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Previous experimental observations motivate clarification of configuration stabilities and kinetic processes
for intercalation of guest atoms into a layered van der Waals material such as a graphene-SiC system. From
our first-principles density functional theory (DFT) calculations, we analyze Dy adsorption and intercalation
for graphene on a 6H-SiC(0001) surface, where the system includes two single-atom-thick graphene layers:
the top-layer graphene (TLG) and the underling buffer-layer graphene (BLG) above the terminal Si layer. Our
chemical potential analysis shows that intercalation of a single Dy atom into the gallery between TLG and
BLG is more favorable than adsorption on TLG but that intercalation into the gallery underneath BLG is highly
unfavorable. We obtain diffusion barriers of ~0.45 and 0.54 eV for a Dy atom diffusing on and under TLG,
respectively. We find that the direct penetration of a Dy atom from the graphene top into the gallery under TLG
is almost inhibited below a temperature of ~1400 K due to a large global barrier of at least ~3.5 eV. Instead, we
find that a single Dy atom on TLG can easily intercalate by crossing a TLG step (e.g., a zigzag step presaturated
by a Dy chain or a reconstructed zigzag step zz57). We also perform DFT calculations for different Dy coverages
to demonstrate how the favorability of Dy intercalation, as well as the corresponding interlayer spacings, depend
on the coverage. Consequently, we can provide general insight and guidance for extensively studied systems

involving intercalation of foreign atoms into graphene on a SiC substrate.

DOLI: 10.1103/PhysRevMaterials.5.074004

I. INTRODUCTION

Intercalation into few-layer van der Waals (vdW) mate-
rials [commonly called two-dimensional (2D) materials] by
foreign guest atoms is rapidly becoming an attractive re-
search area due to the strong need to develop next-generation
energy-storage technologies and optoelectronic devices [1-3].
Among many types of 2D vdW materials, intercalation into
epitaxial graphene on a SiC substrate has been heavily re-
ported [4]. The initial motivation for such studies is that
the intercalation of specific foreign species into the inter-
face (or gallery) between the buffer-layer graphene (BLG)
and SiC substrate can physically and electronically decou-
ple the BLG from the SiC substrate to consequently obtain
a quasifreestanding graphene layer [5-9]. Even more inter-
estingly, such studies also result in important findings, e.g.,
superconductivity by Ca [10-14] and Li [15] intercalation;
performance-enhanced graphene transistors [16] and quantum
Hall effects [17] by H intercalation; manipulating Dirac cones
in the band structure by Cu [18], Yb, and Dy [19] interca-
lation; a metal-dielectric transition by Sn intercalation [20];
tuning doping levels of graphene by Yb [21], Sn, and Ge
[22] intercalation; a semiconductor-to-metal transition by Au
intercalation [23], etc.

Undoubtedly, these various findings suggest promising ap-
plications. However, realization of such a goal depends on
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the thermodynamic stability of the intercalated phase since
it determines the temperature range where the grown het-
erostructure is operational. Therefore, theoretical analysis for
stabilities of configurations associated with intercalation as
well as understanding the kinetics of the intercalation pro-
cess are fundamentally important. However, such analyses
currently reported in literature are rare and therefore far from
sufficient to provide insight into detailed behavior for many
systems of interest.

Existing experimental observations still need further clari-
fication of configuration stabilities for intercalation, especially
for complex systems like guest atoms intercalated under
graphene on a SiC substrate. An example is the case of Ca
intercalation into few-layer graphene on a SiC substrate to
form the thinnest limit of superconducting film, where sev-
eral recent studies gave seemingly conflicting results. The
intercalated Ca layer was observed to be in the gallery under
the top-layer graphene (TLG) from the low-energy electron
diffraction (LEED) experiments of Kanetani ef al. [11] and
the reflection high-energy electron diffraction experiments of
Ichinokura et al. [14]. However, the same group also found
that the intercalated Ca layer is in the gallery between the top-
bilayer graphene and BLG when they used the rocking curve
analysis for positron scattering [24]. Zhang et al. [25] found
that the intercalated Ca layer was always in the top gallery
from scanning tunneling microcopy (STM) experiments and
density functional theory (DFT) calculations. A fifth study
from Kotsakidis et al. [26] using LEED, STM, and DFT found
that the Ca layer must be under the BLG. Clearly, this situation
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needs further investigation and requires an appropriate way to
compare intercalation under the same conditions, e.g., from
DFT calculations.

For multiple metal guest elements, it was recently demon-
strated that it is difficult or impossible to directly penetrate
the perfect TLG of graphite into the gallery beneath the TLG
in the typical experimental temperature range <1500 K. This
feature likely reflects a large energy barrier for the penetra-
tion. Thus, to effectively realize metal intercalation under the
surface of graphite, a preprepared ion-bombarded graphite
surface is always needed, where the guest metal atoms (e.g.,
Dy, Cu, Ru, Fe, and Pt) can intercalate through the portal
defects [27-35]. However, previous experiments (including
our own experiments for rare-earth metals Dy, Eu, and Gd
[36,37]) show that many types of guest elements can interca-
late into epitaxial graphene on a SiC substrate [4] without a
preprepared ion-bombarded top surface. Thus, it is desirable
to analyze and understand the kinetic process for a given guest
atom intercalating this system.

In this paper, we perform first-principles DFT calculations
for Dy as the prototype guest atoms to intercalate graphene
on a 6H-SiC(0001) substrate with the C-Si-C-Si-- - - - C-Si
stacking sequence from bottom toward top (where “6H-"
denotes the ABCACB stacking along the [0001] direction
of a hexagonal structure and is sometimes omitted below).
To avoid any confusion, it is necessary to clarify the no-
tation used in this paper. Our graphene-SiC system in this
paper includes two single-atom-thick graphene layers above
the terminal Si layer: the TLG and the underlying BLG.
We denote the gallery between BLG and the terminal Si
layer as the “BS gallery” and denote the gallery between
BLG and TLG as the “BT gallery.” In literature, the BLG
is commonly called the zero-layer graphene (ZLG), and the
TLG is commonly called the single-layer graphene (SLG). In
this paper, we use TLG and BLG instead of ZLG and SLG,
respectively.

By calculating the chemical potentials of Dy at different
positions, we will analyze the thermodynamic favorability of
various configurations. To analyze the kinetic process, we will
calculate the binding energy landscapes and diffusion barriers
for a single Dy atom transferred from the top terrace to differ-
ent types of TLG steps and then to the gallery underneath the
TLG. We also analyze the coverage dependences of the chem-
ical potential of Dy and the corresponding interlayer spacings.
Such analysis will facilitate interpretation of experiments,
where Dy intercalation for this system has been confirmed
[37]. Our more recent Dy intercalation studies using high-
resolution LEED and STM have focused on the question of
developing robust experimental methods of determining un-
ambiguously the Dy metal location as a function of deposited
Dy and annealing temperature. The present theoretical work
of investigating the intercalation preference for the location of
Dy as a function of intercalated Dy amount is relevant to this
major question. The studies in this paper for Dy intercalation
are also instructive for understanding the differences found
experimentally for Ca intercalation under bilayer graphene
(as described above) and for identifying the superconductivity
mechanism in Ca since the electronic properties and band
structure of the intercalated metal layer strongly depend on
the location and structure of the intercalated metal layer.

This paper is organized as follows. Section II describes our
DFT method used in this paper. In Sec. III, we discuss and
compare different models for a clean graphene-SiC system
without guest Dy atoms. In Secs. IV and V, we show our DFT
results for a single Dy atom plus the graphene-SiC system
without and with TLG steps, respectively. In Sec. VI, we
discuss the binding energy landscapes and intercalation of a
single Dy atom via TLG steps. In Sec. VII, we show the DFT
results for higher Dy coverages and provide the information
for the coverage dependences of the chemical potentials of
Dy and the corresponding interlayer spacings. In Sec. VIII,
we make a summary. Additional information is provided in
Appendixes A-D.

II. DFT METHODOLOGY

For all first-principles DFT calculations in this paper, we
use the Vienna Ab initio Simulation Package (VASP) code [38]
with the projector-augmented-wave pseudopotentials [39] de-
veloped by the VASP group. The optB88-vdW functional [40]
is used for electron-electron exchange correlations. This func-
tional includes the vdW interactions, and its application for
various vdW materials with metals [28—35,41—43] has already
been proven very successful. A benchmark analysis for bulk
properties of 6H-SiC and hexagonal close-packed (hcp) Dy is
provided in Appendix A with the reasonable results. The prop-
erties of graphite and graphene predicted using the same DFT
method as in this paper have closely matched experimental
data [31,41].

In this paper, we focus on the systems involving TLG on
BLG supported by a Si-terminated 6H-SiC(0001) substrate.
To avoid any confusion, here, we emphasize that the TLG
or the BLG is graphene with one C single-atom-thick layer.
During energy minimization, all atoms are relaxed except
that some atoms (or coordinates of some atoms) are fixed, as
specified for different surface systems in the following sec-
tions. For the bottommost C single-atom-thick layer of SiC,
the dangling bonds of all C atoms are always passivated by
pseudo-H atoms. The surface system is modeled as a periodic
slab with the vacuum thickness «1.8 nm between two adja-
cent slabs, and the k mesh is chosen based upon the supercell
size. If the force exerted on each relaxed atom is <0.01 eV/A,
the total energy convergence is reached. The energy cutoff
is set to be 550 eV. Spin polarization and dipole corrections
are considered for all surface systems. To obtain the energy
barriers of various diffusion processes of a Dy atom, we use
the climbing image nudged elastic band (CINEB) method [44]
to calculate the minimum energy paths (MEPs).

I1I. CLEAN GRAPHENE ON SiC WITHOUT
GUEST Dy ATOMS

Before analyzing adsorption or intercalation of Dy, we
first analyze clean graphene on SiC without any guest Dy
atoms. Because of the lattice mismatch between the graphene
layer and the SiC(0001) substrate, the choice of supercell size
for DFT calculations needs to be considered carefully. Previ-
ous experimental observations suggested that graphene layers
grown on the SiC substrate display a (6+/3 x 6+/3)R30°
superlattice ordering [45,46] which evolves at lower tem-
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FIG. 1. Fully relaxed structure of two graphene layers [top-layer graphene (TLG) and buffer-layer graphene (BLG)] on Si-terminated
6H-SiC(0001) substrate from our density functional theory (DFT) calculation. The SiC substrate has a thickness of six single-atom-thick
layers with a C-Si-C-Si-C-Si stacking sequence from bottom to top. The bottommost C and Si single-atom-thick layers are fixed during
relaxation, and the dangling bonds of C atoms are passivated by pseudo-H atoms. The green frame in the top view indicates a supercell
(4a¢ x 4af matching 24/3asic x 2+/3asic) used in the DFT calculation. The white and cyan frames in the top view indicate a rotation of 30°
from the asic X asic unit cell to the v3asic x +/3asic unit cell. The BT gallery is between BLG and TLG, while the BS gallery is between
BLG and the terminal Si layer. The left of the side view shows the interlayer spacings (dgr, dgs, di2, d23, d34, dus, dse, and dc.y), each of which
is defined as the difference of average heights of atoms between two corresponding single-atom-thick layers. The right of the side view shows
the corrugations (crLg, CBLGs C1, C2, €3, C4, Cs, Co, and cy), each of which is defined as the height difference between the highest atom and the
lowest atom within the corresponding single-atom-thick layer. All interlayer spacings and the corrugations are in units of angstroms.

peratures from superstructures including the (v/3 x +/3)R30°
superlattice ordering [45]. Corresponding to these two types
of reconstruction, two unit-cell models can be constructed:
13a% x 13af matching 6+/3asic x 6+/3asic (Model 1) and
2a; x 2ag matching +/3asic x v/3asic (Model 2). If the lat-
eral lattice constants of SiC(0001) and graphene take the
optB88-vdW values agic = 3.09545 A and ac = 2.464 A (see
Appendix A), Model 1 corresponds to a tiny laterally tensile
strain (a¢/ac — 1) x 100% =~ 0.4% with a strained overlayer
graphene lattice constant ai. = 6«/§aSiC /13~ 2.475 A, while
Model 2 corresponds to a relatively larger lateral tensile
strain (a&/ac — 1) x 100% =~ 8.8% with af = VBasic/2 ~
2.681 A. In the following DFT calculations for Dy adsorption
and intercalation, we choose Model 2. For each required cal-
culation in the sections below, we will construct a rhombus
or rhomboid supercell with the size of 2mag. x 2nag. match-
ing m«/§aSiC X n«/§aSiC, or a rectangular supercell with the
size of 2mag x nﬁaé matching m«/§aSiC x 1.5nasic (or

nﬁaé x 2mag matching 1.5nasic x mﬁaSiC), where m and
n are positive integers.

In Fig. 1, we use Model 2 to construct a rhombus super-
cell with m = n =2 for a graphene-SiC system with a SiC
substrate of six single-atom-thick layers (i.e., 3 Si and 3 C
single-atom-thick layers), where the k mesh is taken to be
6 x 6 x 1. This system includes 147 atoms: 100 C atoms, 36
Si atoms, and 12 H atoms for saturating the dangling bonds
of the 12 bottommost C atoms. After full relaxation, the inter-
layer spacings from this optB88-vdW calculation are almost
the same as those from the PBE-TS calculation by Sforzini
et al. [9], but the corrugations are significantly smaller than
theirs, as listed in Table 1. The interlayer spacings and the
corrugations are defined in the caption of Fig. 1.

As a comparison, we also use Model 1 to construct a rhom-
bus supercell for a graphene-SiC system with a SiC substrate
of 4 C single-atom-thick layers. The k£ mesh is taken to be
1 x 1 x 1. This system includes 1216 atoms: 892 C atoms,
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TABLE I. Interlayer spacings and corrugations from DFT calculations for four coverages of Dy. For the coverage of 0 ML (i.e., clean

graphene-SiC system without Dy), the data are from Model 1, Model 2, and previous PBE-TS calculation [9]. For the coverages of

11

16° z,and

1 ML, the data are from Model 2. The coverage of % ML approximates a single isolated Dy atom. T (T1 or T2), BT, and BS stand for Dy on

TLG, in the BT gallery, and in the BS gallery, respectively, as in Figs. 4,
values highlight the interlayer spacings of intercalated galleries.

10, and 11. T1 and T2 correspond to Figs. 10(a) and 10(b). The bold

0 ML = ML T ML 1 ML

Coverage ~ Model 1~ Model2  [9] T BT BS T1 T2 BT BS T BT BS

dpr 3472 3381 340 3367 4156 3400 3313 3366 4280 3399 3311  7.665  3.370
dgs 2.525 2339 236 2332 2283 4374 2334 2340 2186 4433 2329 2180 7.453
diy 0.607 0.564 055 0576 0593 0596 0569 0566 0.631 0.653 0575 0.631  0.646
das 1.906 1917 192 1915 1911 1917 1917 1917 1901 1895 1916 1902 1.894
dsy 0.592 0622 061 0625 062 0633 0622 0623 0633 0632 0624 0633 0.629
dss 1896 190 1.896 1.895 1.895 1.896 1.896 1.894 1.894 1.896 1.894  1.894
dsg 0633 062 0633 0633 0633 0633 0633 0633 0633 0633 0633 0633
den 1.108 1.105 1105 1105 1105 1105 1105 1105 1.105 1.105 1.105 1.105
C1LG 0.694 0.008 045 0.107 0252 0006 0052 0241 0060 0002 0068 0072 0.010
CBLG 1.227 0320 086 0321 0581 0093 0321 0327 0550 0036 0316 049  0.162
2 0.334 0306 078 0257 0338 0600 0297 0303 0067 0208 0255 0.098 0.106
o) 0.203 0001 030 0002 0.37 0.51 0005 0003 0.156 0.114 0001 0.150 0.063
c 0.110 0.004 021 0002 0070 0069 0004 0004 0066 0071 0.000 0.067 0.026
cs 0.000 0.000  0.14 0001 0030 0030 0001 0001 0031 0005 0000 0029 0.031
cs 0.000 008 0.000 0000 0000 0000 0.000 0.000 0.00 0.000 0.00 0.000
c6 0.000 005 0.000 0000 0000 0000 0.000 0.000 0.00 0.00 0.000 0.000
cH 0.009 0.000 0.001  0.001  0.001  0.000 0.001 0.000 0.000 0.000 0.000 0.000

216 Si atoms, and 108 H atoms, as illustrated in Fig. 2. After
full relaxation, the corrugations become more prominent, but
the interlayer spacings do not significantly change (see Ta-
ble I), in contrast to the results from Model 2. Although Model
2 has a significant lateral strain of ~8.8%, we expect that it
would not substantially affect our results in this paper (e.g.,
a previous DFT analysis for graphene layers on Cu(111) slab
suggests that the adhesion energy is almost independent of the
lateral strain in a normal range [41]). In fact, Model 2 has been
already widely used in literature [9,47-50], instead of Model
1, for which the computational cost is extreme, especially
for the graphene-SiC system with guest atoms adsorbed or
intercalated. Finally, it is worthwhile to mention that, from our
above DFT calculations, the slabs in Figs. 1 and 2 are mag-
netic with the magnetic moments of 1.885up and 20.479usg,
respectively, where up is the Bohr magneton.

IV. ADSORPTION, INTERCALATION, AND DIFFUSION
OF A SINGLE Dy ATOM WITHOUT TLG STEPS

Knowledge of energetics for a single isolated atom at the
surface of a layered material is fundamental to assess the
thermodynamic preference of intercalation vs adsorption for
the guest atom [28,29,32-35,42,43], as well as related kinetic
processes [27,51]. Predicting the geometric structure after
the guest atom intercalates into the layered material is also
instructive, e.g., interlayer spacings and surface corrugations
can be experimentally measured as basic structural parame-
ters.

Because our DFT calculations involve periodic boundary
conditions (PBCs), it is not possible to strictly analyze an
isolated atom with a finite supercell. In this paper, we choose

the rhombus supercell with a size of 2«/361510 X 2«/§aSiC =
4af x 4ag, as indicated by the green frame in Fig. 1. The k&
mesh is again set to be 6 x 6 x 1. Each supercell includes only
one Dy atom. This is equivalent to a coverage of % monolayer
(ML), where 1 ML has the definition that any a. x ag. unit cell
for graphene is occupied by one Dy atom to form a Dy ML.
We expect that a system with such a low coverage of % ML
can be a good approximation to a single isolated Dy atom.

To search the energy minima of the Dy atom on TLG or
in a gallery, we relax N = [ configurations with the Dy atom
initially lying on equidistant grid points of a 2D / x [ grid
covering the unit-cell area of VBasic x 3asic = 2a¢ x 2a¢
(i.e., the white frame in Fig. 1) in the already fully relaxed
graphene-SiC supercell (i.e., the green frame in Fig. 1). Then
by comparing the total energies and examining the geometries
of all configurations after full relaxation, the energy minima
can be found. In principle, to reliably obtain all possible
minima, a larger / is required. In this paper, we set [ = 3,
which is expected to be sufficiently large (as verified from the
MEDPs for Dy atom diffusion below), i.e., we relax N = [> = 9
configurations, as indicated by the nine green crosses in Fig. 1.
We denote any of the nine configurations for the Dy atom on
TLG, in the BT gallery, or in the BS gallery as a letter a, b, or
c followed by a number i = 1, 2, 3, ..., 9, respectively. The
initial configuration bi or ci is set by only shifting the Dy atom
of the initial configuration ai along the direction vertical to the
surface (i.e., the height direction) into the BT or BS gallery,
as indicated by the inset in Fig. 3.

In Fig. 3, we plot the chemical potentials u (see Ap-
pendix B for the definition) of the 27 fully relaxed structures
described above. In Fig. 4, we show three configurations a4,
b9, and c1, each of which corresponds to the lowest of nine p
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FIG. 2. Different views of fully relaxed structure of top-layer graphene (TLG) and buffer-layer graphene (BLG) on a Si-terminated
SiC(0001) substrate with a thickness of four single-atom-thick layers from our density functional theory (DFT) calculation. The green frame
in the top view indicates a supercell (13a{ x 13a¢ matching 6+/3asic x 6+/3asic) used in the DFT calculation. The left of the side view shows
the average interlayer spacings (in angstroms), and the right shows the corrugations (in angstroms) for each single-atom-thick layer. See the

caption of Fig. 1 for other similar details.

values for the Dy atom on TLG, in the BT gallery, or in the BS
gallery, respectively. The chemical potentials of a4, b9, and c1
are u = —2.631, —4.606, and +1.543 eV. This indicates that
the intercalation into the BT gallery is most favorable, while
the intercalation into the BS gallery is highly unfavorable, i.e.,
the order for the thermodynamic favorability of an isolated Dy
atom is BT > top > BS.

The interlayer spacings and corrugations of all layers are
shown in Fig. 4 and listed in Table I as the Dy coverage of
% ML. By comparing with the clean graphene-SiC result in
Fig. 1, the interlayer spacing for any BT or BS gallery without
the Dy atom intercalated has only a tiny change, while the
interlayer spacing for any BT or BS gallery with the Dy atom
intercalated has a large increase: Adpt = 4.156—3.381 =
0.775A and Adps = 4.374—2.339 = 2.035A. For the cor-
rugations, there are variations for different layers. The
corrugations (crLg = 0.252 A and cgLg = 0.581 A) for the
BT intercalation as well as the corrugation (c; = 0.600 A) of

the top Si layer for the BS intercalation become significantly
larger than those (ctig = 0.008 A, cgLg = 0.320A, and ¢; =
0.306 A) for the clean graphene-SiC result. The increased
interlayer spacings and corrugations are generally related to
larger contributions to total energies from elastic strain effects
when a guest atom is intercalated into the gallery [43].

To obtain the diffusion barriers of a Dy atom diffusing
on TLG and in the BT gallery as well as the barrier for
penetrating the TLG from top into BT gallery, we calculate
three corresponding MEPs. For the diffusion on TLG, two
CINEB endpoints are chosen to be the adjacent configurations
a4 and a5 in Fig. 3. The MEP and trajectory between a4 and a5
from our DFT calculations is plotted in Fig. 5(a), and then the
corresponding diffusion barrier E}® = 0.446 eV is obtained,
as indicated by a vertical red arrow. For the diffusion in the
BT gallery, we find the MEP and trajectory between b9 and b7
from our DFT calculations, as shown in Fig. 5(b). The corre-
sponding diffusion barrier is obtained as EFT = 0.535 eV, as
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indicated by a vertical red arrow. We also examined another
MEP between b9 and b5 but with a higher barrier of ~0.8
eV, which then is not necessary to be specifically considered
in our analysis below. For the penetration from the top into
the BT gallery, we obtain a global energy barrier as Eq, 2 3.5
eV. The DFT calculations for the penetration process are very
demanding, and the details as well as discussion will be sepa-
rately published elsewhere [52].
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V. ADSORPTION AND INTERCALATION OF A SINGLE
Dy ATOM AT TLG STEPS

As analyzed above in Sec. IV, for a guest Dy atom on
TLG of the graphene-SiC system, the global energy barrier
Eqp 2 3.5 eV for directly penetrating TLG is large, so that in-
tercalation into the BT gallery underneath TLG is difficult. For
example, consider the penetration rate determined by the Ar-
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FIG. 4. Fully relaxed structures with the lowest u values for a Dy atom (a) on top-layer graphene (TLG), (b) in the gallery between
buffer-layer graphene (BLG) and TLG (BT gallery), and (c) in the gallery between BLG and the terminal Si layer (BS gallery) from our density
functional theory (DFT) calculations, which correspond to a4, b9, and c1 in Fig. 3, respectively. The green frame in the top view indicates the
23 3agic x 24/ 3asic supercell used in the DFT calculations. The left of the side view shows the interlayer spacings (in angstroms), and the
right shows the corrugations (in angstroms) for each single-atom-thick layer.
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FIG. 5. Minimum energy paths (MEPs) (a) between endpoints a4 and a5 for a Dy atom on top-layer graphene (TLG), and (b) between
endpoints b9 and b7 for a Dy atom in the gallery between buffer-layer graphene (BLG) and TLG (BT gallery), from our density functional
theory (DFT) calculations with the climbing image nudged elastic band (CINEB) method, where a4, a5, b9, and b7 are the fully relaxed
configurations in Fig. 3. The insets are the trajectories from one endpoint to another one. Green dots are the CINEB images, and the curves are
from nonlinear interpolations. A trajectory is obtained by combining all evolving configurations corresponding to the CINEB images into one
picture. The global diffusion barriers are indicated by the vertical red arrows.

rhenius forms rg, = ve PEx where v &~ 10'3/s is the attempt
frequency, and B = 1/(kgT) is the inverse temperature with
temperature 7 and Boltzmann constant kg. Even for a high
temperature 7 = 1000 K, the rate rg, = ve PEw x~ 107/,
which is very low for the penetration or intercalation.

Instead, a TLG step is expected to be able to act as a portal
for intercalation. To confirm this expectation, in this section,
we perform the DFT calculations for a single Dy atom plus a
graphene-SiC system with stepped TLG (i.e., with incomplete
TLG strips or ribbons and exposed BLG strips separated from
the TLG strips by linear steps). Experimentally, multiple types
of graphene step edge have been observed, including normal
zigzag and armchair as well as various reconstructed edges,
as discussed in our previous work for the Cu-graphite system
[31]. Below, the calculations will involve three typical step
edges for the TLG: zigzag, armchair, and zz57 (i.e., a recon-
struction of zigzag step edge by a transition from a Cg-ring
sequence to a Cs-ring-plus-C;-ring sequence [31]).

A. TLG zigzag steps

In the zigzag-step calculations, we use a rectangular su-
percell with the size of 24/3asic X 6as;c and the k mesh is
taken to be 6 x 3 x 1. For the structures of the TLG steps, we
consider three configurations. The first configuration is zz-1,
for which one zigzag C row is removed so that a narrow strip
of exposed BLG is created with two zigzag steps within a
supercell. The fully relaxed zz-1 is shown in Fig. 6(a). The
configuration of zz-1 can be considered as an experimentally
observed line between two intrinsic stacking domains in TLG
[53-56]. The second configuration is zz-3, for which three
zigzag rows are removed so that a wider strip of exposed BLG
is created with two zigzag steps. The fully relaxed zz-3 is
shown in Fig. 6(d). Because the strip of exposed BLG for zz-3

is sufficiently wide, the interactions between two steps can be
neglected so that one of the steps can be approximated as an
isolated zigzag step. Thus, zz-1 and zz-3 correspond to two
limits: two steps separated by the narrowest strip of exposed
BLG and one step approximately isolated, respectively. The
third configuration is zz-3-c, for which a zz-3 step edge is
predecorated by a Dy chain. The fully relaxed zz-3-c is shown
in Fig. 6(g). The consideration of zz-3-c is motivated by our
previous work for Cu-graphite systems [31].

For the zz-1 calculations, we initially position the Dy atom
at two differently selected sites near the zz-1 step edge in
Fig. 6(a) and then obtain two fully relaxed configurations
in Figs. 6(b) and 6(c). From the symmetry and PBC of the
system, two geometries in Figs. 6(b) and 6(c) are almost
the same, but they have different magnetic moments (about
13.2up and 11.3ug, as listed in Table S2 in the Supplemen-
tal Material [57]), so their chemical potentials p or binding
energies Eping (see Appendix B for the definition of Eyiyg as
well as the relationship between u and Eying) have a relatively
small difference of Au = AEpnq = —9.336 — (—9.414) =
0.078 eV.

For the zz-3 calculations, we initially position the Dy atom
at two differently selected sites near the zz-3 step edge in
Fig. 6(d) and then obtain two fully relaxed configurations in
Figs. 6(e) and 6(f). From the symmetry of the system, two
geometries in Figs. 6(e) and 6(f) are almost identical, but
they have a relatively small chemical-potential or binding-
energy difference of A = AEyng = —7.804 — (—7.891) =
0.087 eV due to different magnetic moments of about 14.3 g
and 10.3up, as listed in Table S2 in the Supplemental Material
[57].

For the zz-3-c calculations, we also initially position the
Dy atom at two different sites near the Dy chain in Fig. 6(g),
but one is at a site on the side of the exposed BLG strip, and
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FIG. 6. Fully relaxed structures of three types of steps (zz-1, zz-3, and zz-3-c) with and without Dy atoms. The green dashed frame indicates
the 2+/3asic X 6asic supercell used in our density functional theory (DFT) calculations. (a) Step zz-1 obtained by removing one zigzag row
and then relaxing. (b) and (c) Two configurations by relaxing one Dy atom at two different initial sites near the zz-1 step and between two steps.
(d) Step zz-3 obtained by removing three zigzag rows and then relaxing. (e) and (f) Two configurations by relaxing one Dy at two different
initial sites near the zz-3 step and between two steps. (g) Step zz-3-c obtained by relaxing one Dy chain to saturate the zz-3 step. (h) and (i)
Two configurations by relaxing one Dy atom at two different initial positions at the zz-3-c step: for (h), the Dy atom initially lies at a site near
the saturated step and between two steps; for (i), the Dy atom initially lies at a site near the saturated step but beneath the top-layer graphene
(TLG) ribbon. During energy minimization, except all relaxed atoms, the bottommost C and Si single-atom-thick layers are fixed. For (e), (f),
(h), or (i), we also fix the lateral coordinates of four C atoms of the step edge without any Dy atom.

another one is at a site underneath the TLG ribbon. After
full relaxations, we obtain the configurations in Figs. 6(h)
and 6(i) with Eyjng = —4.697 and —4.509 eV, respectively.
Note that, in the zz-3-c case, the chemical potential p of a
Dy atom for a configuration is not equal to the correspond-
ing Eninq because the total number of Dy atoms at the zz-3
step is >1. The chemical potentials of three configurations
in Figs. 6(g)-6(i) are u = —6.645, —6.256, and —6.218 eV,
respectively.

B. TLG armchair steps

In the armchair-step calculations, a rectangular supercell
of 3as;c x 4\/§a51c with a k mesh of 6 x 3 x 1 is chosen. For
the TLG step structures, we consider only two configurations.
The first configuration is ac-1, for which one armchair row is
removed so that a narrow strip of exposed BLG is created with
two armchair steps within the supercell. The fully relaxed ac-1
is shown in Fig. 7(a). Again, the configuration of ac-1 can be
considered as a possible stacking domain boundary line, as
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FIG. 7. Fully relaxed structures of ac-1 and ac-3 steps with and without Dy atoms. The green dashed frame indicates the 3ag;c % 4/ 3agic
supercell used in our density functional theory (DFT) calculations. (a) Step ac-1 is obtained by removing one armchair row and then relaxing.
(b) and (c) Two configurations by relaxing one Dy atom at two different initial positions at the ac-1 step. (d) Step ac-3 is obtained by removing
three armchair rows and then relaxing. (e) and (f) Two configurations by relaxing one Dy atom at two different initial positions at the ac-3 step.
During energy minimization, except all relaxed atoms, the bottommost C and Si single-atom-thick layers are fixed. For (b), (c), (e), or (f), we
also fix the lateral coordinates of four C atoms of the step edge without the Dy atom.

observed in experiments [53-56]. The second configuration
is ac-3, for which three armchair rows are removed so that
a wider strip of exposed BLG is created with two armchair
steps. The fully relaxed ac-3 is shown in Fig. 7(d). Again, the
strip of exposed BLG for ac-3 is sufficiently wide, and then the
interactions between two steps can be neglected so that one of
the steps can be approximated as an isolated armchair step.

For the ac-1 calculations, we initially select two different
sites of the Dy atom near the ac-1 step edge in Fig. 7(a)
and then obtain two fully relaxed configurations in Figs. 7(b)
and 7(c). Two geometries in Figs. 7(b) and 7(c) are different.
The configuration in Fig. 7(c) has a higher chemical potential
or binding energy p = Eping = —6.004 eV than pu = Epjpg =
—6.282 eV for that in Fig. 7(b).

For the ac-3 calculations, we initially select two different
sites of the Dy atom near the ac-3 step edge in Fig. 7(d)
and then obtain two fully relaxed configurations in Figs. 7(e)
and 7(f). Two geometries in Figs. 7(e) and 7(f) are different.
The configuration in Fig. 7(e) has a higher chemical potential
or binding energy © = Eping = —5.235 eV than pu = Epipg =
—5.964 eV for that in Fig. 7(f).

C. TLG zz57 steps

In the zz57 step calculations, we first initially modify a
zz-3 step in Fig. 6(d) into a zz57-3 step. After full relaxation,

we obtain the configuration in Fig. 8(a). Then we select three
different sites of the Dy atom near the zz57-3 step edge in
Fig. 8(a). Sequential full relaxations yield the three configu-
rations in Figs. 8(b)-8(d) with y = Eying = —4.826, —4.108,
and —4.820 eV, respectively. For Fig. 8(d), the initial position
of the Dy atom is chosen to be beneath the TLG ribbon, but
that for Fig. 8(b) or 8(c) is not.

D. An analysis for interactions between Dy and TLG steps

As defined in Eq. (B1), the chemical potential p re-
flects the average interaction strength between one Dy atom
and its surroundings. Lower (higher) p corresponds to a
stronger (weaker) interaction of a Dy atom with other atoms
in a configuration on average. From Fig. 6 or Table S2 in
the Supplemental Material [57], for the w values, zz-1 is
~1.5 eV lower than zz-3, while zz-3 is ~1.2 eV lower than
zz-3-c. Then an order of the interaction strength from strong
to weak is zz-1 > zz-3 > zz-3-c. The strongest interaction for
zz-1 is plausibly because the strip of exposed BLG between
the two steps is narrow so that Dy can interact with both step
edges. Plausibly, with increasing strip width, Dy should tend
to interact with only one step, and therefore, the interaction
would become weaker, as that for zz-3. Once a step is satu-
rated by Dy, e.g., a Dy chain like zz-3-c in Fig. 6, the average
interaction would become even further weakened. Similarly,
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FIG. 8. Fully relaxed structures of the zz57-3 step with and without Dy atoms. The green dashed frame indicates the 2+/3asic X 6asic
supercell used in our density functional theory (DFT) calculations. (a) Step zz57-3 is obtained by removing three zigzag rows and then
relaxing. One of two steps is initially constructed by alternatively connecting Cs and C; rings [31]. (b)—(d) Three configurations by relaxing
one Dy atom at three different initial positions at the zz57-3 step. During energy minimization, except all relaxed atoms, the bottommost C
and Si single-atom-thick layers are fixed. For (b)—(d), we also fix the lateral coordinates of four C atoms of the step edge without the Dy atom.

from ac-1 to ac-3 in Fig. 7 or Table S2 in the Supplemental
Material [57], the interaction also becomes weaker with a drop
of ~0.3 eV. This DFT result is instructive for understanding
the intercalation of a Dy atom via a TLG step, as discussed in
the next section.

In addition, by overall comparison of the p values for
zigzag (zz-1, zz-3, and zz-3-c), armchair (ac-1 and ac-3), and
2257 (zz57-3) steps in Figs. 68 or Table S2 in the Supple-
mental Material [57], an order from lower to higher chemical
potential and therefore the average interaction from stronger
to weaker is zigzag > armchair > zz57. This order is the same
as that for Cu at graphite steps, where the stability order (zz57
> armchair > zigzag) of step-edge types is exactly opposite to
the average interaction strength from stronger to weaker [31].

To search the global minimum of energy for Dy at a spe-
cific step edge, one should in principle relax a great number
of configurations. However, it is often the case that the global
minimum can be obtained by judiciously relaxing a limited
number of initial configurations. Testing multiple configura-
tions, we find that the Dy atom relaxes to the two or three
configurations selected in Secs. VA-VC, i.e., analysis of
these configurations suffices to determine the global minimum
with the lowest p (or Eping) value for the Dy atom at each
step in Figs. 6-8 with little uncertainty. Also, in contrast to

the whole energy landscape for a Dy atom at a TLG step of
the graphene supported by SiC, the Eying values of different
configurations for each step in Figs. 6-8 have relatively small
variations (significantly <1 eV; see Table S2 in the Supple-
mental Material [57]), as discussed in the next section.

VI. ENERGY LANDSCAPE OF A SINGLE Dy ATOM
NEARBY TLG STEPS

By determining Epjpg values for a Dy atom on TLG, at
various TLG steps, in the BT gallery, and in the BS gallery,
we can plot a binding energy landscape. Any one black line
in Fig. 9(a) corresponds to the lowest Ey;ng value (below, we
always refer to this lowest value whenever Ep;pg is mentioned)
from our DFT calculations in Sec. IV or V for a Dy atom
at each of the above different positions. As already analyzed
in Sec. IV, the thermodynamic favorability of a Dy atom on
TLG, in the BT gallery, and in the BS gallery has the order of
BT > top > BS. From Fig. 9(a), all Ey;,q values for various
steps are lower than the value in the BT gallery. Therefore,
the favorability order after considering these steps is updated
as zz-1 > zz-3 > ac-1 > ac-3 > zz57-3 > zz-3-c > BT >
top > BS, as indicated by the lines with the Eyj,g values from
lower to higher in Fig. 9(a).

074004-10



DY ADSORPTION ON AND INTERCALATION UNDER ...

PHYSICAL REVIEW MATERIALS §, 074004 (2021)

14
0]
-1 ]
S -2+ T* ____ -2.252eV
< 3] T —-2.631eV
£ 4]
5 4] zz-3-C
-5 2z57-3°
-6 ] ac-3 ——
7] ac-1
-8 ] 722-3 ———
.9 a zz-1*
1 (a) i

Ebind

BT-top
AE bind

B

(b)

\ | 8iop 2 0, AEgs = Siop
 Stop < 0, AEgs =0

/\Iam 20, AEES = Syy |
sm<0,AE5 =01/

BS

+1.543 eV

— -9.414eV

-4.192 eV
-4700eV gt —
- Ly b BT 4.606 eV
-5.964 eV
-6.282 eV
-7.891 eV
-8.812 eV
EP
AEN™

A Egteg BT

| R VAR
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energy landscape for a guest atom (like a Dy atom) on TLG, at a step, in the BT gallery, and in the BS gallery. Various diffusion barriers and

the binding energy differences are indicated. For more details, see text.

Given the Eyiyq values in Fig. 9(a), we can assess the kinetic
process of a Dy atom from top terrace to a gallery via a step.
Because Eyjng of a Dy atom on TLG is ~2-7 eV higher than
that at one type of step edge or ~1.6 eV higher than that in
the BT gallery [Fig. 9(a)], there is a large thermodynamic
driving force from the top terrace to a step edge or to the
BT gallery. To conveniently analyze the kinetic process, we
make a schematic of the energy landscape in Fig. 9(b) for any
given guest atom (like a Dy atom) on TLG, at a step, in the BT
gallery, and in the BS gallery. In Sec. IV, we have obtained the
diffusion barrier £, = 0.446 eV for the Dy atom on TLG.
We also must consider that, for an atom crossing a step on a
surface from upper to lower terrace, the atom generally needs
to overcome an extra barrier, i.e., the Ehrlich-Schwoebel (ES)
barrier AEgs, relative to the terrace diffusion barrier E}*. In
principle, one can perform DFT-CINEB calculations to obtain
AEgg, but such calculations are highly demanding. Instead,
we make a rough estimate as below.

Note that the ES barrier AEgs for a metal atom crossing
a step on a crystalline metal surface is usually < 0.2 eV
[58-60]. In Fig. 9(b), we define an ES barrier parameter S,
which is the energy difference between the transition states of
the guest atom at the step edge and at a TLG terrace position
far from the step. If 6, = 0, AEEs = 8i0p, but if iop < O,
AEgs = 0 [60]. See the red and purple curves in Fig. 9(b) for
Siop = 0 and §op < 0, respectively. For a Cu atom crossing

a graphite step edge, we estimated 6, < 0, and therefore,
AEgs = 0 from our previous DFT calculations [31]. For a Dy
atom on TLG, we expect that AEgg for crossing a TLG step
(also note that AEgg can vary for different step types) is likely
also < 0.2 eV, and this allows us to make a conservative esti-
mate of AEgs = 0.1 eV with an error bar of ~ £ 0.1 eV. Thus,
the total barrier of the Dy atom crossing the step from upper to
lower terrace is around Ey* + AEgs &~ 0.446 + 0.1 ~ 0.5 eV,
much less than the penetratlon barrier Edp 2 3.5 eV (obtained
in Sec. IV). Therefore, it is much easier that a Dy atom
diffusing on TLG crosses the TLG step edge and then attaches
to a step site on BLG than directly penetrating the TLG into
the BT gallery.

Once a guest atom (like Dy) crosses the TLG step edge
and then attaches to a step site on BLG, it can detach from
the step and sequentially either return to the TLG terrace
or intercalate into the BT galley. For the detaching from
the step site back to the TLG terrace, the energy barrier
is Apack = AEg P + EYP + AEgs, where AEq 5" is the
binding energy difference from a step edge to TLG terrace
[see Fig. 9(b)]. For the detaching from a step site into the BT
gallery, the energy barrier is A, = AESE T 4+ EBT 4 AEZ,
where AE;H BT is the binding energy difference from the step
site to the BT gallery, EST is the diffusion barrier in the BT
gallery, and AEYg > 0 is defined as an ES-like intercalation
barrier parameter (see Appendix C). The corresponding rates
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for the above two detachment processes are determined by
the Arrhenius forms rpac = ve P4% (back to top) and ry, =
ve P4 (into the BT gallery).

For a Dy atom, E;* + AEgs~0.5eV (as analyzed
above), and AE;-n'® is in a range of 2-7 eV for differ-
ent types of step [see Fig. 9(a)]. Correspondingly, Apsck =
AESTP + EfP + AEgs is in a range of ~2.5-7.5 eV. The
large Ap,ck effectively inhibits the detachment from the step
site back to the TLG terrace, e.g., rpack = Ve P2wk a2 2.5/5 s
rather low at T = 1000 K, even for the lower limit 2.5 eV [i.e.,
for zz-3-c step; see Fig. 9(a)] of Apuck.

Let us also analyze ri,. For a Dy atom, EFT = 0.535 eV
(obtained in Sec. IV), and we can ignore AEfg (see Appendix
C), while AES;?;’BT is in a range of ~0.1—4.8 eV for different
types of step [see Fig. 9(a)]. Then Aj, = AESPPT 4 EBT 4
AEY is in a range of ~0.6-5.3 eV. For the upper limit 5.3 eV
(i.e., for zz-1 step) of Aj,, the rate riy = ve PAn 0 at T =
1000 K, indicating that the detachment from the zz-1 step into
the BT gallery is inhibited. However, for the lower limit 0.6 eV
(i.e., for zz-3-c step) of Aj,, the rate rj, = ve P4 ~ 10'0/s at
T = 1000 K, indicating that the detachment from a zz-3-c step
into the BT gallery is much easier. Similar analyses at other
temperatures and for other step types can be straightforward.
Therefore, the binding energy difference AE; """ from the
step edge to the BT gallery is the main factor determining
the ease or difficulty of Dy atom intercalation into the BT
gallery. Thus, detachment of a Dy atom from a step edge
to the BT gallery varies from easiest to most difficult in the
order zz-3-c, zz57-3, ac-3, ac-1, zz3, and zz1, corresponding
to the AESPPT values varying from smallest to largest in
Fig. 9(a).

VII. ADSORPTION AND INTERCALATION OF Dy WITH
HIGHER COVERAGES

In experiments [37], the coverage of Dy for either adsorp-
tion or intercalation is often > % ML described in Sec. IV.

Thus, we also choose two higher coverages of 41'1 and 1 ML to
assess the energetics of Dy adsorption and intercalation in this
section. In our DFT calculations for these higher coverages,
we use the same supercell and k mesh as those in Sec. IV, and
therefore, the coverages }‘ and 1 ML correspond to 4 and 16
Dy atoms in the supercell, respectively.

A. 1ML Dy

We first analyze Dy adsorption with two different config-
urations, one uniformly distributed and the other clustered,
the corresponding fully relaxed configurations being shown in
Figs. 10(a) and 10(b), respectively. The chemical potential
of the clustered configuration in Fig. 10(b) is 0.465 eV lower
than the uniform configuration in Fig. 10(b). This seems to
indicate that the Dy on the TLG tends to clustering instead of
a uniform layer for this coverage.

For the intercalation in the BT gallery, we select one uni-
form configuration. After full relaxation, the configuration is
shown in Fig. 10(c) with a significantly lower u by ~2 eV
than for adsorption. Thus, the intercalation for }T ML Dy into
the BT gallery is much more favorable than the adsorption,

and then consistent with the results for li() ML Dy approxi-
mately representing an isolated Dy atom (see Fig. 3 and Table
S1 in the Supplemental Material [57]).

For the intercalation in the BS gallery, we also select one
uniform configuration, as fully relaxed in Fig. 10(d). The u
value of this configuration is only 0.520 eV higher than in
the BT gallery, but significantly lower by ~1.5 eV than the
adsorption. Thus, the intercalation for }‘ ML Dy into the BS
gallery is slightly more unfavorable than in the BT gallery
but becomes significantly more favorable than adsorption, in
contrast to the results for 11—6 ML Dy (see Fig. 3 and Table S1
in the Supplemental Material [57]), where the Dy atom in BS
gallery is most unfavorable.

For the above analysis, here, it is necessary to mention
some caveats. These caveats also apply for the 1 ML calcu-
lations in the next subsection (Sec. VII B).

(i) To judge the relative favorability of the configurations,
we use u. This is equivalent to using total energy Ei [see
Eq. (B1)] for systems with the same Dy coverage. i cannot
be used to judge the relative favorability of the configurations
with different Dy coverages.

(i) Higher (lower) u for the same Dy coverage corre-
sponds to a less (more) favorable configuration with a stronger
(weaker) interaction per Dy atom with other atoms (see Ap-
pendix B). Thus, for a coverage of i ML, the favorability
order of BT > BS > top is equivalent to the order of inter-
action strength from stronger to weaker (also see Sec. VIIC).

(iii) For calculations of adsorption on TLG, intercalation
in the BT gallery, and intercalation in the BS gallery, we only
relax two, one, and one configuration, respectively. This does
not guarantee that we identify the global-energy-minimum
configuration for any of these three cases. Finding the global
energy minimum needs performance of DFT calculations with
as many different selected initial configurations as possi-
ble (this is of course extremely expensive computationally).
However, we believe that the above-selected calculations are
sufficient to ensure that each configuration is at least close to
the global energy minimum, considering that the p values of
two configurations in Figs. 10(a) and 10(b) have a difference
<0.5 eV. The sufficiently small difference (e.g., significantly
<1 eV)in u does not affect the above favorability order.

(iv) The fully relaxed configurations in Figs. 10(a) and
10(b) with Dy on TLG do not change the AB stacking be-
tween TLG and BLG, but the configuration in Fig. 10(c) with
Dy in the BT gallery produces AA-like stacking, while the
configuration in Fig. 10(d) with Dy in the BS gallery produces
neither AA nor AB stacking. At least for finite graphene re-
gions with free boundaries, a stacking change can occur after
intercalation in experiments [53—-56]. A large graphene layer
could probably change local stacking and eventually convert
the entire layer (e.g., see Fig. 2). For a discussion of stacking
effects in our DFT calculations, see Appendix D.

B. 1 ML Dy

For 1 ML Dy adsorption, we initially put one Dy single-
atom-thick layer (i.e., 16 Dy atoms per cell) on TLG with
each Dy atom at the center site of a C¢ ring. After full
relaxation, the initial Dy layer becomes two Dy layers, as
indicated by eight smaller (upper) and eight larger (lower)
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FIG. 10. Fully relaxed structures with a Dy coverage of % monolayer (ML) (a) and (b) on top-layer graphene (TLG), (c) in the gallery
between buffer-layer graphene (BLG) and TLG (BT gallery), and (d) in the gallery between BLG and the terminal Si layer (BS gallery) from
our density functional theory (DFT) calculations. The four Dy atoms in the 2/ 3asic x 2+/3asic supercell (green frame in top view) are always
initially set to be uniformly distributed, except for (b), where the nearest-neighbor distance between two Dy atoms is reduced to half of that
for (a). The left of the side view shows the interlayer spacings (in angstroms), and the right shows the corrugations (in angstroms) for each

single-atom-thick layer.

green balls per cell in Fig. 11(a). Similarly, full relaxation
for the initial Dy layer in the BT gallery also yields two Dy
layers [see Fig. 11(b)], but the upper Dy layer and the lower
Dy layer contain 12 and 4 atoms per cell, respectively. The
full relaxation for the initial Dy layer in the BS gallery yields
two Dy layers [see Fig. 11(c)] with the upper Dy layer and the
lower Dy layer containing 7 and 9 atoms per cell, respectively.

In Fig. 11, the w values have a decreasing order of BT
(—4.132 eV) > top (—4.202 eV) > BS (—4.790 eV), and
therefore, the favorability order is BT < top < BS, which is

074004-13

opposite to the order for % ML Dy (see Fig. 3 and Table S1
in the Supplemental Material [57]). However, these three ©
values are close to each other (within 0.7 eV). In addition, it
is also possible that these configurations do not correspond to
the global energy minima [e.g., the configuration in Fig. 11(b)
is perhaps not the global energy minima which probably has a
0.7 eV lower u value], as noted in Sec. VII A. Again, search
for the global energy minima is computationally expensive
and is not implemented in this paper. Despite this uncertainty,
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FIG. 11. Fully relaxed structures with a Dy coverage of 1 monolayer (ML) (a) on top-layer graphene (TLG), (b) in the gallery between
buffer-layer graphene (BLG) and TLG (BT gallery), and (c) in the gallery between BLG and the terminal Si layer (BS gallery) from our density
functional theory (DFT) calculations. The 16 Dy atoms in the 2/ 3asic x 2+/3asic supercell (green frame in top view) are always initially set
to be uniformly distributed. After full relaxation, the Dy single-atom-thick layer for any initial structure becomes two single-atom-thick layers,
as indicated by small and large balls for Dy. The left of the side view shows the interlayer spacings (in angstroms), and the right shows the
corrugations (in angstroms) for each single-atom-thick layer.
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TABLE II. Bulk properties of 6H-SiC, graphite, graphene, and hcp Dy from our DFT calculations compared with available experimental
values. a or c is the lattice constant. By and B are the bulk modulus and the first derivative of the bulk modulus with respect to pressure,
respectively. The cohesive energy is Econ = Egas — Opuik, Where Eg, is the energy of a single atom in its gas phase, and oy is the energy per

atom in its bulk phase.

System Method a(A) c(A) By (GPa) B, Eeon (€V)
6H-SiC DFT, optB88-vdW 3.09545 15.19541 2122 54
experiments 3.08129° 15.11976*
3.0810° 15.1248°
230.2¢ 4¢
2214
Graphite DFT, optB88-vdW 2.465¢ 6.701¢ 7.800¢
experiments 2.4589" 6.6720% 7.37"
Graphene DFT, optB88-vdW 2.464° 7.730°
experiment 2.4
hep Dy DFT, PBE 3.620 5.625 4.20
DFT, optB88-vdW 3.568 5.575 431
experiments 3.584) 5.668
3.59f 5.65 3.04
3.12k

4Reference [63].
PReference [64].
‘Reference [65].

dCalculated from elastic stiffness coefficients C; ; [66] using the data in Ref. [67].

¢Reference [41].

fAt 78 to 298 K [68].
eAt 4.2 K [68].
hReference [69].
iReference [70].
iReference [71].
kReference [72].

the three configurations in Fig. 11 for 1 ML, together with the
configurations in Fig. 10 for % ML, can provide an instructive
comparative guide for assessing the coverage dependences, as
discussed below.

C. Coverage dependences of chemical potentials
and interlayer spacings

Figure 12(a) summarizes our DFT predictions for the vari-
ation of u values with Dy coverage (1%’ ;i, and 1 ML). For
1—16 ML, the favorability order of Dy is BT > top > BS with
significantly larger increments (~2.0 to 5.0 eV) in pu. For }1
ML, the order is BT > BS > top with intermediate increments
(~0.5t0 1.7 eV) in u, i.e., the intercalation into the BS gallery
becomes much more favorable than adsorption on TLG, in
contrast to 11—6 ML, where approximately a single Dy atom
is much more unfavorable for the intercalation into the BS
gallery. For 1 ML, the order is BS > top > BT with small
increments (~0.07 to 0.66 eV) in u, i.e., becomes opposite
in contrast to % ML, although this order has an uncertainty,
as mentioned in Sec. VIIB. In addition, from the Fig. 12(a),
with increasing coverage of Dy from one to two layers, the
w value naturally approaches —E.,, = —4.31 eV for hcp Dy
bulk (Table II), indicating the self-consistency of our DFT
calculations.

In Fig. 12(b), we summarize the coverage dependence of
interlayer spacings dpt and dgs. The data for all interlayer
spacings and corrugations are shown in Figs. 4, 10, and 11

(also see Table I). From Fig. 12(b), any spacing without Dy
intercalated has almost no change for any coverage relative
to 0 ML (i.e., without Dy). After a gallery is intercalated,
the spacing significantly increases (see the values highlighted
by the bold fonts in Table I). Here, dgt and dps increase by
~23% and 87% (27% and 90%) for %6 (}1) ML, respectively.
For 1 ML, Dy becomes two layers, and thus, dgt and dgs
increase even larger, by ~127% and 219%, respectively. In
addition, we emphasize that, from Figs. 4, 10, and 11, the
corrugations of layers near the intercalated Dy for any cover-
ages are generally larger with different degrees relative to the
farther layers. A larger (smaller) corrugation reflects a larger
(smaller) standard error of the interlayer spacing, which is an
average value, as defined in the caption in Fig. 1.

Next, we make a brief qualitative analysis for the relation-
ship between interlayer spacings with intercalated Dy and the
corresponding chemical potentials. For a low coverage of Dy,
e.g., ]—16 or i ML, dgs increases by ~87% or 90% after the
Dy intercalation, while dgr increases by only ~23% or 27%,
respectively. As in our previous analysis for the intercalation
of a guest atom into multilayer graphene [43], the total energy
(or equivalently the chemical potential) can be decomposed
into two components. One is the elastic contribution (positive)
due to the relaxation of C atoms (i.e., the displacements from
equilibrium positions of C atoms) near the intercalated guest
atom, reflected by relaxing to a specific interlayer spacing
with the corrugations (including protrusions or local bending
with strain). Another contribution (negative) is the electronic
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effect not related to the relaxation, reflected by the interactions
between atoms.

For low coverages (% or % ML), we assume that the
electronic contributions do not significantly differ (or do not
dominate) for the intercalation in the BT or BS gallery and
assume that a larger (smaller) incremental change in inter-
layer spacing approximately corresponds to larger (smaller)
intercalation-induced strain. Then the elastic contributions
dominate the chemical potentials: a larger (smaller) incremen-
tal change in interlayer spacing [and therefore larger (smaller)
elastic contribution] corresponds to a higher (lower) chemical
potential. For % ML, dgs = 4.374 A has a larger incremental
change of ~87% with a higher u = +1.543 eV, while dgT =
4.156 A has a smaller incremental change of only ~23% with
a lower © = —4.606 eV. Similarly, for i ML, dgs = 4.433 A
has a larger incremental change of ~90% with a higher u =
—4.964 eV, while dpt = 4.280 A has a smaller incremental
change of only ~27% with a lower u = —5.484 eV. This re-
sult is consistent with the above elastic-contribution-dominant
assumption.

For the high coverage (1 ML), after intercalation, dgs =
7.453 A has a larger incremental change of ~219% but
with a lower u = —4.790 eV, while dgr = 7.665A has a
smaller incremental change of ~127% but with a higher
u = —4.132 eV. This result is opposite to that for the above
low coverages. A surmise is that the electronic contributions
would be dominant over the elastic contributions for a high
Dy coverage. In general, a higher Dy coverage corresponds
to more nearest-neighbor interactions between Dy atoms, and
consequently, the electronic contributions increase. On the
other hand, the bending with strain in graphene layers (and
therefore elastic contributions) does not significantly increase
for a sufficiently large interlayer spacing, which is mainly
from a large translational shift between upper and lower parts
of a gallery after the gallery is intercalated [see Figs. 11(b)
and 11(¢)].

VIII. CONCLUSIONS

We have performed first-principles DFT calculations for
Dy adsorption and intercalation for a graphene-SiC system.
From a chemical-potential analysis, we find that a single Dy
atom intercalated into the BT gallery is ~2 eV more favorable
than adsorption on TLG, and >6 eV more favorable than
intercalated into the BS gallery. We also find that the direct
penetration of a single Dy atom from the graphene top into
the BT gallery is strongly inhibited with a large global barrier
above 3.5 eV. In addition, we also obtain the diffusion barriers
~0.45 and 0.54 eV for a single Dy atom diffusing on TLG
and in the BT gallery, respectively. We demonstrate that one
Dy atom on TLG terrace can easily intercalate into the BT
gallery by crossing specific types of TLG steps, e.g., a zz
step presaturated by a Dy chain, or a zz57 step, at which the
chemical potential of Dy is comparable to (vs much lower
than) that in the BT gallery. Our DFT calculations for different
Dy coverages (0, %, }1, and 1 ML) show that the preferred
bonding location of Dy and the corresponding interlayer spac-
ing for an intercalated gallery is coverage dependent, but the
interlayer spacing for any unintercalated gallery almost does
not depend on the coverage. These theoretical predictions

can be generally informative and instructive for studies of a
graphene-SiC system intercalated by guest atoms.
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APPENDIX A: DFT BENCHMARK ANALYSIS FOR BULK
PROPERTIES OF 6H-SiC,
GRAPHITE, GRAPHENE, AND HCP Dy

To calculate the bulk properties of 6H-SiC, we use a con-
ventional unit cell with a hexagonal structure of ABCACB
stacking containing 6 C atoms and 6 Si atoms, as illustrated
in Fig. 13. The k mesh is taken to be 51 x 51 x 13, and the
cutoff energy is set to be 557 eV, which is significantly larger
than the VASP default value 400.000 eV for C (as well as
245.345 eV for Si), to guarantee the high accuracy of the DFT
calculations. As listed in Table II, the lattice constants a and
¢ of 6H-SiC from our optB88-vdW calculations are in good

|

[0001]

Top view of (0001)

(@

(9

FIG. 13. The hexagonal cell of bulk 6H-SiC. (a) Side view of the
(0001) plane. (b) A view inclined to the (0001) plane at an angle of
10°. (c) Top view of the (0001) plane. The dashed red frame indicates
the unit cell used in our density functional theory (DFT) calculation
for lattice constants a and c. The unit cell contains six C atoms (blue)
and six Si atoms (green). Two different interlayer spacings c¢/24 and
c/8 are also indicated [63].
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agreement with experimental values. In the calculations for
the lattice constants, we fully relax cell volume and shape as
well as coordinates of all atoms to obtain a configuration with
energy Ey and corresponding volume Vj. Then we calculate
the energies of a series of configurations with volumes fixed
around V, by relaxing cell shape to ensure that Ej is the
global energy minimum. Using the Birch-Murnaghan equa-
tion [61,62], we fit the data points of energy vs volume and
obtain the bulk modulus By and the first derivative By, of the
bulk modulus with respect to pressure. As listed in Table II,
the By and B, of 6H-SiC from our optB88-vdW calculations
are also in good agreement with experimental values.

As mentioned in Sec. II, the properties (including lattice
parameters, cohesive energies, surface energies, step edge en-
ergies, graphene vacancy formation energies, etc.) of graphite
and graphene from the optB88-vdW calculations can repro-
duce well the experimental data [41,31]. To be convenient, in
Table II, we also list the lattice constants and cohesive ener-
gies of graphite and graphene from our previous optB88-vdW
calculations [41] with the experimental values for comparison.

For hep Dy, we use the primitive cell containing two Dy
atoms. The k mesh is taken to be 51 x 51 x 51, and the cutoff
energy is 400 eV, which is much larger than the VASP default
value 155.713 eV for Dy. This again guarantees the high
computational accuracy. From Table II, the lattice constants a
and ¢ from our optB88-vdW calculations (as well as from our
PBE calculations as a comparison) can be in good agreement
with the experimental values, but the DFT cohesive energies
(Eon) have significant deviations away from the experimental
values. The relatively large deviations in E.,, could be likely
from the use of the pseudopotential (Dy_3 POTCAR) with
4f electrons frozen in the core. However, this is a standard
pseudopotential model for the treatment of localized f elec-
trons and has already been widely applied (see, e.g., Ref. [73])
because treating the electrons in the f orbital outside the
core can give rise to unreliable behavior, e.g., the energy
divergence during relaxation. Although this pseudopotential
cannot reproduce experimental E.,, well, we assume that
the contributions from 4 f valence electrons to total energies
would be largely cancelled when comparing relative energy
differences for our surface systems in this paper.

APPENDIX B: FORMULATION OF CHEMICAL
POTENTIAL, ADSORPTION ENERGY, BINDING ENERGY,
COMBINATION ENERGY, AND INTERCALATION
ENERGY

To assess the relative stability and the average strength of
atom interactions of various structures involving Dy binding
with the graphene-SiC system, particularly at step edges, we
define a chemical potential of Dy as [31,28]

o Etot - Ecln

_Easa Bl
" 2a (BI)

I
where E, is the total energy of the Dy structure plus graphene
and SiC, E, is the energy of the fully relaxed clean graphene-
SiC system (without Dy) with or without steps, » is the total
number of Dy atoms in a supercell, and E,, is the energy
of one Dy atom in the gas phase. The chemical potential
u in Eq. (B1) accounts for the average strength of one Dy

atom interacting with its surroundings. A lower (higher) u
value corresponds to a configuration with a stronger (weaker)
interaction of a Dy atom with other atoms on average. For
one adatom (n = 1) adsorbed on TLG of the graphene-SiC
system, u reduces to the conventional adsorption energy

Eyzs = Eiot — Ecin — Egas~ (BZ)

To provide additional insight into the energy landscape of
one specific Dy atom bound to different sites on the TLG
ribbon, at a TLG step edge (with or without a Dy chain), and
in the BT gallery, we also define a binding energy for this Dy
atom as [31]

*
Evind = Eiot — E —

Egas ’

(B3)
where E} is the energy of the fully relaxed graphene-SiC
system with or without a predecorated Dy chain. Lower Eping
indicates stronger binding between the Dy atom and other
atoms. For the graphene-SiC system not predecorated by a Dy
chain, E}; reduces to E,, and then Eq. (B3) reduces to the
case of n = 1 in Eq. (B1). In this case, Eping = U.

Note that the energy reference in Eqs. (B1)—(B3) is Egy;.
Here, we also define a combination energy [43]

Ecomb = Eior — Ecin — Opulk, (B4)

where oy is the energy per Dy atom in hep Dy bulk crystal,
instead of Egu. Then Ecoymp quantifies the energy required
for a Dy atom to become combined with the graphene-SiC
system (e.g., adsorbed on TLG, bound at a step edge, or
intercalated into a gallery), starting from hcp Dy bulk. Note
that the difference E.omp — 1 is equal to the cohesive energy
Econ = Egas — opuik of hep Dy bulk. For the case of intercala-
tion, Ecomp is Often called the intercalation energy Eiy [42].
From Eq. (B4), Ecomp > 0 indicates that the combination of a
Dy atom with the graphene-SiC system from hcp Dy bulk is
endothermic, while E.,y, < 0 indicates that the combination
is exothermic.

APPENDIX C: ESTIMATE OF INTERCALATION
BARRIER PARAMETER AE;

The ES-like intercalation barrier parameter AEYq is de-
fined as the energy difference between the transition states of
the guest atom at a step edge and at a position (far from steps)
in the BT gallery. The value of AEf depends on the type of
the step edge. In principle, one can obtain AEfg by calculating
the MEP for the guest atom crossing the step edge, e.g., using
the CINEB method with two endpoints at the configurations in
Figs. 6(h) and 6(i) for the zz-3-c step or in Figs. 8(b) and 8(d)
for the zz57 step. Unfortunately, such CINEB calculations are
computationally highly demanding and not implemented in
this paper. Instead, we can make a reasonable estimate for
different types of step. Like the definitions of i, and AEFs,
we can also define dpr satisfying AEgs = gt for dgr = 0,
but AEgs =0 for égr < 0, corresponding to the green or
blue curves in Fig. 9(b), respectively. For zz-1, zz-3, ac-1,
or ac-3 with a lower Eynq [as in Fig. 9(a)], we expect that
the gt value would be <0 because there seems to be a sharp
energy gradient from the step edge to the BT gallery (a similar
picture to a Pb atom diffusing on an inversely stepped Pb(111)
nanofilm from a region with lower adsorption energy to the
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adjacent region with significantly higher adsorption energy by
crossing an underlying buried step [60]; also see Sec. S3 [57]).
For zz-3-c or zz57-3 with a higher Eyg [relatively closer
to the Eying value in BT gallery, as in Fig. 9(a)], the energy
gradient from the step edge to the BT gallery becomes less
sharp (e.g., the Eping value increases by only ~0.19 eV from
Figs. 6(h) to 6(i) for the zz-3-c step or by ~0.01 eV from
Figs. 8(b) to 8(d) for the zz57 step, cf. an increase of ~4.5 eV
for the zigzag step in Sec. S3 in the Supplemental Material
[57]). Therefore, the dgt value for zz-3-c or zz57-3 would be
>0. It follows that AEfg would be nonzero, but likely has a
comparable value with AEgg, which is usually <<1 eV, as
analyzed in Sec. VI.

APPENDIX D: STACKING EFFECTS ON DFT RESULTS

As noted in Tables S1 and S2 in the Supplemental Material
[57], when all coordinates of C atoms in the TLG (or a TLG
ribbon) for a configuration are relaxed during the structure
optimization, the TLG sometimes can have a shift so that the
initial AB stacking between TLG and BLG finally becomes
AA or AC stacking or an intermediate stacking between two
of AA, AB, and AC. As mentioned in Sec. VII A, the stacking
changes with domain boundaries or with intercalation can be
possible in experimental observations, but it could be also a
possible artificial effect when one uses a finite supercell size

to simulate an infinite system with perfect graphene layers in
DFT calculations. This artificial effect cannot be cancelled,
especially when one compares the energies of two configura-
tions with and without stacking change, respectively, so that
an error is created.

To estimate such errors, we performed two DFT cal-
culations for AB and AA stacking of freestanding bilayer
graphene using the ac X ac unit cell (containing 4 C atoms)
with a k mesh of 41 x 41 x 1. Also note that AB stacking is
equivalent to AC stacking for bilayer graphene. From our DFT
calculations, the AB stacking is energetically more favorable
than AA stacking with an energy difference of 0.01983 eV
per unit cell. Then for an mac x nac supercell, there will be
an error of 0.01983 eV x mn in total energy when two con-
figurations with AB and AA stacking are used to calculate the
energetic quantities in Egs. (B1) to (B4). Thus, for the results
(in Table S1 in the Supplemental Material [57]) with stacking
changes (including the intermediate stacking between AB and
AA), where a 4a x 4af supercell is used, the errors should
be within about 0.01983 x 16 ~ 0.3 eV, which is sufficiently
small relatively and clearly does not affect our conclusions.
Relative to Fig. 7(a) without the Dy atom or Fig. 7(b) with the
Dy atom, the TLG ribbon in Fig. 7(c) has a shift. In this case,
the TLG ribbon size is 4a¢ x Saf, and then the error should be
estimated to be within about 0.01983 x 20 ~ 0.4 eV, which
is also sufficiently small relatively and does not affect our
conclusions.
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