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ABSTRACT: The structure of the interfaces and the mechanisms of induced spin polarization of 1D
infinite and finite narrow graphene- and h-BN zigzag nanoribbons placed on a SrO-terminated
La1−xSrxMnO3 (LSMO) (001) surface were studied using density functional theory (DFT) electronic
structure calculations. It was found that the π-conjugated nanofragments are bonded to the LSMO(001)
surface by weak disperse interactions. The types of coordination of the fragments, the strength of
bonding, and the rate of spin polarization depend upon the nature of the fragments. Infinite and finite
graphene narrow zigzag nanoribbons are characterized by the lift of the spin degeneracy and strong spin
polarization caused by interface-induced structural asymmetry and oxygen-mediated indirect exchange
interactions with Mn ions of LSMO support. Spin polarization changes the semiconducting nature of
infinite graphene nanoribbons to half-metallic state with visible spin-up density of states at the Fermi
level. The h-BN nanoribbon binding energy is weaker than graphene nanoribbon ones with noticeably
shorter interlayer distance. The asymmetry effect and indirect exchange interactions cause spin
polarization of h-BN nanoribbon as well with formation of embedded states inside the band gap. The
results show a possibility to use one-atom thick nanofragments to design LSMO-based heterostructures for spintronic
nanodevices with h-BN as an inert spacer to develop different potential barriers.

■ INTRODUCTION

The progress in developing graphene-based spintronic nano-
devices is related to weak spin−orbital interactions of carbon
atoms, which enable one to utilize the extremely high mobility
of electrons together with the long spin transport length.1−3

The effectiveness of spin injection in carbon nanostructures by
ferromagnetic supports (e.g., Ni(111)) has already been
discovered experimentally and interpreted theoretically.4,5 In
particular, high magnetoresistance has been detected in π-
conjugated organic media on ferromagnetic supports.6−10

Isolating h-BN fragments located between graphene and
ferromagnetic metallic supports has been used for chemical
passivation of the surfaces and creation of tunnel contacts to
promote graphene spin injection.11−13 It was demonstrated that
in 2D nanoheterostructures the injection coherence length
could achieve up to 350 μm14,15 due to the interface-related
Buchkov−Rashba effect.16−18
The Bychkov−Rashba effect is caused by the lift of spin

degeneracy due to structure inverse asymmetry (SIA)18 in 2D
electron gas (2DEG) at the interfaces. 2DEG is confined by the
effective electric field oriented in the [001] direction caused by

the SIA effect, which, in many cases, is much stronger than the
bulk symmetrical features.19 For nonmagnetic surfaces, the
Rashba field lifts the spin degeneracy of the surface states,19

whereas for magnetic ones, it leads to an asymmetric shift of the
spin nondegenerate bands.20

With both experimental and theoretical approaches, it was
found that indirect exchange interactions between transitional
metal ions mediated by oxygen ions of the crystalline lattices
play a critical role in formation of the main features in the
electronic structure of complex manganites21,22 in accordance
with the RKKY mechanism.23−25 The photoemission and X-ray
spectroscopy26,27 revealed antiferromagnetic bonding of the
oxygen holes with spin configurations of Mn3+ ions in
La1−xSrxMnO3. The electron−hole excitation leads to charge
transfer from the O2p sub-band to Mn3+ ions with the
formation of Mn4+ configuration through the double exchange
mechanism.28
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Perovskite manganites are well-known as an advantage class
of functional magnetic materials with a rich variety of magnetic
and electric properties. A half-metallic manganite class
La1−xSrxMnO3 (LSMO) is a promising material for spintronic
applications due to 100% spin polarization, efficient spin
injection, colossal magnetoresistance, low-density of charge
carriers (1021−1022 cm−3), the highest Curie temperature (Tc =
370 K), and partial transparency.29−33 Due to these properties,
LSMO is a good choice to design tunnel magnetic contacts.34

Using spin-polarized currents through LSMO−graphene
interfaces a number of LSMO-based high-efficiency organic
LED35 and spin-valve nanodevices36−38 have been developed.
The high sensitivity of organic-based heterostructures was
demonstrated for a photodetector driven by ferroelectrics.39

The proximity effect of spin polarization of 2D graphene at
La0.7Sr0.3MnO3 was studied by a combined experimental and
theoretical approach,40 and the direct evidence of sizable spin
polarization at the Fermi level of 2D graphene parallel to the
spin polarization of LSMO was obtained.
Large magnetoresistance effects coupled with large output

signals were detected in a nanodevice of a multiwall carbon
nanotube that spans a 1.5 mm gap between spin-polarized half-
metallic La0.7Sr0.3MnO3 electrodes.

41 The device demonstrated
long spin lifetime and high Fermi velocity in the nanotube, the
high spin polarization of the Manganite electrodes and the
resistance of the interfacial barrier for spin injection. The
experimental results were supported by density functional
theory calculations.
Other examples of the key π-conjugated media to promote

spin injection are pentacene molecule C22H14, which is, in fact,
a short finite narrow graphene zigzag nanoribbon of five
hexagonal ring length and one hexagonal ring width and infinite
zigzag graphene nanoribbons (ZGNRs) of different width. It
was demonstrated that vertical pentacene-based spintronic
devices with La0.7Sr0.3MnO3 and Co electrodes retain magneto-
resistive effects up to room temperature.42 Recently, spin-
dependent molecular symmetry associated with p−d hybrid-
ization between pentacene and cobalt nanoscale islands
deposited on Cu(111) was studied by the SP-STM technique,43

which allows one to predict and control induced spin
polarization of π-conjugated molecules on magnetic substrates.
ZGNRs show antiferromagnetic semiconducting nature44 with
ferromagnetic spin ordering at each edge.45 It is worth noting
that ZGNRs demonstrate single-channel room temperature
ballistic conductivity on a length scale greater than theoretically
predicted for perfect graphene and equal to 10 μm.46,47 Thus, it
offers a possibility to create novel LSMO-based heterostruc-
tures with induced half-metallic ferromagnetic nature for
promising spintronics applications.
In the present paper, the atomic and electronic structure and

spin states of novel low-symmetry low-dimensional hetero-
structures constituted by finite and infinite graphene and h-BN
zigzag (ZBNNR) nanoribbons deposited on SrO-terminated
LSMO(001) surface are studied using state-of-the-art density
functional theory technique and interpreted in terms of indirect
exchange interactions between the fragments. The types of
coordination of the fragments, the nature and strength of the
bonding, and the fragment rates of induced spin polarization
are of special interest of the study.

■ COMPUTATIONAL METHODS AND MODELS
To study the atomic and electronic structure of LSMO-based
low-dimensional heterostructures, density functional theory

(DFT) and the general gradient approximation (GGA) Perdew,
Burke, Ernzerhof (PBE) potential48 within the framework of
periodic boundary conditions (PBC) were used as imple-
mented in the VASP code49,50 with taking into account
Hubbard correlations (GGA+U)51,52 and empirical D3 Grimme
corrections of weak dispersion interactions.53 For all calcu-
lations a plane-wave basis set within the projector augmented
wave (PAW) method54,55 was used. The GGA+U parameters U
= 2 and J = 0.7 eV were adopted from earlier calculations of
LSMO.56−58 For all calculations, the cutoff energy (Ecutoff) was
set to 450 eV. The geometry of the heterostructures was fully
optimized (the coordinates of the atoms in the supercells and
all translational vectors) until the residual forces became less
than 0.01 eV/Å. A vacuum region of 17 Å was set to avoid
artificial interaction between neighboring supercell images. For
pristine LSMO, the Γ-centered Monkhorst−Pack59 (12 × 12 ×
12 k-point set) scheme was used. For test calculations, (18 × 18
× 18) sampling was employed and it was found that the energy
difference between two types of sampling is less 0.01 eV/unit
cell.
For La0.67Sr0.33MnO3 with a pseudocubic perovskite-type unit

cell, the a translation vector was found to be equal to 3.886 Å,
which is in good agreement with experimental data (a = 3.876
Å60 and a = 3.87 Å61) and previous theoretical calculations (a =
3.89 Å).56 The GGA+U D3 PBC PAW test calculations of 2D
graphene and h-BN revealed C−C and B−N distances equal to
1.425 and 1.470 Å, respectively, which perfectly coincides with
well-known experimental data of 1.423 and 1.464 Å,
respectively, which can be easily found elsewhere. Three
infinite and one finite one-dimensional narrow zigzag graphene
nanoribbons were used to design the composites, namely,
pentacene molecule C22H14, which consists of five linearly fused
benzene rings (in fact, the molecule is a short finite fragment of
narrowest zigzag graphene nanoribbon); narrow zigzag
graphene nanoribbon of one carbon hexagon width (standard
notation 2-ZGNR) and three carbon hexagon length of the unit
cell (C12H6 supercell, 18 carbon and hydrogen atoms in total);
and zigzag graphene nanoribbon of three carbon hexagon width
(standard notation 4-ZGNR) and three carbon hexagon length
in the unit cell (C24H6 supercell, 30 carbon and hydrogen
atoms in total). Only one low-dimensional h-BN fragment,
namely, zigzag h-BN nanoribbon of three B3N3 hexagon width
(4-ZBNNR) and three B3N3 hexagon length (B12N12H6
supercell, 30 boron, nitrogen, and hydrogen atoms in total)
was used to simulate the LSMO(001)-based heterostructure
with the 1D h-BN zigzag nanoribbon. A total of 47 different
initial mutual configurations of the zigzag nanoribbons with
LSMO(001) surface were probed for conformational scan with
13 stable and metastable interface structures finally located by
the full optimization procedure (all located configurations will
be discussed in detail below). To perform the full optimization,
the initial distance along the z-direction for all configurations
was chosen to be 3.5 Å. For the sake of comparison,
freestanding LSMO(001), pentacene molecule, 2-ZGNR, 4-
ZGNR, and 4-ZBNNR fragments were calculated as well.
Special attention was paid to achieve high-accuracy results in

ab initio DFT calculations. Two types of plates of the
LSMO(001) thin film with different thickness with 3 and 6
pseudocubic unit cell thickness were tested, and it was found
that the surface energy difference between them is less than
0.01 eV/Å2. The charge distributions of Sr and O surface atoms
for three and six unit cell thickness of the thin film were
compared by using the Bader code.62−64 It was found that
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strontium and oxygen ions bear +1.54 e and −1.37 e charges,
respectively, for three unit cell and +1.54 e and −1.27 e charges,
respectively, for six unit cell thickness. One can see some small
difference for the atomic charge of the O ions, whereas the
charge state of Sr ions remains intact. Because the difference in
charge states of the surface ions is small, for practical reasons
for electronic structure calculations a slab of three unit cell
thickness was adopted. The dependence of the total energies
upon the vacuum distances was tested up to 24 Å along the c
vector and it was found that no energy dependence upon the
vacuum interval is detected for the length longer 15 Å. It is
necessary to note that the effective distances for van der Waals
(vdW) forces interactions are equal to 3−6 Å.65

The LSMO(001) surface can be terminated by MnO2,
66−68

SrO, or mixed MnO−SrO69 terminal layers with dominant Sr
occupation. The SrO-terminated LSMO thin film was
developed as a limiting case of the LSMO(001) surface
following a number of experimental and theoretical publica-
tions.70−72 The LSMO(001) plate consists of three MnO, two
LaO, and one top interface SrO layer (Figure 1a). The Mn ions
are six-coordinated, and Sr and La ions are four-coordinated. La
and Sr ions form separate layers and occupy the centers of the
cubes formed by Mn−O units.

Two types of LSMO plate slabs were used for electronic
structure calculations of the composites (Figure 1b):

La20Sr10Mn30O90 (150 atoms) was used for the pentacene/
LSMO(001) heterostructure and consisted of 5 × 2 × 1
structural units of bulk LSMO along the a (23.316 Å), b (7.772
Å), and c (30.000 Å) directions, respectively; La32Sr16Mn48O144
(240 atoms) was used for 2-ZGNR/LSMO(001), 4-ZGNR/
LSMO(001), and 4-ZBNNR/LSMO(001), with 8 × 2 × 1
structural units along the a (31.090 Å), b (7.772 Å), and c
(30.000 Å) translation vectors, respectively. The lateral
distances between the images of 2-ZGNR and 4-ZGNR/4-
ZBNNR in the a direction were equal to 26.12 and 21.86 Å,
respectively. For the pentacene molecule, the a and b intervals
were equal to 5.22 and 2.77 Å, respectively. Due to
computational limitations, all carbon and h-BN nanoribbons
were oriented only along the b direction.
The binding energies of 2-ZGNR, 4-ZGNR, pentacene, and

4-ZBNNR with LSMO(001) substrate were calculated using
the equation

= − −E E E EB T LSMO frag (1)

where ET is the total energy of the composites, ELSMO is the
energy of pristine LSMO slab, and Efrag is the energy of
freestanding low-dimensional fragment, 2-ZGNR, 4-ZGNR,
pentacene molecule, or 4-ZBNNR.

■ RESULTS AND DISCUSSION
The electronic structure calculations of all LSMO slabs reveal
small rotations of MnO6 octahedrons (in order of 1°) along the
c direction, which coincide well with previous experimental73

and theoretical74 publications. Formation of SrO surface leads
to a breakdown of perfect SrO plane of bulk LSMO with the
value of corrugation of 0.230 Å along c direction between Sr
and O ions. The weak interactions between the LSMO(001)
surface from one side and pentacene/2-ZGNR/4-ZGNR/4-
ZBNNR fragments also lead to breakdown of perfect flat
structures of pentacene, 4-ZGNR, and 4-ZBNNR with 0.020,
0.082, and 0.330 Å corrugation values, respectively. It is
necessary to note that the large value of corrugation for the h-
BN nanoribbon is caused by electrostatic attraction (O and B)
and repulsion (O and N) of the ions of LSMO surface and h-
BN fragment, respectively.
To define coordination types of the pentacene molecule, 2-

ZGNR, and 4-ZGNR on the SrO-terminated surface, standard
notations of coordination sites η1, η2, η3, and η6 are used
throughout the text to denote the coordination of Sr surface
ions to a single carbon atom, the middle of the C−C bond, the
C3 triangle fragment, and the center of C6 hexagons,
respectively. For 4-ZBNNR the same notations are used with
η2 and η6 corresponding to the middle of the B−N bond and

Figure 1. (a) Atomic structure of the bulk LSMO unit cell with one
SrO, two LaO, and three MnO6 layers. (b) Atomic structure of the
LSMO thin film used as a support for low-dimensional graphene- and
h-BN fragments. The top and side views of the LSMO(001) thin film
with outlined supercells are presented at the top-right and bottom-
right of the figure. The 5 × 2 × 1 supercell boundaries for pentacene/
LSMO(001) are marked by dashed lines (150 atoms in the slab). The
entire 8 × 2 × 1 structure (240 atoms) corresponds to the LSMO slab
for 2-ZGNR/LSMO(001), 4-ZGNR/LSMO(001), and 4-ZBNNR/
LSMO(001) heterostructures.

Table 1. Binding Energies and Interlayer Distances of 2-ZGNR/LSMO(001) and Pentacene/LSMO(001) Heterostructuresa

2-ZGNR/LSMO(001)

configuration η1 η2−6 η2 η1−2

binding energy, eV (binding energy per carbon atom, eV) −0.905 (−0.075) −0.525 (−0.044) −0.753 (−0.063) −0.646 (−0.054)
average interlayer distance, Å 3.192 3.227 3.203 3.217

pentacene/LSMO(001)

configuration η1−2 η2−6 η1

binding energy, eV (binding energy per carbon atom, eV) −2.269 (−0.103) −1.901 (−0.086) −2.355 (−0.107)
average interlayer distance, Å 3.137 3.154 3.099

aThe energetically favorable interface configurations (η1 type for both 2-ZGNR/LSMO(001) and pentacene/LSMO(001) heterostructures) are
characterized by the negative binding energies with the biggest absolute values.
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the center of the B3N3 hexagon. For h-BN, the η1 and η3

coordinations are special and reflect both B and N (η1 type)
and B2N and BN2 (η

3 type) sites, respectively. It is necessary to
note that 4-ZBNNR/LSMO(001) interfaces with η1 and η3

display all coordination types simultaneously and the notations
do not reflect completely the way 4-ZBNNR is bonded to the
LSMO(001) substrate. The combined types of configurations
like η1−2 or η2−6 denote bonding of Sr ions to η1 and η2 or η2

and η6 sites, respectively. For complete description of the way
the fragments bond to the substrate, specific illustrations are
referred in the text.
Only four 2-ZGNR/LSMO(001) (Table 1, Figure 2a−d)

and three pentacene/LSMO(001) (Table 1, Figure 2e−g)
interface configurations are localized by electronic structure
calculations.
All located interface configurations of 2-ZGNR/LSMO(001)

and pentacene/LSMO(001) heterostructures are presented in
Table 1. The energetically favorable interface configurations are
characterized by the negative binding energies with the biggest
absolute values. The binding energies per carbon atom and
interlayer distances of 2-ZGNR/LSMO(001) and pentacene/
LSMO(001) heterostructures reveal the weak binding nature of
the LSMO support with both 2-ZGNR and pentacene. For 2-
ZGNR/LSMO(001), the energetically preferable η1 config-
uration is characterized by the binding energy of −0.075 eV/
carbon atom and 3.192 Å interlayer distance. The pentacene/
LSMO(001) heterostructure also reveals the η1 configuration as
the energetically preferable one. Pentacene is slightly stronger
bonded to the LSMO(001) substrate with a bonding energy
equal to −0.107 eV/carbon atom. The interlayer distance for
pentacene η1 configuration is the shortest one (3.099 Å).
Six possible configurations of the 4-ZGNR/LSMO(001)

heterostructure are revealed by electronic structure calculations,
namely, (a) η2, (b) η2−6, (c) η2−3, (d) η3, (e) η1−2−3−6, and (f)
η1. The structures and parameters of all configurations are
presented in Figure 3 and Table 2. The energetically preferable
η3 4-ZGNR/LSMO(001) configuration with the lowest binding
energy (−0.105 eV/carbon atom) is characterized by a 3.068 Å
interlayer distance. The highest in energy η1 configuration
(−0.026 eV/carbon atom) has a 3.141 Å interlayer distance.
The binding energies of energetically favorable configura-

tions of 2-ZGNR/LSMO(001), pentacene/LSMO(001), and 4-
ZGNR/LSMO(001) heterostructures. (−0.107 to −0.075 eV/
atom, Tables 1 and 2) are close to the upper limit of the
energies of van der Waals bonds (−0.043 to −0.004 eV/
atom),65 which indicates a negligible role of chemical binding

(covalent, complex, or ionic) between LSMO and graphene
nanofragments. The interfaces of all three carbon-based
heterostructures are characterized by low-order coordination
types η1, η1, and η3 for pentacene/LSMO(001), 2-ZGNR/
LSMO(001), and 4-ZGNR/LSMO(001), respectively. Very
unusual coordination types of the fragments can be interpreted
as a clear manifestation of vdW bonding between the
fragments.
Formation of the heterostructures leads to fundamental

lowering of the symmetry of the electronic structure of the
fragments at the interfaces. Combined with indirect electronic
exchange with the LSMO substrate, it lifts the spin
degeneration of all 1D π-conjugated fragments. The total and
partial density of states (TDOS and PDOS, respectively) and

Figure 2. Four (a, b, c, d) and three (e, f, g) interface configurations of 2-ZGNR/LSMO(001) and pentacene/LSMO(001) heterostructures,
respectively, located using electronic structure calculations: (a) η1 configuration with carbon atoms coordinated atop Sr ions; (b) η2−6 configuration
with Sr ions coordinated to the middle of C−C bonds and to the centers of carbon hexagons; (c) η2 and (d) η1−2 configurations with Sr ions
coordinated to C−C bonds and atop carbon atoms and C−C bonds, respectively; (e) η1−2 coordination of pentacene molecule through the bonding
of Sr ions with carbon atoms and C−C bonds; (f) η2−6 coordination through C−C bonds and C6 hexagons; (g) η

1 configuration atop carbon atoms.

Figure 3. Six located interfaces of the 4-ZGNR/LSMO(001)
heterostructure: (a) η2 configuration; (b) η2−6 configuration; (c)
η2−3 configuration; (d) η3 configuration; (e) η1−2−3−6 configuration; (f)
η1 configuration.
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spatial distribution of spin density of pentacene/LSMO(001)
and 2-ZGNR/LSMO(001) heterostructures are presented in
Figure 4a,b, respectively. The shapes of TDOSs of both
heterostructures are determined by the LSMO(001) substrate.
The freestanding pentacene molecule has a closed-shell
electronic structure with a HOMO−LUMO gap equal to 0.9
eV. The result of the formation of the interface with LSMO can

be easily followed by comparison of the TDOS of freestanding
pentacene (red curves on the bottom of Figure 4a) with the
PDOS of the pentacene fragment in the pentacene/
LSMO(001) heterostructure (blue curves). One can easily
detect a significant (0.9 eV) blue energy shift of the spin-down
pentacene quasi-molecular electronic subsystem with almost
intact spin-up quasi-molecular states. The indirect electronic
exchange between pentacene and LSMO(001) converts the
diamagnetic pentacene molecule into a 100% spin-polarized π-
conjugated carbon nanofragment. In particular, the spin-up
HOMO state demonstrates visible nonzero electronic density
at the Fermi level.
The electronic density distribution and differential electronic

density distribution (both in e/Å3) perpendicular to the
pentacene/LSMO(001) interface are presented in Figure 5a.
The maxima in electronic density distribution correspond to
the electronic subsystems localized on pentacene (top) and
SrO, MnO, and LaO layers of LSMO substrate, respectively.
The global minimum in electronic density corresponds to the
middle of the pentace−LSMO(001) distance. The differential
electronic density distribution was calculated as a difference
between the spatial distribution of the electronic density of
pentacene/LSMO(001) heterostructure and superposition of
the electronic densities of freestanding pentacene and
LSMO(001) fragments. One can see that formation of the
heterostructure causes complex charge redistribution in the
interface region with the shift of the electronic density localized
on the top of the SrO layer and MnO layer toward the
pentacene molecule. The biggest positive amplitude of
differential electronic density, attributed to the pentacene
molecule is located from the vacuum side (upper the pentacene
plane, Figure 5a, middle). The negative differential amplitude is
located right below the pentacene plane, making pentacene
polarized in the perpendicular direction of the pentacene plane.
The positive (upper pentacene plane) and negative (below the
pentacene plane) parts of differential density almost compen-
sate each other giving a small total 0.06 e charge transfer to the
pentacene molecule. The charge transfer from the top LSMO
SrO and MnO layers to the interface region and the spatial shift
of the charge closer to the pentacene molecule can be
interpreted in terms of structure induced asymmetry and
interface 2D electronic gas of pioneering work of Bychkov and
Rashba.18 In comparison with pentacene, the LSMO substrate
is a vast reservoir of the electrons and the shift of a small
portion of electronic charge from it causes less relative
perturbation of the fragment electronic subsystem than the
same electronic transfer from the pentacene molecule. The
charge transfer from the LSMO substrate to the interface
region (Figure 4a, TDOS and PDOS of LSMO) causes a
decrease of the total occupation number of the LSMO fragment
and a small consequent shift of the LSMO PDOS toward the
Fermi level.
Comparative symmetry analysis of localized molecular

orbitals (HOMO, HOMO−1 and LUMO) of freestanding
pentacene (Figure 5b, left) and spin-up and spin-down quasi-

Table 2. Binding Energies and Average Interlayer Distances of 4-ZGNR/LSMO(001) Heterostructures

4-ZGNR/LSMO(001)

configuration η2 η2−6 η2−3 η3 η1−2−3−6 η1

binding energy, eV (binding
energy per carbon atom, eV)

−0.935 (−0.039) −0.745 (−0.031) −1.163 (−0.048) −2.524 (−0.105) −2.064 (−0.086) −0.623 (−0.026)

average interlayer distance, Å 3.123 3.132 3.119 3.068 3.096 3.141

Figure 4. Spatial distribution of spin density (top of the figure, left and
right) and total and partial density of states (TDOS and PDOS,
respectively) of (a) pentacene/LSMO(001) and (b) 2-ZGNR/
LSMO(001) heterostructures in energetically favorable η1 config-
urations (Table 1). Density of states from top to bottom for both
heterostructures: (top) TDOSs of pentacene/LSMO(001) (a) and 2-
ZGNR/LSMO(001) (b); (middle) comparison of the TDOS of
freestanding LSMO(001) thin film with LSMO(001) PDOSs of
pentacene/LSMO(001) (a) and 2-ZGNR/LSMO(001) of energeti-
cally favorable η1 configurations; (bottom) comparison of TDOSs of
freestanding pentacene (a) and 2-ZGNR (b) with PDOSs of both
fragments. For the spatial distribution of the spin density, blue
corresponds to spin-down and green corresponds to spin-up density.
TDOSs of pentacene/LSMO(001) (a) and 2-ZGNR/LSMO(001) (b)
are presented in black solid lines, TDOSs of freestanding LSMO,
pentacene, and 2-ZGNR are presented in red solid lines, and PDOSs
of LSMO, pentacene, and 2-ZGNR fragments of pentacene/
LSMO(001) and 2-ZGNR/LSMO(001) heterostructures are pre-
sented in blue solid lines.
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molecular pentacene HOMO and LUMO states of pentacene/
LSMO(001) heterostructure (Figure 5b, right) clearly demon-
strates that both spin-up and spin-down HOMO and LUMO
partners keep intact original molecular symmetry of the parent
molecular states. Indirect electronic exchange interactions of
spin-down states of LSMO and pentacene electronic
subsystems cause a deep energy shift of the spin-down states,
making the spin-down quasi-molecular pentacene LUMO state
just 0.2 eV higher in energy the spin-up HOMO.
Figure 4a, top, clearly demonstrates distinctive spin-down

density, localized at the interface on the top of oxygen ions of
SrO terminal layer of LSMO(001) surface. Indirect electron
exchange interactions of spin-down pentacene states with
electron-deficit spin-down states of LSMO, partially localized
on Opz orbitals of oxygen atoms belonging to both surface SrO
and inner MnO layers, are the main reason for the deep energy
shift of the spin-down pentacene subsystem.
The qualitative analysis of the pentacene PDOS (Figure 5b,

right) reveals a small charge transfer from the pentacene
fragment HOMO (a small portion of the orbital is located in
the upper Fermi level) to the interface region (Figures 5a,
middle). A complex charge transfer mechanism causes
significant PDOS redistribution (new secondary peaks appear
in the LSMO PDOS, Figure 4a) and a red shift of the LSMO
PDOS.
The freestanding pentacene molecule has a closed electronic

shell of diamagnetic nature, so its spin-up and spin-down states
bear the same spatial distributions (Figure 5b, left). The oxygen
ions of the SrO interface layer, which cause induced spin
polarization of pentacene molecule through an indirect
exchange mechanism coupled with structural asymmetry at
the interface,18 are negatively spin-polarized (Figure 4a, top).
Extra spin-down density at the interface region results in

increasing exchange interactions within the spin-down sub-
system and a significant (almost 1 eV, Figure 5b, right) blue
energy shift of spin-down pentacene quasi-molecular orbitals.
The spin-up and spin-down HOMOs keep the same spatial
symmetry with very different energy positions of the states
caused by different values of Coulomb and exchange
interactions among spin-up and spin-down subsystems.
Conservation of spatial symmetry of frontier pentacene orbitals
directly demonstrates retention of the pentacene electronic
subsystem in the pentacene/LSMO(001) heterostructure.
The Bader analysis reveals small magnetic moments localized

at Sr (<0.01 μB) and oxygen (0.06 μB) surface ions. The
magnetic moments of pentacene carbon atoms are much higher
and equal 0.01−0.12 μB. Because surface Sr ions are almost spin
neutral, spin-polarized MnO6 octahedrons are the only source
of induced spin polarization of carbon atoms caused by the
indirect exchange mechanism through the surface SrO layer.
The same nature of spin polarization is observed for 2-

ZGNR on LSMO(001) (Figure 4b). The TDOS of the 2-
ZGNR/LSMO(001) heterostructure is determined by the
LSMO fragment. Spin polarization caused by structure
asymmetry at the interface and indirect exchange through
surface oxygen ions converts antiferromagnetic 2-ZGNR with a
semiconducting band gap of 0.36 eV (bottom of Figure 4b)
into 100% spin-polarized half-metal with 0.36 eV spin-down
band gap. The spin densities of Sr and O ions at the
LSMO(001) surface are close to ones for pentacene/
LSMO(001) (see above). Spin polarization of 2-ZGNR is
much smaller than the pentacene one and equals to 0.01 μB on
the edge 2-ZGNR carbon atoms and 0.00 μB on central ones.
The total and partial density of states and spatial distribution

of integral spin density of 4-ZGNR/LSMO(001) composite are
presented in Figures 6. The LSMO substrate is responsible for

Figure 5. (a) Electronic density (e/Å3) distribution (right) and differential electronic density distribution (center) in the perpendicular direction of
the pentacene/LSMO(001) heterostructure (left). The dashed lines, which indicate positions of pentacene, the SrO surface plane, and the MnO
plane, are the guides for the eyes. The plus and minus signs designate the spatial regions of charge transfer from LSMO(001) and to pentacene
fragments. (b) Density of states and spatial distribution of electronic density of pentacene. Left: freestanding pentacene HOMO (top), HOMO−1
(bottom-left), and LUMO (bottom-right) states. Right: localized quasi-molecular HOMO spin-up (top), HOMO spin-down (bottom-left), and
LUMO spin-down (bottom-right) states of pentacene fragment. The conservation of the symmetries of HOMO and LUMO spin-up and spin-down
states is clearly seen for pentacene quasi-molecular states.
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100% spin polarization of the heterostructure TDOS (top of
Figure 6a). In contrast with pentacene/LSMO(001) and 2-
ZGNR/LSMO(001), the LSMO PDOS of 4-ZGNR/
LSMO(001) in the region from −1.2 to +1.0 eV is affected
by symmetry lowering and indirect electronic exchange
interactions with a relatively large carbon fragment, which
cause conversion of semiconducting antiferromagnetic pristine
4-ZGNR (Figure 6a) with a 0.62 eV band gap into 100% spin-
polarized half-metal with a 0.60 eV spin-down band gap. The
splitting energy of spin-up and spin-down components is small
and equals 0.04 eV, which is less than the accuracy of the DFT
approach. The very small value of the splitting can vanish as a
result of even small structural distortions as well, and it can be
regarded as negligible.
According to Bader analysis, the total magnetic moment on

the edge carbon atoms of 4-ZGNR is equal to 0.01 μB. It is
clearly seen (Figure 6b) that integral spin density in the whole
energy region is localized mostly at the edge carbon atoms. The
distribution of integral electron density of valence and
conduction bands in the frontier regions from −0.5 eV up to
Ef (0.0 eV) and from Ef to 0.5 eV is presented in Figure 6c. The
electronic states at the top of the valence band and bottom of

the conduction band are localized at both LSMO and 4-ZGNR
fragments. It is necessary to note that frontier states belong to
the edge carbon atoms of 4-ZGNR (Figure 6b), so these atoms
would be responsible for transport properties of the composite.
The spin polarization of ZGNRs and pentacene follows the

LSMO(001) substrate positive spin direction. The preservation
of the sign of spin polarization shows that the spin transport in
the composites is strong and it could cause a large
magnetoresistance effect.61 This effect is very important to
develop organic spin valves.
The structure of the 4-ZBNNR/LSMO(001) interface is

much more complex due to the presence of two types of atoms
(nitrogen and boron) in the unit cell of the zigzag h-BN
nanoribbon (Figure 7). In contrast with carbon-based
heterostructures, all 4-ZBNNR/LSMO(001) configurations
reveal noticeably shorter interlayer distances in the range
2.761−2.821 Å. Six configurations of 4-ZBNNR/LSMO were
located by electronic structure calculations (Table 3) with the
lowest in energy being η1−2−3−6 (Figure 7e). All configurations
have almost identical binding energies, which are weaker than
the binding energy of the most stable 4-ZGNR/LSMO(001) η3

configuration (−0.210 eV per C2 dimer), which is the typical
energy of vdW bonding (see above).
Freestanding 4-ZBNNR is characterized by a wide band gap

(4.04 eV, Figure 7g bottom), which prevents an appearance of
the half-metallic electronic configuration of the 4-ZBNNR
fragment. The formation of the 4-ZBNNR/LSMO(001)
heterostructure leads to formation of embedded electronic
states inside the h-BN band gap with spin-up and spin-down
fragment gaps of 0.70 and 0.98 eV, respectively. The spin
polarization of 4-ZBNNR caused by the h-BN fragment spin-up
and spin-down asymmetrical embedded states could be
interpreted as a combined effect of interface structural
asymmetry and indirect exchange interactions of the hetero-
structure fragments.

■ CONCLUSIONS

Using DFT+U calculations, it was shown that promising low-
dimensional LSMO(001)-based heterostructures composed of
a combination of a number of infinite and finite graphene
(pentacene molecule, 2-ZGNR and 4-ZGNR) and h-BN (4-
ZBNNR) zigzag nanoribbons reveal several competing
interfacial configurations formed by weak dispersion inter-
actions between the fragments. The vertical structural
asymmetry of the pentacene/LSMO(001) heterostructure and
indirect exchange interactions of surface oxygen ions of MnO6
octahedrons of the LSMO substrate with the pentacene
molecule lead to a deep shift of pentacene-localized quasi-
molecular spin-down electronic states and strong spin polar-
ization of the molecule. The interfragment interactions convert
antiferromagnetic 2-ZGNR and 4-ZGNR fragments to 100%
spin-polarized half-metals with 3.1−3.2 Å interlayer distances.
The preservation of the positive sign of spin polarization shows
that the spin transport in the composites is strong, which could
cause a large magnetoresistance effect. Structural asymmetry
and indirect exchange interactions with the LSMO support also
cause spin polarization of the 4-ZBNNR fragment with creation
of embedded states in the band gap in the 4-ZBNNR PDOS.
The electronic structure calculations clearly demonstrate a
possibility of development of promising LSMO-based low-
dimensional heterostructures with zigzag graphene and h-BN
nanoribbons for spin-related applications.

Figure 6. (a) Top: spin-up and spin-down total density of states of 4-
ZGNR/LSMO(001) (black solid lines). Next from the top: PDOS
(blue solid lines) of 4-ZGNR and LSMO(001) fragments. Bottom:
PDOS of Mn ions of LSMO fragment. For the sake of comparison,
total density of states of freestanding 4-ZGNR and LSMO(001) are
presented as well (red solid lines). PDOSs of Mn ions of 4-ZGNR/
LSMO(001) heterostructure and freestanding LSMO are presented as
blue and red solid lines, respectively. (b) 4-ZGNR/LSMO(001)
integral spin density spatial distribution in the whole energy region. (c)
Integral spatial distribution of electron density for the top of valence
band (from −0.5 eV to Ef) and bottom of conduction band (from Ef to
0.5 eV). For the spin density, the blue color corresponds to spin-down
and the green color corresponds to spin-up components, respectively.
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