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Employing density functional theory for ground state quantum mechanical calculations and the non-
equilibrium Green’s function method for transport calculations, we investigate the potential of CdS, ZnS,
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CdsZnS,, and ZnsCdS, as tunnel barriers in magnetic tunnel junctions for spintronics. Based on the finding
that the valence band edges of these semiconductors are dominated by p, orbitals and the conduction band
DOI: 10.1039/d4cp04146a edges by s orbitals, we show that 4; symmetry filtering of the Bloch states in magnetic tunnel junctions with

Fe electrodes results in high tunneling magnetoresistances and high spin-polarized current (up to two orders
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|. Introduction

The resistance of an anisotropic magnetoresistance (AMR) device
depends on the angle between the electric current and the external
magnetic field, being minimal/maximal for perpendicular/parallel
orientation." The resistance of a giant magnetoresistance (GMR)
device, consisting of a non-magnetic metal (such as Cu and Pt)
sandwiched between ferromagnetic electrodes, depends on the
relative orientation of the magnetic moments of the electrodes,
being minimal/maximal for parallel/antiparallel P/AP orientation.>
In a tunneling magnetoresistance (TMR) device the non-magnetic
metal is replaced with an insulator.* Coherent tunneling through a
crystalline barrier results in

TMR = (Tp — Tap)/Tap, (1)

where Tp/T,p is the transmission for P/AP orientation of the
magnetic moments of the electrodes, while incoherent tunnel-
ing through an amorphous barrier results in

TMR = 2P Py /(1 — PLPyR), (2)

where P; /Py is the density of states at the Fermi energy (Er) of
the left/right electrode.” In the case of coherent tunneling in an
epitaxial junction the transverse component k; of the wave
vector k is conserved. The resistance depends not only on the
relative orientation of the magnetic moments of the electrodes
but also on the orbital angular momentum symmetry of
the wave function of the tunneling electrons. While various
junctions®® realize such symmetry filtering, only the combination
of a MgO barrier with Fe electrodes is adopted in main-stream
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of magnitude higher than in the case of the Fe/MgO/Fe magnetic tunnel junction).

applications, mainly because boron assisted epitaxial growth is
used to minimize spin flip and interband scattering.”*°
Achieving a high spin-polarized current is paramount for
magnetic random access memories in that switching between
the magnetic configurations storing binary information is
achieved by spin transfer torque,"* ™ because the spin transfer
torque is proportional to the generating spin-polarized
current.""® The same applies, for example, to magnetic flip-
flops in that the magnetic state is switched by spin-polarized
current.'®"” As it is vital to identify magnetic tunnel junctions (MTJs)

Fig.1 Scattering regions of the (a) Fe/CdS/Fe (Fe/ZnS/Fe) and (b)
Fe/CdsZnS,/Fe (Fe/ZnsCdS,4/Fe) MTJs. The arrows represent the magnetic
moments of the two Fe electrodes, which can be oriented parallel or
antiparallel. Color code: Fe = red; Cd = grey; Zn = magenta; S = yellow.
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Fig. 2 Electronic structure analysis of (a) CdS, (b) ZnS, (c) CdsZnS,, and (d) ZnsCdS,4. The left panels show heat maps (from the minimal to the maximal value on a
linear scale) of k(E, k) in the BZ, the middle panels show the real (red) and complex (blue) band structures, and the right panels show the partial densities of states.

based on semiconductors that can be integrated with the current
lithographic processes to open new avenues for spintronics, we
present here a detailed theoretical analysis of potential barrier
materials with zinc blende crystal structure (CdS, ZnS, Cd;ZnS,,
and Zn;CdsS,) that are extensively used industrially in light emitting
diodes."®2° For the electrodes we use Fe as strong ferromagnet with
high Curie temperature.** The bce structure of Fe shares with the
zinc blende structure the 4-fold rotation symmetry about the [001]
direction, enabling growth of a MTJ by chemical vapor deposition
and molecular beam epitaxy. Being II-VI compounds with direct
band gaps, CdS and ZnS are also applied as transparent
semiconductors®?* and for photocatalysis.>*** The excitonic proper-
ties, particularly the binding energy, can be tuned well by doping.>®
High quantum transport is possible due to dispersive bands with
small electron effective masses of 0.18m, (CdS)*” and 0.34m, (ZnS),”®
where m, is the free electron mass.

After introducing our computational methodology, we will
analyze the properties of Fe/CdS/Fe, Fe/ZnS/Fe, Fe/Cd;ZnS,/Fe,
and Fe/Zn;CdS,/Fe MT]Js based on the real and complex band
structures of the barrier and electrode materials, to prepare for
a detailed discussion of the transmission and TMR. A summary
of the main findings is provided in the conclusion section.

lI. Computational details

The ground state electronic properties of CdS, ZnS, Cd;ZnS,,
and Zn;CdS, are obtained from Kohn-Sham density functional

This journal is © the Owner Societies 2025

theory using the SIESTA engine®® with non-relativistic norm-
conserving Troullier-Martins pseudopotentials and localized
atomic orbitals as basis set. The exchange-correlation func-
tional is treated in the Ceperley-Alder parametrization of the
local density approximation. Double-{ basis functions are used
for the s, p, and d orbitals of Fe, Cd, and Zn, while double-{ plus
polarization basis functions are used for the s and p orbitals of
S. The atomic self-interaction correction (ASIC) is employed to
correct the band gaps.***' We use a grid spacing equivalent to a
plane wave cutoff of 400 Ry and a Monkhorst-Pack 8 x 8 x 8
k-point mesh. Complex band structures are obtained through
the secular equation for k; = 0.

The experimental lattice parameters of zinc blende CdS and
ZnS are 5.83 A*? and 5.41 A,*® respectively, and the optimized
lattice parameters of Cd;ZnS, and Zn;CdS, are found to be
5.76 A and 5.51 A. We use a 2 x 2 supercell of body-centered
cubic Fe to create MTJs and absorb the lattice mismatch by
altering the lattice parameter of Fe (experimental value:
2.86 A*"), which hardly modifies the electronic properties.
The thickness of the barrier material is chosen as 26.75 A
(3 unit cells), 40.24 A (7 unit cells), 20.69 A (3 unit cells), and
19.79 A (3 unit cells) for CdS, ZnS, Cd,;ZnS,, and Zn,CdS,,
respectively. Due to the larger band gap of ZnS an increased
thickness is chosen to enhance the TMR. The atomic positions
in the MTJs (inequivalent interfaces, see Fig. 1) are relaxed by
the conjugate gradient method until all atomic forces stay
below 0.01 eV A

Phys. Chem. Chem. Phys., 2025, 27, 2732-2738 | 2733
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Fig. 3 (a) Real band structure with the Bloch state symmetry indicated
and (b) numbers of majority and minority spin channels in the BZ (simula-
tion cell with 16 atoms) of body-centered cubic Fe.

The Smeacor engine,®*” which is interfaced with the Siesra

engine, is used to execute non-equilibrium Green’s function
transport calculations. In this formalism the complex self-
energy

XY(E. V) = H]'(E,V)g{(E,V)H](E, V), 3)

where ¢ = 1/] is the spin, H}(E, V) is the coupling Hamiltonian
between the electrode and scattering region, g7(E, V) is the
surface Green’s function of the electrode, and 4 = L/R denotes
the left/right electrode, is added to the Hamiltonian Hg(E, V) of
the scattering region to obtain the effective Green’s function

Ge(E, V) = lim [E+in— HZ(E, V) — S3(E, V) — SR (E, V)] .
i’]*)

4)
GE(E, V) is finite and Hermitian with density matrix
g 1 OQ g <
p’(V) = %Lde GL=(E,V), (5)
where
G (E, V) =iGL(E, V)| _f7(E,V)I(E,V)|GJ (E, V)
(6)

is the lesser Green’s function, f3(E, V) is the Fermi-Dirac
distribution function, and

I(E,V)=i(2]"(E,V) -2 (E,V)) (7)

is the coupling matrix between the electrode and scattering
region (retarded/advanced part of the self-energy denoted by
superscript +/—).

Using the spin-dependent transmission
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T°(E,V)=Tr [Fi(E, V)GE (E, V)T (E, V)G (E, V)}, (8)

the SmeacoL engine calculates the voltage-dependent spin-
polarized current in the Landauer-Biittiker formalism as

(1) = [OE TE N (E - ) - RE -], )

where e is the electron charge, % is the Planck constant, and
U r = Ep = eV/2 is the chemical potential. In the barrier the
normal component of the wave vector becomes complex,
k. (E, k) = ix(E, k), with

K (Ek))= \/2m(U—E)/h2 +hp2— <d>‘ (88—;+86—y22) ‘¢>>/<¢I¢>,
(10)

where m is the effective mass, U is the barrier height, and
the last term takes into account that the decay in the barrier is
stronger when the transverse angular momentum of the wave
function is higher. Since the junction is translationally invar-
iant in the transverse plane, we can write

1 :
T°(E,V) :—JBdeH TS(E, V)e 2 (Ek)d,

o (11)

where Qp, is the volume of the two-dimensional Brillouin
zone (BZ), the kj-dependent transmission T,‘{H (E, V)=

T3(E,V)e >(E41)4 is determined by the atomic composition
and structure of the junction, and d is the thickness of the
barrier. We calculate T(E) = T' (E, 0) + T*(E, 0) for both the P and
AP orientations to obtain the TMR through eqn (1). The
transport calculations are performed after converging the
charge density matrix with a tolerance of 10™* e. We show in
the following results obtained for a 50 x 50 x 1 k-point mesh,
while no relevant change is observed in test calculations for a
100 x 100 x 1 k-point mesh.

I1l. Results and discussion

While the experimental band gaps of CdS and ZnS are 2.6 eV>*
and 3.7 eV,>” respectively, we obtain appropriate ASIC values of
1.9 eV and 3.0 eV. For Cd;ZnS, and Zn;CdS, we obtain ASIC
band gaps of 2.0 eV and 2.5 €V, respectively. Note that the size
of the band gap scales T, ,‘{H (E,V) but does not change its

distribution in the BZ. The heat maps of «(Eg, k|) in Fig. 2
show a four-fold rotation symmetry. Mainly the regions around
the I'-point and along the diagonals of the BZ contribute to
T°(Eg, V) due to low values of k(Ex, k), which also turns out to
be true for E # Eg. As the tunneling electrons experience
minimal «(E, k) at the I'-point, that is, when they approach
the barrier in the normal direction (minimal effective barrier
thickness), the following analysis focusses on the I'-point.
However, note that this provides only a qualitative picture,
because T°(E, V), while being dominated by the I'-point, gen-
erally depends on the entire BZ. T°(E, V) of the MTJ will be high
(and therefore the current will be high) if the symmetries of the

This journal is © the Owner Societies 2025
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Fig. 4 Zero-bias transmission and TMR of the (a) Fe/CdS/Fe, (b) Fe/ZnS/Fe, (c) Fe/CdsZnS,4/Fe, and (d) Fe/ZnsCdS,/Fe MTJs as functions of energy.

Bloch states at E in the electrodes and at the band edges in the
barrier are the same, and a high TMR is expected if only one
spin channel (either majority or minority) is present in the
ferromagnetic electrodes. The absence of an abrupt change in
the Hartree potential at the interface of an epitaxial junc-
tion results in a weak Rashba field, which minimizes the spin
flip and interband scatterings to assist coherent quantum
tunneling.

According to Fig. 2, the four barrier materials under inves-
tigation exhibit direct band gaps and similar band dispersions
along I'-Z. No complex ghost bands due to the non-orthogonal
orbital basis set are observed.*® The valence band edges are
dominated by p, orbitals and the conduction band edges are
dominated by s orbitals. These orbitals couple with the Bloch
states of the electrodes. The symmetry 4 of a Bloch state is
assigned by projecting the wavefunction to the atomic orbitals
and analyzing the angular momentum along the transport
direction. The s, p,, and dz,z_,. orbitals have zero angular
momentum along the transport direction and thus map to 4,
symmetry. Similarly, the py, p,, ds;, and d,, orbitals map to 45

symmetry, the d,, orbital maps to 4 /2 symmetry, and the d,>_y.

This journal is © the Owner Societies 2025

orbital maps to 4, symmetry. The results of the symmetry
assignment are shown in Fig. 2. Analysis of the complex band
structures in Fig. 2 at the I'-point suggests that all four barrier
materials filter Bloch states of 4; symmetry. In each case, a
complex band of 4; symmetry smoothly connects the valence
band maximum to the conduction band minimum. On the
other hand, the complex band of 45 symmetry present at the
valence band edge connects to deep inside the conduction
band and thus hardly contributes to T°(E, V), unless Eg of the
MTJ is pinned close to valence band edge (implying that
hopping dominates over tunneling and the MTJ behaves like
a GMR device).

In the case of the epitaxial Fe/MgO/Fe MT] the 4;-symmetric
majority spin states of Fe match exactly with the 4;-symmetric
states forming the valence and conduction band edges of MgO
(at the I'-point), resulting in a high TMR of ~10000%.>>*° The
band structure of body-centered cubic Fe along I'-Z is shown in
Fig. 3 together with heat maps of the numbers of majority and
minority spin channels in the BZ (reflecting the four-fold
rotation symmetry of the body-centered cubic structure). Both
the majority and minority spin channels are concentrated

Phys. Chem. Chem. Phys., 2025, 27, 2732-2738 | 2735
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Energy range

Dominant symmetry of majority Dominant symmetry of minority

MTJ Configuration (E — Ep) spin channel spin channel
Fe/CdS/Fe P —3.0 eV to —0.5 eV Ay, Ay, As Ay, Ay
P +0.0 eV to +1.0 eV 44 45, 45
P +1.0 eV to +2.1 eV Ay Ay, Ay, As
Fe/CdS/Fe AP —1.7eVto —1.5 eV Ay, As A,
AP —1.3 eVto —0.5eV A4, Ay, A5 Ay
Fe/ZnS/Fe P —2.4 eV to —0.3 eV Ay, Ay, As Ay
P —0.1 eV to +0.6 eV Ay, As Ay, As
Fe/ZnS/Fe AP —2.4eVto—1.1¢eV Ay, As A,
AP —1.0 €V to +0.6 €V Ay, As Ay, As
Fe/Cd;ZnS,/Fe P —3.0eVto —0.7 eV Ay, Ay, A5 Aq,y Ay
P —0.5 €V to +0.0 eV Ay, As Ay, As
P +0.7 eV to +1.0 eV 1 Ay, A5
P +1.0 eV to +2.0 eV Aq Ay, Ay A5
Fe/Cd;ZnS,/Fe AP —1.0 eV to —0.3 eV Ay, As Ay, As
AP —0.2 eV to +0.3 eV Ay, As Ay, As
AP +0.3 eV to +0.6 eV Ay Ay, As
AP +1.3 eV to +1.9 eV Ay Ay, Ay, As
Fe/Zn;CdS,/Fe P —2.0 eV to —1.0 eV Ay, Ay, As 2
P —1.0 eV to +0.0 eV A4, Ay, A5 Ay, As
Fe/Zn;CdS,/Fe AP —1.0 eV to —0.5 eV Aq, As 2
AP —0.5 eV to +0.3 eV Ay, As Ay, As
(a) (b)
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Fig. 5 Spin-polarized current in the (a) P and (b) AP configurations.

around the I'-point. A majority spin 4; band crosses Er with
high dispersion, while the corresponding minority spin 4
band appears at higher energy due to the magnetic exchange
field, resulting in 100% spin polarization in the 4, channel.
The 4, and 45 bands crossing Er give only small contributions
to T°(E, V) due to mismatch with the Bloch state symmetry of
the barrier (4,).

Fig. 4 shows T(E) for both the P and AP configurations
separately for the majority and minority spin channels. The
obtained dominant symmetries of the two spin channels at the
I'-point are summarized in Table 1. The Fe/CdS/Fe MT]J shows
in the P configuration almost pure majority spin transmission
in the range —1.5eV < E — Er < —0.5 €V. At Ex the TMR is 30%
and at Er + 0.1 eV the highest TMR of 5000% is obtained. The
Fe/ZnS/Fe MT]J shows in both the P and AP configurations
almost pure majority spin transmission in the range —2.4 eV
< E — Er < —1.1 eV and in the P (AP) configuration almost

2736 | Phys. Chem. Chem. Phys., 2025, 27, 2732-2738

pure majority (minority) spin transmission in the range —0.1 eV
< E — Ep < 0.6. At E the TMR is 10% and at Ex — 2.0 eV the
highest TMR of 600% is obtained. The Fe/Cd;ZnS,/Fe MT]
shows in the P configuration almost pure majority spin trans-
mission in the range —0.5 eV < E — Ex < 0.0 eV. At Ey. the TMR
is 40% and at Er — 0.9 eV the highest TMR of 1000% is
obtained. The Zn;CdS,; MTJ shows in the P configuration
almost pure majority spin transmission in the range —2.0 eV
< E — Er < —1.0 eV, in the AP configuration almost pure
minority spin transmission in the range —1.0 eV < E — Ex <
—0.5 eV, and in both the P and AP configurations almost pure
majority spin transmission in the range 0.0 eV < E — Er <
0.3 eV. At Er the TMR is 110% and at Er — 1.5 eV the highest
TMR of 600% is obtained.

The spin-polarized current I' — I'* is shown in Fig. 5 for both
the P and AP configurations in comparison to that of a Fe/MgO/
Fe MTJ with a barrier thickness of 15.44 A. At V = 2 V, for

This journal is © the Owner Societies 2025
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Fig. 6 Bias-dependence of the transmission of the Fe/CdsZnS4/Fe MTJ in
the P configuration.

example, the spin-polarized current density of the P configu-
ration amounts to 3.0 x 10 A cm™? for the Fe/CdS/Fe MT],
6.0 x 10° A cm ™2 for the Fe/ZnS/Fe MT]J, 4.4 x 10® A cm™? for
the Fe/Cd;ZnS,/Fe MTJ, and 5.0 x 10 A cm™? for the Fe/
Zn;CdS,/Fe MT]J, exceeding the value of 2.4 x 10° A cm™?
obtained for the Fe/MgO/Fe MTJ by up to two orders of
magnitude. The bias-dependence of the transmission of the
Fe/Cd;ZnS,/Fe MT] with the highest spin-polarized current
density of the P configuration is shown in Fig. 6.

V. Conclusion

We have explored the possibility of using the opto-electronic
materials CdS, ZnS, Cd;ZnS,, and Zn;CdS, as tunnel barriers in
next generation MTJs. Fe-based MTJs adopting these semicon-
ductors are found to have excellent potential in hybrid memory/
logic components, displays with large viewing angle, and
quantum-bit manipulators, for example, due to the provided
high spin-polarized current. We have identified the areas of the
two-dimensional BZ where «(Eg, k) is minimal and T(Eg)
therefore is maximal, finding in each case dominant transport
at the I'-point, where the valence band edges are dominated by
p: orbitals and the conduction band edges are dominated by s
orbitals. By complex band analysis we have established A4,
symmetry filtering of the Bloch states at the I'-point. The
highest TMR is found to be 5000% at Er + 0.1 eV for the
Fe/CdS/Fe MTJ, 600% at Er — 2.0 eV for the Fe/ZnS/Fe MT]J,
1000% at Ex — 0.9 eV for the Fe/Cd;ZnS,/Fe MT], and 600% at
Er — 1.5 eV for the Fe/Zn;CdS,/Fe MT]J.
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