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ABSTRACT

Spin-momentum locked states, notably those found on the surfaces of topological insulators,
are promising for low-power electronic devices based on spin transport. Here we report a much
more versatile case involving a Dirac semimetal film, theoretically modeled by low-Z
substitution of Bi,Se;, on a Bi,Se; topological insulator substrate. Such a film can carry highly
spin-polarized conduction channels by electronic coupling to the substrate. The spin channel
width, defined by the film thickness, is at the designer's disposal, thus permitting optimization of
the system parameters. The results demonstrate Dirac semimetals as an important class of

material for spintronic applications.



I. INTRODUCTION

A Dirac semimetal (DS) [1-4] exists at the phase boundary between a topological insulator
(TT) [5-7] and a band insulator (BI). The prototypical TI Bi,Se; [8, 9], for example, would be
theoretically a BI without spin-orbit coupling (SOC), but it becomes a TI as the strength of the
SOC is increased to its natural value [10]. At the critical point of the BI-TI phase transition, the
singular DS phase exhibits a three-dimensional Dirac cone, and the valence and conduction
bands meet at the Dirac point. This quantum critical point also marks the onset, under increasing
SOC strength, of topological surface states within the inverted band gap opened up by the
splitting of the Dirac cone into separate conduction and valance band continuums [11]. The
topological surface states, being strongly spin polarized, have attracted much interest [12-14].
They are protected by the topological order (or time-reversal symmetry) [15, 16], but this
protection also places a strong limit on opportunities for property modification and further
optimization. The aim of our theoretical study is to design a system with enhanced properties and
flexibility in tailoring the spin-conduction channels.

The specific case of interest is BirSes as a TI substrate and a low-Z substitute of the same
material that forms a DS as a thin film overlayer. We find that the DS film by itself exhibits no
useful spin texture, but it becomes a highly spin-polarized conductor upon contact with the TI
substrate through a spin-bias interaction. For simplicity, low-Z substitution is modeled in our
study by scaling the SOC strength in Bi,Se; ranging from 0 to 100%. The lattice constant of the

overlayer is fixed at the Bi,Se; value, which corresponds to ideal epitaxial growth with no



relaxation. Experimentally, low Z substitution can be realized by replacing Bi in Bi,Se; with Sb,
for example, and Sb,Se; is known to be a BI [8]. Our theoretical modeling of varying the SOC is
only an approximation, but useful for illustrating the essential physics. Previous studies have
shown that Bi,Se; becomes a DS when its SOC strength is reduced to 31.2% of its natural value.
Below this value, there are no surface states within the normal gap. Above this value, topological
surface states exist to span the inverted gap. At the critical point, the topological surface states
and the bulk band edge states become the same [10]. These "critical Dirac states" have unusual
properties because of their simultaneous bulk and surface inheritance: their wave functions are
bulklike, but their spin properties are very sensitive to the boundary conditions and can be

readily spin biased. This is the key to building up the spin conduction channels.

II. COMPUTATIONAL METHODS

The calculation was performed with the ABINIT [17, 18] formulation using a plane wave
expansion. The valence-nuclear interaction was described within the LDA approximation based
on the Teter—Pade parameterization. The SOC was taken into account by adopting the
Hartwigsen-Goedecker-Hutter (HGH) non-local pseudopotential [19]. It was scaled from 0 to
100% to simulate low-Z substitution. Momentum space sampling was carried on an § X8X1
grid. The cutoff of kinetic energy was 400 eV. It has been verified that a thickness of 6 QL for the
substrate is sufficiently large to decouple its two faces with a negligible tunneling gap [20, 21].

Our calculations are based on a superlattice geometry with a vacuum gap of 20 A between slabs.



III. RESULTS AND DISCUSSION

For notational simplicity, we refer to Bi,Se; with a reduced SOC as (Bi,Ses)'. Each slab in
the superlattice consists of 6 quintuple layers (QLs) of Bi,Ses; as the substrate, and 3 QLs of
(B1,Se3)' on each side of the substrate as the overlayer [referred to as the 3/6/3 configuration as
shown in Fig. 1(a)]; other superlattice configurations have also been analyzed. The calculated
band structures of the 3/6/3 configuration are shown in Figs. 1(b)-1(e) for SOC =0, 31.2, 50, and
100%, respectively. The subbands are color coded to show the surface weighted charge density;
the results simulate what might be observed by angle-resolved photoemission — a surface
sensitive technique [22, 23]. The corresponding spin-resolved planar change densities, defined
by

p* (ko 2) = [[ 30|, (o)) oy (1)

where|l//l.(kx,r)> is the state at k, of the i-th band,

i> denotes the eigenstates of o, , and the
summation is over each pair of spin degenerate states, are shown in the right panels [Figs.
1(f)-1(1)] for state A near the Dirac point with £k, :f‘1\7[/ 40. This value of k. is chosen to be
sufficiently small to be representative of the behavior around the zone center; it is nonzero to
avoid the degeneracy at the zone center. The vertical dashed and solid lines indicate the
boundaries of the QLs and the central substrate, respectively. Red and blue curves indicated the
two opposite spin polarization directions along ty . The summation in Eq. (1) is taken over each
Kramers pair. The case with SOC = 100% [Figs. 1(e) and 1(i)] correspond to a single 12-QL slab

of Bi;Ses. The band structure shows the familiar topological surface states within the bulk gap.



The planar charge density for topological surface state A shows a spin separation at the two faces
of the slab. The charge density distribution is mostly confined within the first QL near each face,
and the net spin polarization at each face is about 70%. Note that state A actually sits below the
valence band maximum along the T™M direction. As a result of the energy degeneracy with bulk
bands which can act as electrical shorts, states near A are not particularly suited for device
applications.

At SOC = 0% for the 3/6/3 configuration [Figs. 1(b) and 1(f)], the Bi,Se; slab is
sandwiched by BI slabs. State A gets lifted up into the bulk band gap and overlaps with no other
bands in energy. The charge distribution is broad but peaks at the interfaces, which is
characteristic of a BI/TI interfacial topological state [9]. As for the surface states in pure Bi,Ses,
there is a pronounced spin separation [21]. The dispersion relations, however, show a wiggle at
the Dirac point, resulting in a blunt Dirac cone, a reduced group velocity, and a reduced spin
current.

The optimum case is achieved at SOC = 31.2% [Figs. 1(c) and 1(g)], where state A
becomes nearly ideal spin conduction channels in the (Bi,Ses)' overlayers: the probability density
is nearly uniformly distributed within the overlayers; the spin polarization, almost 100%, is
greater than that of the pristine topological surface state; the dispersion relations show a very
steep Dirac cone with a high group velocity; and the Dirac point is well isolated in energy from
the other bands, sitting about midway in an absolute gap of about 0.3 eV [8]. This gap is

substantially larger than the thermal energy of 0.026 eV at room temperature, suggesting that



device operation at room temperature is feasible. The case of SOC = 50% [Figs. 1(d) and 1(h)] is
similar to the 100% case, except that state A has a longer decay length toward the center of the
slab. The trend in going from SOC = 0% to 100% is clear. State A changes from being
interface-like to "bulk-like" to surface-like with a continuous shift of the spin/charge density. The
bulk-like distribution occurs at the critical point. This trend is even more pronounced with
thicker overlayers. An example is presented in Fig. 2, where the BI (SOC = 0%) overlayer
thickness is doubled to 6 QL; state A, being an interface topological state, clearly decays away
from the BI/TI interface. The states shown in Figs. 1(g) and 3(h) appear to be somewhat skewed
within the DS films because of the asymmetric boundary conditions.

The projected bulk band structure of the DS phase at the critical SOC = 31.2% [Fig. 3(a)]
shows a three-dimensional Dirac cone formed by the boundaries of the conduction and valance
bands. The wave functions of states A and B are bulk-like [Fig. 3(e)]. The bulk bands reduce to
sparse quantum well states in thin films. A 3-QL freestanding DS film [Fig. 3(b)] reveals a fairly
large gap at the zone center because of the quantization. State A's charge distribution shows a
slight spin bias [Fig. 3(f)], but the net spin within the film is zero; so this state is not suitable for
spin transport. The case of a freestanding 6-QL film shows a similar behavior [Figs. 3(c) and
3(g)]. The same 6-QL DS films, made into a 6/6/6 configuration, support instead strongly
spin-polarized state A [Figs. 3(d) and 3(h)]. These results confirm that freestanding DS films by
themselves do not support spin conduction channels, but do so after they are made in contact

with a TI substrate by spin separation across the TI substrate film. This phenomenon is mandated



by the topological order of the TI, which must carry boundary states with opposite spins on its
two opposing faces [24, 25].

For a very thick film, or the bulk limit, the critical Dirac states in the DS phase [Fig. 3(a)]
are at the bulk conduction and valence band boundaries. These states are delocalized and show
no net spin in each QL [Fig. 3(e)] because of inversion symmetry. A slight increase of the SOC
above the critical value separates these states from the bulk bands to become topological surface
states characterized by spin separation toward the two faces of the system [10]. Yet these states
must also remain almost bulk-like with a very long decay length. Evidently, it would cost very
little energy in the bulk to spatially separate the spin at this juncture; the boundary condition then
takes over as the dominant effect in deciding what spin configuration that the system should
adopt. If the DS film is in contact with a TI, the overall topological order for the composite
system mandates that the boundary states must be spin polarized. The very long or infinite decay
length in the DS for these states means that the resulting spin conduction channel can effectively
span the entire thickness of the DS film. While our calculations are for a symmetric sandwich
configuration for simplicity (also to avoid unphysical vacuum dipole fields in asymmetric
superlattices), each TI/DS interface is essentially isolated because of the large thickness of the TI
substrate [20, 21]. For an asymmetric configuration, such as DS/TI/Vac, the DS/TI interface
should behave similarly as long as the TI substrate is thick enough.

The topological states in a (Bi,Se;)' overlayer on a BiySes substrate can be broadly classed

into three regimes, as indicated schematically in Fig. 4. If the SOC of (Bi,Ses)' is subcritical (BI



phase), the topological states are interface states confined at the BI/TI interface [Fig. 4(a)] [9]. If
the SOC is overcritical (TI phase), the topological states are surface states with a distribution
peaked at the surface of the composite system [Fig. 4(c)]. If the SOC is critical (DS phase), the
topological states become overlayer states that span the DS film [Fig. 4(b)]. The three cases

correspond to a normal gap, zero gap, and inverted gap in the overlayer material, respectively.

IV. CONCLUDING REMARKS

Spin conduction channels in DS films, arising from spin bias by a TI substrate and global
topological order, offer excellent opportunities for spintronic applications [26-28]. Unlike the
pristine topological insulator surface states, the overlayer topological states in DS films have an
adjustable channel thickness that can be tailored for a higher current carrying capacity and other
properties. Their spin polarizations, almost 100%, are better suited for signal processing. As
illustrated by the comparison of 3-QL and 6-QL DS overlayers [Figs. 1(c) and 3(d)], the
dispersion relations of the topological overlayer states are largely independent of the film
thickness, and so variations in film thickness, which is a common problem in film preparation,
does not appear to be an issue. Steps on surfaces are generally unavoidable. For Bi>Ses, QL steps
are common [29], which can effectively decouple the topological states on neighboring terraces.
This problem is minimized in DS overlayers with thicknesses of a few QLs or more. Our

findings suggest an interesting avenue for applications of DS materials.
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FIG. 1 (color online). Electronic structure of Bi,Ses-(Bi,Ses)' hetero-films with various SOCs. (a)
Model of a superlattice unit cell made of a 6-QL Bi,Sejs slab as the substrate and a 3-QL (Bi,Se;3)’
slab on each side as an overlayer. (b)-(e) Calculated band structure and simulated photoemission
spectra for SOC = 0, 31.2, 50, and 100%, respectively, for the (Bi,Ses)' layers. (f)-(i)
Corresponding spin-resolved charge densities for the four cases (arbitrary normalization). Red
and blue curves indicate the charge densities with spin polarization along +y and —y, respectively.
The vertical dashed and solid lines indicate the QL and substrate boundaries, respectively.
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FIG. 2 (color online). Effects of changing the overlayer thickness for a BI/TI interface. (a) Band
structure of a 6-QL Bi,Se; slab sandwiched by 3-QL (BixSes)' (SOC = 0) slabs on both faces. (b)
Spin resolved charge distribution of state A. (c) Same as (a) except that the (Bi,Se;)' overlayer
thickness is doubled to 6 QLs. (d) The spin-resolved charge distribution corresponding to (c).
Evidently, state A is a topological interface state, which decays away from the interface.
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FIG. 3 (color online). Comparison of the electronic structures of DS bulk, films, and a
DS-covered TI film. (a) Projected bulk band structure of (Bi,Se;)' with SOC=31.2%. (b) Band
structure of 3 QLs with SOC=31.2%. (c) Band structure of 6 QLs with SOC=31.2%. (d) Band
structure of 6-QL Bi,Ses sandwiched by 6-QL (BixSes)' (SOC=31.2%) on both faces. (e)-(h)
Spin-resolved charge density of the states as indicated. The vertical dashed and solid lines
indicate the QL and substrate boundaries, respectively.
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FIG. 4 (color online). Schematic charge distribution of the topological state for a Bi;Ses substrate
and a (Bi,Ses)' overlayer. The three cases (a)-(c) correspond to the SOC of the (Bi,Ses)' overlayer
less than, equal to, and greater than the critical value, respectively, and so the overlayer is in the
BI, DS, and TI phases. The solid horizontal lines indicate the position of the bulk band edge
relative to the Dirac point in each case. The charge distribution corresponds to an interface,
overlayer, and surface state, respectively.
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