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Spin-polarized ballistic conduction through correlated Au-NiMnSb-Au heterostructures
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We examine the ballistic conduction through Au-NiMnSb-Au heterostructures consisting of up to four units
of the half-metallic NiMnSb in the scattering region, using density functional theory (DFT) methods. For a
single NiMnSb unit the transmission function displays a spin polarization of around 50% in a window of 1 eV
centered around the Fermi level. By increasing the number of layers, an almost complete spin polarization of
the transmission is obtained in this energy range. Supplementing the DFT calculations with local electronic
interactions, of Hubbard-type on the Mn sites, leads to a hybridization between the interface and many-body
states. The significant reduction of the spin polarization seen in the density of states is not apparent in the
spin polarization of the conduction electron transmission, which suggests that the hybridized interface and

many-body induced states are localized.
DOI: 10.1103/PhysRevB.96.205137

I. INTRODUCTION

Multilayer heterostructures composed of alternating
magnetic and nonmagnetic metals offer a large flexibility for
tailoring spin-sensitive or spin-contrasted electron transport
properties of spintronic devices. Highly spin-polarized
materials such as half-metallic ferromagnets (HMF) are
expected to play a crucial role [1,2]. The extreme spin
polarization of half metals (i.e., 100%) is a consequence of
their band structure: These materials are metallic for one spin
channel and insulating or semiconducting for the other. The
prototype half-metallic material is the semi-Heusler compound
NiMnSb [1].

High quality films of NiMnSb alloys were grown by
molecular epitaxy [3], or magnetron sputtering [4], with
the measured conduction electron spin polarization smaller
than about 58% [5]. This polarization value is consistent
with measurements using electron tunneling techniques [6].
It was shown that during the growth of the NiMnSb thin
films, first Sb and then Mn atoms segregate to the surface,
decreasing the spin polarization [7]. By removing the excess
Sb a nearly stoichiometric ordered alloy surface terminated
by a MnSb layer is obtained, with a spin polarization of
about 67 £ 9% at room temperature [7-9]. Magnetic circular
dichroism measurements showed a reduction of both the
manganese and nickel moments around 80 K. Borca er al.
[9] concluded that at this specific temperature, a transition
from a half-metallic to a normal ferromagnetic state takes
place, and the magnetic coupling of the manganese and nickel
moments is lost. The computational study of LeZaié et al
[10] suggests a vanishing of the Ni moment at around 80 K
with a simultaneous loss of polarization. Studies on magnetic
properties of ferromagnetic NiMnSb(100) [9] or NiMnSb(001)
[11] interfaces are also available. The 80 K anomaly, however,
is not reflected in the spontaneous magnetization of bulk
NiMnSb [12]. An alternative scenario which addresses the
contradiction between the theoretical predictions and the
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experimental results concerning the spin polarization in half
metals is provided by finite-temperature effects [13] and
nonquasiparticle (NQP) states [2,14—18].

Advanced materials with high-performance half-
metallicity are required for further improvements of current-
perpendicular-to-plane giant magnetoresistance (CPP-GMR)
devices. It has been shown that the CPP-GMR ratio is consid-
erably reduced due to sample defects [19]. This indicates that
a precise control over the sample purity and structure is highly
desirable. Recent experiments [20] have been conducted on
(001)-oriented fully epitaxial NiMnSb heterostructures with
Ag spacer layers. A negative anisotropic magnetoresistance
(AMR) ratio and small discrepancies of the AMR amplitudes
between room temperature and 10 K were observed in a single
epitaxial NiMnSb film, indicating robust bulk half-metallicity
against thermal fluctuations. The modest CPP-GMR ratios
were attributed to interface effects between NiMnSb and Ag.

In this paper we address the question of ballistic conduction
by examining the density of states (DOS) and the transmission
in the vicinity of the Fermi energy (Er). The computational
setup consists of NiMnSb units situated between Au leads,
along the (001) direction. Au is a frequently used material for
the leads and it has a lattice constant (~4.08 A) similar to Ag
(=~4.09 A). Therefore the lattice mismatch is only 2% so that
fully epitaxially grown heterostructures are likely to show little
stress at the interface. We investigate under which conditions
the scattering region involving NiMnSb units can exhibit
half-metallic properties and ballistic transport in the direction
of growth. For a considerable number of bulk half-metallic
materials [2,14], the interaction induced NQP states located
within the half-metallic gap were proven to significantly
reduce the conduction electron spin polarization, while no
significant change in the magnetic moment takes place. Here
we extend the study on the existence of NQP states at interfaces
and investigate their possible impact on steady-state transport.

The paper is organized as follows. Section II gives a brief
review of the methodology. The standard equations to compute
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transport properties are presented in Sec. I A. The extension
including correlations, in the spirit of dynamical mean field
theory (DMFT), is presented in Sec. I B, where we review also
the main ideas of the perturbative SPTFLEX-solver [21-23] of
DMFT [24-26]. In Sec. III, we discuss the results for the den-
sity of states and the transmission in the presence of electronic
interactions. Concluding remarks are provided in Sec. IV.

II. METHODS

We employ the “two-step” approach presented in our previ-
ous paper [27], in which the Landauer transmission probability
is calculated within the SMEAGOL nonequilibrium Green’s
function (NEGF) based electron transport code [28-30].
The package SMEAGOL imports the DFT Hamiltonian from the
SIESTA code [31], which uses pseudopotentials and expands the
wave functions of valence electrons in the basis of numerical
atomic orbitals (NAOs). In the original paper [27], the many-
body corrections to the Green’s function were evaluated using
DMFT [24,26,32] in an exact muffin-tin orbitals (EMTO)
based package [33-35], which uses a screened KKR approach
[36]. These corrections were then passed to SMEAGOL for the
calculation of the transmission matrix. In the present paper, we
instead of the EMTO method use the full-potential linearized
muffin-tin orbitals (FPLMTO) method, as implemented in the
RSPT code [37,38]. The FPLMTO method allows us to go
beyond shape approximations and treat the full potential, while
still keeping a minimal physical basis set. Self-consistent DFT
calculations are performed separately in SMEAGOL and in the
RSPT code. The many-body self-energy is then evaluated after
self-consistency in the RSPT code and passed to the SMEAGOL
Green’s function to compute the transmission according to the
Landauer formalism [39-42].

A. Ballistic transport for electronic systems

The electronic transport through a device can be addressed
in the Landauer formulation [39-42]. According to this
approach, the current flow through a device is considered as
a transmission process across a finite-size scattering region
placed between two semi-infinite leads, connected at infinity to
charge reservoirs. The quantity of interest is the conductance,
which, within linear response, is given by:

= QBZ Z / dk, T, (k. Ep), (1)

with
T,(k,E)
_Tr[FZ(k|| E)G"T(kH E)Yq(ky, E)G? (K, E)] 2)

where e is the electron charge, i is the Planck constant,
and 75 (ky, EF) is the spin-dependent transmission probability
from one lead to the other for electrons at the Fermi energy
with the wave-vector k| perpendicular to the current flow.
The retarded/advanced Green’s functions are denoted by
G°(k|,E)/G°T(k,E). The integral over k| extends over the
Brillouin zone (BZ) perpendicular to the transport direction,
and Qgyz is the area of the BZ. The retarded Green’s function
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G?(k;, E) has the following form:

[G°(k,E)]" = e"S(k)) — H (k)
~27(ky,E) — %k, E). 3)

All terms presented are matrices, for example,
[G°(ky,E)]uv, labeled by the global indices w,v which
run through the basis functions at all atomic positions in
the scattering region. S(k;) represents the orbital overlap
matrix, and the energy shift into the complex plane,
€t =lims_o+(E +i8), has been introduced to respect
causality. H"(k“) is the Hamiltonian of the scattering
region for spin o; the right and left self-energies, X% (k;,E)
and X7(ky,E), describe the energy-, momentum- and
spin-dependent hybridization of the scattering region with the
right and left leads, respectively [30]. Therefore, G (k;,E)
is formally the retarded Green’s function associated to
the effective, non-Hermitian Hamiltonian HZ.(k,E) =
H7 (k) — 27 (k. E) — Z3(Ky, E). In Eq. (2), T'7 (K. E) =

i[Z7 g Ky, E) — ZZ(TR)(k”,E)] is the so-called left (right)
broadening matrix that accounts for the hybridization-induced
broadening of the single-particle energy levels of the
scattering region. Importantly, for noninteracting electrons, it
has been proven that the Landauer and the Kubo approaches
are equivalent [43], so that the linear-response transport
properties of a system can be computed with either formalism.
The Landauer approach has been systematically applied in
conjunction with DFT in order to perform calculations of
the conductance of different classes of real nanodevices [44].
In this approach the Kohn-Sham eigenstates are interpreted
as single-particle excitations. Although this is only valid
approximately, DFT-based transport studies have provided
insightful results concerning the role of the band structure in
electron transport through layered heterostructures [45-49].

B. Ballistic transport for correlated electrons

In a multilayer heterostructure the dimensionality of the
problem requires a layer-resolved DMFT [24-26] solution
for the correlated problem. Therefore, the setup we consider
involves a self-consistent calculation for the heterostructure
to include the electron-electron interaction beyond the local
density approximation (LDA) or the generalized gradient
approximation (GGA) explicitly. Accordingly, the retarded
Green’s function of Eq. (3) has to be modified. We include
electron-electron 1nteract10ns in the form of a multiorbital
local Hubbard term 3 Z

within the interacting reglon Here Cimo (cmw) destroys (cre-
ates) an electron with spin o on the orbital m at the site i.
The Coulomb matrix elements U,/ are expressed in the
standard way [50] in terms of three Kanamori parameters
U, U’, and J. The interaction is treated in the framework
of DMFT [26,32,51], with a spin-polarized T-matrix fluc-
tuation exchange (SPTF) type of impurity solver [21,52]
implemented within the FPLMTO basis set [37,38]. The SPTF
approximation is a multiband spin-polarized generalization of
the fluctuation exchange approximation (FLEX) [53,54]. In
the context of lattice models it describes the interaction of
quasiparticles with collective modes. From a formal point of
view, it is a perturbative expansion of the self-energy in powers

mm m’"m" Cl]no' Cim'o'Cim" o' Cim" o
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of U, with a resummation of specific classes of diagrams, such
as ring and ladder diagrams. The expansion remains reliable
as long as the strength of the interaction U is smaller than the
bandwidth of the material. This is a valid approach for NiMnSb
as its bandwidth is about ~8 eV, and the relevant values for the
local Coulomb parameter are in the range of U =~ 2...3 eV
[14]. Justifications, further developments, and details of this
scheme can be found in Ref. [21].

For the case of half-metallic ferromagnets it was demon-
strated [2] by model as well as realistic electronic structure
calculations that many-body effects are crucial for half-metals:
They produce states with tails that cross the Fermi level so that
the gap is closed and half-metallicity is lost [14—17,27,55].
The origin of these many-body NQP states is connected
with “spin-polaron” processes: The spin-down low-energy
electron excitations, which are forbidden for the HMF in the
one-particle picture, turn out to be allowed as superpositions of
spin-up electron excitations and virtual magnons [2,56]. Spin-
polaron processes are described within the SPTF approach
by the fluctuation potential matrix W' (i wy), With 0 = =,
defined as follows [54]:

W (Giw,)

W+_(ia)n)) @
W=t (iw,) .

W(iw) =
() ( W= (iw,)

The essential feature here is that the potential (4) is a
complex energy-dependent matrix in spin space with off-
diagonal elements:

W™ (iw,) = U™(x” " (iwy) — xg " Gw)) U™,  (5)

where U™ represents the bare vertex matrix corresponding
to the transverse magnetic channel, m. The susceptibility
X7 %(iwy,) is the effective transverse susceptibility matrix,
and xo ’(iw,) is the bare transverse susceptibility [54].
The Matsubara frequencies are the complex energies iw, =
i2n+ DT, where n = 0,1,2,... and T is the temperature
[53,54]. The local Green’s functions as well as the electronic
self-energies are spin diagonal for collinear magnetic con-
figurations. In this approximation the electronic self-energy
is calculated in terms of the effective interactions in various
channels. The particle-particle contribution to the self-energy
was combined with the Hartree-Fock and the second-order
contributions [54]. To ensure a physical transparent descrip-
tion the combined particle-particle self-energy is presented
by Hartree, 7" (iw,), and Fock, X" (iw,), type con-
tributions: X(iw,) = T D(iw,) + TTP(w,) + TPV (iw,),
where the particle-hole contribution £ ™" reads:

Zh @) = Y Wih(e)Gio,). 6)
340’

A Padé [57,58] analytical continuation is employed to map
the self-energies from the Matsubara frequencies onto real
energies, as required in the transmission calculation. Since the
static contribution from correlations is already included in the
exchange-correlation potential of DFT, the so-called “double-
counted” terms must be subtracted. In other words, those parts
of the DFT expression for the total energy that correspond
to the interaction included in the Hubbard Hamiltonian has

to be subtracted. To achieve this, we replace X, (E) with
Y, (E) — X5(0) [59] in all equations of the DMFT procedure
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[51]. Physically, this is related to the fact that DMFT only adds
dynamical correlations to the LSDA/GGA result. For this rea-
son, it is believed that this kind of double-counting subtraction
is more appropriate for a DMFT treatment of metals than the
alternative static Hartree-Fock (HF) subtraction [60].

The analytically continued self-energy (obtained in the
DMEFT), within the FPLMTO basis set, is transferred into
the multiple-zeta basis of SIESTA according to the basis
transformation presented in Ref. [27]. With the corresponding
self-energy we compute the interacting Green’s function and
use the latter in the expression for the transmission:

Gover(k. E) = [€7S(k)) — H? (k) — =7 (k) E)
— 2%k, E) — 2B, (D)

Tomrr(ky, E) = Tr[I'7 (K ’E)GEITVIFT(kll’E)
X F%(k”,E)GgMFT(k”,E)]. (8)

The self-energy acts as a spin- and energy-dependent
potential whose imaginary part produces a broadening of
the single-particle states due to the finite electron-electron
scattering lifetime. Note that this is an approximation, since
it neglects vertex corrections due to in-scattering processes
[61,62], which in general increase the conductivity. Since we
are not performing fully self-consistent transmission calcula-
tions our I'7 (K, E) remain at the LDA/GGA level. We are
not aware of any method that allows for fully self-consistent
calculations of I'f  p (K, E) for realistic materials.

C. Computational details

Bulk NiMnSb crystallizes in the face-centered cubic (fcc)
structure with three atoms per unit cell, with positions
Ni (0,0,0), Mn (4,1,1), and Sb (2,3,2). In the FPLMTO
calculations, the radii of the nonoverlapping muffin-tin spheres
were set to 2.02 a.u. (Ni), 1.99 a.u. (Mn), 2.21 a.u. (Sb), and
2.38 a.u. (Au) respectively. For Ni and Mn the 3s, 3p, 4s,
and 3d electrons, and for Sb the 5s, 5p, and 4d electrons,
were considered to be valence electrons. For the Au leads 6s
and 5d electrons where treated as valence states. For the bulk
case a k-point mesh of size 32 x 32 x 32 was employed. The
angular momentum cutoff for the charge density was chosen
as Imax = 8. Three kinetic energy tails corresponding to 0.3,
—2.3, and —1.5 Ry were employed. The exchange-correlation
potential was approximated using the Perdew and Wang
parametrization for the LSDA [63]. We confirm that no change
in the magnitude of the minority spin gap is obtained using
the GGA functional [64] and no significant difference between
the DOS spectra can be seen, while the position of the Fermi
level is changing within 0.1%. By direct computation [65],
spin-orbit effects were found to be negligible for the quantities
of interest, and hence we only kept the scalar-relativistic
terms in our calculations. The Matsubara sums were truncated
after 1024 frequencies, and the temperature was set to 316 K
(corresponding to 2 mRy).

The details of the transport calculations within the Landauer
formalism are briefly mentioned in the following. The basis set
used in the SIESTA and SMEAGOL calculations is of “double-zeta
with polarization” (DZP) quality. The “energy shift” parameter
which allows us to control the extent of basis functions on
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different atoms is taken as 300 meV; this choice resulted in
basis functions with a maximum extent of 6.1 ay (Au), 6.0 ag
(Ni), 6.4 ap (Mn), and 4.9 a( (Sb) where ay is the Bohr radius.
As the results of the electronic structure are independent on
the choice of exchange correlation functional, we used further
the PBE-GGA [66] implementation; however, as discussed in
Sec. III A, no relaxation is needed.

III. RESULTS

This section presents the results for the electronic struc-
ture of bulk NiMnSb and for different terminations of
NiMnSb(001) interfaces. We compare with previous studies
at the level of DFT (LDA/GGA), and then include electronic
correlations using DMFT. The results for the NiMnSb(001)
interfaces are compared with the NiMnSb(001) interface to
Au; for the latter the corresponding transmission coefficients
are discussed.

A. Electronic structure of bulk NiMnSb and NiMnSb(001)
interfaces with vacuum or Au

1. General results concerning bulk and surface studies

Several calculations using DFT methods are available
for bulk NiMnSb [1,2,64] and its surface states [10,67].
According to these results, the bulk minority spin indirect gap
is formed between the I' and X points of the Brillouin zone
corresponding to the fcc unit cell. The minority spin bands
consist of completely occupied Sb p states [1,2], while the
bonding and antibonding d hybrids of the Mn and Ni atoms
are separated by the half-metallic gap. The bonding states
have most of their weight at the Ni atom, and the antibonding
states at the Mn atom, leading to large localized spin moments
at the Mn atoms [68]. The total spin moment follows the
Slater-Pauling behavior as shown in Ref. [64], being exactly
4 wp. This value is mainly determined by the ferromagnetic
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alignment of the large Mn spin moment (3.72 ug) and a
small Ni contribution (0.28 w ). Including spin-orbit coupling
leads to a partially filled minority spin gap [65]. However the
changes are negligible: The majority spin DOS around the
Fermi level changes only marginally, and the material remains
essentially half-metallic with a polarization of the DOS of
about 99% [65]. DMFT calculations, on the contrary, show
the presence of NQP states, just above the Fermi level [14].

Terminations of NiMnSb(001) surfaces are possible either
with a Ni or a MnSb layer. These interfaces were studied
previously [67,69], and great attention has been given to
relaxation effects. The results for the first two interface layers
can be briefly summarized as follows. (i) In the case of the
Ni termination, almost no buckling or relaxation of the MnSb
subsurface layer was observed, while the distance between the
top Ni layer and the subsurface layer was reduced by around
10%. (ii) In the case of the MnSb termination, the Mn atom at
the surface layer moves inwards and the Sb atom outwards: The
distance between the Mn surface atom and the Ni subsurface
layer is contracted by 3.5%, and the distance between the Sb
surface atom and the Ni subsurface layer is expanded by 7.3%.

Relaxation effects on the DOS have also been discussed,
however, no significant relaxation effects are seen [7-9,70].
Strongly localized surface states belonging to the top surface
layer contribute to the in-gap states, while no states from
the subsurface layer are present [67,69]. The Ni-terminated
surface states are localized to particular surface layers and
lead to flat dispersions. Accordingly, the DOS of these surface
states is much more pronounced compared to those of MnSb-
terminated surface states and effectively destroy the minority
spin gap [67,69].

2. Electronic structure of bulk NiMnSb

In Fig. 1 we present the LSDA and LSDA+4DMFT
results for the total DOS of bulk NiMnSb (left) and of slab

I — S — —— T T T
— DMFTNi s . 1
[ — DMFTM NIMnSb/VaC
(a) 0.1 n i (b) 0.1
L maj. spin b
0.05 e 0
S Vel
\
g —— LSDA bulk -0.1
— LSDA i
g_é | — Lsba min. splln
= 0 N F——F ]
;; - MnSbNi/Vac (©)
(@) min. spin E Y 0.1
A \ AN maj. spin
-0.05 —- LSDA > == ¥ 0
— U=3eV J=0.6eV C ’ ter i
— U=3eV J=0.8eV \
| U:3:V J:O.8§eV bUlk Voo (== LSDA bulk ¥ -0.1
— U=3eV J=0.88eV \ ; | ]L)?\?Fér min. spin
-0.1 ‘ ‘ L —— :
-1 -0.5 0.5 -2 - 2

0
E-E (eV)

1 0 1
E-E(eV)

FIG. 1. [Left panel, (a)] Total DOS for bulk NiMnSb. The black dashed lines indicate the LSDA results. Solid lines represent LSDA+DMFT
results including the Hubbard interaction (U = 3 eV) and various Hund’s exchange couplings (only Mn treated as correlated). The inset shows
the DOS for U =3 eV and J = 0.6 eV. The legend indicates which species are treated as correlated, respectively. (Right panel) Total
DOS for the (NiMnSb)/Vac interface with two possible (001) surface terminations. (b) MnSb-termination, NiMnSb/Vac, (c) Ni-termination,
MnSbNi/Vac. Solid lines: LSDA (blue) and DMFT (red). In the DMFT calculations we again used U =3 eV and J = 0.6 eV.
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NiMnSb/Vac (right). Figure 1, left panel, represents the DOS
in the energy window Er % 1 eV around the half-metallic gap.
In its inset the total DOS is presented in the larger energy range
Ep +2eV. To facilitate the comparison, the same energy
range is used for the total DOS of the slab calculations (Fig. 1,
right panel).

The LSDA results for bulk NiMnSb correspond to the case
in which no U and J corrections are applied. A minority spin
gap of 0.5 eV is visible. We call the energy range where the
minority spin DOS develops a gap in the LSDA calculation
the gap region. The computed gap is in good agreement with
the experiment of Kirillova ef al. [71], who analyzed infrared
spectra and estimated the gap to be ~0.4 eV. Previously
published [1,2,64,72] band structure calculations report band
gaps similar to our result. The minority spin gap is formed
within the d-band manifold between the bonding (#,) and
antibonding (e, ) states. Above the Fermi level, Mn d orbitals
dominate the gap edge.

In order to study the electron-electron correlation effects
and their influence on the minority spin gap, we performed
calculations with different values of the local Coulomb
interaction and exchange parameters up to U =3 eV and
J = 0.88 eV. When the Mn sites are treated as correlated,
we observe significant changes in the DOS (see Fig. 1):
Peaks are shifted and simultaneously the gap is filled just
above the Fermi level. These results are in agreement with
previous LSDA+DMFT calculations [14]. The origin of the
in-gap states is connected with “spin-polaron” processes
[2,14,73-75]. The density of NQP states vanishes at Er at
zero temperature and increases on the energy scale of the
order of a characteristic magnon frequency [2,14,73-75]. This
has been calculated from first principles for semi-Heuslers
[14,15], Heuslers [16,76], zinc-blend half-metals [55,77], and
heterostructures [78,79].

For bulk NiMnSb we have studied the formation of the NQP
state as a function of the interaction parameters. In particular,
we observe that the Hund’s coupling J, the intra-atomic
exchange energy, crucially influences the DOS. Increasing the
value of J in the range from 0.6 eV up to about 0.88 eV,
the NQP state (broad shoulder) is shifted towards the Fermi
level. Such behavior can be captured within a s-d type model
for the electron-magnon interaction [2,74,75] and was shown
to be valid also for the Hubbard model within the DMFT
approximation [14]. In the s-d model case, the corresponding
change, §N,(E), with respect to the noninteracting half-
metallic DOS has the form:

SN°(E) = N°(E) — N (E)

) 1 3%k, E)
=— Z [mz”(k,E)a (E — &) — —}
k

; E — €ko
©))

The first term of Eq. (9), proportional to the real part of the
self-energy, causes the shift of the quasiparticle energies. The
second term arising from the branch cut of the self-energy
describes the incoherent, NQP contribution and is proportional
to the imaginary part of the self-energy. Using the local
approximation of DMFT it amounts to replace X7 (k, E) with
Y mrr(E). All these effects are visible in Fig. 1, hence our

PHYSICAL REVIEW B 96, 205137 (2017)

numerical results confirm that the formation of NQP states,
in the multiorbital Hubbard model for the HMF NiMnSb,
is a consequence of the low-energy electron-magnon physics
captured by the s-d model.

In the inset we show a comparison between the
LSDA+DMEFT results when both, or only one of the d-electron
subsystems, are treated as correlated. Adding the Hubbard
corrections only to Ni, we find only minor changes compared
to the LSDA results. Considering both Mn and Ni as correlated,
the results do not differ much from the case in which only Mn
is treated as correlated. Since correlation effects originating
from the Ni site affect the DOS only slightly in the energy
range close to Er, we treat Ni as uncorrelated in the following
surface and interface calculations.

3. Electronic structure at the NiMnSb/vacuum interface

On the right hand side of Fig. 1 we present the total DOS
for supercells containing two NiMnSb units and eight layers
of vacuum. The two possible (001) surface terminations are
shown. Results for the MnSb termination (top part) and the
Ni termination (bottom part) on the surfaces of the slab are
displayed. The overall shape of the LSDA-DOS is similar
to the bulk one for both surface terminations, except in the
gap region: We find that the gap in the minority spin DOS
disappears and instead in-gap localized surface states are
formed. The in-gap states for Ni-terminated surfaces are more
intense than those for MnSb-terminated surfaces. Our LSDA
results agree with previous calculations [67,69]. Independent
of the surface termination, the peak in the bulk DOS (around
E — Er =~ —1.5eV) of hybrid Ni and Mn bonding states of
e, character is reduced in magnitude and splits. The splitting
of this bulk peak is a consequence of the symmetry reduction
from cubic to tetragonal. The weight is redistributed and the
overall magnitude of the DOS decreases.

The LSDA+DMFT results for the DOS follow the general
trend of the corresponding results for the bulk. The in-gap
surface states are already present at the LSDA level. They are
located in the same energy range as the NQP states, hence the
NQP peak is not discernible in the DOS. The only remaining
visible correlation effect is the shift of the one-particle states.
In comparison with the LSDA spectra the unoccupied minority
spin states and the occupied majority spin states shift towards
the Fermi level.

4. Electronic structure at the NiMnSb/Au interface

Next we consider the contact geometry as shown in Fig. 2.
The geometry is similar to the surface structures discussed
above but with the vacuum replaced by metallic gold leads.
For the NiMnSb/Au interface the contact is taking place
between the gold layer and one of the two possible layer
terminations: The Ni-terminated structure is shown as the left
part, and the MnSb-terminated structure is shown as the right
part of Fig. 2, respectively.

In the upper and lower parts of Fig. 3 we present the
majority and the minority total DOS, respectively, for the
case in which two NiMnSb units in the interacting region are
considered. With blue and red lines we denote, respectively,
the LSDA and the DMFT results. In the left and right panels
the results for the Ni- and MnSb-terminated interfaces are
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Transport
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FIG. 2. Schematic representation of the supercell used in the calculations. (Left) Ni-terminated (001) interface. (Right) MnSb-terminated
interface. We indicate the regions where the electronic structure is assumed similar to that of the bulk as well as the size of the cells used in
transport and DFT calculations, respectively. Atomic color code: Ni (green), Mn (blue), Sb (red), Au (yellow).

given. For comparison we have plotted in Fig. 3 also the bulk
NiMnSb DOS (dashed lines).

For both interfaces one clearly sees that states appear
inside the minority spin gap region, both in LSDA and
LSDA+DMEFT calculations. These states are most likely
localized near the interface region, similarly to the case of the
NiMnSb(001) surface [69]. However, because of the presence
of Au layers, a stronger weight of the in-gap states is obtained.
Note that significant differences between correlated and
noncorrelated calculations are not seen in the close vicinity
of Ep for both spin channels. For the Ni termination the
minority spin gap is populated with an almost constant DOS
[Fig. 3(a), left panel]. For the MnSb termination the minority
spin DOS just above the Fermi level reaches a maximum
at about 0.1 eV [Fig. 3(b), right panel]. No such maximum
in the DOS is present in the vicinity of Ey for the interface
calculation with vacuum as compared to Fig. 1(b). The origin
of this maximum in the minority spin DOS, just above the
Fermi level, can be attributed to the hybridization between the
Au s/ p and the Sb s/ p orbitals of the Au/MnSb interface. For
Ni termination such hybridization cannot take place, therefore
the constant DOS in the minority spin channel [Fig. 3(a), left
panel] represents in fact the interface Ni states.

Correlation effects are visible only outside the gap region
for both spin channels. For both terminations, changes in the
DOS occur below E ¢ for the majority spin electrons and above

0 0
'y MnSbNi/Au i \ NiMnSb/Au
0.05 s g ' 0.05
> >
L L
2] wn
8 2
n n
Q Q
A ; A
-0. :' —— LSDA bulk |} i -0.05
|| — LSDA [
|| — DMFT [N
P ———— 12
2 -1 0 1 2 2 -1 0 1 2
E-EF(eV) E-EF(eV)

FIG. 3. Total DOS for the Au-(NiMnSb),-Au slab. (a) Ni termi-
nation, (b) MnSb termination. The solid-blue line indicates the LSDA
DOS and the solid-red line indicates the LSDA+DMFT DOS. The
LSDA+DMEFT results were obtained for U = 3 eV and J = 0.6 eV.

Ef for the minority spin electrons. These changes represent
correlation-induced spectral weight shifts, resulting from the
negative slope of the real part of the self-energy. The signature
of many-body features in the spectral function of the HMFs
under consideration is the existence of NQP states. These
are generic many-body features present in all ferromagnetic
materials, however, in half-metals their weight and position is
visible because of the existence of the gap. In bulk NiMnSb
the NQP states are apparent in Fig. 1; their weight depends
significantly on the strength of the exchange coupling J, and
they inherit the d-orbital character of the Mn atoms [2,14].
The nonquasiparticle contributions to the DOS originates
from the imaginary part of the minority spin self-energy
[2,74,75], which produces a branch cut in the corresponding
Green’s function. A similar result exists for the surface states
[73] and can be generalized for arbitrary inhomogeneous
situations [75], thus it applies also to interfaces. In order for
the NQP states to become visible in the spectral function
(DOS), interface half-metallicity is required, with the gap
formed between correlated orbitals. In the present case of
the NiMnSb/Au interface, the half-metallic character is lost
because of the interface hybridization in the case of MnSb
termination or because of extended interface Ni states in
the Ni-terminated setup. Consequently, NQP states cannot be
clearly discriminated in the DOS, since they are overlayed by
the interface states.

In situations where the gap region in the minority spin chan-
nel is filled by surface states, the minority spin tunneling pro-
cess is mediated by those states only [75]. Although the NQP
states are overlayed in the DOS, their presence can in principle
be revealed through the tunneling current due to hybridization
of bulk states with surface or interface states [73,75].

B. Transport properties: the Au-NiMnSb-Au heterostructure

Within the standard approach for ballistic transport calcu-
lations, the system is partitioned into two semi-infinite parts
(the leads) and the scattering region. Generally speaking,
the transmission probability is essentially determined by the
scattering matrix connecting the states from the left lead to
those in the right lead. The structural setup consists of two
gold leads in the Au(001) orientation that sandwich atomic
planes in the pattern AB-AB-AB (A = Ni, B = MnSb)
along the transport direction. The Au leads structure is built
using the experimental value for the bulk lattice parameter
(4.08 A). The NiMnSb units are built on top of this structure
and oriented accordingly with the two possible terminations
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FIG. 4. DFT (GGA) spin-resolved transmission versus the number n of (NiMnSb), units: (a) Ni-terminated interfaces and (b) MnSb-
terminated interfaces. The black solid lines represent the majority and the red solid lines the minority spin transmission, respectively.

discussed above (see Fig. 2). The region where scattering
occurs (the interacting region) contains a few layers of the two
leads as well as sequences of Ni and MnSb layers as indicated
in Fig. 2. The electronic structure of the NiMnSb units within
the interacting region is different from that of the bulk, due to
the presence of the interface (see Sec. Il A). For thick layers
(e.g., including three or more units of NiMnSb) we expect
to find the electronic structure of bulk NiMnSb in the center
of the interaction zone. Therefore, for such thick layers, the
scattering properties across the whole structure should reflect
the electronic structure of the bulk, as confirmed below.

1. Transmission within GGA

First we analyze the transmission, with focus on the
changes brought by the presence of the interfaces and
hence the electronic structure. The spin-resolved transmission
probability, T,(E), is obtained from the k-dependent trans-
mission by integrating over all k; points, so that 7,(E) =
o Jpz 4K To (), E). The (kj,E)-dependent transmission,
Eq. (2) or (8), is obtained from the matrix product of the
hybridizations I'7  (k;, E)) and the retarded/advanced Green’s

functions G° (k;, E)/G°'(k|, E). While the Green’s functions
encode the electronic structure of the interacting region, the
hybridization functions contain the information about the
hopping of electrons into and out of the interacting region.

In Fig. 4 we display the total spin-resolved transmission
probability computed within the GGA. It can be immediately
seen that the transmission is strongly spin-dependent. For more
than three units, the spin polarization at Er is above 90%
for both terminations. Thus, for both the Ni- and the MnSb-
terminated structure, the “bulk-like” behavior (i.e., “half-
metallic” transmission) is present already for four NiMnSb
units. For smaller n, we argue that a direct lead-to-lead

conduction channel forms which leads to nonzero transmission
for the minority spin electrons. The transmission in the
majority spin channel (solid black lines) is slightly smaller
for the MnSb-terminated structure in comparison with the
Ni-terminated structure.

2. Transmission within GGA+DMFT

Second we analyze the transmission in the view of the mod-
ifications brought by the presence of electronic correlations.
The GGA+DMFT transmissions for Ni- and MnSb-terminated
structures are shown in Fig. 5. Overall the GGA+DMFT
and GGA transmissions have a similar energy dependence,
however, the magnitude is found to be reduced due to electronic
correlations.

For the Ni-terminated structure (left column of Fig. 5)
correlation-induced changes are visible above the Fermi level
in both spin channels. For the MnSb-terminated structure, the
modifications are spin selective. For the majority spin (black
line, Fig. 5, right column) a more significant reduction in
transmission is seen below Er. This is a consequence of
the (larger) smaller weight of the imaginary part of the Mn
self-energy (below) above Er. The opposite effect is found
for the minority spin electrons (red line). In this spin channel
the imaginary part of the Mn self-energy has a (smaller) larger
weight (below) above the Fermi energy.

The depletion in the transmission is determined by the
decrease in the coherence of the scattered wave function
across the heterostructure. The inverse of the finite imaginary
part of the self-energy corresponds to a finite lifetime of the
quasiparticle, hence broadening the spectral function and the
DOS. This is valid for all layers in the scattering region
that are subject to electronic correlations. We find that the
correlation-induced changes of the transmission are almost
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FIG. 5. Spin-resolved transmissions. The dashed lines represent the GGA and the solid lines the GGA+DMFT results. The black colored
lines denote the majority spin transmission and the red colored lines the minority spin transmission: transmission through the (a) Ni-terminated

structure and (b) through the MnSb-terminated structure.

independent of n. For n <3 the tunneling is influenced
considerably by lead-to-lead direct tunneling, and signatures
of the electronic structure of NiMnSb are not clearly visible.
For n = 4, a significant spin polarization of the transmission
sets in, in particular, for the MnSb-terminated case, indicating
the relevance of half-metallicity in the scattering region. Away
from the Fermi level a hump is formed at 0.4 ...0.6 eV in the
minority spin channel.

The surface and interface electronic structure calculations
in Sec.IIT A2 show that the minority spin gap is filled by
surface states, which are more important than many-body
effects (the NQP features in Fig. 1). A more quantitative
analysis can be based on the direct comparison of the DOS
with the transmission near Er. In the upper part of Fig. 6,
we show the DOS for the heterostructures with four units
of NiMnSb in the scattering region, Ni-terminated (left) and
MnSb-terminated (right). In the lower part of Fig. 6, the
transmissions are presented for the corresponding structures.
We focus on a narrow energy range around the Fermi level,
Er £ 0.4 eV. For the Ni-terminated structure, no correlation-
induced change in the DOS is seen in the range —0.4t0 0.2 eV.
On the other hand, the transmission (lower part) is reduced in
the entire energy range. For the MnSb-termination, we find
no significant change in the DOS in the Er 0.4 eV energy
range. However, the transmission is clearly enhanced by
electronic correlations. This might be understood as tunneling
assisted by quasiparticle states or by the nonquasiparticle states
in the scattering region [75].

The modification of the transmission probability caused
by the finite real part of the self-energy can be interpreted as a
renormalization of the one-particle states within the scattering
region. A second mechanism that modifies the transmission

amplitude is given by the incoherent part of the minority spin
self-energy caused by hybridization of surface states with
NQP states.

In order to resolve the true nature of the changes in
the minority spin transmission, one should investigate the
temperature and bias dependence of the tunneling current. It
has been shown previously that the quasiparticle contribution
to the tunneling current can be even more pronounced in
comparison to the NQP peak in the DOS [75]. It is worth
emphasizing that in the Landauer approach the many-body
equilibrium self-energy is used to compute the transmission
in a first step, which is then used to determine the tunneling
current in a second step. This implies that the bias and tem-
perature dependence of the tunneling current is solely due to
the Fermi-Dirac distribution which contains these parameters.
Hence the Landauer formalism explicitly excludes genuine
correlation effects on the bias dependence of the tunneling
current by construction. We believe that the hump around
0.4...0.6 eV (seenin Fig. 5) in the minority spin transmission
can be considered a precursor of the bias dependence of the
tunneling current. In order to address the implications of this
hump in the minority spin transmission in a more rigorous
way, an extension of the present transport formalism to a
full charge self-consistent calculation, employing the NEGF
including many-body corrections on the level of DMFT, is
required. Such an extension, which is computationally very
demanding, is currently under investigation.

IV. CONCLUSION

Electronic structure calculations for bulk and surfaces
with different terminations are discussed extensively in
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FIG. 6. Comparison of the minority spin density of states, DOS,;i; (upper panel), and the minority spin transmission, T, (E) (lower panel).

(a) Ni-terminated structure, (b) MnSb-terminated structure.

the literature [1,2,10,64,67]. While DMFT results for bulk
NiMnSb have been obtained previously [2,14—16], no results
including DMFT for the (001) interface and Au-capped
NiMnSb layers have been reported before. In this work we
study the effects of local electronic interactions upon the
transmission across the NiMnSb layers sandwiched between
gold leads. Electronic structure and transport calculations are
presented using LSDA/GGA and its DMFT extension. The
Au leads supply s/p-type orbitals in the vicinity of the Ni-
or MnSb-terminating layers. Clearly the differences between
the two interface terminations stem from the hybridization of
Au s/ p states at the interface with Sb s/p states. In the case
of MnSb termination a strong hybridization is found. Similar
effects are less visible for the Ni-terminated geometry. In the
latter case, the Sb s/p states in the MnSb sublayer hybridize
less with the Au s/ p states.

Concerning the results for transmissions, the general
tendency is that electronic correlations reduce the magnitude
of the transmission in the vicinity of the Fermi level. For the Ni-
terminated structures a visible change occurs above the Fermi
level in both spin channels. For the MnSb termination, a clear
spin selectivity is obtained: The majority spin transmission
is diminished below Ef, while minority spin transmission is
enhanced above E . It is interesting to note that the interface

states overshadow the many-body induced nonquasiparticle
states. Although the spin polarization of the density of
states is considerably reduced (see Fig. 3), the transmission
polarization is not significantly affected by correlations (see
Fig. 5). A large degree of polarization of the transmission
is obtained in the case of four NiMnSb units, while a
reduction of spin polarization down to *50% is obtained
for n = 1. We argue that this reduction is due to the direct
transmission (over the scattering region) from lead to lead.
Surprisingly, despite the presence of electronic correlations,
there still remains a significant spin polarization in the
transmission.
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