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At interfaces between insulating oxides LaAlOs and SrTiOgs, a two dimensional electron gas
(2DEG) has been observed and well studied, while the predicted hole gas (2DHG) has not been
realized due to the strong tendency of holes in oxygen 2p orbitals to localize. Here we propose, via
ab initio calculations, an unexplored class of materials for the realization of parallel two dimensional
(2D), two carrier (electron+hole) gases: nitride-oxide heterostructures, with (111)-oriented ScN and
MgO as the specific example. Beyond a critical thickness of five ScN layers, this interface hosts
spatially separated conducting Sc-3d electrons and N-2p holes, each confined to ~two atomic layers
— the transition metal nitride provides both gases. A guiding concept is that the N*~ anion should
promote robust two carrier 2D hole conduction compared to that of O?~; metal mononitrides are
mostly metallic and even superconducting while most metal monoxides are insulating. A second
positive factor is that the density of transition metal ions, hence of a resulting 2DG, is about three
times larger for a rocksalt (111) interface than for a perovskite(001) interface. Our results, including
calculation of Hall coefficient and thermopower for each conducting layer separately, provide guid-
ance for new exploration, both experimental and theoretical, on nitride-based conducting gases that
should promote study of long sought exotic states viz. new excitonic phases and distinct, nanoscale

parallel superconducting nanolayers.

PACS numbers: 73.20.-r, 71.30.+h, 31.15.A-
I. BACKGROUND

The unexpected magnetic and electronic phases
appearing at the interface between two perovskite
oxides have been studied extensively during the last
decade.r™® The discovery of a two dimensional elec-
tron gas (2DEG) at the interface between LaAlOg/
SrTiO3(LAO/STO) by Ohtomo and Hwang! stim-
ulated excitement for the design of similar het-
erostructures and their possible use in electronic
devices.5” The further realization that electronic
reconstruction could provide a parallel, nanoscale
2DEG and 2D hole gas (2DHG) provided a more
exotic vista,®? including two band, two carrier mag-
netic or superconducting systems, as well as long
sought excitonic condensates.'%!! Substantial theo-
rizing has been waiting favorable experimental plat-
forms for progress. Unfortunately, at oxide inter-
faces the hole gas has never materialized. Due to the
proclivity of holes to occupy O 2p orbitals, the p-type
interface is always observed to be non-conducting,
eliminating the many possibilities provided by two,
or many, 2DEGs and 2DHGs separated by only 2-3
. 12:13

The difficulty in obtaining conducting p-type in-
terfaces in oxides suggests using related but less
electronegative ions, bringing to mind nitrides.
Whereas 3d transition metal monoxides are mostly

strongly correlated (Mott) insulators,'* the exist-
ing mononitrides are usually conducting and even
superconducting.'®'® This tendency toward conduc-
tivity while forming similar or even identical struc-
tures brings a new dimension to the design of het-
erostructures of insulators having active interfaces.

(001) layers of transition metal mononitrides (or
monoxides) with rocksalt structure are charge neu-
tral, thus being ineffective in providing the 2D gases
of interest here. This layer neutrality, and the chal-
lenges provided by localized O 2p states, invites in-
novative material design, especially because layer-
by-layer growth provides the experimental capability
of concerted theory plus experiment design of novel
materials with tailored properties at the nanoscale.

The simplest polar structure in rocksalt monon-
itrides is provided by (111) orientation, where op-
positely charged metal and anion-atom layers alter-
nately stack along the [111] direction (see Fig. 1). In
spite of the widely discussed instability of ideal polar
surfaces in a semi-infinite geometry, MgO films with
atomically flat (111) surface regions have been re-
ported using layer-by-layer growth on a variety of
substrates.!”2° These atomically flat surfaces are
promising to explore the possibility of polar inter-
face engineering using simple metal monoxides and
mononitrides with rocksalt structure.

Here, we explore the use of the narrow gap
semiconductor ScN,2672% sandwiched between highly
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FIG. 1: (Color online) Structure of ScN/MgO (111) mul-
tilayers. (a) Side view of the unit cell of ScN/MgO(111)
multilayers five ScN layers thick with Sc atoms in blue, N
atoms in gray, Mg atoms in orange, and O atoms in red.
Yellow indicates the IF region: IFA, n-type (O-Sc) and
IFB, p-type (N-Mg). The average distances between lay-
ers along the ¢ axis are shown (in A) (b) Triangular-like
structure of the multilayers in the ab plane. (c) Sketch
of the heterostructure configuration consisting on a thin
slab of a transition metal nitride (B, ScN) sandwiched
between an oxide (A, MgO)

insulating MgO?2%30 spacer layers, as a material

to support bilayer electron+hole conducting gases
and all the unusual phases that have been antici-
pated in such heterostructures. By means of first
principles calculations, we have designed and ex-
plored MgO/ScN(111) superlattices with varying
ScN thickness containing two charge imbalanced in-
terfaces: one n-type and one p-type. Beyond a
ScN thickness threshold of five layers these interfaces
host conducting electron+hole gases, both gases ly-
ing within but on opposite edges of the ScN layer.
Use of the N anion should promote robust two car-
rier 2D conduction compared to oxides, where holes
are prone to localization. ScN is a propitious choice
of nitride, since it has been shown that it can be
hole-doped in bulk to a similar magnitude of con-
ductivity as natively electron-doped samples.3!

II. COMPUTATIONAL METHODS

Our electronic structure calculations were per-
formed within density functional theory®?33 using
the all-electron, full potential code WIEN2K3? based
on the augmented plane wave plus local orbitals
(APW+lo) basis set.?3

All calculations were well converged with respect
to all the parameters used. In particular, we used
RyrKmaz= 7.0 (the product of the smallest of the
atomic sphere radius Rjy;7 and the plane wave cut-
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FIG. 2: (Color online) Potential gradient in the multi-
layers. Layer-by-layer shifts for Mg-, N-; and O-1s (red,
green and orange squares, respectively) and for Sc-2s
(blue squares) core state energies for multilayers three
(a) and six (b) ScN layers thick (AE represents the
value of the shift in eV). Yellow indicates the interfaces:
O-Sc (IFA) and N-Mg (IFB). The zero is set at IFA.
An electric field is formed from IFB to IFA producing
a potential build up across the multilayer of 2-3 eV. In
the ScN side of the multilayer, there are N (green) and
Sc (blue) planes with formal charges 3- and 3+. In the
MgO side, Mg (red) and O (orange) layers have formal
charges 2+ and 2-.

off parameter K,,,), which determines the size of
the basis set. The chosen Ry are 1.95 a.u. for
Sc, 1.73 a.u. for N, 1.79 a.u. for Mg and 1.69 a.u.
for O. The calculations used a 43x43x5 k-mesh for
the integrations over the Brillouin zone. For the
structural relaxations we have used the Wu-Cohen
(WC) version of the generalized gradient approxi-
mation (GGA)3® that gives better lattice parame-
ters for MgO than the Perdew-Burke-Ernzerhof ver-
sion (PBE).?"3® The optimized lattice parameters
derived within GGA-WC for MgO and ScN are 4.23
and 4.50 A, respectively.

An accurate ab initio description requires a
method able to reproduce the band gap of the indi-
vidual components as well as their band alignment
at the interface, both of which are generally beyond
the capabilities of GGA or local density approxi-
mation (LDA). To be able to reproduce the bulk
gap of ScN, we have used the semilocal potential
developed by Tran and Blaha based on a modifica-
tion of the Becke-Johnson potential (TB-mBJ).3%:40
This is a local approximation (local in the density
and the kinetic energy density) to an atomic exact-
exchange potential and a screening term + GGA
correlation that allows the calculation of band gaps
with an accuracy similar to the much more expen-



sive GW or hybrid methods.??*° The TB-mBJ func-
tional is a potential-only functional, i.e., there is
no corresponding TB-mBJ exchange-correlation en-
ergy functional. In this respect it is applied as a
self-energy correction, and one based on improved
intra-atomic exchange processes. The band struc-
ture for bulk ScN obtained within TB-mBJ repro-
duces the experimental band gap and is shown in
the Appendix.

Based on the agreement with the experiments
for ScN bulk, TB-mBJ was the scheme applied to
the ScN/MgO (111) multilayers. We have modeled
MgO/ScN(111) multilayers which are 2- to 7-ScN
layers thick. A barrier of 3-4 MgO layers (about 1.5
nm thick) between ScN blocks has been used for all
the calculations, checking that it is sufficient to guar-
antee the lack of interaction between ScN blocks.
The multilayers are modeled with the in-plane lat-
tice parameters constrained to those of MgO (fixed
to the value 4.23 A, obtained by optimizing the cell
volume within WC-GGA).

For all the multilayers we performed calculations
with fully relaxed atomic positions also optimizing
the value of the c-lattice parameter (off-plane), i.e.
allowing atomic displacements along the c-axis and
thus relaxing the inter-plane distances for the struc-
tures with different number of ScN layers. The op-
timized values of the c-lattice parameter result in a
slight increase from the value obtained by construct-
ing the multilayers from the MgO bulk unit cell, of
about 1% to 2% for multilayers two to seven ScN
layers thick. This is expected, as the in-plane lat-
tice parameter inside the ScN blocks is constrained
to the smaller value of MgO. The average distances
between layers along the ¢ axis are shown in Fig. 1
for a multilayer 5 ScN-layers thick. The main fea-
ture in the calculated relaxed geometry consisting in
one shorter and one longer Sc/Mg-N/O bond length
along ¢ can be observed.

III. ANALYSIS OF RESULTS

The underlying structure of the multilayers is
shown in Fig. 1. When growing periodically ar-
ranged superlattices two polar interfaces arise: the
so-called interface A (IFA, n-type) (27/3%) and in-
terface B (IFB, p-type) (37/27). If the system re-
mains insulating (which is not obvious a priori since
ScN is a small gap semiconductor) the polar discon-
tinuity will produce a large electrostatic potential
offset between the two interfaces, resulting in po-
tential gradient reflecting the internal electric field.
This effect can be tracked most directly by follow-
ing the layer-by-layer core level eigenvalues. These
eigenvalues are shown in Fig. 2 for multilayers with

different ScN thickness. For thin ScN layers a po-
tential difference of 2 to 3 eV on each block of the
multilayer develops. This gradient corresponds to
a local electric field of 1.1x107 V/cm acting across
the interface region, on the order of that obtained in
LAO/STO heterostructures.®4! The layer-by-layer
shifts in the core levels are about 1 eV in the thin-
ner multilayer and are reduced when the interfaces
metalize. Superlattice periodicity forces the poten-
tial to return to zero after it has ramped up the ScN
slab.

As a consequence of this potential gradient (that
scales with thickness) there is an insulator-to-metal
transition as the number of ScN layers is in-
creased. For multilayers 3 ScN layers thick the
gap (1.5 eV) is widened by confinement with re-
spect to the value in the bulk (see this band
structure in the Appendix), for 4 ScN layers the
gap is reduced to 0.34 eV, and from a critical
thickness of 5 ScN layers the band structures are
metallic. Insulator-to-metal transitions with thick-
ness have been observed in a number of oxide-
based heterostructures in the literature, both po-
lar and non-polar, including open-shell and closed-
shell materials, such as multilayers of VOg/TiO5,2
SrVO3/SrTi03,43 45  LaVO3/SrTiOs3,%6 and the
above mentioned LaAlO3/SrTiO3.24!

A. Electronic structure

The Sc and N projected density of states (DOS)
for three and six ScN layers are shown in Fig.
3 where the the insulator-to-metal transition with
thickness is evident. The nearly rigid upward shift
consistent with the above described potential gradi-
ent can be seen by focusing on the N-2p bands (or-
ange) that move towards the Fermi level from IFA to
IFB. The insulating state obtained for thinner ScN
layers is shown in Fig. 3(a). The gap is formed
between occupied N-p states and unoccupied Sc-d
states.

For multilayers with a thicker ScN block both in-
terfaces host metallic states as shown in Fig. 3(b).
N-p and Sc-d bands overlap in energy at IFB and
IFA, respectively, leading to spatially separated hole
and electron conducting states. The band structure
and Fermi surface plots (shown in the Appendix) in-
dicate that the nearly circular hole pocket is centered
at I' whereas the nearly circular electron pocket
is centered at the hexagonal zone face M point.
This band overlap provides a multilayer realization
of the polar discontinuity scenario of electronic re-
construction, originally found for LAO overlayers on
an STO substrate.*”48 Upon metallization electrons
are transferred from one interface of the unit cell to
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FIG. 3: (Color online) Layer resolved density of states
for Sc/N atoms across the ScN slab from IFB to IFA for
ScN/MgO(111) multilayers three (a) and six (b) ScN-
layers-thick. N-p states in orange, Sc-d states in green.
The insulator-to-metal transition with thickness and the
shift in the N-p and Sc-d states (of almost 1 eV/layer)
as moving from IFA to IFB can be observed. The yellow
patch is shaded in brightness in proportion to the gap.

the other, thus reducing the internal field although
a substantial gradient persists (of the order of 107
V/cm). The result is two bilayer conductors each
confined to two atomic layers (IF and IF-1), consti-
tuting a periodic array of alternating electron and
hole 2DGs. The N-derived 2DHG should promote
robust two carrier 2D conduction instead of insulat-
ing p-type interfaces.

Using a transition metal nitride provides yet other
opportunities. The superconductivity observed in
many samples of STO/LAO may be simply the state
observed in n-doped STO (confined somewhat to re-
flect a 2D superconducting behavior), or it might
be a new phenomenon due to an interfacial pair-
ing process. Ti, Zr, V, and Nb mononitrides with a
rocksalt structure were among the first discovered
superconductors with 7.’s up to 16 K.'®16 Also,
electron-doped transition metal chloronitrides MNCI
(M = Hf, Zr, Ti) are superconducting in the 15-26 K
range,* putting them among the top classes of high
temperature superconductors. The observation of
superconductivity at a transition metal nitride in-
terface (as in this ScN/MgO system) is an exciting
possibility, and if discovered would support that su-
perconductivity observed at STO/LAO interfaces is
derivative of bulk STO superconductivity.

Excitons (electron-hole bound states) are a

topic of great importance in condensed matter
physics and play a central role in solar energy
conversion.1%11:46:50 For four and fewer ScN lay-
ers a small gap remains, providing the platform for
formation of excitons that are indirect in k-space
and whose components are separated in real space,
giving the possibility of long-lived excitons. Bris-
towe et al®' noted the possibility of exciton for-
mation in the context of LaAlO3/SrTiO; multilay-
ers with alternating p and n interfaces, stymied be-
cause hole conduction is very difficult to achieve. In
LAO/STO (001) overlayers a parallel electron-hole
conduction has been reported only when an STO
capping layer is added to protect the uppermost
2DEG.%? The hole conduction relies on a surface
state whereas the 2DEG is in the interfacial layer.
The reported hole mobility is low and it is expected
that the holes can become localized or eliminated
in uncapped STO/LAO systems more strongly. The
route proposed here for the formation of proximal
electron and hole gases should provide the desired
platform as compared to the standard LAO/STO
heterostructure.

In addition to the more robust hole conduction,
here the system is much simpler (1/3 fewer chemical
species need be introduced in the standard chambers
used for thin film epitaxial growth) and that should
be an advantage in terms of growth. Importantly,
the problem with oxygen vacancies in STO (due to
the Ti valence flexibility) is absent in MgO.

B. Bilayer transport

To allow for additional experimental tests of
the origin and nature of the conduction mecha-
nism in these multilayers, we have calculated the
temperature dependence of the thermopower S(T).
The expression for (diagonal) S(T") within Bloch-
Boltzmann transport theory®? is

in terms of the energy-dependent conductivity
o(g), where kp is the Boltzmann constant, e is the
fundamental charge, N the density of states, v the
group velocity, f the distribution function, and 7
the scattering time. The energy dependence of 7 de-
pends on the scattering mechanism and is usually
treated as unimportant on a fine energy scale, as we
do here. For low temperature, the magnitude and



sign of S, depend only on the energy derivative of
Oae at p where i is the chemical potential.

One should note that the calculation of the de-
sired thermopower coefficient requires modification
of existing methods. The band structure shown in
Fig. 6 is like that of a compensated semimetal,
with a few electron carriers and compensating hole
carriers and Fermi energies (occupied bandwidths)
of 100-200 meV. In a conventional semimetal the
carriers permeate the entire cell and make compen-
sating contributions to the net value. However, in
the current structure the 2D gases are distinct and
it is their individual thermopowers that are of in-
terest. The contributions must be calculated sepa-
rately, as we have done, using the Bloch-Boltzmann
expressions®?, which involve only near Fermi surface
quantities versus those from throughout the occu-
pied bands (such as the carrier density) and takes
into account the band nonparabolicity that occurs
in this system. The results are presented in Fig.
4. Values of the thermoelectric power for electrons
and holes are linear with T and virtually identical
in size (|dS/dT| = 0.11uV/K?). Fig. 4(b) shows the
density of states (DOS) of electron and hole bands
separately. The differences in N(g) near E = ¢ — pu
= 0 are evident, with the hole DOS in particular
having a non-2D like behavior.

The thermopower obtained in this ScN/MgO(111)
multilayer is different than some behaviors discussed
elsewhere.?3 2DEGs can be obtained in related in-
terfaces but involving only one type of carrier.’*
Quantum confinement, which narrows (some) bands,
may produce a thermopower enhancement.?>%% In-
terestingly, ScN itself has been found to yield an
anomalously large thermopower albeit at high dop-
ing level,5” % suggested to result from localized im-
purity states close to the Fermi level.5° The ther-
mopowers of the individual 2DGs of this heterostruc-
ture represent an advance beyond previous theoret-
ical or experimental studies separating the 2DEG
and 2DHG contributions.

Doped semiconductors, which is what each inter-
face 2DG is, typically display large thermopowers,
and though still hotly pursued, large thermopow-
ers are not always what an application requires.
This result of nearly exactly canceling electron and
hole thermopowers provides the opportunity of en-
gineering small to negligible electrothermal conver-
sion, which may be needed in some applications, as
opposed to the more visible energy conversion be-
tween electrical energy and heat. Currents that do
not drag along net heat should have applications in
electronics, such as providing cooling to offset Joule
heating. All thermopower measurements have to be
corrected by adding the absolute thermopower of the
lead wires. Materials with negligible thermopower
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FIG. 4: (Color online) Bilayer conduction. (a) Tem-

perature dependence of the in-plane thermopower for
MgO/ScN multilayers six ScN layers thick for electrons
and holes. The contributions from electron and hole-
like bands to S;.(T) compensate. The calculations were
done by summing over only the valence Fermi surfaces
for the hole properties (orange), only over the conduc-
tion Fermi surfaces for the electron properties (green).
(b) Density of states near the Fermi level: hole-like N-p
states at IFB and IFB-1 (orange) and electron-like Sc-d
at IFA and IFA-1 (green).

should allow the thermopower of other substances
to be determined directly.%!

As for the thermopower, the Hall coefficient RY
of the separate 2DGs requires modification of ex-
isting methods. Recall that the Hall coefficient is
a Fermi surface property, obtained from first and
second derivatives of the band dispersion 5 on the
Fermi surface. Only for quadratic, single band sys-
tems can RY be related to a carrier density obtained
from the integrated density of states. More specif-
ically, if in the definition Rf,_ = E,/j,B. the cur-
rent j, from both electron and hole 2DGs is used,
the result incorporates quantities from two separate
subsystems, whereas we want R for each conduct-
ing layer separately. The calculated Hall coefficient
for electron and hole-like bands separately gives R
= 0.11 x1077 m3/C, R = -0.16 x10~" m3/C,
both T-independent above 200 K. These values cor-
respond in a standard (but simplistic, see below)
interpretation to an effective carrier density n. =
3x10'3carriers/cm? and n; = 4x10M3carriers/cm?.
These “Hall densities” need not be equal, because
the bands are not precisely parabolic as is assumed
when R is converted to carrier density.

Measured values of Hall density of oxide-only in-



terfaces are similar to our calculated values just
above, so it is worthwhile to look more carefully at
the numbers. The values for LAO/STO(001) led to
considerable discussion because the polar mismatch
picture implies that for thick layers (i.e. isolated in-
terfaces) the transferred density should be 0.5 carrier
per interface cell, which is almost an order of magni-
tude larger.®® Of course, for thin ScN layers as here
as for most LAO/STO calculations, just beyond the
polar mismatch insulator-to-metal transition, only
enough electrons transfer across the layer, thereby
counteracting the internal field enough to line up
the 2DEG Fermi level with the 2DHG Fermi level.

The actual transferred charge density ny., from
the integrated DOS, is 0.09 e per interface cell,
or 1.1x10' /cm?, transferred from the two nearly
degenerate I'-centered hole bands to the two
symmetry-related, M-centered electron bands. This
factor of three difference can be reconciled by noting
that the behavior of N(E) at the Fermi level (Fig. 4)
is not typical of quadratic bands (i.e. which would
be constant) and that R is sensitive to the first
and second derivatives of £, on the Fermi surfaces.
The numbers also highlight a difference of this Sc-
N/MgO(111) system compared to LAO/STO(001):
the areal density of transition metal ions is nearly
three times larger, with neighbors in the rocksalt
(111) plane being a/v/2 and close-packed, versus in
perovskite (001) the separation is ¢ and not close-
packed. The lattice constants do not differ greatly.
Thus rocksalt (111) interfaces offer the possibility of
much higher densities as well as 2DHGs that actu-
ally conduct.

IV. SUMMARY

We have proposed a novel approach to achieve two
dimensional, two carrier bilayer conducting systems
by moving away from oxygen for hole conduction.
Designing by choice of anion and by orientation of
the interface, and studying with first principles cal-
culations, hybrid oxide-nitride multilayers are pro-
posed as a platform for the realization of parallel
two dimensional, two carrier (electron+hole) gases.
The basic concept builds on a slab of a narrow gap
transition metal nitride (B) sandwiched between a
wide gap insulating oxide (A). The polar disconti-
nuities at the A and B interfaces provide an internal
electric field that raises the N-p valence band max-
imum above the Sc-d conduction band minimum,
with resulting charge transfer metalizing both inter-
faces. The use of the narrow gap nitride ScN means
that both signs of carriers live in ScN. Electrically
MgO is inert, shifting the active component from an
oxide to a nitride.
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V. APPENDIX

A. Electronic structure of bulk ScN
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FIG. 5: (Color online) Electronic structure of bulk ScN.
Band structure with orbital character shown by circle
size, for ScN using the TB-mBJ potential. Left panel:
Sc 3d; right panel: N 2p. The colors help to identify
corresponding bands across the two panels.

ScN is a nonmagnetic semiconducting transition
metal mononitride with a band gap of 0.9 eV that
has remarkable physical properties such as high
chemical stability, high melting point (2600°C), and
large mechanical hardness (H= 21 GPa).2¢

A number of first principles calculations have been
performed on ScN. Early density functional theory-
based calculations employing the LDA%? or Xq03.64
approximations predicted ScN to be a semimetal.
Exact exchange and screened exchange calculations
confirm that ScN is a semiconductor with an in-
direct I'-X band gap, consistent with experiments.
However, the calculated band gap of 1.6 eV is sig-
nificantly larger than the experimental value of 0.9
eV.%% The LDA+US scheme improves over GGA or
LDA in the study of systems containing correlated
electrons by introducing the on-site Coulomb repul-
sion U applied to localized electrons (in this case
Sc-3d states). For ScN, LDA/GGA+U calculations



using a U value as high as 6 eV are only able to
open an indirect gap of 0.40 to 0.55 eV, respectively,
far from the one determined experimentally.5” LDA
calculations complemented with estimated quasipar-
ticle corrections and calculations of the optical re-
sponse give an indirect band gap of 0.9 eV with a
first direct gap at X of 2 eV.27 Quasiparticle GoWq
calculations predict ScN to have an indirect band
gap between I'-X of 0.99 eV.%8 Also hybrid func-
tionals show the opening of a band gap of 0.9 eV.%?

Figure 5 shows the band structure with band char-
acter plot (N and Sc character highlighted) for ScN
obtained within TB-mBJ. The band gap is formed
between occupied N-2p and unoccupied Sc-3d states
and the experimental value of the gap is reproduced:
an indirect band gap of 1.0 eV between I'-X is ob-
tained as well as the direct gap of 2.1 eV at X.
Thus TB-mBJ provides a computationally efficient
method of producing and accurate band structure,
and it has been applied for the results discussed in
this manuscript.

B. Electronic structure of MgO/ScN(111)
multilayers

Figure 6 shows the band structures with band
character plot that complement Fig. 3 in the main
text, which shows the corresponding DOS. The
bands crossing the Fermi level are indeed N-p at IFB
and Sc-d at the IFA.

Figure 7 shows that these bands give rise to nearly
circular Fermi surfaces coming from the electron
(centered at M) and hole pockets (centered at T')
respectively, as discussed in the main text.

Energy (eV)

Energy (eV)

FIG. 6: (Color online) Band structure plot with band
character emphasized for MgO/ScN (111) multilayers
obtained within GGA-TB-mBJ. Sc-d atom at IFA(right)
and N-p levels at IFB (left) for SctN/MgO(111) multilay-
ers three (top panel), where a band gap of 1.5 eV persists,
and six (bottom panel) ScN-layers-thick, where a band
overlap of 0.4 eV can be seen.The colors indicate the ir-
reducible representation of the eigenvalues. Whenever
two bands cross they have different colors denoting the
different irreducible representations, the connectivity of
a band across a band crossing can be seen just following
the color of the band.

FIG. 7: (Color online)Fermi surface plots for hole and
electron pockets obtained for ScN/MgO(111) multilayers
6 ScN layers thick. The concentric, nearly circular hole
pockets are centered at I' whereas the nearly circular
electron pocket is centered at the hexagonal zone face
M point.
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