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Spin filtering with EuO: Insight from the complex band structure
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Spin-filter tunneling is a promising way to create highly-spin-polarized currents. So far the understanding of
the spin-filtering effect has been limited to a free-electron description based on the spin-dependent tunneling
barrier height. In this work we explore the complex of EuO as a representative ferromagnetic insulator used in
spin-filter tunneling experiments and show that the mechanism of spin filtering is more intricate than it has been
previously thought. We demonstrate the importance of the multiorbital band structure with an indirect band gap
for spin-filter tunneling. By analyzing the symmetry of the complex bands and the decay rates for different wave
vectors and energies we draw conclusions about spin-filter efficiency of EuO. Our results provide guidelines for
the design of spin-filter tunnel junctions with enhanced spin polarization.
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I. INTRODUCTION

Attaining sizable spin polarization of electric current is an
important constituent of spintronics—an emerging technol-
ogy that exploits an electron’s spin in solid-state electronic
devices.! One of the promising approaches to realize the high
spin polarization is to employ spin-filter tunneling, where
spin-filter material, typically a ferromagnetic or ferrimagnetic
insulator, is used as a barrier in a tunnel junction.” The
implementation of spin-filter tunneling is considered as an
alternative to a more conventional approach based on magnetic
tunnel junctions. The latter consists of two ferromagnetic elec-
trodes separated by a nonmagnetic insulating barrier and its
resistance depends of relative magnetization orientation of the
electrodes, the effect known as tunneling magnetoresistance
(TMR).>

The basic idea behind spin-filter tunneling is to exploit
the spin-dependent barrier of a ferromagnetic or ferrimagnetic
insulator to achieve considerably different transmission prob-
abilities for electrons with opposite spin directions. Due to
the exchange splitting of the spin bands, the conduction-band
minimum (CBM) in these materials lies at different energies
for majority- and minority-spin electrons, which yields a
spin-dependent tunneling barrier. Due to the exponential
dependence of the tunneling transmission on the barrier height,
electrons are expected to be transmitted with significantly
different probabilities depending on their spin.

Early experiments on EuS (Ref. 6) and EuSe (Ref. 7)
and more recently on EuO (Ref. 8) have demonstrated the
potential of spin-filter tunneling using the Tedrow-Meservey
technique,9 which allows a direct measurement of tunneling
spin polarization. The Curie temperature of Eu chalcogenides
is relatively low, and more recent efforts have focused on
searching for spin-filter materials to achieve functioning at
room temperature using epitaxial tunnel junctions. In order
to realize the spin-filtering effect in a tunnel junction, a
ferromagnetic counter electrode is added. Depending on
the relative magnetization orientation of the barrier and
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the counter electrode, the tunneling current is expected to
be altered due to a TMR effect. Complex oxide materials
such as CoFe,04,'%!'! NiFe,04,'? NiMn,04,"> BiMnO3,'*
CoCr;04," and MnCr,O4 (Ref. 15) have been studied.
Unfortunately, in all cases, the observed TMR values are rather
small, with the largest 25% observed at room temperature for
COF6204.]0

A theoretical description of spin-filter tunneling has been
limited so far to a simple approach based on a free-electron
model.>!® Within this model an exponential decay of the
wave function in the ferromagnetic tunneling barrier is
determined entirely by the spin-dependent barrier height. The
decay rates k4, of the evanescent states depend on spin
through the exchange splitting A« of spin bands so that
k1., = «/2m(U £ Aex/2)/h, where U is the tunneling barrier
height in a paramagnetic state of the insulator and m is the
effective mass. Within this model spin-filter efficiency is fully
controlled by k4 | and barrier thickness d through transmission
probability ~ et

This description ignores, however, the multiband nature of
ferromagnetic insulators. In particular, it neglects the effects
related to different symmetries of the bands and their orbital
character. In contrast, it is known that tunneling through
insulators can be understood in terms of the evanescent
states'” and the method to investigate them is the complex
band structure in the energy gap region.!82! So far, however,
this approach has not been applied to spin-filter materials
such as EuO. It has recently been shown, both theoretically
using reliable GW calculations®> and experimentally using
angle-resolved photoemission experiments,”? that the band gap
in EuO is indirect, with the conduction-band minimum being
located at the X point in the Brillouin zone.

In this paper we employ the local-density approximation in-
cluding a Hubbard U term accounting for the on-site Coulomb
interaction (LDA + U) method?* to perform a detailed analysis
of the evanescent states in EuO as a representative spin-filter
material. We demonstrate the significance of the multiorbital
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band structure with an indirect band gap for spin-filter
tunneling. By analyzing the symmetry of these complex bands
and decay rates for different transverse wave vectors and
energies we draw conclusions about the spin-filter efficiency
of EuO.

II. METHODS

EuO is a ferromagnetic insulator with a rocksalt crystal
structure and a bulk Curie temperature of 69 K. A divalent
Eu ion in EuO has a half-filled 4 f shell forming the 857/2
ionic multiplet and a magnetization of 7up per Eu ion. The
exchange coupling between the localized 4 f electrons causes
the ferromagnetic ordering in EuO. The half-filled 4 f band
is separated from the 5d—6s conduction bands by a band
gap of about 1eV at room temperature.> In the ferromagnetic
state of EuO the intra-atomic exchange interaction between the
4 f and 5d Eu states leads to spin splitting of the conduction
band A, A 0.6 eV.%° This spin splitting is responsible for the
spin-dependent barrier in spin-filter tunneling experiments.®

To elucidate the mechanism of spin filtering in EuO we per-
form electronic band-structure calculations using the scalar-
relativistic principal-layer Green’s-function version?’?® of the
tight-binding linear muffin-tin orbital (LMTO) method® in the
atomic sphere approximation and the LDA + U approach.?*
In the calculations we use the experimental lattice constant
of EuO, a = 5.14 A. To achieve an accurate description
of the band structure, we set J = 0.58 eV (Ref. 22) and
adjust the value of U for the Eu 4 f orbitals while adding
energy shifts Ve, for the Eu 6s states and V,, for the O 2p
states to bring the valence and conduction bands in agreement
with the GW results.”> We find the best match between the
LDA + U and GW bands for U = 8.84 eV, Vg, = —0.61 eV,
and V,, = —0.14 eV. The resulting band gap of 0.90 eV at the
X point is consistent with the experimental value of 0.95 eV
(Ref. 30) and the exchange splitting of the Eu 5d bands is
Aex = 0.70 eV.

We investigate the complex band structure of EuO using
the difference-equation method.’! The LDA 4 U correction
for the Eu 4 f orbitals is applied in a simplified way by
shifting the majority-spin (minority-spin) 4f states down
(up) by (U + 6J)/2. These shifts (along with the empirical
shifts for Eu 65 and O 2p orbitals) are added to the LMTO
band-center parameter C and to the linearization energy E,
in the third-order parametrization of the potential function
P(E). For EuO this is an excellent approximation because
the occupation numbers for majority-spin (minority-spin) 4 f
states are very close to 1 (0).

III. RESULTS

An arbitrary wave vector consists of a component parallel
to the interface kj, which is conserved during tunneling, and
a component perpendicular to the interface k.. For each k| we
calculate the dispersion relation E = E(k.), allowing complex
k. = q + ix. The imaginary part « is the decay rate, so the
corresponding wave functions decay as ~ e~ . In EuO, both
the real and complex bands are spin dependent.

Figure 1 shows the calculated spin-dependent complex band
structure of EuO for k; = Ointhe A direction, i.e.,I"' — X (see
the inset of Fig. 1). The complex bands (left and right panels)
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FIG. 1. (Color online) Complex band structure of EuO in the A
direction (I' — X) at ¢ = O (left panel) and ¢ = 7/a (right panel)
for majority (black dots) and minority (red dots) spin and in the Z
direction (X — W) at ¢ = 0 (right panel) for majority (blue dots) and
minority (green dots) spin. The middle panel shows real bands. The
inset shows symmetry points and lines in the Brillouin zone of bulk
EuO and the surface Brillouin zone.

are connected to the real bands (middle panel) at the I and
X points and inherit their symmetry properties. The curvature
at the connecting points is the same for the real and complex
bands due to the analytic properties of the E (k) function.'’

In a tunnel junction the Fermi level lies within the insulator
band gap and the evanescent state that has the lowest decay rate
at this energy dominates the conductance in the thick barrier
limit. The symmetry of this state as determined by its orbital
character is of primary importance because it determines
the Bloch states in the electrodes that can couple to it and
contribute to the transmission. In ferromagnetic insulators the
evanescent states are spin dependent and thus their symmetry
strongly affects spin filtering.

From Fig. 1 we see that in the band gap of EuO lying in
the energy interval from O to 0.9 eV there are two evanescent
states, one in each spin channel, that have relatively small
decay rates: one with A/, symmetry (the respective wave
function transforms as xy) and the other with A; symmetry
(the identity representation). The A/, evanescent state inherits
its symmetry from the exchange-split Eu 44 state at the bottom
of the conduction band (the X point). The A| evanescent state
is connected to the I"-point Eu 6s state that lies at about 2 eV
in the conduction band.

Within the standard free-electron picture the highest spin
efficiency may be obtained if the Fermi level lies very close
to the CBM where the majority-spin decay rate approaches
zero k4 — 0, whereas the minority-spin decay rate remains
finite k| ~ /2m A /h. However, this argument assumes that
the electrodes also have a A’2 symmetric state, which is not the
case for Cu and Al and for the noble metals Ag and Au. The A
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FIG. 2. (Color online) Lowest decay rate (in units of 7 /a) of the majority-spin (top panels) and minority-spin (bottom panels) evanescent
states in the band gap of EuO as a function of k| in the SBZ at (a) E = 0.89 eV, (b) E = 0.45 eV, and (c) E = 0.01 eV.

symmetric state that is available at the Fermi energy in these
free-electron-like metals would tunnel through the EuO A;
evanescent state, whose much larger decay rate has a relatively
small spin asymmetry in the vicinity of the conduction band.
For example, at £ = 0.89 eV (i.e., 0.01 eV below the CBM)
and kj = 0 we find k; ~ 0.118 A~ and x| ~ 0.144 A~! for
this state. If this state dominates the transmission ~ e~ 2144
we find for a typical insulator thickness d = 2 nm the spin
polarization P = tanh[(k; — k4)d] of about 50%, which is
not too impressive for a spin filter.>> Using metals that have d
bands of A} symmetry at the Fermi energy may enhance spin
filtering across EuO.

Assuming the dominant contribution to conductance at the
I" point is, however, unjustified because the band gap in EuO
is indirect. This behavior is revealed by the distribution of
the decay rates as a function of k in the surface Brillouin
zone (SBZ) shown in Fig. 2. For E = 0.89 eV (in the vicinity
of the CBM), we see from Fig. 2(a) that « reaches its global
minimum at the X point rather than at the T" point. This feature
originates from the anisotropy of the effective mass at the X
point in the Brillouin zone of bulk EuO. This anisotropy is
seen in Fig. 1 from the comparison of the real bands along
the A (I' - X) and Z (X — W) lines, which clearly have
different curvatures [compare black (red) and blue (green)
lines]. We find that the effective mass is mp =~ 0.3m, along
the A line, whereas m x & 0.12m, along the Z line (here m, is
the free-electron mass). Due to the complex bands near the X
point forming an analytic continuation of the real bands, the
anisotropic curvature is inherited by the evanescent states in
the band gap. Since the A line in the bulk Brillouin zone is
projected to the T point and the Z line to the X point in the
SBZ, the decay rate at X is lower than that at T" [see Fig. 2(a)

and also Fig. 1]. The decay rates for energies E close to the
CBM (ECBM) are given by Kp x = \/sz,X(ECBM — E)/h

There is a sizable difference in the decay rates for majority-
and minority-spin electrons at the X point [compare the top and
bottom panels in Fig. 2(a)]. To achieve spin filtering through
this channel the electrodes should supply Bloch states of the
Z3 (Z4) symmetry representation, which involves a linear
combination of functions with x and xz (y and yz) symmetries
in the Z direction. These states originate from the p and d
orbitals and thus metals with these orbitals at the Fermi energy
are required as electrodes.

For energies close to the middle of the band gap, e.g.,
E =0.45 eV, the spin asymmetry in the decay rates is reduced.
At the T point the A state has the lowest decay rate for both
majority- and minority-spin electrons (see Fig. 1). In this case
we find k4 ~ 0.122 A1 and «; ~ 0.156 A~!, i.e., the spin
asymmetry in « is again relatively small. The decay rates for
both spins have a global minimum at the X point [Fig. 2(b)],
which has the same origin as above.

At lower energies close to the 4 f majority-spin band the
spin asymmetry may be significantly enhanced because the
majority-spin A; evanescent state is connected to the 4f
state just at the valence-band maximum (VBM), whereas the
minority-spin A complex band extends down to the O 2 p band
of the same symmetry. At the same time the majority-spin A}
complex band is connected to the real 4 f band at the X point at
about 0.34 eV below the VBM, which implies that at energies
close to the VBM tunneling through the A; band should
dominate. This behavior is evident from Fig. 2(c), where
we see a clear minimum at the T' point in the majority-spin
channel and a large asymmetry between the majority- and
minority-spin decay rates. We note, however, that in order to
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achieve significant spin selectivity the Fermi energy needs to
lie very close to the VBM because the f states are heavy and
moving up into the gap from the edge of the valence band leads
to a significant increase in k.

Finally, we note that interface states may add additional
features in spin-filtering process that are not discussed in this
paper. It is known that interfaces may sustain resonant states
that can contribute to the conductance through hybridization
with the electrode bulk states (see Refs. 33 and 34 for recent
reviews). If the spin-filter thickness is sufficiently small,
resonant tunneling may contribute to the conductance in a way
not described based on bulk properties of the insulator and
the electrodes separately.’ In order to take the contribution
from the interface states into account, a detailed analysis of
the electronic and transport properties of the whole tunnel
junction is needed. A separate consideration is also required
for including effects of spin-orbit interaction®® and defects,
such as oxygen vacancies.?’

IV. CONCLUSION

In conclusion, we have shown that under certain conditions
EuO may be used as an efficient spin filter in spin-dependent
tunneling experiments. However, the mechanism of spin
filtering deviates significantly from the standard free-electron
picture and involves effects associated with the symmetry of
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spin-dependent evanescent states and the dependence of the
decay constant on the transverse wave vector. We find that
free-electron-like bands of the A; symmetry may provide
significant tunneling spin selectivity if the Fermi energy lies
very close to the top of the EuO valence band. For the Fermi
energy in the middle of the band gap the spin selectivity is
relatively small. When the Fermi energy lies close to the CBM
the large spin selectivity may be achieved if the electrodes
have A} and/or Z3 (Z4) bands in their real band structure.
These results provide an insight into the understanding of
spin-filter tunneling and may help design spin-filter devices
with enhanced spin polarization.
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