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Quantum oscillations in hcp Co2/Sin superlattice related to lattice symmetry
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Heterostructures composed of different elements are a suitable platform for many novel physical phenomena.
Here, quantum oscillations related to the lattice symmetry in hexagonal close-packed (hcp) Co2/Sin superlattices,
such as lattice parameters, electronic structure, and magnetism, are revealed and studied by density-functional
theory. Densely packed atomic layers stack in an ABAB sequence in the superlattice and reach a bilayer-like
structure by interlayer coupling in the presence of the Co/Si interface. The lattice symmetry depends on the
parity of n, and an odd number of n benefits interlayer coupling and the interface effect, causing odd-even
quantum oscillations. These observations indicate that changing lattice symmetry by designing component type,
layer number, and stacking sequence is a feasible method of effectively regulating the performance of ultrathin
heterojunctions.
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I. INTRODUCTION

Metal-semiconductor superlattices have attracted extensive
attention recently. One motivating factor is that compared with
their bulk counterparts, the superlattices may exhibit novel
and exotic structural and electronic properties [1–5], such as
artificial symmetry breaking of heterojunctions, electron con-
finement in metal layers, mid-to-long-wavelength phonons,
hyperbolic photonic dispersion under the transverse mag-
netic wave, etc. Therefore, they have potential applications
in electronic, optoelectronic, thermal transport, and com-
mercial terahertz devices. More importantly, there are also
some atomic-scale effects due to atomic-scale manipulation
of the materials. A prominent example is the oscillations of
various physical properties concerning the thickness of the
atomic layers. For many lattice-matched systems, the oscil-
lation periods are predicted to be the spanning vectors of
the spacer-layer Fermi surface theoretically and evidenced
experimentally, which typically correspond to the thickness of
several monolayers [6,7]. In recent years, short-period oscil-
lations of physical properties such as band gap, friction, work
function, and diffusion barrier have been reported in some het-
erostructures and two-dimensional materials [8–11], as well
as odd-even oscillations in exchange coupling in systems such
as Co/Si, Co/C, Cr/C, and L10−Mn Ga/Co [12–15]. The in-
terlayer coupling has a significant effect on these oscillations,
and the coupling mechanism deserves further study.

Various approaches, such as chemical composition [14],
film thickness [9], and the local environment [8] of the
magnetic atoms, have been successfully used to modulate
interlayer interaction. Since interlayer coupling is closely as-
sociated with crystal symmetry, the lattice structure provides
another available freedom. Due to the development of artifi-
cial multilayer techniques, such as molecular-beam epitaxy
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[16–19], it is possible to adjust the lattice symmetry, for
example, by properly designing the chemical composition,
growth sequence, and the number of layers on either side
of the interface. In this regard, multilayers with the hexago-
nal close-packed (hcp) structure have advantages because the
closely packed atomic monolayers stack in an ABAB sequence
in an hcp crystal, and thereupon multilayer structures with
and without complete AB periods naturally have different
space groups. For example, the space group is P−3m1 for an
isolated hcp Co multilayer with an even number of Co layers,
while it is P−6m2 for the one with an odd number. Compared
with chemical means like element doping, it is a more macro-
scopic perspective to tailor the material properties by tuning
the symmetry of the metal-semiconductor heterostructures,
and worth further investigation.

This work presents a detailed study of the electronic and
magnetic properties of hcp Co2/Sin superlattice, an alter-
nant structure of two Co layers and n layers of Si, using
first-principles calculations. The bulk Co is an hcp-structured
metal with itinerate magnetism, and bulk hcp-Si is stable
and metallic at high pressure [20]. We chose this system to
study short-period quantum oscillation for two reasons. First,
hcp Co2/Sin superlattice is a magnetic metal and exhibits
rich physical phenomena. Second, strong interaction between
Co and Si atomic layers is requisite for forming the Co/Si
interface and quantum oscillation. In the present work, we
focus on the influence of lattice symmetry on the electronic
properties and ignore the Co-Si amorphous layer observed in
experiments [21,22]. The global symmetry of the hcp Co2/Sin

superlattice varies with the parity of n, and the superlattice
reaches a bilayer-like structure due to the combined interac-
tion of the bilayer stacking periodicity of the hcp lattice and
the interface potential, resulting in the odd-even oscillations
of the lattice parameters, the magnetic ground states, the mag-
netic moments of Co atoms, and the band splitting due to
spin-orbit coupling (SOC), etc.
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FIG. 1. (a) Unit cell of hcp Co2/Si4 superlattice. Side view of XY
plane is shown in (b). (c) Two unit cells of hcp Co2/Si4 (upper panel)
and one unit cell of hcp Co2/Si5 (bottom panel), for which space
groups are P−3m1 and P63/mmc, respectively. Big balls represent
Co atoms, small balls represent Si atoms, gray balls represent A layer,
and blue balls represent B layer.

II. METHODS

To set up an hcp Co2/Sin superlattice, each Co or Si atomic
single layer was close-packed plane and stacked in an ABAB
sequence with every Sin layer (n from 1 to 7) followed by
a Co2 layer. In this way, the c axis of the superlattice was
parallel to the z axis of the supercell [Fig. 1(a)]. The layer
spacing and in-plane atomic distance were the corresponding
values of bulk hcp Co initially [23]. Then, the atomic co-
ordinates and the lattice constants were fully relaxed using
the conjugate-gradient algorithm until the maximum force on
each atom was less than 1.0 mRy/Å.

All calculations were performed using the WIEN2K package
[24,25]. The full-potential linearized augmented plane-wave
method was adopted, and the generalized gradient approx-
imation (Perdew-Burke-Wang form) was employed for the
exchange-correlation potential. The radii of muffin-tin (MT)
spheres of Co and Si atoms were set as 2.20 and 2.06 a.u.,
respectively. The potential and the charge density in the
MT spheres were expanded in the spherical harmonics with
lmax = 10.0. The convergence of the total energy difference
of the system when magnetized along the (1000) and (0001)
directions after including SOC was used to determine the val-
ues of the calculated parameters, with an energy criterion of
0.2 meV/f.u. The plane-wave cutoff parameter (RMT × Kmax)
was 7.0, and the magnitude of the largest vector Gmax was
14.0. The Monkhorst-Pack k-point meshes for the irreducible
Brillouin zone were 38 × 38 × 7, 38 × 38 × 5, 37 × 37 × 3,
and 37 × 37 × 2 when n = 1, 3, 5, and 7, respectively, while
the grids were 32 × 32 × 9, 34 × 34 × 6, and 34 × 34 × 5
when n = 2, 4, and 6.

III. RESULTS AND DISCUSSION

The parity of n results in different crystal symmetry for the
hcp Co2/Sin primitive cell. As shown in Fig. 1(c), when n is
even, the AB stacking sequence along the c axis in adjacent
Co2 layers is the same, while the AB sequence is opposite for
the adjacent Co2 layers when n is odd. Therefore, there is only
one Co2 layer in the unit cell when n is even, and the crystals
belong to space group P−3m1 (No. 164); see hcp Co2/Si4 in
Fig. 1(c). The unit cell includes two Co2 layers when n is odd,

FIG. 2. (a) Energy difference between ferromagnetic (FM) state
and antiferromagnetic (AFM) state vs n for fully relaxed hcp Co2/Sin

superlattices and equal interlayer spacing. (b) Evolutions of lattice
parameters a, interlayer distance of Co2, and that between neigh-
boring Co and Si layers with n. (c) Spin magnetic moment (SMM),
orbital magnetic moment (OMM), and energy splitting �Esoc due to
spin-orbit coupling (defined in text) vs n. Solid spheres represent FM
coupling, and hollow spheres represent AFM coupling in (b) and (c),
where dotted lines are a guide to the eye. (d) Fermi-surface structure
for n = 4 and 5 cases at FM state.

leading to a P63/mmc (No. 194) space group, like hcp Co2/Si5

in Fig. 1(c).
As shown in Fig. 1, many properties of hcp Co2/Sin oscil-

late with the parity of n. First, consistent with previous reports
[12,13], the interlayer exchange coupling between adjacent
Co2 layers separated by n layers of Si manifests as odd-even
quantum oscillation with a period of two Si layers for systems
with fully relaxed structures [red balls in Fig. 2(a)] and with
equal interlayer spacing [blue balls in Fig. 2(a)], i.e., it is
antiferromagnetic (AFM) coupling when n is odd and ferro-
magnetic (FM) coupling when n is even.

Second, the lattice parameters of fully relaxed hcp Co2/Sin

superlattice exhibits odd-even oscillation independent of ex-
change coupling [Fig. 2(b), where solid spheres correspond
to FM coupling and hollow spheres correspond to AFM
coupling]. According to our calculations, the lattice pa-
rameters for bulk hcp Co was a = 4.70 a.u. with an a/c
ratio of 0.62, and the distance between the two nearest-
neighboring Co atoms from adjacent layers along the c axis is
dCo−Co = 4.68 a.u., consistent with the literature [23]. Com-
pared to bulk hcp Co, the unit cell of hcp Co2/Sin expands
along the c axis and the ab plane, yielding a slightly larger
a/c ratio. Taking FM-coupled hcp Co2/Si5 as an example,
a = 5.14 a.u., a/c = 0.67, dCo−Co = 4.76 a.u., and the
atomic spacing of the Co-Si interface is dCo−Si = 4.36 a.u.,
the shortest of all interatomic distances, a signature of in-
terface effect. With the change in the number of Si layers,
all lattice parameters exhibit the law of odd-even oscillation.
Specifically, a and dCo−Co are larger when n is odd, while c
and dCo−Si are larger when n is even.

Third, except for hcp Co2/Si2, the magnetic moments of
Co atoms in the hcp Co2/Sin superlattices show the law of
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FIG. 3. Band diagram along kz direction near Ef for FM-coupled Co2/Sin structures. Right half of each figure is case without SOC, where
spin-majority band and spin-minority band are red and blue lines, respectively. Left half is case with SOC, where SOC-induced band splitting
is marked by red arrows.

odd-even oscillation, both for FM and AFM coupling
[Fig. 2(c)], where FM coupling is denoted by solid spheres
and AFM coupling by hollow spheres). The spin magnetic
moment (SMM) and orbital magnetic moments (OMM) are
enhanced when n is odd and reduced when n is even. The
anomaly of hcp Co2/Si2 can be ascribed to its stronger FM
coupling than other systems due to the smaller spacing be-
tween adjacent Co2 layers. It is worth noting that Co induces
spin polarization of its neighbor Si atoms, which decay rapidly
with distance. For example, in hcp Co2/Si5, the magnetic
moment of the first-nearest-neighbor Si atom is 0.021 µB, and
the next-nearest neighbor is 0.0015 µB.

Another crucial property in magnetic materials is spin-
orbit coupling. To quantitatively describe the strength of SOC
effects in hcp Co2/Sin superlattice, we examine bands near
the Fermi level along the kz direction (from � to A), which
presents in all systems regardless of the parity of n. This band
is flat in the absence of SOC (right panels in Fig. 3) and
splits into two after turning on SOC (left panels in Fig. 3),
which makes it practicable to evaluate the n dependence of the
SOC effect. In addition, there are two other advantages to this
choice. First, in the absence of SOC, the exchange splitting
between the spin-majority states and the spin-minority states
is about 1.0 eV; hence, the mixing of the two spin states after
including SOC is insignificant. Second, no other band lies
closely around the � point and only a few energy bands in-
tersect along the given path. So, the SOC-related phenomena,
such as band crossing or anticrossing, are far away from the
� point. The SOC splitting, evaluated by the band splitting
�ESOC at the � point, is an order of magnitude larger than that
in bulk cobalt [26] and shows an odd-even quantum oscillation
with n [Fig. 2(b)], i.e., it peaks when n is even and troughs
when n is odd. The enhancement of SOC splitting in hcp
Co2/Sin compared to bulk Co can be due to the electrons con-
fined in the metallic layers, which experience an electric field
from a Dresselhaus term caused by bulk-inversion asymmetry

and a Rashba term due to structure-inversion asymmetry at the
interface [27–29], favoring large SOC.

Finally, the electronic structures near the Fermi energy (E f )
present odd-even quantum oscillations in the hcp Co2/Sin

superlattice. Figure 4 plots the density of states (DOS) of
Co-d (blue) and Si-p (red) for FM (solid line)- and AFM
(dashed line)-coupled hcp Co2/Sin supercells. Except for hcp
Co2/Si2, the features of the DOSs are similar around E f for
the two coupling cases of each system, and the anomaly of
hcp Co2/Si2 can be due to its more enhanced FM coupling
than other systems. The DOS around E f is dominated by
spin-minority states of Co-3d electrons for each system, while
the spin-majority Co-3d states are occupied. Interestingly, al-
though the contour details vary with n, the DOS peak position
varies with the parity of n, i.e., it is below E f when n is
odd, while it is just above E f when n is even. Figure 3 also
demonstrates that the band structure near E f varies with the
parity of n for the hcp Co2/Sin superlattice. When n is even,
the flat band lies above E f , and the Fermi level locates in
a pseudogap. When n is odd, the flat bands are below E f ,
and the Fermi level passes through several bands, indicating
metallic property and a large Fermi surface. Figure 2(d) shows
the Fermi surface of FM-coupled hcp Co2/Sin in the first
Brillouin zone when n = 4 and n = 5. The Fermi surface
for n = 4 is small and contains three intersecting planes,
for which the angle between each plane is 120 °. The shape
and approximately two-dimensional properties are similar to
the isolated hcp Co2 slab, coinciding with the fewer bands
passing through E f , while for n = 5 all five 3d orbitals pass
through E f , resulting in a complex three-dimensional Fermi
surface. One may expect that the properties related to the
Fermi surface, such as heat conduction and optical properties,
will also show oscillation behaviors associated with the parity
of n.

It seems the odd-even quantum oscillations in the lattice
structure, electronic structure, and magnetic properties are
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FIG. 4. Density of states of Co-3d electrons (in blue) and Si-2p electrons (in red) of hcp Co2/Sin superlattice with FM coupling (solid lines)
and AFM coupling (dotted lines) around Fermi energy. Positive and negative values of energy indicate spin-majority state and spin-minority
state, respectively.

independent of the exchange coupling but depend on the lat-
tice and orbital freedoms of hcp Co2/Sin, which are closely
related to the symmetry of the superlattice. Moreover, the par-
ity oscillation of exchange coupling is preserved for systems
with equal layer spacing, which further excludes the causal
relationship between exchange coupling and other properties.
Then, we will focus on the case of FM coupling below.

The heterostructure of hcp Co2/Sin can be regarded as the
combination of double-layer Co and n-layer Si. To understand
the cause of observed oscillations, we turn to the isolated
hcp Sin. Experimentally hcp Sin is stable and metallic at
high pressure [20,30,31]. For example, when the pressure is
42.5 GPa, the lattice constant a of hcp Sin is 4.67 a.u. with the
a/c ratio of 0.59. When establishing the isolated hcp Sin model
systems, the initial spacing between the close-packed Si layers
was equal and set to 4.70 a.u., while the lattice constant a was
set as that of the optimized hcp Co2/Sin supercells. The center
position of Sin was at z = 0.5, and the spacing between the
surface Si layer to the top or bottom of the unit cell was more
than 35 Å to meet the conditions of an isolated slice.

After full structural optimization, the Sin slab tends to form
a bilayer-like structure. For convenience, we mark the bottom
surface of the slab as layer A1, the layer immediately above
it as layer B1, then comes A2, B2, and so on (Fig. 5). The
slab terminates on layer Bn/2 (the upper surface) when n is
even and ends on layer A(n+1)/2 when n is odd. When n is
even, starting from the surface layers and moving inward, the
interlayer spacing di between the adjacent Ai and Bi layers (i
denotes the sequence of the atomic layer) increases while the
spacing Di between two adjacent Bi and Ai+1 layers decreases.
Note that the value of Di is always larger than di, indicating
that the adjacent Ai and Bi layers tend to approach each other

starting from the surface, forming an Ai-Bi bilayer structure.
For example, when n = 4, d1 (the spacing between A1 and
B1 layers) = d2 (the spacing between A2 and B2 layers) =
4.20 a.u. and the interlayer distance between the two bilayers
is D1 = 2.33 Å. When n is odd it is a little more complicated,
but the tendency to form the bilayer-like structure is the same.
Still, the distance within bilayers is referred to as di, and
the distance between bilayers is Di. Take Si5 as an example.

FIG. 5. Schematic illustration of spacing di between adjacent Ai

and Bi layers and interlayer distance Di between two AB bilayers (top
panel), and distribution of di and Di along c axis in isolated hcp Sin

(bottom panel). Dotted lines are guides to the eye.
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FIG. 6. (a) Density of states (DOS) of Sin. (b) Valence charge
density in xz plane of Si4 and Si5. (c) Wannier functions of pz orbitals
for outermost Si atoms in isolated hcp Si4 and hcp Si5.

The two surface layers (A1 and A3) form bilayers (A1-B1 and
B2-A3) with d1 = d2 = 4.40 a.u. The third layer in the middle,
namely A2, is equally spaced with the two bilayers with a
distance of D1 = D2 = 5.39 a.u. In general, the closer the A-B
bilayer is to the surface, the smaller the inner spacing is.

The emergence of a bilayer-like structure in isolated
hcp-Sin comes from the surface-effect modulated electronic
interlayer coupling. The valence electron configuration of sil-
icon is 3s2 3p2, which is the most favorable to a diamond
structure where each Si atom forms covalent bonds with the
other four Si atoms with sp3 hybrid orbitals, and the near-
est Si-Si atom spacing is 2.35 Å. In silicene monolayer, the
atomic spacing is about 2.40 Å, which weakens π electron
overlapping compared with graphene and results in a honey-
comb structure folded along the z direction by a mixture of
sp2 and sp3 hybridization. In the hcp-Sin multilayer, Si atoms
belonging to the same layer form a triangular lattice, just
like putting an extra Si atom at the honeycomb center of
silicene, which further increases the in-plane atomic spacing
to save Coulomb energy. The spacing between Si atoms in
the same layer is about 2.70 Å. Now, the nearest neigh-
bor of a Si atom is not from the same close-packed layer
but from the adjacent layer above and below. Although this
destroys the possibility of forming various s-p hybrid or-
bitals, it is favorable for interlayer electron interactions. The
electronic structures provide support. Compared with Si1, a
two-dimensional case, the calculated density of states have
more complex structures near E f for Sin with a larger n. Take
the surface bilayer A1-B1 in Si4 and Si5 for examples. For the
two systems, the DOSs of pz electrons in layer A1 and layer
B1 have similar contours around E f [solid lines in Fig. 6(a)],
which fully indicates the existence of p-p interaction between
the two layers. The valence charge density in the xz plane
affords further support [Fig. 6(b)]. The non-negligible elec-
tron density between surface layer A and its adjacent layer
B undoubtedly evidences chemical bonding between the two
layers, while the charge density between the two bilayers is
relatively low.

FIG. 7. Surface energy �Es (a); interlayer distance d1 and work
function (b) of isolated hcp Sin. Formation energy �E (c) and in-
crease in Co-3d occupation number (d) after formation of Co-Si
interface for Co2/Sin heterostructures. Dotted line in figure repre-
sents trend of change of points as n increases.

One quantity in characterizing a surface is surface energy.
Considering that the hcp Sin slab has nonpolar surfaces, the
surface energy can be expressed as the energy difference be-
tween bulk hcp Si and the slab. Here, the surface energy per
Si atom is described as �Es = (Ebulk/2) − (Eslab/n), where
Ebulk represents the energy of an hcp Si bulk. The calculation
results [Fig. 7(a)] show that the �Es decreases monotonically
with the increase of n and tends to be constant when n exceeds
6, indicating a relatively long-range surface effect of Sin. The
local environment of Si atoms in the surface layer is highly
asymmetric along the c axis, with a vacuum on one side and a
crystalline field on the other, which is conducive to the cova-
lent bonding between the surface atom and its inner neighbor
to form an A-B bilayer. As a result, the interlayer spacing
reduces for the bilayer, and the crystalline field experienced
by the third layer becomes asymmetrical, inducing covalent
interaction between the third and fourth layers. This effect
propagates from the surface to the center, eventually resulting
in an A-B bilayer-like structure.

It turns out that the interlayer coupling strength is strongly
related to the parity of n, which decides the lattice symmetries
of hcp Sin. Due to the AB stacking periodicity of hcp crystals,
the point group is P−3m1 (P−6m2) when n is even (odd) for
isolated hcp Sin. The slab with odd n has a mirror symmetry
with the middle layer as the reflection mirror. When counting
A-B bilayers from the outside to the inside, the number of
A-B bilayers is an integer when n is even, while the mirror
layer is redundant in the case of odd n. The incommensurate
in the latter case acts as a disturbance when forming the
bilayer structures, which weakens the interlayer coupling of
the bilayers. As shown in Fig. 6(a), when n is odd, such as
hcp-Si5, the density peak of pz electrons lies below E f . When
n is even, such as hcp Si4, the Fermi level runs through the
center of pz electron density, demonstrating relatively strong
interlayer coupling. The Wannier function [32,33] of the Si-pz

electrons at the surface layer further proves this [Fig. 6(c)].
Compared to the case of hcp Si4, the pz orbital of hcp Si5

is more like the situation in an isolated atom, a signature of

035426-5



JIJUN XUE, LEIKAI MA, AND HUA PANG PHYSICAL REVIEW B 108, 035426 (2023)

FIG. 8. (a) Difference in electron density distribution before and after interface formation for Co2/Si4 (left panel) and profile of density
difference along z direction of supercell (right panel), where red arrow indicates electron redistribution interval L. (b) Difference in DOS before
and after formation of Co-Si interface (�DOS) for Co2/Sin (n = 4 and 5). Orange (blue) shadows denote redistribution of spin-minority
(-majority) Co-3d states, which explains odd-even oscillations of magnetic moment. (c) DOS of Co2/Sin (n = 4 and 5) without spin
polarization.

weak interlayer interaction. In addition, the electron density
between A-B bilayer is much denser in hcp Si4 than in hcp
Si5 [Fig. 6(b)]. The observation that the internal distance d1 of
the surface bilayer [blue balls in Fig. 7(b)] oscillates with the
parity of n, being smaller when n is even, also reflecting the
sensitivity of the interlayer coupling strength to n. The smaller
the spacing, the stronger the interlayer interaction.

One intrinsic factor in deciding the band structure of the
heterostructure of hcp Co2/Sin is the work function (WF) of
the two components, which determines the direction and mag-
nitude of electron transfer when forming the interface [34].
Since the hcp Sin slab is metallic the WF can be described
as WF = E0 − E f , where E0 is the electrostatic potential of
a vacuum nearby the surface of the slab. Here, we set the
position of E0 as the bottom plane of the supercell. For hcp
Si9, the calculated WF is 0.319 Ry, which is the same as
that obtained with a shorter supercell (the distance between
the bottom surface of the slab and the bottom plane of the
supercell is 25 Å), indicating that the WF calculated using
the original supercell is stable for each slab. As expected, the
WF of hcp Sin exhibits odd-even oscillation behavior with n
Fig. 7(b)], and the oscillation phase is equal to that of d1,
which can be well understood in terms of the relationship
between WF and the free-electron density around E f [35]. In
short, when n is even, compared with the case when n is odd,
the interlayer coupling is stronger and more electrons partic-
ipate in chemical bonding, so the density of free electrons is
relatively small, causing smaller WF.

Combining hcp Sin with hcp Co2, one gets an hcp Co2/Sin

heterostructure in which the ABAB stacking is reserved. Each
hcp Co2/Sin model system exhibits a negative formation

energy [Fig. 7(c)], �E = E (Co2/Sin)–E (Sin)–E (Co2), indi-
cating the stability of the multilayered structure. With joint
Co2 and Sin, the chemical potentials of the two tend to be
the same, and the relatively large WF of Co2 (0.374 Ry)
causes electrons to move from the Si side to the Co side.
Take hcp Co2/Si4 as an example. The situation is similar in
other systems. The left panel of Fig. 8(a) shows the distribu-
tion of electron-density difference of hcp Co2/Si4, as �ρ =
ρ(Co2/Si4) − ρ(Co2) − ρ(Si4), in the xz plane before and
after the interface formation, and the right panel shows the
statistical results along the z axis. A positive value indicates
that the electron density increases after the reconstruction
of electrons. The most dramatic changes in electron density
happen at the Co site, where the electron density increases
along the Co-Si direction while decreasing perpendicular to
it, demonstrating the interface bonding. The modifications
of electrons on Si sites are relatively indistinct but expand
towards the inner Si atomic layers with a damped oscillatory
behavior. This observation evidences the charge redistribution
during the formation of the Co-Si interface.

A question arises whether the interface is stronger when
n is odd or when n is even. As mentioned above, the WF
of Sin is larger when n is odd and is closer to that of Co2,
implying more electrons transfer from Si to Co side when
forming the interface compared with the case of an even n.
We calculated the difference in Co-3d electrons �n3d between
isolated hcp Co2 and hcp Co2/Sin [Fig. 7(d)]. Obviously,
the formation of the Co-Si interface increases the occupation
numbers of Co-3d states, which oscillate with the parity of n
and are in the same phase as WF of hcp Sin. Therefore, the
interface coupling is stronger when n is odd. The calculated
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FIG. 9. Band structure with details for Co2Si4 (a) and Co2Si5

(b). Green, blue, and red circles represent distribution of dx2y2 + dxy,
dxz + dyz, and dz2 on belt, respectively. Open circles represent distri-
bution of pz. Size of circle means how much it is occupied, where p
orbit is enlarged by 4 times compared to d orbit. Bands 1© 2© 3© 4©
are four bands closest to Ef .

gradient of the work function, as [WF(Co2) − WF(Sin)]/L
[the electron redistribution interval, the red arrows shown
in Fig. 8(a), further proves this]. For example, when
n = 4 (n = 5), the redistribution interval of the electrons is
5.50 a.u. (5.32 a.u.) and the gradient of the work function
is 1.12 × 10−2 Ry/a.u. (0.96 × 10−2 Ry/a.u.). The smaller
the work-function gradient, the stronger the interface bond-
ing [36]. So, the Co-Si interface bonding is stronger for the
n = 5 case. This picture explains the oscillations of the lat-
tice parameters of hcp Co2/Sin because the mutual attraction
between Co and Si layers leads to a reduction of interlayer
distance for a nonpolar lattice, and a stronger interaction re-
sulting in a smaller dCo−Si and a larger dCo−Co [Fig. 2(b)]. The
A-B bilayer-like structure also forms in hcp Co2/Sin, which
is allowed in terms of lattice symmetry since hcp Co2/Sin

is essentially an hcp-type heterostructure, just like hcp Sin,
except that the electrons are bound by surface potentials in
hcp Sin and by interfacial potentials in hcp Co2/Sin.

The band structures provide more information about in-
terface bonding. Let us focus on the four bands around E f

labeled as band 1© to band 4© in descending order of energy
in Fig. 9. When n = 4 [Fig. 9(a)], the dx2y2 + dxy electrons
distribute between � and L (M) points for band 2© and band 3©,
the distribution of dxz + dyz and dz2 electrons centered around
the � point for band 1© and band 2©. Among them, the contri-
bution of dz2 is the least. The contribution from pz electrons is
negligible for the four bands, indicating weak p-d interaction.
When n is odd, take n = 5 as an example [Fig. 9(b)], the four
bands intersect near the � point, corresponding to the density
peak at −0.1 eV in the DOS diagram (Fig. 4). The dx2y2 + dxy

electrons distribute near the L and M points in band 4©. The
dxz + dyz electrons mainly contribute to band 1© and band
4© centered around the � point. The dz2 electrons contribute

to all of the four bands but are weak. Significantly, band 2©
has contributions from Si-pz electrons, a distinct character of
p-d interaction. Accordingly, the interface interaction mainly
ascribes to dz2 and pz electrons in hcp Co2/Si5.

As mentioned above, the electron structure of hcp Co2/Sin

in the vicinity of E f falls into two categories concerning

the parity of n, which is a natural result of the interface
effect. We calculated the difference in DOS before and af-
ter the formation of hcp Co2/Sin[�DOS = DOS(Co2/Sin) −
DOS(Co2) − DOS(Sin)]. Taking n = 4 and n = 5 systems as
examples, the �DOSs of the two systems are similar below
−3.0 eV [Fig. 8(b)], indicating that the influence of n mainly
affects the valence electrons near E f . In particular, between
−1.0 eV to E f , although the 3p-�DOSs of both systems are
negative [blue lines in Fig. 8(b)], ascribing to the transport of
electrons from Sin to Co2 when forming the Co-Si interface,
which confirms the above analysis, the curve sinks more for
hcp Co2/Si5, indicating more Si-3p electrons were transferred
to the Co2 side. As a result, the Co-3d state accepts fewer
electrons from Si for hcp Co2/Si4, and the Fermi level happens
to cross a Co-3d state peak, while for hcp Co2/Si5 the Fermi
level moves towards the high-energy side due to more extra
electrons [Fig. 8(c)]. These observations imply that it seems
reasonable to describe the band structure of hcp Co2/Sin using
a rigid-band model [37].

The oscillation in exchange coupling associated with the
parity of n is related to the electronic structure near E f for hcp
Co2/Sin. For materials with itinerant magnetism, the FM state
is stable when the Fermi level crosses the peak position of
the DOS under paramagnetic conditions. Otherwise, the AFM
state may take advantage [38]. According to our calculations
[Fig. 8(c)], the Fermi level is located at the peak position of
DOS in the case of an even number of n, indicating FM ground
state, while it just passes the peak when n is an odd number,
favoring AFM ground state. When turning on exchange split-
ting, the spin-majority state moves towards the lower-energy
side and the spin-minority state towards the higher-energy
side (Fig. 4). For systems with even n, the state with center
originally at E f moves above it and E f passes through the
foot of the Co-3d density state, while for systems with odd n,
the state originally under E f now happens to move its center
to E f .

The oscillation of the magnetic-moment SMM with n in
hcp Co2/Sin can be understood by exploring the spin-resolved
details of the charge transfer during the formation of the inter-
face bonding. According to our calculations, the redistribution
of spin-minority states dominates �DOS [orange shadow ar-
eas in Fig. 8(b)] in the range from −2.5 eV to E f and higher
energy, while in the energy region below −2.5 eV, �DOS is
mainly determined by the spin-majority states [blue shadow
areas in Fig. 8(b)]. Considering that the center of the Si-p(z)
state of Sin is above −2.0 eV, the minority state of the 3d elec-
tron plays a leading role in constructing the Co-Si interface.
This is proved by the opposite sign of the spin moment of
Si and Co atoms in hcp Co2/Sin. By integrating �DOS from
−6.0 eV ∼ E f , it is found that the difference in occupation
number of spin-up Co-3d electrons, �ρ ↑, is −1.084 when
n = 5 and −1.00 when n = 4, which are similar. But, the
differences in occupation number of spin-down electrons are
distinct, i.e., �ρ ↓, is −0.278 when n = 5 and −1.021 when
n = 4. Since the variation in Co moment after forming the Co-
Si interface is SMM = �ρ ↑ −�ρ ↓, SMM is more reduced
when n = 5, inducing oscillatory behavior in the Co moment.

The quantum oscillation of OMM is related to the
n-dependent lattice symmetry. In 3d–transition-metal com-
pounds, the orbital angular momenta are totally or partially
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quenched by the crystal field and/or the hybridization effects,
resulting in a small OMM. Generally, the higher the symmetry
of the local environment of the atom, the more thorough the
quenching will be [26]. As discussed above, when n is odd,
compared with the case when n is even, the lattice symmetry
of the supercell is high, which prejudices orbital quenching of
d electrons hence reducing OMM.

The oscillation of �ESOC comes from the combination
of SMM and OMM. The SOC interaction is defined as
Hso = λ

∑
i l̂i · ŝi, where l̂i and ŝi are the one-electron orbital

and spin operators, respectively, and the sum runs over all
electrons. For the present case, the SOC-induced band gap
at the � point can be simplified as �ESOC ∼ [+mjμeff −
(−mjμeff )] = 2|mj|μeff , where μeff is proportional to the
SMM of the Co atom, and mj is the magnetic quantum number
of the unquenched 3d orbital, which represents the effective
magnetic field caused by the SOC effect and is proportional
to the OMM of the Co atom. Since SMM and OMM have
the same oscillation tendency with n, the oscillation of �ESOC

splitting with n should be synchronized.
Essentially, the odd-even quantum oscillations observed

in the hcp Co2/Sin superlattice arise from the interlayer in-
teractions, which are sensitive to the lattice symmetry. The
interlayer coupling strength is modulated through the com-
bined action of the A-B bilayer stacking periodicity of the hcp
lattice and the surface or interface potential. When the A-B
bilayer period is complete for Sin, i.e., when n is even, the
work function departs from that of Co2 due to the stronger
inner coupling of Sin surface bilayers, which causes weak
interface bonding in hcp Co2/Sin. Thus, the interface strength
varies with the parity of n, resulting in quantum oscillations of
related properties, such as lattice parameters, work functions,

electronic structures near E f , and magnetic properties. Our
study shows that it is feasible to adjust the lattice symme-
try, hence interlayer coupling, by adjusting the stacking of
atomic layers, such as the atomic arrangement and chemical
composition of a single layer and the number and sequence
of stacking layers, for an hcp-structured multilayer. The rapid
development of the latest technology provides the possibility
for practical application.

IV. CONCLUSIONS

We performed a detailed first-principles study of the quan-
tum oscillations in hcp Co2/Sin superlattices, including lattice
parameters, electronic structures around the Fermi energy, ex-
change coupling, magnetic moment, and SOC-induced band
splitting. The observed odd-even oscillations result from the
A-B bilayer period characteristic of the hcp structure, which
makes the lattice symmetry dependent on the parity of n.
When the period is complete, Sin and Co2 form a weak in-
terface. The modulation of the interface strength by Sin causes
other properties to oscillate with n. Our study proposes a feasi-
ble method to tune the electromagnetic properties of materials
from the perspective of crystal symmetry and provides an idea
for developing metal-semiconductor heterojunctions.
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