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Abstract We present ab initio calculations of magnetoelec-
tronic and transport properties of the interface of hcp Cobalt
(001) and the intrinsic narrow-gap semiconductor germa-
nium selenide (GeSe). Using a norm-conserving pseudopo-
tentials scheme within DFT, we first model the interface
with a supercell approach and focus on the spin-resolved
densities of states and the magnetic moment (spin and or-
bital components) at the different atomic layers that form
the device. We also report a series of cuts (perpendicular to
the plane of the heterojunction) of the electronic and spin
densities showing a slight magnetization of the first layers
of the semiconductor. Finally, we model the device with a
different scheme: using semiinfinite electrodes connected to
the heterojunction. These latter calculations are based upon
a nonequilibrium Green’s function approach that allows us
to explore the spin-resolved electronic transport under a bias
voltage (spin-resolved -V curves), revealing features of po-
tential applicability in spintronics.

1 Introduction

Since the late 1980s, with the discovery of the giant magne-
toresistance (GMR) in metallic multilayers (e.g., [Fe/Cr],,
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0 [Co/Cu],) [1], there has been an ever increasing inter-
est in magnetic phenomena of heterostructures such as su-
perlattices [2, 3], double-barrier heterojunctions [4], sin-
gle and double magnetic tunnel junctions (TMJ [5] and
DMTI [6]), or single-molecule junctions [7]. All of these
material systems are composed of several interfaces, thus a
thorough comprehension of electronic, magnetic, and trans-
port properties of them is crucial in the realm of spin-
tronics [8]. The injection of currents polarized in spin (ei-
ther from a ferromagnet or a magnetic semiconductor)
into a non-magnetic semiconductor represents a key to
the integration of the emerging spintronics with the well-
established semiconductor electronics technology. The use
of semiconductors presents the advantages of (a) the ex-
istence of a band gap that is usually tunable in a family
of ternary compounds; (b) their optical properties, that al-
low for optoelectronic applications; and (c) the possibil-
ity of controlling carrier concentrations with doping [8,
9]. In spite of the latter, there has been a certain inter-
est in the use of intrinsic semiconductors for the devel-
opment of devices such as double-heterostructure midin-
frared PIN (p-type/intrinsic/n-type) lasers [10], and het-
erojunction diodes [11, 12]. Furthermore, it has been ex-
perimentally proven for spin-diodes that the use of an
intrinsic semiconductor provides better tunability upon
magnetic field application, and higher magnetoresistances
than those obtained using n- or p-doped semiconduc-
tors [13].

Motivated for those results, in this work, we model the
heterojunction of (001) hcp cobalt with a narrow-gap in-
trinsic (i.e., nondoped) semiconductor: GeSe. Similarly to
ab initio calculations of interfaces of hcp Co with dia-
mond [14], and with alumina [15], here the ground-state
magnetoelectronic properties of the Co/GeSe interface are
investigated with a supercell within DFT. However, we fur-
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ther use a nonequilibrium Green’s functions (NEGF) ap-
proach based on a semiinfinite electrodes model to assess
spin-resolved transmission, conductance, and current under
a bias voltage. We discuss the spin-polarized current injec-
tion from the ferromagnet to the semiconductor and the rec-
tifying features of the heterojunction.

2 Computational details

All calculations were performed with the software suite
OpenMX [16], using fully relativistic norm-conserving
pseudopotentials, and pseudoatomic orbitals (PAOs) for the
expansion of the wave function, both contributed by Ozaki
and Kino [17, 18]. The PAO basis functions were specified
by Co5.5-s2p2d1, Ge5.0-s2p2d1, and Se5.0-s2p2d1, where,
e.g., Co is the atomic symbol, 5.5 is the cutoff radius (Bohr)
according to the confinement scheme utilized [17, 18], and
s2p2d1 means the employment of two primitive orbitals for
each s and p orbital and one for the d orbital. We used
the Perdew—Burke-Ernzerhof [19-21] Generalized Gradi-
ent Approximation for the exchange and correlation, plus a
Coulomb potential (GGA + U, e.g., [22]), with an effective
U of Uesr = 0.789 eV. The latter is needed for the correct
description of the d-bands of cobalt according to Shick and
Mryasov [23].

We used a supercell with 5 layers of Co and 8§ atomic
layers of GeSe. This semiconductor’s layers are not strictly
planar but present a slight corrugation, and form bilayers
perpendicular to the longest axis of the crystal, with co-
valent bonds within each bilayer and weak van der Waals
bonding between them, Fig. 1a [24]. This structure strongly
suggests that a free (100) surface of GeSe will present dan-
gling bonds only if the bulk is cut through the middle of a
bilayer, e.g., between lg and /7 in Fig. la. On the contrary,
a surface including an integer number of bilayers is to be
expected to show “self-saturation,” i.e., the absence of dan-
gling bonds and so no need of adding hydrogens to passi-
vate it. We tested and confirmed this ideas with calculations
of both types of GeSe surfaces: upon this auxiliary calcu-
lations, we found the effect of adding hydrogen atoms ne-
glectable, and so we did not include them in our calculations
of the interface with cobalt. We did include a vacuum slab
of ~12 A in the supercell to avoid coupling due to the pe-
riodic conditions (e.g., [14]), finally yielding a supercell of:
42.5834 x 4.3782 x 7.6227 A with a total of 62 atoms 30
Co, 16 Ge, and 16 Se). The acceptable lattice mismatches of
0.8 % and 1.3 % for the y and z axes were necessary to build
the supercell (the plane of the interface is perpendicular to
the x axis); see Figs. 1a and 2c—d.

For the discretization of real space, we used a 540 x
56 x 98 points mesh (cutoff energy of 450 Ry) and the
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Fig. 1 (a) Supercell model of the interface for ground-state properties;
layers [_5—I_1: Co, layers lp—I7: GeSe. The hexagonal and orthorhom-
bic unit cells of cobalt and GeSe are displayed to show their relative
orientation: the longest primitive vector of Co, ¢ (cobalt’s [001] di-
rection), and that of GeSe, a (germanium selenide’s [100] direction),
are parallel to each other and to the x axis of the supercell (also see
Figs. 2c—d below). (b) Semiinfinite electrodes model of the same inter-
face for NEGF assessment of /—V), curves. All the structural informa-
tion is within region C: regions L(R); with j =1, 2, ... are identical
to L(R)g

four atomic layers closer to the interface plane were left
to relax (leaving all the rest with their atomic positions
fixed) to a maximum force of ~10~2 Ha/Bohr), using a
1 x 5 x 5 Monkhorst [25] mesh. Electronic densities and
densities of states (DOS) were calculated witha 1 x 2 x 2
mesh for the SCF and a further refinement to 1 x 5 x 5,
and these same mesh densities were adopted for the NEGF
calculations. For these latter, however, the interface is mod-
eled with semi-infinite electrodes (e.g., [26]) in terms of
three regions: Ly and Ry for left and right electrodes (that
are replicated ad infinitum semiperiodically) and Cp; see
Fig. 1b (and [16] for a thorough discussion). A temper-
ature of 600 K (kT ~ 50 meV) was used in the Fermi—
Dirac distribution and a convergence of the total mag-
netic moment was accomplished within a ~10 % of the
one obtained with the supercell model. While the super-
cell calculations included the spin-orbit coupling, the NEGF
approach described only collinear magnetism, i.e., spin-
orbit is not included in the electronic transport calcula-
tions.
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Fig. 2 (a) Ten successive cuts (a...f...j, parallel to xz plane of the
supercell) of the electronic charge (UP + DW) and (b) spin moment
(UP-DW) of the interface. (¢) Unit cell illustrating the direction of the
cuts. (d) The supercell and some unit cells of cobalt and GeSe showing
the correspondence of supercell’s axes (x, y and z) and the two materi-
als (Co and GeSe) crystallographic directions: x || [001]co || [100]Gese
¥ [11210]co || [001]Gese, and z || [100]co || [010]Gese

3 Discussion of results
3.1 Electron and spin densities, and DOS

In order to have a combined image of the crystallographic,
electronic, and magnetic structures of the interface in real
space, in Figs. 2a-b, we show cuts (at 10 equidistant planes:
a...f...j, parallel to the xz plane of the supercell) of the elec-
tronic charge (UP 4+ DW) and the spin (UP-DW) densities
at both sides of the interface, indicated by the dashed lines.
The bilayered structure [24] of GeSe is clear, with covalent
bonds within the bilayers (Iol1), (I213), (lal5), and (l¢/7) and
van der Waals bonds between them. The metallic nature of

cobalt is also clear from the absence of dark areas on its
side. The bond at the interface is of metallic/covalent na-
ture, and an analysis of Fig. 3 indicates that it is mostly due
to electronic charge yielded by Se atoms of [y with a mi-
nor contribution of the Ge atoms. The right column of Fig.
2 shows that spin polarization on the cobalt side is maxi-
mum at and near the atomic sites but nonneglectable in the
interstitial space, while in contrast (as expected) most part of
the semiconductor is nonmagnetic. However, there is some
magnetization penetrating into the two GeSe layers near the
interface (see Fig. 3b). The Se atoms present a clearly asym-
metrical distribution of magnetic moment around them, see
lobes A y B in cut a, almost specular with respect to a plane
parallel to yz and passing through the Se atomic sites. Here,
the key point from the calculated densities is that (a) magne-
tization of GeSe only exists in the first atomic layers closer
to the interface and its magnitude is much lower than that of
Co (see below for quantification), and (b) that its sign is the
same as that of Co, i.e., the two materials couple ferromag-
netically.

In Fig. 3a, spin and orbital-resolved DOS are presented
for selected layers: [_; and [ (closest to the interface), and
[_3 and l4 (away from the interface, bulk-like). Figure 3b
shows the absolute magnetic moment per layer (resolved
for Ge and Se atoms): the spin and orbital magnetic mo-
ments at [_3 are 1.72up and 0.13u p, respectively (experi-
mental values [23]: 1.52 and 0.14u p, respectively), while at
the Co side of the interface, /_i, they are slightly different:
1.68up and 0.14pp. The moments are strongly quenched
on the GeSe side, with one of only ~0.1xp remaining (al-
most of pure spin origin: orbital moment vanishes). The in-
set of Fig. 3b shows the relative spin polarization, Ppos, of
DOSs at Er for the layers of highest interest: There is an
increase of ~5 % for P of Co at the interface, before it dras-
tically drops to ~ — 50 % (Ge) and ~ — 35 % (Se) at [y, and
~ —37 % (Ge) and ~ — 22 % (Se) at [1, and 0 % for /;~.
An analysis of the integral of the DOSs comparing the most
bulk-like (/3 and l4) layers against the ones at the interface
(I—1 and lp) allows to determine that while total charge of
Co atoms remains almost the same, there is a substantial lost
of charge from GeSe atomic spheres to the interstitial space
(~20 % for Se and ~6 % for Ge). DOSs also show how the
contact with the ferromagnet closes the gap of GeSe at the
interface, which is occupied by s and p states asymmetri-
cally for majority and minority electrons: In /y, at EF, s and
p electrons have similar contributions for Ge atoms, while s
contribution is almost neglectable for Se atoms.

3.2 Electronic transport
Figures 4a—c show the spin dependent transmission coeffi-

cients, T, (E), for the interface under three different bias
voltages. The cobalt electrode is taken as reference (with
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Fig. 3 (a) Orbital and
spin-resolved DOS for selected
layers of the Co/GeSe interface.
(b) Spin, orbital, and total
magnetic moment per layer, and
spin polarization,

_ NW(Ep)—NY(Ep)
Ppos (%) = N7 E )TN T (Er)

x 100, at the atomic layers of
highest interest (see inset)

Fig. 4 (a—c) Spin-resolved
transmission coefficients for
different biases: AV =+3.0V,
AV =0V,and AV=-30V.
(d) Spin-resolved conductance
and current, and current
spin-polarization

(P (%) = ﬁ;j x 100) as a
function of the applied bias
voltage
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electrochemical potential ;7 = 0) and Fermi energy of the
GeSe electrode is shifted by ugp = —3.0 eV, ugp =0 eV,
and ug = +3.0 eV, corresponding to the three bias voltages
AV =4+3.0V,0Vand —3.0 V(AV = up — up) of the I-
V curve shown in the middle panel of Fig. 4d. Details on the
formalism behind this shifts can be found in [16], also the
literature presents many examples of its application, e.g.,
[27-30]. Figure 4d shows the spin-resolved conductance
and current, and the current spin-polarization. The current
is calculated with the Landauer formula:

=3 / dET,(E)Afy(E) 0

where 0 = UP, DW, Afry (E) is the difference of Fermi—
Dirac distribution functions centered at the electrodes’ elec-
trochemical potentials, and the transmission 7, (E) is a k-
space integrated expression within a Green’s functions for-
malism [16]. The gap (~1 eV) of the GeSe electrode (away
from the interface) implies the need of electrons to tunnel
toward the metal for negative biases (AV < 0). On the other
hand, for direct bias electrons need not tunnel to go from
the metal to the semiconductor conduction band, therefore,
transmissions are higher for positive bias and the currents
(both UP and DW, Fig. 4d, second panel) grow without a
direct polarization gap (as the one observed in pn-junction
diodes). The I-V curves clearly show that the heterojunc-
tion has a rectifying effect, especially for the DW-channel.
In fact, the current spin polarization for negative bias shows
a steep growth up to as high as ~96 % for AV = —-2.0 V
that quickly falls to ~60 % for AV = —-3.0 V.

4 Conclusions

In this work, we assessed ground-state magnetoelectronic
properties of the interface Cobalt/GeSe showing that the
magnetic moment only penetrates about two atomic layers
into the semiconductor and that both materials couple fer-
romagnetically. However, our calculations predict a spin-
resolved current injection under bias voltage, indicating that
the interface (i) has a spin dependent rectifying behavior
(i.e., spin filter functionality), and (ii) yields current spin
polarizations between ~40 % and ~96 %, features that sug-
gest it is suitable for spintronic devices, making experimen-
tal studies upon this interface desirable.
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