View metadata, citation and similar papers at core.ac.uk

PRL 111, 166101 (2013)

brought to you by .{ CORE

provided by Leiden University Scholary Publications

18 OCTOBER 2013

Interface-Induced Room-Temperature Ferromagnetism in Hydrogenated Epitaxial Graphene

A.J.M. Giesbers,""* K. Uhlifova,” M. Koneén}’/,l’4 E.C. Peters,> M. Bulrghard,3 J. Aarts,” and C.F.J. Flipsel’T

"Molecular Materials and Nanosystems, Eindhoven University of Technology, 5600 MB Eindhoven, Netherlands
>Magnetic and Superconducting Materials, Leiden Institute of Physics, 2333 CA Leiden, Netherlands
*Max-Planck Institute for Solid State Research, Heisenbergstrasse 1, D-70569 Stuttgart Germany
4CEITEC BUT, Technickd 10, 616 69 Brno, Czech Republic
(Received 27 May 2013; revised manuscript received 10 September 2013; published 16 October 2013)

We show ferromagnetic properties of hydrogen-functionalized epitaxial graphene on SiC.
Ferromagnetism in such a material is not directly evident as it is inherently composed of only non-
magnetic constituents. Our results nevertheless show strong ferromagnetism with a saturation of
0.9 /hexagon projected area, which cannot be explained by simple magnetic impurities. The ferro-
magnetism is unique to hydrogenated epitaxial graphene on SiC, where interactions with the interfacial
buffer layer play a crucial role. We argue that the origin of the observed ferromagnetism is governed by
electron correlation effects of the narrow Si dangling bond states in the buffer layer exchange coupled to
localized states in the hydrogenated graphene layer. This forms a quasi-three-dimensional ferromagnet

with a Curie temperature higher than 300 K.
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Graphene represents a close-to-ideal material for spin-
tronic applications [1] due to its capability of ballistic
transport over micrometer distances [2], as well as its
very long spin relaxation time and spin relaxation length
[3,4]. In this context, considerable effort has recently been
directed to rendering graphene ferromagnetic via chemical
modification. Thus far, ferromagnetic order in graphene
has been attained through covalent functionalization,
involving the linkage of radical species like the spin-
bearing carbon atom of an organic molecule or hydrogen
atoms to the graphene layer [5—17]. Along these lines,
functionalization of epitaxial graphene by aryl radicals
has been reported to yield disordered magnetism, compris-
ing a mixture of ferromagnetic, superparamagnetic, and
antiferromagnetic regions [18]. With the aid of combined
atomic and magnetic force microscopy, it could be proven
that these randomly dispersed regions are constituted by
the attached moieties. This lack of a periodic functionali-
zation pattern of the graphene sheet prevents the achieve-
ment of long range ferromagnetic order, thus limiting the
use of such samples in spintronic devices. Furthermore,
room temperature ferromagnetism has been detected in
partially hydrogenated epitaxial graphene grown on silicon
carbide (SiC) and attributed to hydrogen monomers
bonded to the graphene sheet [12]. Despite these accom-
plishments, however, both the mechanism underlying the
ferromagnetic ordering, and the role played by the SiC
substrate used for the epitaxial graphene growth, has not
yet been clarified. Here, we experimentally demonstrate
that ferromagnetism in hydrogenated epitaxial graphene
originates from the interaction between localized states in
the hydrogenated graphene and silicon dangling bonds in
the underlying buffer layer. In addition, we show that the
created magnetic areas are distributed over the entire
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graphene-buffer layer surface, thus enabling to effectively
tune the overall magnetization through the density of
attached hydrogen atoms.

To explore the ferromagnetism in epitaxial graphene, we
use samples grown on insulating 6 H-SiC substrates follow-
ing the procedure described in Ref. [19] (all samples
originate from the same wafer). The atomic force micro-
graph (AFM) of the sample surface [Fig. 1(a)] reveals
terrace steps originating from a slight miscut of the SiC
substrate. The terraces are typically 3-5 um wide and
approximately 10 nm high and are overgrown with a
continuous carpet of graphene [20,21]. The inset in
Fig. 1(a) shows a schematic cross section of the layer
sequence at the surface with a graphene layer on top of
an interfacial carbon layer (buffer layer) partly bonded to
the SiC substrate. On the terrace edges, an unintentional
region of bilayer graphene has formed under the current
growth conditions [19], discernible as brighter areas in the
corresponding atomic force micrograph phase image
[Fig. 1(b)]. The presence of a small bilayer area is con-
firmed by Raman microscopy and low energy electron
microscopy investigations (see Supplemental Material
Fig. S1 [22]) and has the same coverage in all samples.
After growth, the graphene samples are hydrogenated by
an atomic hydrogen source in an ultrahigh vacuum cham-
ber for different exposure times. Successful hydrogenation
is testified by an enhancement of the sp> defect associated
Raman D peak, whose intensity increases with treatment
time [Figs. 1(c) and 1(d)], as discussed in more detail in the
Supplemental Material [22]. Increasing hydrogen exposure
also leads to a rising C-H signal in x-ray photoabsorption
spectra (see Supplemental Material [22]). The inset in
Fig. 1(d) illustrates the hydrogen bonded on the top gra-
phene layer.
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FIG. 1 (color online). (a) Atomic force micrograph of the
typical SiC terrace structure on top of which the graphene is
grown. The inset shows a schematic of the surface structure with
from top to bottom a graphene layer, a buffer layer, and the SiC
substrate. The gray spheres represent carbon, the blue spheres
silicon, and the yellow ovals the silicon dangling bonds.
(b) Phase image showing the single layer graphene areas on
top of the terraces and the narrow bilayer regions at the terrace
edges. (c) Raman spectra of hydrogenated graphene with a
treatment time ¢= 0 min. (black), 30 min. (red), and
120 min. (blue). Clearly visible is the upcoming D-peak intensity
with increasing treatment time. (d) D-peak intensity as a func-
tion of treatment time (the line is a guide to the eye). The inset
shows the schematic bonding of hydrogen (orange spheres) to
the graphene layer.

The magnetic properties of the hydrogenated graphene
samples are determined using a commercial superconduct-
ing quantum interference device (SQUID) with a sensitiv-
ity of 5 X 1078 emu. All measurements are performed at
room temperature unless stated otherwise. Figure 2(a)
shows the magnetization of an epitaxial graphene sample
hydrogenated for three minutes. The linear background is
related to the bulk SiC diamagnetism and can be subtracted
by a linear fit to the high field part of the curve where all
other forms of magnetism are assumed to be saturated. The
resulting diamagnetic susceptibility y = woM/Hm, with
m = (1.97 = 0.05) X 1073 kg the sample mass and u, =
477 X 1077 Tm/A the vacuum permeability, is ysic =
—(4.1 £0.1) X 107? m3/kg, within its error in good
agreement with literature (ys;c = —4.01 X 107° m?/kg).
Consistent values for ys;c, within the error range, were
found for all samples used in this Letter. The data obtained
after subtraction of the SiC diamagnetic background are
shown in Fig. 2(b) for three different temperatures. The

curves show a clear ferromagnetic response from the hydro-
genated epitaxial graphene. The hysteresis loop shows
a saturation magnetization of M,=*27X10""emu, a
remanent magnetization of M, = *7X 1077 emu, and a
coercive field of H, = £91 Oe at 300 K. Upon decreasing
the temperature, a small increase in the high field magne-
tization occurs. A similar trend is observed for the coercive
field and the remanent magnetization [inset Fig. 2(b)].
The measured saturation magnetization at room tempera-
ture corresponds to a value of about 0.9up per hexagon
projected area. We use the term ‘“‘projected area” to
include magnetic interface contributions, which will be
discussed later.

Figure 2(c) compares the ferromagnetic signal for the
3 min hydrogenated sample under in-plane magnetic field,
along (# = 0°), and perpendicular (8 = 90°) to the ter-
races as well as for out-of-plane (OofP) orientation [inset
Fig. 2(c)]. A notable anisotropy can be discerned, with
easier magnetization along the terrace steps (black curve),
as compared to perpendicular alignment (red curve) and
the out-of-plane direction (blue curve). This difference
manifests itself in a lower saturation magnetization and
in the case of the out-of-plane signal in a more stretched
hysteresis loop. The preferred magnetization along the
terrace edges might result from the predominant formation
of double site hydrogen sites aligned along the zigzag
direction of graphene [23]. The double H sites show elon-
gated shaped charge structures of 3 nm or more with
sixfold symmetry coinciding with the sixfold symmetry
of the graphene honeycomb lattice. In atomic resolution
scanning tunneling microscopy, it was shown that the arm-
chair edge of the graphene layer coincides with the SiC
terrace structure [24]. Combined, these results lead to
anisotropy between the terrace edge and perpendicular to
the edge direction which could explain the observed an-
isotropy in the magnetization. The out-of-plane magneti-
zation contribution is probably due to a noncollinear
spin orientation in the buffer layer, similar as for the
V3 X 4/3R30 6H-SiC(0001) structure of SiC [25].

To tune the ferromagnetic signal, we can use the hydro-
gen coverage, as is shown in Fig. 2(d) for hydrogenation
times between 0 and 120 minutes. While the pristine
graphene (0 min, black curve) displays no magnetic signal,
a short hydrogen exposure (0.5 min, red curve) results in a
clear ferromagnetic signal. From the corresponding hys-
teresis loop, a coercive field of H. = £65 Oe and rema-
nent magnetization of M, = *24X 1077 emu is
extracted. At high fields (H = 3000 Oe), the magnetization
reaches a saturation value of 14 X 10”7 emu. This satura-
tion magnetization, M, increases up to a treatment time of
3 min (27 X 10”7 emu), which is followed by a decrease
for longer treatments, finally resulting in M, (120 min) =
13 X 1077 emu. The same trend is observed in the coer-
cive field and the remanent magnetization for the different
samples.
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FIG. 2 (color online).

(a) Room temperature magnetization of hydrogenated epitaxial graphene as a function of the applied magnetic

field for hydrogenated epitaxial graphene treated for three minutes. The red line shows the diamagnetic contribution of the SiC
substrate. (b) Temperature dependence of the magnetization after subtraction of the diamagnetic background showing a clear
ferromagnetic hysteresis loop. The inset shows a zoom of the coercive field and remanent magnetization (3 min treatment).
(c) Direction dependence of the magnetization (3 min treatment). (d) Ferromagnetic signal for different hydrogen treatment times,
t=0,0.5, 3, 10, 30, 90, and 120 minutes. (¢) Magnetization for different control samples. (f) Schematic representations of the various

control samples.

In order to determine the origin of the ferromagnetic
behavior, we have investigated the magnetization proper-
ties of several control samples [Fig. 2(e)]. Firstly, a sample
prepared in the same manner as the 3 minute sample,
except that the hydrogen bottle is kept closed, is found
to exhibit no ferromagnetic signal (red curve). Secondly,
the same procedure is applied to an untreated bare SiC
sample, which likewise does not lead to ferromagnetic
signatures (dark yellow curve). Thirdly, to test the influ-
ence of the underlying substrate, a quasi-freestanding
monolayer of graphene [25] (QFMG) is used as a control
sample [Fig. 2(f) shows a schematic]. It is obtained by
growing only a buffer layer [25-27] on the SiC, followed
by hydrogen intercalation to passivate the SiC substrate
and turn the buffer layer into a QFMG. Owing to the
reduced substrate interaction, QFMG is of superior quality
compared to epitaxial graphene [25]. Pristine QFMG
samples not subjected to hydrogenation (exemplified by
green curve) do not display ferromagnetism as expected
for pure graphene (in total two samples were studied).
Remarkably, also after three minutes of hydrogenation, no
ferromagnetic signal at room temperature emerges for
such samples [hQFMG, schematic in Fig. 2(f)] (blue curve
representative for one out of two samples). The above
findings highlight that the hydrogenated graphene is not

ferromagnetic at room temperature and the buffer layer is
crucial to render the epitaxial graphene ferromagnetic.
Finally, in a fourth control experiment using two buffer
layer samples (one shown, cyan curve) and three hydro-
genated buffer layer samples (one shown, magenta curve)
no ferromagnetic signal is detected [schematics of the
samples are shown in Fig. 2(f)]. This absence consolidates
that hydrogenated epitaxial graphene requires both the
hydrogenated graphene and the underlying buffer layer
to become ferromagnetic. At low temperatures, the linear
background magnetization, observable for both the buffer
layer samples and the hQFMG, leads to a smaller xg;c
compared to the pure SiC substrates. This difference hints
toward an unsaturated low temperature paramagnetic con-
tribution in these samples, akin to fluorinated graphene
laminates [28]. The presence of localized paramagnetic-
like states in the buffer layer was recently also suggested
from spin transport experiments in epitaxial graphene
[29]. In our preliminary high magnetic field magnetization
measurements, the paramagnetism of the buffer layer is
indeed confirmed, saturating at H/T = 25 kOe/K (see
Supplemental Material Fig. S4 [22]). The crucial role of
the buffer layer also indicates that the measured saturation
magnetization in the hydrogenated epitaxial graphene
samples of 0.9 up per hexagon projected area is not solely
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from the graphene layer but is distributed between the two
layers.

Further insight into the ferromagnetic properties of the
hydrogenated graphene is gained by detecting the rema-
nent magnetization with the aid of magnetic force
microscopy (MFM) (see Fig. 3). By placing the sample
briefly on either the south pole (— B) or north pole (+ B) of
a permanent magnet prior to MFM measurements, we can
magnetize the sample in, respectively, a negative or posi-
tive out-of-plane remanent magnetization state as we
observed in the SQUID measurements of Fig. 2(c).
Figures 3(a) and 3(b) show the magnetic signal of the
same area for the two magnetization directions with their
respective cross sections in panel 3(c). The highlighted dirt
particle is an artifact due to cross talk with the topography
[30] and serves as a position marker on the sample. The
topology of the sample is similar to Figs. 1(a) and 1(b). The
clear difference in MFM contrast between the single (1L)
and bilayer (2L) areas, indicate their different magnetiza-
tion. This might be due to different hydrogen coverages
[31,32], in accord with the lower overall D-peak intensity
on the bilayer regions observed in Raman images. Other
possible contributions are the different electronic structure
of the bilayer graphene, as well as different interactions
among the hydrogen sites, or in the specific case of the
bilayer graphene between hydrogen sites and the buffer
layer due to the increased distance between the buffer layer
and the hydrogenated layer. In the SQUID measurements,
the bilayer areas will reduce the overall saturation magne-
tization, however since the bilayer coverage is similar for
all samples, the results above are not affected. The switch-
ing of the out-of-plane remanent magnetization direction is
clearly visible in the MFM cross sections in Fig. 3(c).
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FIG. 3 (color online). (a) Magnetic force micrograph of hydro-
genated epitaxial graphene after applying a positive magnetic
field to the sample showing high and low remanent magnetiza-
tion for single and bilayer, respectively (scale: +3.3° *=0.2°).
(b) Inversion of the remanent magnetization after applying a
negative magnetic field to the sample (scale: —14.4° *=0.2°).
(c) Cross section of the positive (a) and negative (b) magnetiza-
tion. We repeated the switching between positive and negative
magnetization several times yielding the same result.

Specifically, after positive B-field magnetization, the
MFM signal is positive and the signal from the single layer
is slightly larger than that from the bilayer. After negative
B-field magnetization, the MFM signal has reversed the
sign and the response from the single layer is again highest.
These changes show that the color inversion between panel
3(a) and 3(b) is due to a complete flip of the magnetization
direction, while the signal from the single layer is always
higher (either more positive or more negative) than that
from the bilayer. That the flip is not symmetric around zero
indicates a constant background phase shift and might be
attributed to electrostatic interactions simultaneously
probed by the metallic tip. Electric field microscopy con-
firmed this magnetic-field independent electrostatic back-
ground [33] (see Supplemental Material Fig. S3 [22]).

The MFM measurements corroborate the ferromagne-
tism of the hydrogenated epitaxial graphene sample and
show that the signal originates from the whole surface.
Together with the observed variation of the ferromagnetic
strength with hydrogen coverage, the magnetic anisotropy,
and control sample magnetic measurements, these results
form a conclusive set of observations which rule out any
possible magnetic contaminations as the origin of the
observed magnetic behavior.

The observed ferromagnetism in our hydrogenated epi-
taxial graphene is best interpreted in terms of an exchange
coupled interaction between localized electron states of the
buffer layer and localized states formed by sp? defects of
the hydrogenated graphene layer [23]. The overall para-
magnetic behavior of the buffer layer indicates the pres-
ence of localized magnetic moments, which are the
localized defect states, attributed to Si dangling bonds
(DB), forming an insulating behavior as has been shown
by scanning tunneling microscopy and spectroscopy
experiments [34,35]. Upon hydrogen adsorption on top of
the graphene layer, carbon-hydrogen bonds are created,
forming sp® defect states [23]. These localized midgap
states can be spin split in filled and unfilled localized states
close to the Fermi level due to the Coulomb interaction of
the Si DB states of the buffer layer, forming a quasi-three-
dimensional ferromagnetic state with a Curie temperature
(T¢) of 300 K or higher. However, hydrogenated graphene
can also be intrinsically ferromagnetic (or superparamag-
netic) [36] with a much lower Curie temperature due to its
two dimensionality, which would become quasi-three-
dimensional if the paramagnetic buffer layer will exchange
couple to it, and thereby, raise T. Alternatively, the
midgap states do not necessarily have to be spin split but
could mediate a coupling between the spin polarized buffer
layer states and thereby, introduce a ferromagnetic system.

To conclude, hydrogenated epitaxial graphene shows a
ferromagnetic behavior with a Curie temperature higher
than 300 K and a magnetic moment of 0.9 per carbon
hexagon projected area. We have shown that both the
hydrogen coverage and the buffer layer with the Si
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dangling bonds play a crucial role for the high temperature
ferromagnetic properties. To explain the ferromagnetism in
our graphene system at room temperature, we tentatively
propose an exchange coupled interaction between the
Coulomb induced localized Si DB states of the buffer layer
and the localized midgap state or the two-dimensional
ferromagnetic hydrogenated graphene layer. The buffer
layer stabilizes the ferromagnetic behavior at room tem-
perature and this quasi-three-dimensional system can
explain the relatively high Curie temperature, higher than
300 K. The high Curie temperature in combination with a
small coercive field (100 Oe) and high spin relaxation time
in graphene makes hydrogenated epitaxial graphene a
favorable material for spintronic applications.
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