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Metal intercalation is an effective method to modify the physical and chemical properties of low-dimensional
systems such as epitaxial graphene. Here, we show that the nucleation and growth of metal nanostructures on
epitaxial graphene on SiC(0001) can be dramatically changed by metal intercalation. Using scanning tunneling
microscopy experiments, we demonstrate that dysprosium (Dy) metal islands are selectively nucleated on the
area with Dy intercalation under both graphene and carbon buffer layers, while the adjacent area with only buffer
layer intercalated remains relatively bare. Using first-principles calculations based on density functional theory,
we show that adsorption of Dy adatom on the preferred nucleation area is energetically more favorable than
on other areas. Moreover, changes in the electronic structure and the interlayer spacing upon Dy intercalation
obtained from our calculations are also consistent with experimental observations. Our results indicate that metal
intercalation is a promising way to manipulate the interaction between graphene and deposited adatoms.

DOLI: 10.1103/PhysRevMaterials.6.094003

I. INTRODUCTION

Promising graphene applications, e.g., good metal con-
tacts for device circuits, high density magnetic nanoislands
for computer memories, or stable nanoparticles for enhanced
catalytic activities, require the ability to control the deposition
and growth morphology of metals deposited on graphene sur-
face [1,2]. Recent experiments show that metal intercalation
[3-11] provides a way to effectively modify the properties of
graphene and tune adatom-graphene interactions. It has been
shown that adsorption of metal atoms can be manipulated
by the intercalation of metallic layers between graphene and
the supporting substrate [7,8]. For example, by preparing a
graphene sample on Ir(111) such that Eu (or Cs) interca-
lated and nonintercalated regions coexist, the nucleation of
additional Eu (or Cs) is concentrated on top of the pristine
areas whereas the island density on the intercalated regions
is essentially zero. Such strong selectivity for nucleation on
pristine graphene has been attributed to the adsorption energy
difference and the different doping levels between the interca-
lated and the pristine areas [8].

In this paper, we show that rare earths (REs) can also be
intercalated underneath epitaxial graphene supported on SiC
(0001) to realize the selective island nucleation and growth.
Intercalation of Dy under the carbon buffer layer [we refer
to this as single-layer (SL) intercalation] and under both the
buffer layer and the single graphene layer [we refer to this
as double-layer (DL) intercalation] were observed by heat-
ing up to 1600 K after Dy was deposited on graphene at
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room temperature. Further deposition and nucleation of Dy at
110 K on the intercalated graphene exhibits very interesting
morphologies. Dy nucleation on intercalated graphene has
been profoundly affected, with preferred Dy nucleation occur-
ring on the DL intercalation rather than on the SL intercalation
areas, which is the opposite of the observation in Refs. [7,8]
for Eu and Cs adsorption and nucleation on the partially
intercalated graphene on Ir(111) substrate. First-principles
calculations show that the adsorption energy of Dy on the DL
intercalation area is about 52% (or 0.82 eV) larger than that
on the SL intercalated area, consistent with our experimental
observations.

II. EXPERIMENTAL STUDIES

Experiments were performed using an Omicron variable
temperature scanning tunneling microscope (VT STM) with a
built-in home-made Dysprosium Knudsen cell thermal evapo-
rator. Such combination provided the possibility for Dy metal
deposition on graphene at temperatures as low as 100 K
and reproducibly scanning the same area of the sample with
~10-nm tolerance after several retraction/approach cycles of
the STM tip for Dy depositions. Dy flux was calibrated by
integration of the volume of the Dy islands in the STM im-
ages with an estimated accuracy 5%. As was shown in our
previous paper [12], Dy deposits form crystalline islands of
fce structure with (111) orientation after annealing or growth
above 650 K. Therefore, a monolayer (ML) was defined by
atom density in the close packed (111) plane of Dy fcc or
(0001) hep crystal which is ~ 9.0 atoms/nm?.

Prior to the Dy experiment, graphene growth and subse-
quent sample annealing up to 1600 K were carried out in
the attached preparation chamber. High quality uniform and
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FIG. 1. (a) Initial graphene layer grown on SiC(0001) surface; the inset image with the size about 5.5 x 5.5 nm? shows (64/3 x 6+/3)
corrugation of graphene lattice with atomic resolution. (b) Dy clusters grown at 110 K, 8 = 0.18 ML, and scanned at 110 K. (c) Dy crystalline
islands formed after annealing to ~900 K for 6 min with & = 1.1 ML, scanned at room temperature. ~20% of the graphene surface area is
covered with islands of average 1.6 nm height. All three images are of 400 x 400 nm?.

defect free single layer epitaxial graphene (G1) on Si-
terminated SiC(0001) is prepared by thermally annealing 6H-
SiC up to ~1450 K for 15 min [13]. Large terraces of G1 with
a perfect topography can be seen in Fig. 1(a). The height dif-
ference between all adjacent terraces is 0.75 nm which is triple
0.25 nm, the interlayer spacing of SiC(0001), since to prepare
one graphene layer three SiC layers are necessary [13,14].
Moreover, Fig. 1(a) indicates that all terraces are equivalent
with the same G1 on top of them [i.e., a single layer graphene
and a carbon buffer layer (BL) on Si-terminated SiC(0001)
substrate].

The inset of Fig. 1(a) shows the atomically resolved struc-
ture of the sample. The distinguishing feature here is a
long-range (6+/3 x 6+/3) supercell with a 1.8-nm period (of
the three 6 x 6 subcells of the supercell), due to the lattice
mismatch between graphene and SiC(0001) surface and the
interface structure [13,14]. The magnitude of the corrugation
(average roughness) is about 13 pm at a tip-sample voltage
larger than 1.5 V, characteristic for the G1 [15]. A separate
photoemission experiment confirms that our preparation pro-
cedure results in G1 on the SiC(0001) surface [16].

On the top of the G1, Dy atoms are deposited under differ-
ent conditions. Figure 1(b) shows a STM image of Dy deposit
with the coverage 6 = 0.18 ML at 110 K and Fig. 1(c) shows
the formation of crystalline islands after the Dy deposition
with § = 1.1 ML was annealed to 950 K. Comparison of
Figs. 1(b) and 1(c) indicates that Dy nucleation is homoge-
neous in a wide range of temperatures (1000 K) and coverages
(0 = 0.2-1.2MLs). Small deviations could be caused by ki-
netic effects due to extra diffusion barriers uphill or downhill
at steps separating different terraces.

After the initial Dy deposition on pristine graphene, the
sample was annealed up to 1200 K for 5 min. During anneal-
ing, part of Dy desorbs but some fraction of Dy intercalates
underneath the carbon layers. The sample after Dy intercala-
tion is shown in Fig. 2(a) where a single graphene terrace has
been developed into two areas of different heights and with a
very wavy boundary, a morphology not commonly observed
for the clean graphene. The height histogram of the two areas
in the box outlined with a white square in Fig. 2(a) shows that
the difference in protrusion heights between the areas is about
0.11 £ 0.01 nm, as one can see from the height histogram plot
in Fig. 2(b). From our first-principles calculations as shown

later, this height difference is due to two different Dy inter-
calation structures. In the lower area, only the carbon buffer
layer is intercalated (i.e., SL intercalated). In the higher area,
both the buffer layer and the graphene layer are intercalated
(i.e., DL intercalated).

To prove that the observed protrusions are also related
to the electronic structure difference in the two areas due
to different intercalation phases, we applied standard scan-
ning tunneling spectroscopy (STS) to measure the dI/dz, i.e.,
derivative of tunneling current / versus tip-sample separation
Z, via modulation of z and detecting response of tunneling
current / with lock-in amplifier. In a good approximation, for
a small tip-sample voltage V;_s, which does not significantly
affect the tunneling barrier height ¢, the tunneling current /
is proportional to V;_sexp(—A¢'/?z) where z is the tip-sample
separation and ¢ is defined as the average work function of
tip and sample (¢ + ¢5)/2 [17,18]. The tunneling current
modulation signal dI and the tunneling barrier height are
related by ¢'/2 ~ d(Inl)/dz). Therefore, for two areas with
different work functions ¢, /¢» = (dI; /dDL)?, if ¢1 — ¢ < ¢
and the average tunneling current / is kept constant by the
feedback loop during the scan. It should be noted that despite
the absolute values of work function being affected by charge
density, the charge transfer, as well as the local density of
states in different areas of the systems, the ratio of work
functions depends only on the dI/dz from STS measurement.

Our measurement results plotted in Fig. 3(c) show that
the modulated signal dI is 0.93 a.u. for the single-layer in-
tercalated (lower) area verses 0.85 a.u. for the double-layer
intercalated (higher) area, indicating that the single-layer in-
tercalated area has a work function about 1.2 times higher
than that of the double-layer intercalated area. Noting that the
work function of epitaxial graphene on SiC(0001) is about
4.0 eV, we can infer that the work function on the single-
layer intercalated area is about 0.8 eV higher than that on
the double-layer intercalated area. This measurement result is
consistent with the Dirac cone shift from our first-principles
calculations which will be shown later.

We also note that a work function difference between the
two areas would also affect the measurement of apparent
height difference between the two areas. Scanning at constant
tunneling current and voltage requires ¢'/? z to remain a
constant during the scan. If the scanning is over areas with
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FIG. 2. (a) Topography of Dy-G structure as in Fig. 1(c), annealed at 950 and 1200 K for 5 min each, 500 x 500 nm? area. (b) Height
histogram of the area within white square in (a). (c) dI/dz map of the area outlined with the white square in (a). Note that the dI/dz of
0.93 a.u. vs 0.85 a.u. shows the single-layer intercalated area has work function about 1.2 times higher than that of the double-layer intercalated
area, consistent with the Dirac cone shift from our first-principles calculations, which will be shown later.

different work functions, we should have ¢11/ 2 1= ¢21/ 212,

thus z;/zp =dbL/dl;. From this follows that the tip ap-
proaches closer to the surface region with higher work
function and retracts from the areas with lower ¢. This man-
ifests in the appearance of a small step in a topographical
STM image even on a flat surface with different work function
¢ . In our experiment dlioy /dlignh = 0.93/0.85 = 1.1. Since
under normal operation condition z is in the range 0.2-0.3
nm, the apparent height of the protruded region as shown in
Fig. 2(b) should be reduced by 0.02—-0.03 nm from 0.11 nm to
0.08-0.09 nm.

Further annealing by short flashing up to 1600 K for
30 sec, the higher the area in Fig. 2 becomes the more compact
and the boundary between the low and high areas indicated
by the blue dashed line also becomes more straight. We also
note that the (6+/3 x 6+/3) corrugation in both low and high
areas is not visible, as shown in Fig. 3(b), consistent with our
interpretation that both areas are intercalated with Dy. The line
scan across the boundary of the two areas [indicated by the
green horizontal line in Fig. 3(b)] shows the apparent height
difference of about 0.1 nm, as one can see from Fig. 3(c).

After the preparation of the mixed surface with differ-
ent intercalation areas coexisting, the surface is cooled to
110 K. Then Dy is deposited with small portions at this low
temperature as shown in Fig. 4. Clearly the area with 0.1-nm
protrusions is more populated with the deposited Dy than the

lower area. As the amount of deposited Dy increases, more
Dy is found to nucleate on the higher (double-layer interca-
lated) area as shown in Figs. 4(b)—4(e). The average size of
the nucleated islands (forming the shown crowded regions)
is larger than 5 nm and 2-3 atomic layers in height. These
experiments clearly demonstrate that nucleation and growth
of Dy islands on the higher protruding (double-layer interca-
lated) area is much higher than that on the lower (single-layer
intercalated) area.

III. FIRST-PRINCIPLES CALCULATIONS

In order to elucidate the effects of Dy intercalation on the
nucleation of Dy on graphene, we perform first-principles
calculations to study the adsorption energies of Dy on
graphene with SiC substrate. The structure models used in our
calculations consist of epitaxial graphene on Si-terminated
6H-SiC(0001) substrate. The substrate was described by two
6H-SiC(0001) layers and a carbon buffer layer. A 243 x
2+/3R30° SiC supercell was adopted on which the 4 x 4
buffer layer and graphene layer were accommodated, as
schematically shown in Fig. 5(a). Due to the limitation of
ab initio calculation to handle a large number of atoms, the
unit cell adopted in our calculations may cause some stress in
the system. Under such a lattice mismatch situation, we adjust
the size of the unit cell to accommodate the graphene layer in
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FIG. 3. (a) Morphology of Dy intercalated sample at 1600 K, 250 x 250 nm?. Histogram of the area outlined with the white square is
similar to Fig. 2(b) and shows height difference 0.1 nm. (b) 40 x 40 nm? area with both lower and higher domain show no periodic (64/3 x
6/3) corrugation. 5 x 5nm? inset at the top right corner of (b) shows atomic resolution of image (b). (c) The green line profile in Fig. 3(b)
shows height difference of 0.1 £ 0.01 nm between low and high domains.
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FIG. 4. Sequence of STM scans of the same area during successive deposition of Dy at the flux 0.018 ML/min at 110 K. Dy coverage in
monolayers shown at the bottom of subsequent images of approximately the same 280 x 380 nm? area. The line scan along the white horizontal
line in the leftmost panel shows that the height difference between the two domains is about 0.1 nm, similar to that shown in Fig. 3(c).

its equilibrium lattice constant to minimize the stress effects
on graphene. Also, a 2 x 2 intercalation of Dy layer(s) in the
supercell (i.e., 4 Dy intercalants in the cell per layer) was
assumed. We consider two types of intercalation geometries,
i.e., intercalation of Dy atoms between the SiC substrate and
the buffer layer (SL intercalation) as shown in Fig. 5(c), and
intercalation of Dy atoms under the graphene layer as well as
the buffer layer (DL intercalation) as shown in Fig. 5(d).

The first-principles calculations were performed using
Vienna ab initio simulation package (VASP) [19,20] which
is based on density functional theory (DFT). Projector-
augmented wave (PAW) potentials [21] were used to describe
the interaction between the core and the valence electrons and

®)

the wave functions of the valence electrons were expanded
using a plane-wave basis set with cutoff energy 400 eV. A
6 x 6 x 1 k-point mesh was employed. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [22] was
used. We also adopted the DFT-D3 method [23] to include the
van der Waals energy. All atoms in the calculation supercells
have been relaxed until the force on each atom is less than
0.02 eV/A, and the criterion for energy convergence in the
self-consistent calculation is set to be 10™° eV /atom.

In order to verify that the intercalation structure models
used in our calculation is a reasonable choice, we calculated
and compared the energy for 2 x 2 Dy on the top of graphene,
under the top layer of graphene, and under the buffer layer,
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FIG. 5. Atomic structure in DFT calculations. (a) Top view (left) and cross-section view (right) of the atomic configuration of the epitaxial
graphene with Dy intercalation. The grey balls are carbon, golden balls are Si, cyan balls are intercalated Dy, and the white balls at the bottom of
the SiC substrate are passivated H. (b)—(d) Schematic illustrations for the adsorption on the epitaxial graphene where (b) without intercalation,
(c) with Dy intercalation only under the carbon buffer layer (refer to as single layer Dy intercalation), and (d) with Dy intercalation in both
upper and lower carbon layers (referred to as double layer Dy intercalation).
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FIG. 6. Interlayer distances in intercalated epitaxial graphene obtained from first-principles calculations. Interlayer distances (in units of
nm) among two carbon layers and the outermost Si layer of the substrate are denoted for the epitaxial graphene (a) without intercalation,
(b) with intercalation only in the lower intercalation layer, and (c) with intercalation in both layers.

respectively. The calculation results show that Dy intercala-
tion under the top layer graphene and under the buffer layer
lowers the energy by 1.44 and 3.15 eV per Dy atom respec-
tively with respect to the energy of 2 x 2 Dy adsorption on the
top of graphene. The results clearly show that intercalation of
Dy under the buffer layer is energetically quite favorable. We
expect the lower intercalation layer to be filled first, followed
by the upper layer intercalation. Our calculation also shows
that the height (defined as the vertical distance from the top Si
layer in the SiC substrate to the top of graphene layer) for the
intercalation under the top graphene layer is 0.673 nm and that
under the buffer layer is 0.794 nm. In comparison, this height
is 0.880 nm when both carbon layers are intercalated. There-
fore the height different between the double layer and top
layer intercalation is 0.21 nm while that between the double
layer and buffer layer intercalation is about 0.086 nm which is
closer to the experimental measurement (see Figs. 2 and 3, and
Fig. 6). Another evidence that excludes top layer intercalated
graphene in contact with doubly intercalated graphene is the
absence of 6\/§ X 6\/5 on either side of the separating bound-
ary as shown in Figs. 3 and 4 above. Occupation of the top
layer will show attenuated 6+/3 x 6+/3 since the buffer layer
SiC interface is intact which is not observed experimentally.

We define the adsorption energy for a Dy atom on the
(intercalated) epitaxial graphene as

Eq = Eeg + EDy,atom — Leg+Dy-

Here, Ecs, Epyaom, and Eegypy are the energies of the
(intercalated) epitaxial graphene without adsorption, the iso-
lated Dy atom, and the whole system, respectively. It should
be noted that Epy aom corresponds to the energy of a Dy
pseudoatom since we used a PAW potential of Dy that keeps
the f electrons frozen in the core. Our calculation results
for the adsorption energies are summarized in Table I. We note
that the Dy adsorption energy is almost unaffected whether
the lower intercalation layer is filled or not. However, we

TABLEI. Adsorption energy of Dy on the (intercalated) epitaxial
graphene.

Configuration E>Y (eV)
No intercalation 1.55
Intercalation only in the lower intercalation layer 1.56
Intercalation in both upper and lower intercalation layer 2.38

find that the additional intercalation in the upper intercalation
layer (i.e., double-layer intercalation) enhances the stability of
the adsorption by = 0.82 eV per atom. These results clearly
indicate that bonding of Dy on graphene with Dy intercalated
in both upper and lower carbon layers above the SiC(0001)
substrate is much stronger. These results also suggest that the
preferred Dy nucleation area observed in experiment as shown
in Fig. 4 would correspond to the area with Dy intercalation
in both upper and lower layers above the SiC substrate. In
fact, the optimized atomic geometries obtained from the DFT
calculations as shown in Fig. 6 also indicate that the difference
in the vertical separation distances between the top graphene
layer and the buffer carbon layer with and without Dy interca-
lation underneath the top graphene layer is about 0.086 nm,
which is in excellent agreement with the height difference
measured (with the correction due to different local work
functions) from the STM experiment discussed in Sec. II.

We also investigate the electronic structures of the three
structure models (before adsorption) shown in Fig. 5. The
band structures obtained from our calculations are shown in
Figs. 7(a)-7(f). For this system, the spin up and spin down
are almost the same except for a flat band near the Fermi
level in the spin up band for the nonintercalated structure
[Fig. 7(a)] due to the dangling Si bonds at the surface of the
SiC(0001) substrate. Once the buffer layer is intercalated with
Dy, the Si dangling bonds are saturated and the band structure
with spin up is identical to that of spin down as shown in
Figs. 7(c), 7(d) and Figs. 7 (e), 7(f) respectively. We can see
that without intercalation, the band structure exhibits a clear
Dirac cone of single-layer graphene with slight n doping due
to the effects of the SiC substrate and the buffer carbon layer
which shift the Dirac point about 0.4 eV below the Fermi
level as shown by the arrows in Figs. 7(a) and 7(b). This
slightly n-doped behavior is well known in the literature [25].
When the carbon buffer layer is intercalated with Dy, it is
decoupled from the SiC substrate and the system turns into
bilayer graphene. Indeed, the band structure of the carbon
layers shown in Figs. 7(c) and 7(d) exhibits the main features
(i.e., a gap opening and parabolic dispersion as opposed to
the linear one near the K point) of bilayer graphene under
external electric field. We note that the Dirac point originated
from the (decoupled) buffer layer lies about 1.5 eV below
the Fermi level (as shown by the arrows) due to the electron
transfer from the intercalated Dy layer. After both layers are
intercalated with Dy, the band structure returns to that of
(two decoupled) single layer graphene with the Dirac cones
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FIG. 7. Electronic band structures of the intercalated epitaxial
graphene from DFT. The band structures are calculated for the epi-
taxial graphene (a) and (b) without intercalation, (c) and (d) with
intercalation only in the lower intercalation layer, and (e) and (f) with
intercalation in both intercalation layers. For each pair of figures, left
and right figures are for spin up and down, respectively. Panel (e) was
reproduced from the data used in Fig. 5(a) of Ref. [24]. Red and blue
colors indicate the bands from the top graphene layer and the lower
carbon layer, respectively. The size of the dots indicates the weight
of the electronic state on the corresponding type of atoms. The gray
lines represent the bands from other atoms.

heavily n doped and the Dirac points shift to 1.6 and 2.2 eV,
respectively, below the Fermi level as shown by the arrows in
Figs. 7(e) and 7(f). We note that the Dirac point of the top
layer graphene in the double-layer intercalation case shown
by the red arrow in Fig. 7(e) is about 1.0 eV lower than that
of the buffer-layer intercalation case shown by the red arrow
in Fig. 7(c). This result suggests that the work function in the
buffer-layer intercalation structure would be higher than that
of the double-layer intercalation structure, which is consistent
with the experiment measurement discussed in the previous
section. The different band structures due to different inter-
calation configurations from our first-principles calculations

would be verified by future angular-resolved photoemission
spectroscopy (ARPES) experiments.

It is interesting to note that adsorption and nucleation selec-
tivity for Dy on single-intercalated versus double-intercalated
graphene in the present study is different from what was
observed in Ref. [8], where preferred nucleation of Eu and
Cs in the nonintercalated graphene area on Ir(111) substrate
has been observed. This difference can be attributed to the
different substrate used. The electronic structure of Ir(111),
the substrate used in Ref. [8], is very different from that of the
SiC(0001) used in our system. Ir(111) is a close-packed metal-
lic surface with the work function of ~5.8 eV [26,27], which
drives intense charge transfer from graphene to Ir and induces
p doping [5,27]. The charge transfer in graphene-SiC(0001)
is of opposite direction with resulting n doping. It is also
worth noting that while the single layer graphene is directly
on the top of Ir(111), there is a carbon buffer layer between
the graphene layer and the Si-terminated SiC(0001) substrate
in our system. Moreover, Eu and Cs metals used in Ref. [8] for
intercalation and adsorption are highly electropositive mono-
and divalent metals with a relatively lower work function of
2.0 and 2.5 eV as compared to the trivalent Dy with a work
function of 3.3 eV [28] used in our present study. Therefore,
details of the bonding mechanism of Cs, Eu, and Dy with
the clean or intercalated graphene on Ir(111) and SiC(0001)
would be very different.

To gain further insight into charge transform upon Dy
adsorption in our system, we calculate the interaction charge
density distribution caused by Dy adatom adsorption which is
defined as the charge difference after and before the adatom
adsorption, ie., Ap(r) = p(r) — [Pgrassic(r) + Padatom ()]
where p(r) is the electron density of the whole sample
including the adatom, pg,/sic(r) is the electron density of the
system without adatom, and p,d.0m () is the charge density
of an isolated Dy adatom. pgr/sic(r) and padaom(7) are
calculated using the same supercell conditions as those in the
corresponding adsorption calculations. Ap(r) accounts for
the electron redistribution due to the interaction between the
adatom and the rest of the system. The results of Ap(r) in the
four adsorption models are shown in Fig. 8. Positive values
(red) in the plot indicate increases in the electron density
after adsorption, and negative values (blue) indicate electron
density reductions. Without intercalation, the interaction
between the Dy adatom and the graphene is highly localized,
causing the change in the electron density only in the vicinity
of the adatom as can be seen from Fig. 8(a). When the top
graphene layer or buffer carbon layer is intercalated, the
interaction charge density Ap(r) becomes conspicuous over
both graphene layers and the intercalated Dy layer as in
Figs. 8(b) and 8(c) respectively. Electrons in these layers are
polarized upon the adsorption of Dy adatom. It is interesting
to note that after both carbon layers are intercalated, the top
carbon layer of the SiC substrate also becomes noticeably
polarized as can be seen in Fig. 8(d). These results suggest
that with Dy intercalation, the interaction between the Dy
adatom and the substrate is far from being localized, and
the response of the substrate also plays an important role in
determining the energetic stability of the adsorption. Finally,
we note that with the presence of SiC substrate, the electrons
on the Dy adatom is also polarized notably in contrast to the
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FIG. 8. Charge density differences in intercalated epitaxial graphene. The differences are depicted in the epitaxial graphene (a) without in-
tercalation, (b) intercalation between the top graphene and buffer layer, (c) with lower-layer intercalation, and (d) with both-layer intercalation.

cases with Ir(111) substrate [8]. Moreover, the polarization of
the electron in the Dy adatom is stronger when both carbon
layers are intercalated.

IV. SUMMARY

In summary, using the atomic deposition technique and
STM, we showed that Dy metal can be intercalated un-
derneath the epitaxial graphene on Si-terminated SiC(0001)
substrate. More interestingly, further deposition of Dy atoms
exhibit strong preference for adsorption and nucleation in the
Dy double-intercalated graphene rather than in the single-
intercalated area. First-principles calculations showed that the
adsorption energy for Dy on the graphene with Dy interca-
lated beneath both the graphene and the buffer carbon layer
is about 0.82 eV larger than that without intercalation or
with intercalation only under the buffer layer. This calculation
result suggests that the areas with both the graphene layer
and the buffer layer intercalated by Dy should have much

higher Dy adsorption and nucleation probability than that
in the area where only the buffer layer is intercalated. The
prediction from the first-principles calculation is consistent
with our experimental observation. Moreover, the difference
in the interlayer distances and electronic band structures be-
tween SL intercalation and DL intercalation obtained from
the first-principles calculations also agrees with experimental
measurements.
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