetization vs. temperature measurements shown in the sup-
plement, Fig. S6, for samples H-Int-21 and H-Int-23. There is little
difference between field-cooled (FC) and zero-field-cooled (ZFC)
measurements, suggesting very small ferromagnetic domain sizes.

To explore the role of H implantation in magnetism, we inves-
tigate, with XRD and magnetometry, the same sample (H-Gr-50) as
a function of dose. The experimental conditions were chosen so
that the H ions were centered in the graphene in order to eliminate
potential contribution of ions inducing magnetism in the SiC sub-
strate. After each dosing, the sample was removed from the im-
plantation chamber so that x-ray diffraction and magnetometry
measurements could be performed.

The dose dependence of the saturation moment (MS) measured
at T ¼ 300 K is shown in Fig. 10. MS initially increases rapidly with
ion dose (black circles) with the moment increasing at a much
slower rate after the implanted ion density approaches the density
of carbon. It is instructive to replot the saturation moment data
Fig. 10. The measured saturation magnetic moment (MS) at 300 K for sample H-Gr-50
is plotted versus the implanted ion density (black circles) as well as versus the inter-
layer expansion of graphene (blue squares). Because we have shown that the expan-
sion is directly related to the carbon interstitials, these data demonstrate that the
magnetic moment in the sample is proportional to the carbon interstitial density. (A
colour version of this figure can be viewed online.)
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versus the measured interlayer expansion, which is also shown in
Fig. 10. It can be seen that there is a striking linear dependence of
the moment on the layer expansion. Because we have shown that
the interlayer expansion is caused entirely by interstitial carbon,
the results of Fig.10 clearly demonstrate that the magnetic moment
is proportional to the number of carbon interstitials. Therefore, the
implanted protons induce magnetism only indirectly, through their
effect of creating carbon interstitials.

4. Discussion

The geometry provided by a thin multilayer graphene film
combined with the nanometer-scale controlled range of ions
implanted at low energy enables a quantitative investigation of
how H, D, and He ions modify graphitic carbon. We have shown
that interstitials cause an expansion of the graphene layers and the
strain per interstitial could be determined. The nature of the ion
damage, which is revealed by the x-ray line-shapes, is observed to
depend on the range of the ions. The amount of implanted
hydrogen is also measured using NR, which is facilitated by the thin
film geometry. It is shown that the magnetic moment arises from
carbon defects and it does not scale with the amount of implanted
H. As a result, the magnetic moment per interstitial carbon can be
quantified because the irradiated volume is well-defined in the thin
film.

Knowing the amount of H that remains implanted in the sam-
ples is an important step in understanding how the protons affect
graphitic carbon.While there have been several studies usingmuch
higher proton energies implanted into bulk graphite and other
layeredmaterials [31,48], little is known about the amount of H that
remains in samples, the form of the remaining H, or the nature of
the damage from implantation. This is particularly true for studies
of low energy ion implantation. In our work, we find that all of the
implanted hydrogen remains in the graphene from NR and our XPS
measurements show that a hydrocarbon-like bond is formed.
Without this bonding, it would be difficult to retain all of the H in
these very thin nanoscale films where Hwould otherwise escape. It
is noted that high energy protons can form H2 bubbles in graphite
[60], which apparently does not occur in our thin films implanted
with low energy protons.

Despite the presence of the hydrogen, however, the interlayer
expansion between the graphene layers is shown to be entirely due
to the interstitial carbon created by the ions. Indeed, He ions, which
do not bind to carbon, cause a significantly larger expansion than H
because He generates a larger number of interstitials per ion (b).
The relationship to interstitials is quantitative, as demonstrated by
Figs. 3 and 4, and the dependence of the expansion on the carbon
interstitial density is shown to broadly follow the mathematical
form of Eq. (1) for different ion types, ion ranges and kinetic
energies.

X-ray diffraction measurements also provide insight into the
crystalline damage that is caused by the ions. Because the range of
low-energy ions can be tuned on the nanoscale, we could explore
the effect of ion-stopping within the film. We observe distinct
differences in the x-ray line-shape when the average ion range is
located at the buried interface as compared to when it is within the
multilayer graphene film. In the case where the ions have their
average range near the buried graphene/SiC interface, we find that
a linear strain gradient quantitatively describes the XRD data as a
function of ion fluence. Strain gradients have been previously
observed in irradiated graphite fibers, where TEM studies have
shown that the gradient is due to a geometrical effect resulting
from hydrocarbon bonds that increase the radius of the graphite
layers [44,45]. The strain gradient in multilayer graphene, however,
has a different origin as it comes from the gradient in the interstitial
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distribution, which increases towards the buried interface.
In contrast, when the average ion distribution is centered in the

graphene film, there is no observable strain gradient. This result is
not surprising because the interstitial distribution is symmetric
within the film (the interstitial distribution closely follows the ion
distribution; see supplement). It is noted that the magnitude of the
strain for the centered ion distribution is also significantly smaller
according to the data in Fig. 2, which is due, in part, to the lower
kinetic energy required to place the average ion distribution in the
center of the multilayer graphene film as compared to the buried
interface. For example, sample H-Int-78 is only slightly thicker than
H-Gr-60, but it requires more kinetic energy to place the ion dis-
tribution at the buried interface due to the direct relationship of ion
range and ion energy (see supplementary materials for SRIM cal-
culations). If the protons distributed their kinetic energy uniformly,
it would amount to 17 eV/layer for H-Gr-60 and 26 eV/layer for H-
Int-78 - the latter case will obviously create more interstitials.
These considerations of ion energy, distribution, and type are
implicitly accounted for in calculating b. Fig. 3 demonstrates that
the layer expansion for all samples, regardless of the location of the
ion distribution, is quantitatively explained by the number of in-
terstitials generated per ion.

It is also apparent from x-ray diffraction that there is a pro-
nounced loss of crystalline coherence when the ion distribution is
centered in the multilayer graphene film. This observation is
manifested in two independent ways: (1) modeling of the diffrac-
tion line-shape requires crystalline sizes smaller than the film
thickness and (2) the specular component of the Bragg reflection
decreases precipitously with fluence, indicating a strong onset of
rotational disorder. Together, these observations indicate a breakup
of the multilayer crystalline order into smaller crystals that also
lose their initial orientational order with respect to the substrate.
The reduced crystalline order results from a large number of ions
that stop within the film. While these lower-energy ions are less
likely to create interstitial carbon, they still have enough energy (a
few eV as discussed in Ref. [47]) to break a number of carbon bonds
in the vicinity where the ion stops. Previous studies of low-energy
H implantation in graphite have shown irreversible and highly
damaged regions that result from the clustering and recombination
of ions as they stop in the sample, causing irreversible crystalline
damage that can lead to both decreased crystalline size as well as
exfoliation [45]. It is consistent with the crystalline damage that we
see for ion distributions centered in our multilayer graphene films.
We note that this loss of crystalline order is distinguished from the
more point-defect-like disorder that occurs from carbon in-
terstitials whenmost of the ions pass through the film, as is the case
when the ion distribution is centered at the buried interface. By
working with a multilayer graphene film of nanoscale thickness,
rather than bulk materials, we have been able to controllably tune
and interpret the two regimes of the ion-carbon interaction.

The insight from our structural investigation helps us under-
stand the magnetism that is induced by implanted ions in multi-
layer graphene films. Our results clearly show that the magnetic
moment is proportional to the number of carbon interstitials and
not the implanted H density, demonstrating that the magnetism
arises directly from the disrupted carbon bonds. This observation is
consistent with a study of graphite where an induced magnetic
moment is found for both implanted H and He ions, with He giving
a larger moment [59,61]. In addition, these results agree with ESR
measurements which propose that implanted protons do not
contribute to ferromagnetism in proton implanted graphite [33].
We find that the interstitial density is significantly larger for
implanted He than for H and our results quantitatively tie the
magnetic moment to the interstitial density. Furthermore, the re-
sults in Fig. 9 also show that the saturation moment increases as
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interstitial density increases. This is evident as the sample with the
largest moment, H-Int-23, has a factor of 3 larger interstitial density
than H-Int-21, a factor of 5 larger than that of H-Gr-60, and a factor
of 8.5 larger than that of H-Gr-50, which is commensurate with
their difference in measured moment and shows the results are
universal across themeasured samples. Reflecting on this point, it is
insightful to discuss the role of b in creating magnetic samples.
Given the direct relationship established between the saturation
moment and the interstitial density in films, it is evident that by
increasing b, which controls the maximum interstitial density, one
can increase the maximum ferromagnetic moment achievable in
graphene samples.

Although the exact nature of the disorder related to the carbon
interstitials resulting from ion implantation is not known, it is ex-
pected that a range of carbon defects, including vacancies and small
remnants of carbon sheets, are capable of producing magnetic
moments [20,21]. Indeed, we observe a small hysteresis (~150 Oe)
in the magnetization (Fig. 9), which is consistent with ferromag-
netism arising from small domain sizes. Furthermore, we find little
difference between field-cooled and zero-field-cooled tempera-
ture-dependent measurements (see supplement), which is
consistent with small magnetic domain sizes. Therefore, we use the
interstitial density, which is measurable by x-ray diffraction, as an
overall gauge of the carbon disorder. With this caveat in mind, we
estimate the magnetic moment per interstitial from Fig. 10 and use
the relationship between the number of carbon interstitials per
proton for the given experimental conditions. This analysis gives
0.03mB per interstitial, which is significantly smaller than the
theoretical maximum of 1.0e1.3 mB per defect [62].

The small value of the moment per interstitial suggests a low
efficiency for creating magnetism. Although the ion damage dis-
rupts the carbon bonding, it is likely that many carbon configura-
tions involve carbon-carbon bonds that quench the p-orbital
magnetic moment. Further, there is the question of the role of H,
which remains in the sample. The hydrocarbon-like bonding
observed in XPS might explain the presence of bonds with H that is
observed in an XMCD study [34,35], although, the H contribution to
the magnetic moment reported in that study is likely to be negli-
gibly small according to our results and others [59,61]. We specu-
late that the H forms bonds at carbon defects and edges, thereby
quenching some of the potential magnetic moments while still
leaving other unpaired p-orbitals available to produce themagnetic
moments.

5. Conclusions

The controlled geometry provided by epitaxial multilayer gra-
phene grown on SiC substrates has enabled us to investigate how
low-energy ions of H, D, and He modify the structure and magne-
tism of multilayer graphene. More generally, our results are also
relevant to other forms of graphitic carbon. By combining neutron
and x-ray reflectivity, we have shown that implanted hydrogen
remains in the graphene. Nevertheless, in situ x-ray diffraction
investigations demonstrate that the interlayer expansion of the
multilayer graphene is not due to the ions that come to rest in the
film; instead, it is driven solely by the carbon interstitials that are
created by the implanted ions. The damage to the graphene layers
also depends on the average range of the ions. When the average
ion range is within the film, a relatively lower number of carbon
interstitials are created while there is a significantly diminished
crystalline coherence of the multilayered graphene. However,
when the ion distribution is centered at the buried interface or
beyond, these higher-energy ions create more carbon interstitials
with a disorder that has a point-defect nature. The magnetic
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moment that is induced by ion implantation is clearly shown to
arise from the carbon defects that are created and not from the ions
themselves. This discovery unambiguously clears up the question
of the origin of the magnetic moment in ion-implanted graphitic
materials, as is suggested by the presence of magnetism in He
irradiated graphite [59].

This investigation provides essential new insight on how low-
energy ions modify both the structure and magnetism of multi-
layer graphene and, importantly, the results can be extended to
other forms of graphitic carbon. Because low-energy ions are
relatively easy to create in the laboratory, a potentially useful
application could be the use of focused low-energy beams of light
ions to modify films of 2D materials on the nanometer scale where
one can “write” magnetic and insulating regions in proximity to
regions of pristine material. This approach might provide a useful
method to controllably functionalize 2D materials for technological
applications.
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