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Abstract

Based on first-principles total-energy calculations, we systematically inves-
tigate how the electronic and magnetic properties of rhombohedral graphite
thin films depend on the interlayer spacing and number of layers. Our cal-
culations show that the magnetic ordering of the thin films depends on the
interlayer spacing. Thin films under compression normal to the layers possess
finite magnetic moments, indicating parallel spin coupling between the two
surfaces. We also find that thin graphite films with seven or more atomic
layers exhibit magnetic ordering while films with six or less atomic layers are
metallic with no magnetic ordering.
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Thickness

1. Introduction

Boundary conditions imposed on graphene are known to induce inter-
esting variation in the geometric and electronic properties of the resultant
materials: a periodic boundary condition leads to the nanometer scale tubu-
lar form of carbon, with electronic properties ranging from semiconducting
to metallic depending on the atomic arrangement around the circumference
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[1, 2]; in contrast, an open boundary condition leads to one-dimensional
graphene nanoribbons, whose electronic structures sensitively depend on the
edge atomic arrangement and width [3, 4]. Early theoretical work pointed out
that ribbon with zigzag edges possesses a peculiar edge localized state, form-
ing half-filled flat dispersion bands in part of the one-dimensional Brillouin
zone [5, 6, 7]. It has also been pointed out that these flat bands cause ferro-
magnetic spin ordering along the edge along with antiferromagnetic coupling
between edges.

Besides the boundary condition on the covalent network of C atoms of
graphene, the mutural arrangement on the stacking direction can also induce
peculiar electronic states at the Fermi level and affect the magnetic ordering
of the surfaces of graphite [8, 9, 10, 11]. By imposing an open boundary
condition normal to the stacking direction of graphite with a rhombohedral
stacking arrangement, the flat dispersion bands emerge at the vicinity of the
K point, and have a surface localized nature as in the case of the edge state
of graphene ribbon with zigzag edges. As a result of the flat band, the (0001)
surfaces of rhombohedral graphite exhibit ferrimagnetic spin ordering with a
magnetic moment of 0.036 pp/nm? [10]. Further analysis has revealed that
the polarized electron spins are coupled in antiparallel between the topmost
and the bottommost surfaces of the slab. A previous analysis corroborates
the fact that the edge state is the common characteristic on the surface or
edges of various materials with particular symmetries [12].

Recent theoretical work has pointed out that the extent of the flat band
region of the edge state strongly depends on the unisotropic electron transfer
among the atomic sites. For instance, on the (111) surfaces of diamond lat-
tice, the flat band region extends across one fourth of the K-T line [13]. How-
ever, on the (0001) surfaces of rhombohedral graphite thin film, which can be
regarded as highly anisotropic versions of the (111) surfaces of diamond, our
previous calculation indicated that the flat band states emerge only in the
vicinity of the K point. Furthermore, the flat band region strongly depends
on the electron transfer along the interlayer direction of graphite thin film
[10]. Thus, the purpose of this work is to unravel the electronic structure and
magnetic states of thin films of rhombohedral graphite with (0001) surfaces
in terms of the interlayer spacing and the thickness. Our calculations based
on the first-principles total-energy calculations in the framework of the den-
sity functional theory (DFT) indicate that the magnetic properties of thin
films of rhombohedral graphite strongly depend on their interlayer spacing,
which directly affects the interlayer electron transfer. Furthermore, we also



show that the slab thickness affects the electronic properties of graphite thin
films.

2. Computational Details

All calculations have been performed based on the density functional the-
ory [14, 15]. We used the local spin density approximation (LSDA) to treat
the exchange-correlation potential of interacting electrons [16, 17]. Ultrasoft-
pseudopotential was adopted to describe the electron-ion interaction [18].
The valence wave functions and charge density were expanded in terms of a
plane-wave basis set with cutoff energies of 25 Ry and 324 Ry, respectively.
We considered thin films of graphite with rhombohedral (ABCA) stacking
comprising three to thirteen graphene layers. For each thin film, the inter-
layer spacing between graphene layers is varied from 2.7 to 3.4 A. In the
repeated slab model, each thin film is separated from its periodic image by a
12 A vacuum region. In the lateral directions, we used 1x1 periodicity with
two C atoms in each graphene layer. To avoid periodic image errors arising
from the repeated slab model, we adopted the effective-screening medium
method [19, 20]. Because of the narrowness of the flat-band region in the
Brillouin zone which affects the magnetic properties, we used fine k-point
sampling of 52x52 equidistant k-points mesh for the surface Brillouin zone
integration.

3. Results and discussion

We first investigated the dependency of the magnetic ordering of the
graphite thin films on their interlayer spacing. Figure 1 shows the contour
plots of the electron spin density (Ap = pr — p;) of rhombohedral graphite
thin films with eight atomic layers at various interlayer spacings. As shown in
Fig. 1(a), the spin density on the topmost or bottommost surfaces exhibits
ferrimagnetic ordering. At the same time, between the two surfaces, the
spins are coupled in an antiparallel way as was found for the spin density of
graphene ribbon with zigzag edges. Because of this antiparallel spin configu-
ration between the surfaces, the net spin moment of the thin films is zero. For
films with moderate interlayer spacing, the magnetic ordering maintains the
characteristics observed at equilibrium interlayer spacing [Figs. 1(b)-1(c)].
However, upon further decrease in the interlayer spacing, the spin density
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Figure 1: Contour plots of spin density, and surface magnetic moment (ug/nm?) of eight
atomic layer rhombohedral graphite slabs at various interlayer spacings: (a) d=3.35 A,
(b) d=3.2 A, (c) d=3.10 A, (d) d=3.00 A, (e) d=2.80 A, and (f) d=2.70 A. The solid
circles denote the position of C atoms. Positive and negative values of spin density are
shown by red (gray) and black lines, respectively. Each contour represents twice (or half)
the density of adjacent contour lines. AS and PS symbols denote antiparallel and parallel
coupling spin states of topmost and bottommost layers, respectively.
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Figure 2: (a) Electronic energy band around the Fermi level in the vicinity of the K point.
(b)-(d) Contour plots of square wave function of highest occupied state at A, B, C points of
eight atomic layer rhombohedral graphite slab with interlayer spacing 3.35 A. The energy
is measured from the Fermi level. The solid circles denote the positions of C atoms. Each
contour represents twice (or half) the density of adjacent contour lines.

drastically changes its distribution: the polarized spins on two surfaces be-
come coupled in parallel, leading to finite net spin moment for the thin
film [Figs. 1(d)-1(f)]. Our calculations show that the transition between an-
tiparallel and parallel spin coupling takes place at an interlayer spacing of
about 3.0 A. Note that the total-energy difference between the magnetic state
and non-magnetic state of rhombohedral graphite film is about 1 meV /atom
so that the magnetic state could be observed under very low temperature.
Thus, by using appropriate experimental techniques, such a modulation in
the magnetic properties could be detectable in thin films of graphite with the
rhombohedral stacking arrangement. In sharp contrast to the relative spin
arrangement between surfaces, on each surface the ferrimagnetic spin order-
ing is robust against the variation of the interlayer spacing and maintains
its distribution even at considerably narrowed spacings. This ferrimagnetic
spin distribution results in an invariable magnetic moment on the topmost
or bottommost surface.

To clarify the mechanism that lies behind the magnetic property modula-
tion of rhombohedral graphite thin films as a function of the decrease of the
interlayer spacing, we investigated the electronic energy band and wave func-
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Figure 3: (a) Electronic energy band around the Fermi level in the vicinity of the K point.
(b)-(d) Contour plots of square wave function of highest occupied state at A, B, C points
of eight atomic layer rhombohedral graphite slab with interlayer spacing 2.8 A. The energy
is measured from the Fermi level. Red (gray) and black dotted lines denote the electronic
energy band for majority and minority spins, respectively. Each contour represents twice
(or half) the density of adjacent contour lines.

tion distribution associated with the flat band states. Figures 2 and 3 show
the electronic energy band and the squared wave functions in the vicinity of
the K point around the Fermi energy level of rhombohedral graphite slabs
with interlayer spacings of d=3.35 A and d=2.8 A, respectively. It should be
noted that the majority and minority spin states are degenerated in the case
of the rhombohedral graphite slab with interlayer spacing of d=3.35 A. At
the K point, the wave function completely localizes on the C atoms situated
at the outermost atomic layer as shown in Figs. 2(b) and 3(b) irrespective
of the interlayer spacing. The characteristic distribution corroborates the
fact that this state is classified as an “edge state”. Then, decreasing the
wave number, or approaching the I' or M points, the state loses its surface
localized nature and the wave function gradually penetrates inside the slab
as shown in Figs. 2(c), 2(d), 3(c), and 3(d). By comparing the wave function
distribution of the edge states between the thin films with 3.35 A and 2.8 A
interlayer spacings, it is clear that the penetration depth of the wave func-
tion for the narrower spacing is greater than that for the equilibrium spacing.
This penetration depth of the wave function is considered to be the physical
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Figure 4: Interlayer spacing dependence of the flat-band region of a rhombohedral graphite
slab with eight atomic layers.

origin for the different spin coupling. In the rhombohedral graphite slab with
interlayer spacings of 3.35 A, the wave function of the flat band state exhibit
localized nature to the outer region of the film. On the other hand, it is
clear that the penetration depth of the wave function for the narrower spac-
ing is deeper than that for the equilibrium spacing. Indeed, non-negligible
wave function overlap between orthogonalized degenerate flat band states, in
the case of the thin film with narrower interlayer spacing. The overlap be-
tween the wave functions of the these flat band states on both surfaces causes
Coulomb energy cost. By decreasing the interlayer spacing, the enhancement
of the wave function overlap causes the increase of Coulomb energy. This
results in the high spin state (non-zero magnetic moment state) to exclude
the double occupancy of the 7 states of each graphene layer (in a similar way
as for Hund’s rule for the d orbitals in transition metal magnets), leading
to the parallel spin coupling in the rhombohedral graphite thin films. [21]
These results indicate that thin films of rhombohedral graphite should be
applicable for magnetic devices where the magnetic properties are tunable
by controlling the external pressure. Indeed, we estimated that the critical
uniaxial pressure for a magnetic phase transition at interlayer spacing 3.0 A
is 7.5 GPa by using the relation P = —dFE/dV, where the V is the volume
of the films. On the other hand, this fact also indicates the possibility that
the magnetic properties depend not only on the interlayer spacing but also
on the thickness of the slab.
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Figure 5: Contour plots of spin density and surface magnetic moment of rhombohedral
graphite slabs with interlayer spacing 3.35 A for (a) ten atomic layers, (b) nine atomic
layers, (c) eight atomic layers, and (d) seven atomic layers. The solid circles denote the
positions of C atoms. Positive and negative values of spin density are shown by red
(gray) and black lines, respectively. Each contour represents twice (or half) the density of
adjacent contour lines.

Another interesting issue is how the flat band region depends on the
interlayer spacing. In previous work [10] based on the tight-binding approxi-
mation, it found that the flat band region increased with increasing interlayer
electron transfer. We therefore estimated the flat-band region around the K
point as that defined by the distance between the A, B and C points in the
energy band of the highest occupied state [Figs. 2(a), and 3(a)]. We found
that the flat-band region monotonically increases with decreasing interlayer
spacing, as shown in Fig. 4. This feature is ascribed to the fact that the
interlayer spacing is directly associated with the interlayer electron transfer.

As pointed out above, the magnetic properties of thin films of rhombo-
hedral graphite depend not only on the interlayer spacing but also on the
film thickness. Thus, we next investigated the electronic and magnetic prop-
erties of rhombohedral graphite slabs whose thicknesses ranged from three
to thirteen atomic layers. Our DFT calculations revealed that the thinner
slabs with six or less layers are metallic with no magnetic ordering. The
absence of the magnetic state is ascribed to the substantial interaction of
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Figure 6: Surface magnetic moment of the rhombohedral graphite slab with interlayer
spacing 3.35 A (solid squares) and 3.0 A (solid circles) as a function of the number of
graphene layers.

wave functions between the topmost and the bottommost layers: although
the wave function at the K point completely localizes at the surface atomic
site, the flat band state away from the K point exhibits an extended nature
so that there is substantial overlap between the two surfaces, leading to the
metallic properties. When we increased the number of layers, we found that
the magnetic state emerged as the ground state for the slab with seven or
more layers. Figure 5 shows the spin density of graphite slabs with ten to
seven atomic layers. All these graphite slabs possess magnetic ordering such
that each surface exhibits ferrimagnetic spin ordering while the spins between
the two surfaces are coupled in an antiparallel manner, as in the case for the
spin distribution in graphene nanoribbons. In the seven layer slab, the cal-
culated magnetic moments at the topmost and bottommost layers are very
small, 0.0074 pup/nm? compared to those observed in the thicker slab. The
magnetic moment of the topmost or the bottommost graphene layer strongly
depends on the number of graphene layers.

It is worth to estimate whether the surface magnetic moment increase or
not with further increase of the thickness of slabs. As shown in Fig. 5, among
the slabs with seven to ten layers, the film comprising ten layers possesses the
largest magnetic moment of 0.042 ug/nm?. By investigating the magnetic
moment for the slabs with eleven to thirteen layers, we find that the magnetic
moment of about 0.04 pg/nm? is the saturated value for the rhombohedral



graphite thin film with equilibrium interlayer spacing (Fig. 6). The thickness
dependence of magnetic moments of graphite slabs can be explained based on
the penetration depth of the wave function associated with the flat dispersion
band around the K point, as in the case of graphene nanoribbons [3, 4].

Besides the graphene thin films with equilibrium interlayer spacing, we
also find that the surface magnetic moment of the compressed slab exhibits
similar the thickness dependence. Indeed, the compressed graphite thin films
with the interlayer spacing of 3.0 A also do not exhibit the magnetic ordering
with six or less atomic layers. While the finite magnetic moment of about
0.04 pp/nm? is found for the slabs with seven or much layers, and then these
values are almost unchanged with increasing the number of atomic layers as
in the case of the thin films with equilibrium interlayer spacing (Fig. 6).

The substrates or mediums are essential to apply the pressure on the
graphite thin films. Therefore, we investigated the effect of substrate on the
magnetic properties of graphite thin film under the uniaxial compression.
We considered the model in which the graphite thin film is sandwiched by
two hexagonal boron-nitride (h-BN) sheets simulating the insulating sub-
strate or pressure mediums. We chose 2 A spacing between h-BN and the
topmost /bottommost graphene layer to simulate the strong coupling limit
between substrate and graphite. Figure 7 shows the contour plot of polar-
ized electron spin density of ten atomic layer rhombohedral graphite thin
film with 3.0 A interlayer spacing sandwiched by two h-BN layers. We find
that the electron spin density dismisses at the topmost and the bottom-
most graphene layers situated at interface with substrate due to the strong
interaction. However, we still observe the polarized electron spins on the
subsurface layers of graphite thin film. The polarized spins on these surfaces
are coupled in parallel. The calculated surface magnetic moment is found
to be 0.042 pup/nm?. This result corroborates our above results for the free-
standing graphite thin films. Therefore, the magnetic properties of graphite
thin film are certainly tunable by the external pressure.

4. Summary

Based on first-principles total energy calculations, we studied the mag-
netic properties of thin films of graphite with the rhombohedral stacking
arrangement in terms of the interlayer spacing and film thickness. We found
that the ferrimagnetic spin ordering on the outermost atomic layer is robust
against variations in interlayer spacing and number of graphene layers. On
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Figure 7: Contour plot of spin density of ten atomic layer rhombohedral graphite thin
film sandwiched by two A-BN layers with graphene interlayer spacing of 3.0 A. The black
solid circles denote the position of C atoms. The green solid circles denote the position
of B/N atoms. Positive and negative values of spin density are shown by red (gray) and
black lines, respectively. Each contour represents twice (or half) the density of adjacent
contour lines.
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the other hand, antiparallel spin coupling between the top and bottom sur-
faces is drastically affected by decreasing the interlayer spacing. Below an
interlayer spacing of 3 A, the polarized electron spins between the two sur-
faces are coupled in parallel, leading to a finite magnetic moment on these
rhombohedral graphite thin films. Detailed analysis of the wave function of
the flat band states unravelled the mechanism of this modulation of magnetic
ordering: the increase in interlayer interaction leads to the enhancement of
overlap of wave functions associated with the flat band states of the two
surfaces.

We also demonstrated that the surface magnetism on rhombohedral graphite
film depends on the slab thickness. Regardless the interlayer spacing, thin
films of rhombohedral graphite with six or fewer graphene layers are metallic,
without any magnetic ordering. Increasing the number of layers to seven or
more leads to films which possess magnetic ordering such that each surface
exhibits ferrimagnetic spin ordering while the spins between the two surfaces
are coupled in an antiparallel manner, as has also been found for the spin
distribution in graphene nanoribbons. Furthermore, the surface magnetic
moment gradually increases with increasing number of graphene layers, and
saturates at ten atomic layer with the surface moment of 0.04 yp/nm?. In
addition, we also clarify the substrate effect on the magnetic properties of
graphite thin film. Although, the substrate suppresses the magnetism on the
topmost and the bottommost layer of graphite, we find qualitatively the sim-
ilar magnetic ordering on the second sublayers of graphite. The result opens
the possibility for tuning the magnetic properties of thin films of graphite by
controlling the external pressure.
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