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G
raphene, an atomic layer of gra-
phite, possesses remarkable elec-
tronic and mechanical properties

and high electron mobility and is compati-
ble with silicon-based circuits. Graphene
has attracted worldwide interest because
of being a model two-dimensional proto-
type in condensed matter physics and
having potential applications in future
nanoelectronic devices.1�3 For this goal,
the quantity production of high quality gra-
phene while simultaneously tuning its en-
ergy band is of fundamental importance. As
known, except for the exfoliation method,
graphene is usually prepared on some solid
substrate like SiC, metal single crystals, and
metal foils.4�7 Epitaxial growth on 6H-
SiC(0001) is performed through controllable
sublimation of Si at high temperature, where a
carbon-rich interface layer or so-called buffer
layer locating between monolayer graphene
and SiC substrates is inevitably formed. Along
with the buffer layer is an obvious substrate-
induced band-gap opening effect which
reduces the transport property, such as
the carrier mobility, of graphene.7�9 There-
fore, decoupling the strong interaction be-
tween the carbon lattice and the SiC(0001)
substrate is essential.
In recent works, many efforts have been

made on this issue using an intercalation
method with noble metals of Au and Ag,
alkali metal Li, and even atomic H as inter-
calators.10�16 As an example, the intercala-
tion of Au into the interface of graphene
and Ni(111) and SiC(0001) can isolate gra-
phene from its supporting substrates,
through which the electronic structure can
be recovered in the native free-standing

state.10,12,14 Transition metals, especially for
magnetic materials such as Ni, Fe, and Mn,
have a higher chemical reactivity than noble
metals, whichmaymake themperfect inter-
calators from the viewpoint of graphene
energy band modifications and spintronics
researches.17,18 Meanwhile, the intercalated
Mn layer inside the graphene system is
expected to present fascinating electronic
andmagnetic properties different from that
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ABSTRACT

We report the fabrication of a novel epitaxial graphene(EG)/Mn/SiC(0001) sandwiched structure

through the intercalation of as-deposited Mn atoms on graphene surfaces, with the aid of scanning

tunneling microscope, low energy electron diffraction, and X-ray photoelectron spectroscopy. We

found that Mn can intercalate below both sp3-hybridized carbon-rich interface layer and monolayer

graphene, along with the formation of various embedded Mn islands showing different surface

morphologies. The unique trait of the sandwiched system is that the strong interaction between the

carbon-rich interface layer and SiC(0001) can be decoupled to some degrees, and contemporaneous,

an n-doping effect is observed by mapping the energy band of the system using angle-resolved

photoemission spectroscopy. Moreover, what deserves our special attention is that the intercalated

islands can only evolve below monolayer graphene when a bilayer coexists, accounting for an

intriguing graphene thickness-dependent intercalation effect. In the long run, we believe that the

construction of graphene/Mn/SiC(0001) systems offers ideal candidates for exploring some

intriguing physical properties such as the magnetic property of two-dimensional transition metal

systems.
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of bulkMn, considering thequantumconfinement effect.

Recall that thin Mn films and their interfaces with semi-

conductor substrates have demonstrated wide applica-

tions in spintronics, in which they were ordinarily grown

on single crystal surfaces under ultrahigh vacuum condi-

tions in order to avoid oxidations.19�24 Even so,measure-

ments of UHV prepared Mn systems are still challenging

for the necessity of transferring samples out of the

vacuum chamber. In this case, fabricating thin Mn films

stable at ambient conditions and compatible with tradi-

tional transport measurement techniques, is a key issue

for future nanodevice applications. According to a recent

report, graphene can act as coating layers for locking

water adlayers above mica.25 Similarly, graphene can

serve as coating layer for intercalated metal layers to

prevent oxidation, if some specific metal�graphene

intercalation system can be established.
In this work, we focused on the intercalation of

transition-metal Mn into epitaxial graphene on SiC(0001),
and characterized the intercalation nature by virtue of
some surface sensitive analytical methods such as
scanning tunneling microscopy (STM), low energy elec-
tron diffraction (LEED), X-ray photoelectron spectroscopy
(XPS) and angle-resolved photoemission spectroscopy
(ARPES). Step-wise thermal annealing under high
vacuum conditions is designed to serve as driving
forces for the intercalation process. On one hand, we
expect that the carbon-rich interface layer strongly
affecting the transport properties of epitaxial graphene
can be partially decoupled form the substrate by Mn
intercalation. On the other hand, we anticipate that Mn
atomic layers underneath inert graphene systems can
be constructed for future novel property explorations.
By varying the deposition amount of Mn onto the few
layer coexistinggraphene, the intercalationmechanism is
expected to be revealed using systematic experimental
proofs.

RESULTS AND DISSCUSSION

Epitaxial growth of graphene on SiC(0001) sub-
strates usually leads to coexisting few layer graphene,
while through controlling the sublimation temperature
and time, the thicknesses of epitaxial graphene (EG)
can be controlled to be monolayer or bilayers as
characterized by STM and LEED.26 However, the sub-
strate of few-layer coexisting graphene is helpful for
investigating the nucleation of metal clusters after
evaporation, as well as the immigration of metal atoms
upon thermal annealing as a function of graphene
thickness, and hereby a thickness-dependent surface
property.10,12,14,15

In this research, it is not so exceptional to see that,
after thermal evaporation, Ni andMn atoms evolve into
nanoclusters on the graphene substrate at room tem-
perature. Interestingly, after stepwise annealing to
800 �C, the incomplete bilayer graphene was cut into

separate hexagonal graphene patches, as illustrated in
the schematic image in Figure 1a and in the corre-
sponding STM result in Figure 1c for the Ni/EG/SiC(0001)
system. The as-deposited Ni clusters are proposed to
serve as scissors in the cutting process. Similar results
were reported that mechanically exfoliating graphene
can be etched by Ni, Fe, and Co nanoparticles through
a hydrogenation catalysis mechanism.27,28 Considering
there is no hydrogen in the UHV chamber, a different
mechanism should play for the current system. Noting
the relative high solubility of C intoNi (2.7%),29 sequential
processes should occur, including (1) annealing induced
diffusion of Ni clusters along specific directionsmediated
by substrate symmetries; (2) dissolution of C into Ni; (3)
desorption of Ni along with the rearrangement of C
atoms or transformation of bigger graphene flakes into
smaller ones. In this case, the dissolution of carbon intoNi
clusters and the following desorption of Ni throughout
the thermal annealing treatment should be the potential
mechanism for the etching behavior. Otherwise, it is
worthy of noting that atomically resolved STM images
on theboundaries of thehexagonal patchesusually show
a perfect armchair-type structure, accounting for a direc-
tional cutting behavior probably induced by the sub-
strate lattice symmetry effect.
In contrary to Ni, after annealing at ∼600 �C, Mn

clusters vanish on graphene surfaces with the appear-
ance of polygonal islands on thinner graphene, as
shown in Figure 1b and Figure 1d. A different reaction
mechanism is expected for Mn on epitaxial graphene
with regard to Ni, while this phenomenon has not been
reported before.
To achieve a deeper understanding of the reaction

mechanism, various amounts of Mn were deposited
onto the carbon-rich interface layer, followed with
annealing at 600 �C for 30 min. After a 0.1 ML Mn

Figure 1. (a and b) Schematic maps illustrating the cutting
of incomplete bilayer epitaixal graphene (EG) by Ni clusters
and the intercalation of Mn into EG/SiC(0001) through
thermal annealing treatments. (c) (�0.45 V, 1.00 nA) and
(d) (�0.007 V, 1.76 nA) (100 nm �100 nm) corresponding
STM morphologies of panels a and b.
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intercalation, polygonal Mn islands were observed on
the carbon-rich interface layer (Figure 2a). With in-
creasing Mn deposition to 0.3 ML, more Mn islands
were formed, with some of them located on the rarely
appearing monolayer graphene (Figure 2b). Interest-
ingly, detailed STM characterization (Figure 2c) re-
vealed that Mn islands on the interface layer had a
uniform height of ∼300 pm, in accord with the height
of a single layer of Mn. Moreover, these Mn islands had
a flatter surface (roughness, ∼50 pm) than that of the
surrounding interface layer (roughness, ∼120 pm).
Additionally, typical graphene lattices were observed
on these Mn deposition-induced islands by atomic
resolution STM images (Figure 2d). All these facts
proved that Mn atoms were intercalated below the
interface layer. Accordingly, the carbon-rich interface
layer was partially decoupled from the Si-terminated
SiC(0001) substrate by the Mn intercalation, leading to
nearly free-standing graphene flakes over the Mn
islands. This phenomenon is illustrated by schematic
diagrams (Figures 2e,f).
As mentioned above, the Mn intercalated islands on

monolayer graphene (Figure 2b) exhibited different
morphologies or contrasts, compared to the formation
of islands with unique contrasts on the carbon-rich
interface layer. Detailed experiments with alternations
of annealing temperature and time were performed to
the monolayer graphene/interface layer/SiC(0001) sys-
tem. Figure 3a shows polygonal islands upon 300 �C
annealing of Mn clusters on a substrate mainly com-
posed of monolayer graphene. The line-profile ex-
tracted along the dashed line in Figure 3a reveals an
average apparent height of ∼290 pm for the three
islands in the middle terrace of SiC(0001). This height
seems to be comparable with the atomic layer height
of Mn butmuch lower than that of graphene (∼340 pm),
probably illustrating a Mn atomic layer over epitaxial
graphene configuration.19 In the context, this structure is
defined as phase 1. Another special feature is that
above the island surface, no honeycomb lattice typical
for monolayer graphene can be observed, which pro-
vides side evidence forMn layer locating onmonolayer
graphene (in parallel with phase 1).
After the sample was subsequently annealed at

600 �C for 10min, the polygonal islands corresponding
to phase 1 evolved into two types of islands which are
differentiated as phases 2 and 4 by their different
apparent heights of ∼340 pm and ∼450 pm, as
exemplified in Figure 3b. Above phase 2, the same
(6
√
3� 6

√
3)R30� reconstruction as that of the carbon-

rich interface layer can be noticed, while this does not
happen on phase 4. In addition, it is clear to see that
both phases usually coexist inside a single island, as
shown in the upper left part of Figure 3b. For the two-
phase mixed island, there are two points worthy of
noting: first, the island seems much more compact
with their peripheries oriented by a multiple of 60�

which illustrates a strong substrate symmetry effect.
Second, a preferential phase transition from the island
boundary is observed in Figure 3b, where phase 2
evolves at the periphery of the island of phase 1. These
features may provide side evidence that kinetic and
thermodynamic processes are both acting as driving
forces.26,30

Through further annealing at 600 �C, the surface
phase uniformity is greatly enhanced (Figure 3c), with
80% of Mn deposition induced islands changing into
phase 4 and the other 20% into phase 2. Meanwhile, a
new phase presenting an apparent height of 120 pm
(phase 3) appears with no (6

√
3 � 6

√
3)R30� modula-

tion showing on island surfaces. Of particular signifi-
cance is that when annealing at 900 �C, the multi-
layered islands begin to shrink into smaller compact
ones, due to the thermal desorption of Mn (see Sup-
porting Information, Figure 1S). The extra stability of
Mn islands, that is, far beyond its thermal deposition
temperature, addresses that Mn atoms were interca-
lated below monolayer graphene which partially pre-
vented Mn from being desorbed.
As discussed above, in order to get a clear picture of

Mn-induced islands in various phases, apparent height
and surface morphologies were carefully characterized.
On the basis of these results, a schematic diagram is
tentatively summarized in Figure 3d for phases 2�4.
According to the experimental results, a schematic dia-
gram is also provided in Figure 3e to illustrate the
probable channels for Mn intercalation. For phase 1,
one atomic layer of Mn is proposed to inhabit over
monolayer graphene. With thermal annealing, Mn atoms

Figure 2. (a) (�1.71 V, 1.09 nA) (100 nm � 68 nm) and (b)
(�1.85 V, 1.09 nA) (145 nm�100 nm) STMmorphologies of
0.1 and 0.3 ML Mn intercalation below the carbon-rich
interface layer, respectively. (c) (�0.025 V, 1.82 nA) (67 nm �
44 nm) Zoom-in view of the Mn intercalated islands. The
line-profile along the dashed line presents the flat islands
having an apparent height of ∼300 pm. (d) (�0.025 V, 1.82
nA) (11 nm � 5 nm) Atomic-resolution STM image on the
square in panel c showing graphene lattices above the
intercalated island. (e and f) Side-view and top-viewmodels
of Mn intercalation below the carbon-rich interface layer.
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are activated to a high energy state enough to overcome
some energy barriers to be trapped below monolayer
graphene. However, as reported before, a perfect gra-
phene sheet is impermeable to gas molecules (even for
small helium molecules) since the substantial electron
density of the aromatic carbon rings create a giant barrier
for atoms and molecules in passing through graphene
sheet.31,32 Comparatively, Mn atoms, having a bigger
radius than helium molecules, should not be able to
penetrate directly through the graphene lattice. In con-
trast, intercalation starting from the defect sites or step
boundaries was reported in recent works with Ni, Fe, Co
as intercalators.16,18,33 For Mn intercalation into the epi-
taxial graphene system, a similar mechanism was pro-
posed because the defect sites really appear under some
scanning conditions (see Figure 2S).
Although the experimental facts can be preliminarily

explained by large-scale STM examinations and their
height-profile analysis, more confirmative results are still
highly needed. First, in Figure 4a,b, an atomic-scale image
of theMn-deposition induced island (marked as phase 4)
is captured, where a perfect continuity of carbon lattice
over both monolayer graphene in the right part of
Figure 4b and the hexagonal island in the left part can
be noticed. This provides side evidence that the Mn-
deposition induced island is actually formed by intercala-
tion of Mn below the graphene layer.
Second, the quantum interference effect is fre-

quently obtained at the island edge which provides

additional clue that the in-plane flatness of graphene
can be perturbed by the underneath island (Figure 4c).
This is clearly observed in the zoom-in image of
Figure 4d showing a typical (

√
3 � √

3)R30� interfer-
ence pattern, and again convinced by its 2D FFT
pattern inserted in Figure 4d. According to published
literatures, this quantum interference usually occurs
near the edge of graphene due to electron scattering
effects.34�36

Third, LEED patterns of the same monolayer gra-
phene sample before and after Mn intercalation were
recorded in Figure 4 panels e and f, respectively. The
intercalated sample is mainly composed of phase 3
and phase 4 (dominating 30% of the surface), prepared
through annealing as-deposited Mn (0.5 ML) for
30 min. It is known that the satellite spots around gra-
phene (1 � 1) spots originate from the reconstructed
(6
√
3 � 6

√
3)R30� interface layer. Interestingly, after

Mn intercalation, it is found that the superstructure
spots were obviously suppressed. This indicates that
the carbon-rich interface layer is partially decoupled
from the substrate through the intercalation process.13

(see more discussions in Supporting Information,
Figure 3S)
Whatmerits our special interest is that graphene can

act as protection layers of Mn films intercalated into
epitaxial graphene over SiC(0001) in order to avoid
oxidations. This was proven by transferring the sample
out of the vacuum chamber, keeping at the atmosphere

Figure 3. STM images showing the morphologies of Mn deposition induced islands via (a) (�1.45 V, 1.10 nA) (100 nm �
100nm) annealing at 300 �C for 10min, (b) (�0.009V, 1.00nA) (50nm� 50nm) 600 �C, 10min, (c) (�0.008V, 1.00nA) (100 nm�
100nm) 600 �C, 30min. Section views along the lines in (a�c) present various apparent heights for phase 1 of∼290pm, phase
2 of ∼340 pm, phase 3 of ∼120 pm, and phase 4 of ∼450 pm, respectively. The schematic diagram in panel d illustrates
different surface morphologies and apparent heights of Mn islands in phases 2, 3, and 4, with intercalation channels
demonstrated in panel e.
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for several days, and then performing XPS measure-
ments. It is known that the sharp peak around 639 eV is
special for Mn 2p core-level and thus can be regarded as
the token of metal state Mn, and the peaks with binding
energies ranging from 641 to 643 eV correspond to the
oxidized states ofMn. In Figure 4g, after Mn deposition at
room temperature prior to thermal annealing, the sam-
ples can be easily oxidized by O2 under atmospheric
conditions, which are addressed by the appearance of
the broad peak around 642 eV. On the contrary, another
sample was annealed in an UHV chamber at 600 �C after
Mn deposition, and a sharp peak locating at 639 eV
(Figure 4h) appeared to be in line with the intercalated
Mn layers. In view of this, the XPS data can also support
credible evidence of the intercalation behavior when the
as-deposited Mn clusters on SiC(0001) are heated to
above 600 �C (see more discussions in Supporting
Information with Figure 4S).
For the Mn intercalated system, it is intriguing to

know if the intercalation process can modify the
energy band of epitaxial graphene. This issue can be
resolved by mapping the density of electron states
along Γ;K direction in momentum space using
ARPES. In Figure 5a, the energy band of epitaxial
graphene was recorded to show a linear shape around
the Dirac point which is the characteristics of mono-
layer graphene. After 0.1MLMn intercalation, the Dirac
point shifts down by ∼30 meV from the Fermi energy
(Figure 5b), indicating an obvious n-doping effect. And
the Dirac cone vanishes when the Mn coverage
reaches 0.6 ML (Figure 5c). On one hand, this can be
explained from the perturbation of 3d electronic states
of Mn (locating very close to the Fermi level) on the
linear energy band of graphene at a relative high Mn
coverage.37 That is, the linear energy band of graphene

is smeared out with Mn deposition. On the other hand,
the native energy band of graphene can also be
weakened with the Mn intercalation process, because
of the reduction of the intact graphene regions. Inter-
estingly, after sample heating to 1200 �C for a short
time, the Dirac cone can be renewed to be the native
state, in parallel with the desorption of Mn (Figure 5d).
To summarize the data, moderate Mn intercalations
can cause reversible n-doping of epitaxial graphene,
while unfortunately the pristine energy band cannot
be intensively modified.
It is fascinating to know if, with an increase in Mn

intercalation, the density of intercalated Mn islands
depends strictly on the thickness of the underlying
graphene. To clarify this issue, a systematic experiment
was executed on SiC samples, mainly covered by

Figure 4. (a) (�0.002 V, 1.20 nA) (100 nm � 100 nm) STM image of Mn-deposition induced islands. (b) (�0.002 V, 1.20 nA)
(10 nm� 10nm)Atomic-scale imageover the islandboundary showing aperfect continuity of graphene. (c) (�0.05V, 1.00nA)
(15 nm� 15 nm) and (d) (�0.054 V, 1.00 nA) (7 nm� 7 nm) Clear quantum interference phenomenon over an island surface
evidenced by the (

√
3�

√
3)R30� reconstructed lattice and its 2D FFTmap. (e, f) LEED patterns ofmonolayer graphene before

and after Mn intercalation. (g, h) XPS spectra of Mn clusters andMn deposition induced islands on SiC(0001) captured after a
long-time exposure of the samples to atmospheric conditions.

Figure 5. (a) Electronic structure of epitaxial graphene
along Γ;Kwith a linear energy dispersion around the Dirac
point indicated with crossings, (b) after 0.1 ML Mn inter-
calation; (c) after 0.6 ML Mn intercalation; (d) Recovering
of graphene energy band by heating sample c up to
1200 �C.
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mono- and bilayer graphene. The STM morphology in
Figure 6a presents the formation of nanoclusters after
Mn deposition on the room temperature SiC(0001)
substrate. Upon the sample being annealed to
600 �C, Mn clusters evolve into intercalated Mn islands
which preferentially reside in monolayer regions or
terraces, as exemplified in Figure 6b. With a further
increase in the deposition amounts of Mn, the indivi-
dual islands are gradually connected together to
show fractional shapes. And in this process, almost
no island formation canbe noticed in the bilayer region
(Figure 6c). For the possible reasons of the preferred
nucleation, the Bernal stacking geometry of bilayer
graphene, as well as the intercalation barriers for mono-
and bi-regions should be considered. For the former
case, as mentioned above, the intercalation channels of
Mn into graphene is proposed to be graphene bound-
aries and defects sites, since the size of the hexagonal
hole of the graphene lattice is much smaller than the
diameter of a metal ion such as Mn, hence penetration
of Mn directly from both sides of the carbon network is
not practical. For the latter case, it is not so hard to

imagine that the intercalation of Mn into monolayer
epitaxial graphene/SiC(0001) should be generated by
sequential penetration through the monolayer gra-
phene, carbon rich interface layer, and finally arrival at
the Si-faceted substrate; Mn residing between the inter-
face layer and substrate should be in a stable state,
which can also be supported from the former results
about the preferential intercalation of Mn into the
interface layer rather than the monolayer graphene
depicted in Figure 3. However, for the bilayer intercala-
tion, Mn atoms need to penetrate one more graphene
layer to reach the most stable state, and this process
should be inhibited when the monolayer graphene
region still exists. In essence, the chemical bonding
formation between Si and Mn is expected to serve as
the fundamental driving forces for the intercalation
process, although different graphene layers present
various intercalation barriers. Note that further theore-
tical calculation is still desirable in the interest of achiev-
ing a deeper understanding of the observed thickness-
dependent penetration behavior.

CONCLUSION

In this work, we constructed a novel monolayer
graphene/Mn/SiC(0001) sandwiched structure and char-
acterized its morphology and electronic properties using
STM, LEED, and XPS. A key finding is that on few-layer
coexisting graphene, Mn atoms can only intercalate into
a carbon-rich interface layer and monolayer regions
through a stepwise thermal annealing process, hereby
showinga stronggraphene thicknessdependenceeffect.
Owing to theexistingcarbon-rich interface layerbetween
monolayer graphene and SiC(0001), Mn layers can stay
below monolayer graphene or/and below the carbon-
rich interface layer with the formation of various phases
presenting different STM morphologies. Through this
intercalation process, partial decoupling of the interface
layer from Si-terminated SiC(0001) can be automatically
realized. Of particular importance is that a lowering of the
Dirac point in parallel with an n-doping effect was only
observed on the graphene samples with a small amount
Mn intercalation by mapping the energy band using
ARPES. In addition, it is worth noting that the two-
dimensional Mn layers intercalated into a graphene/SiC-
(0001) system can be free of oxidations, which makes an
Mn layer the perfect prototype for exploring some intri-
guing physical properties such as the magnetic property
of low dimensional systems.

METHODS

Preparation of Sample. An n-doped 6H-SiC(0001) with carrier
density of 1016 cm�3 was used as the substrate for graphene
growth inside the ultrahigh vacuum condition. It was first
degassed at 850 �C for 60 min (without exposure to silicon
flux), and then annealed to 1400 �C for a few minutes for

graphene growth.7 The depositions of Ni and Mn were carried
out in a molecular beam epitaxy (MBE) chamber with the
evaporation rate recorded by an in situ thickness monitor at a
maximum flux of 0.5 Å/min. After metal deposition, the sample
was annealed under 300, 600, and 900 �C by a direct current
heatingmode in order to realize intercalations of metal clusters.

Figure 6. (a) (�0.12 V, 0.37 nA) (150 nm � 150 nm) STM
morphology after Mn deposition on mono- and bilayer
coexistinggraphenewith the formationofMnnanoclusters.
(b) (�0.05 V, 1.06 nA) (150 nm � 150 nm) Preferred inter-
calation of Mn into 1 L EG at 0.1 ML Mn deposition through
annealing the sample to 600 �C. (c) (�0.02 V, 1.00 nA)
(216 nm � 216 nm) Increased intercalation into 1 L EG
regions at 0.3 ML Mn deposition and annealing. (d) Sche-
matic-views showing the graphene thickness-dependent
intercalation behavior.
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STM, LEED, XPS, and ARPES Characterizations. Themorphologies of
samples were characterized by high-resolution STM and LEED
equipped in a vacuum chamber with a base pressure better
than 1 � 10�10 mbar. Contemporaneous, the Mn decorated
graphene samples before and after thermal annealing treat-
ments were also transferred out of the vacuum chamber for
identification of the bonding configuration of Mn by virtue of
XPS. In ARPES measurements, photoelectrons are excited by an
unpolarized He�IR light (21.21 eV) and collected by a Scienta
SES-2002 analyzer (15 meV).
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