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Abstract: This work presents an examination and unification of fragmented data on spin polarization
in half-metallic, ferrimagnetic oxides. It also includes well understood ferromagnetic metals for com-
parison. The temperature and disorder dependencies of the spin polarization are evaluated. Both the
temperature dependence of the tunnel magnetoresistance and, for the very first time, its temperature
coefficient are calculated based on the simplified Julliére model. The tunnel magnetoresistance in the
magnetic tunnel junctions deteriorates due to the temperature dependence of the spin polarization
the lower the Curie temperature is. As a result, magnetic tunnel junctions—consisting of ferromag-
netic oxides with a Curie temperature not far above room temperature—are not promising for room
temperature applications. Additionally, ferrimagnetic oxides possessing a Curie temperature below
650 K are not suitable for room temperature applications because of an unacceptable temperature
coefficient exceeding —2%.
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1. Introduction

Spintronics (spin-transport electronics) was born in 1988 as a result of the discovery of
giant magnetoresistance (GMR) in Fe/Cr multilayer structures [1,2], honored by the 2007
Nobel Prize in physics. Within 10 years, GMR read heads in hard disks were introduced
into the market as first-generation spintronic devices and revolutionized the magnetic mass
storage industry. Later, GMR was superseded in most applications by devices based on the
tunnel magnetoresistance (TMR) [3]. Both the GMR-based and TMR-based devices consist
of thin-film structures, including two ferro(ferri)magneic (FM) layers with a nonmagnetic
interlayer. Similar to GMR, the resistance of the TMR junction is linked to the relative
orientation of the magnetization of the two FM electrodes.

Nowadays, spintronics continues its development via the investigation of a wide
variety of spin-dependent transport and transfer processes, novel materials, phenomena,
and device concepts. However, there are still many open questions and challenges [4].

Spin-dependent tunneling was first investigated in a Ni/ Al thin-film structure, where
the density of states in superconducting Al splits in a high magnetic field into spin-up and
spin-down-states forming a gap [5]. The TMR was obtained in 1975 in thin-film stacks with
insulating tunneling barriers placed between two FM layers [6]. It was shown that the TMR
effect originated in spin-dependent tunneling. In 1995, improved technologies allowed for
the fabrication of magnetic tunnel junctions (MTJs) that showed resistance changes that
were interesting for applications, e.g., at room temperature [7,8]. Later, it turned out that
TMR can significantly exceed GMR in terms of resistance change [9-12]. It has to be noted
that the high TMR in MTJs possessing a MgO barrier was attributed to a coherent tunneling
effect [9].

According to the simplified Julliére model [6], a near 100% spin polarization is a
prerequisite for a huge TMR. Another pertinent parameter for spin-dependent tunneling is
not the spin-polarization of the FM surface but that of the FM/tunnel barrier interface since
spin polarization determined from tunneling experiments is not an intrinsic property of the
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FM electrodes. It depends on the barrier material [13], the barrier height [14], the electronic
structure of the barrier [15], and the nature of the counter electrode [16]. The electronic
structure affects the spin polarization via the position of the Fermi level with respect to
the electronic levels above and below the gap of the insulator [17] and the actual profile of
the potential barrier [18]. Other parameters having an impact on spin polarization are the
presence of nonmagnetic metal impurities and disorder in the barrier layer [19].

The ideal spin polarization of 100% is realized in ideal half-metals, where electron
conduction occurs exclusively by charge carriers of one spin direction. In reality, materials
exhibiting a half-metallic character consist of two conduction channels, e.g., in the case of
Sro,FeMog_s (SFMO), a semiconducting one for the up-spin band and a metallic one for the
down-spin band. Here, only the latter is continuous at the Fermi level [20].

The aim of this work is an examination and unification of fragmented data on spin
polarization in half-metallic, ferrimagnetic oxides. For comparison, well understood ferro-
magnetic metals are also included. The temperature and disorder dependencies of the spin
polarization are evaluated. Based on these results, both the temperature dependence of the
tunnel TMR and, for the very first time, its temperature coefficient are estimated based on
the simplified Julliére model.

2. Methods

In the simplest model, the TMR is determined by the amount of spin-polarization of
the two FM layers P; and P, as [6]

2P, P
TMR = =12

T 1-PpP, )

Within this Julliere model, spin polarization is defined in terms of the density of states
for up and down spins, n4(Ef) and 1 (Ef), correspondingly:

ny(Ep) —n|(EF)
ny(Ep) +ny(Ep)’

P= @)

Since the tunneling matrix element for s-electrons is much larger than that of d-
electrons, which in turn define n(Ef) [21], the tunneling spin polarization is superiorly
determined via the spin-up and spin-down current densities [22]:

=1
Pr = ’
T I+

®)

which transforms to [23]

Pr = 27 (4)

where T} and T are spin-dependent tunneling matrix elements. These matrix elements
are determined by wave function overlap at the interface and should generally differ for
the spin-up and spin-down bands. In Equation (1), the spin is supposed to be conserved.
The TMR is then governed solely by the spin polarization of each of the FM electrodes.
Thus, the Julliere model implies that all one needs to build a proper TMR-device is to find
EM electrodes with the highest possible spin polarization at room temperature. In this
work, we consider a tunnel spin polarization derived from experimental TMR data by
means of Equation (1). This value takes into account the interaction with the dielectric
barrier. It will be different from the values determined for single FM layers from spin
polarization experiments.

A dynamical theory of spin-polarized low-energy electron diffraction from ferro-
magnetic surfaces proves that in the case of only single scattering, the polarization is
proportional to the surface magnetization [24]. On the other hand, magnetization and spin
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polarization were proposed to have a similar temperature dependence [25] based on the
fact that spin polarization scales approximately with the magnetic moment of the alloy as
its composition is varied [26]. Such proportionality was also found in ferromagnetic glasses
NigoFeqoByg [27]. A theoretical work [28] yields a T3/2 dependence of spin polarization
assuming that the tunneling barriers are sufficiently disordered (so that memory of the
Bloch momentum parallel to the junction plane is lost upon tunneling). Therefore, we
suppose following [25] that the spin polarization resembles the magnetization behavior in
the low temperature region known as Bloch’s T3/2 law:

P(T) = Py(1 — gpT'?) = Py(1 — kgmsT>'?), (5)

with T the temperature. Here, gp is a fitting parameter. It is also sensitive to surface
contaminations and depends on interface chemistry [29]. The parameter g;; describes
the Bloch T%/2 law of the surface spontaneous magnetization. The value gy s is generally
larger than that of the bulk due to a reduced coordination of surface atoms. In the ideal
case of a free surface at low temperatures possessing a spin interaction solely with the
nearest neighbor plane, gy s is twice the bulk value [30], whereas for the ferromagnetic
glass NiggFeq0Byg it amounts to three times the bulk value [27]. A nonmagnetic overlayer
will reduce this excess. The fit of the coefficient k to lanthanum-strontium manganite
(Lap /3511 ;3MnO3, LSMO) thin films yielded values of k = 4.22 for LSMO/SrTiO3, k = 3.51
for LSMO/TiO;, and k = 1.13 for LSMO/ LaAlOs, respectively, while in the case of a free
LSMO surface, it is k = 9.17 [31].

In the following, we will consider double perovskites exhibiting antisite disorder
(ASD) on the B-site. We assume that the dependence of spin polarization on the ASD is
similar to the dependence of the magnetization on the ASD [32]. In this case, it is given by

P(ASD) = Py(1 —2ASD). (6)
The TMR then yields [33]:

2
2P3(1— gpT®/?)

TMR = - 5.
1— P2(1 - gpT3/2)

@)

Supposing an ASD of about 10% and Py = 0.9 [34], we arrive at TMR values for SFMO
of 214% and 11% at 4 K and room temperature, respectively. Taking spin-independent
tunneling into account, the attainable TMR yields [35]

2P2(1 — gpT3/2)* — Bgy(T)

TMR = . ,
1—P2(1—gpT32)" + Bgi(T)

®)

where Bsi(T) is both a temperature- and barrier-dependent coefficient to describe the
spin-independent tunneling.

3. Results and Discussion

Table 1 compiles the parameters of Equation (5). The low-temperature spin polariza-
tion was taken from literature. For the sake of simplicity, the Bloch ‘s T%/2 coefficients gp
were estimated using the Curie temperature T

gp~ T2 9)

They are in satisfactory accordance with previous data of 0.1-0.6 x 1075 for Co/Al,O5 [25],
1.9 x 10~* for LSMO/SrTiO;3, 5.1 x 1072 for LSMO/LaAlO3, 1.58 x 10~ for LSMO/TiO; [31],
and 1.9 x 10~* for SEMO/SrTiOj3 [34]. Table 1 also includes Sr,CrReOg (SCRO), possessing
the highest Curie temperature, T¢ = 635 K, among the double perovskite family [36]. For
ordered SCRO, a low-temperature spin polarization of 0.86 was derived from density-
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functional calculations [37], but TMR data are still not available so far. Additionally, its
saturation magnetization is about only a quarter of that of SFMO [36,38]. Note that here we
neglect the barrier material dependence of the parameter gp because of the high scatter of
experimental data (cf. in [31]). When comparing LSMO/SrTiO3; and LSMO/LaAlO; [31],
this approach results in an uncertainty of the gp value within a factor of four. Since the
bonding with oxygen does not quench the surface magnetism of the ferromagnet [39], gp
is mainly defined by the bonds of the ferromagnet with the cations of the barrier layer.
Here, especially d-bonding to transition metal cation changes in the electronic properties
at the ferromagnet/barrier layer interface. Thus, in a very crude first approximation, the
parameter ¢p might be scaled with the electronegativity—a measure of the ability to attract
electrons—of the transition metal cations in the barrier layer. In this case, the gp values of
LSMO/SrTiOz and LSMO/TiO; should be nearly the same, as obtained experimentally [31].
On the other hand, the available data are too sparse to carry out such an analysis for
a sufficient number of materials. Additionally, comprehensive theoretical work on this
problem is still missing.

Table 1. Low-temperature spin polarization, Curie temperature, and Bloch’s T3/2 law coefficient of
ferromagnetic metals and ferrimagnetic oxides.

Compound Py Tc, K g T3
Fe 0.44 [40] 1043 2.969 x 107>
Co 0.34 [40] 1400 1.909 x 107>
LSMO 0.85 [41] ~3001 1.925 x 10~*
SFMO 0.72 2 [34] 420 1.162 x 10~*
SCRO 0.692[37] 635 6.249 x 10>
Fe304 0.55 [42] 858 3.379 x 10~

1 Tc estimated for P — 0 using data [31]. 2ASD=0.1.

Figure 1 shows the temperature dependence of the tunneling spin polarization for:

e  FM metals, compared with the experimental data of CoFe/Al,O3/Co [8], CoFeB/
Al,O3/CoFeB, and CoFeB/MgO/CoFeB MTJs [33];

e  LSMO, compared with the experimental data of LSMO/SrTiO3/LSMO [43-45], LSMO/
SrTiO3/LSMO, LSMO/TiO, /LSMO, LSMO/LaAlO3/LSMO [31], LSMO/SrTiO3/
LSMO, and LSMO/CaTiO5;/LSMO [46];

e  SFMO, compared with the experimental data of SFMO/SrTiO3/Co [41], SEMO/SrTiOz/
SEMO [47], and magnetite (Fe30,), with the experimental data of Fe;04/AlOy/Co,
Fe304/AlOy/Ni [16], Fe304(110)/ AlOy /CoFe [48], Fe304(110)/ Al,O3/Co [49], and
Fe304/ MgO/Fe [50].

Lines are calculations, and symbols are values derived from experimental data. Note
that we also have considered magnetite, which is an electric conductor at room tem-
perature with exponentially increasing resistivity toward lower temperatures [51]. Ad-
ditionally, Figure 1 nicely illustrates the strong dependence on the interface conditions
discussed above.

Figure 2 depicts the TMR calculated using Equation (7), considering the temperature
dependencies of tunneling spin polarization presented in Table 1 and Figure 1. The TMR
in the MTJs deteriorates due to the temperature dependence of the spin polarization the
lower the Curie temperature is.

As a result, MT]Js consisting of FM oxides with a T¢ not far above room temperature
are not promising for room temperature applications. Note that we have not taken into
account spin-independent tunneling that—according to Equation (8)—further reduces the
TMR. Due to this reason, the experimental data of SFMO and Fe;O, are lower than the
calculated ones. In the case of SFMO, the value of the coefficient Bs; (298 K) amounts
to about 0.1 [35]. On the other hand, the discovery of the coherent tunneling effect at
Fe(100)/MgO(100) boundaries enables theoretically MR values of up to 1000% [9-12]. This



Electron. Mater. 2022, 3 231

has shifted the research activities in the last years to M1]Js employing magnetic electrodes
of Fe-containing alloys. That separate effect will not be not accounted in this work.
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Figure 1.  Temperature dependence of the tunneling spin polarization for FM metal,
in comparison with experimental data of CoFe/Al,O3/Co [8], CoFeB/Al,0O3/CoFeB, and
CoFeB/MgO/CoFeB [33] (a); for LSMO, in comparison with the experimental data of LSMO
/SrTiO5/LSMO [43-45], LSMO/SrTiO3/LSMO, LSMO/TiO, /LSMO, LSMO/LaAlO3/LSMO [31],
LSMO/SrTiO3 /LSMO, and LSMO/CaTiO3/LSMO [46] (b); for SEMO, in comparison with the exper-
imental data of SEMO/SrTiO3/Co [41] and SEMO/SrTiO3/ SEMO [47], as well as Fe3O,4 in compari-
son with experimental data of Fe304/AlOy/Co, Fe304/AlOx/Ni [16], Fe304(110)/ AlOy /CoFe [48],
Fe304(110)/Al,O3/Co [49], and Fe304/MgO/Fe [50] (c).

In the ideal case described by Equation (7), the temperature coefficient of TMR is
given by:

1 d(TMR) —3gpT!/2
TCTMR = = . (10)
TMR dT P2(1 - ng3/2)2 — P11 - ng3/2)4
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Figure 2. Temperature dependence of the TMR calculated using Equation (7), in comparison with ex-
perimental data of Co/Al,O3/NigyFey [52], LSMO/SrTiO3/LSMO [31], SEMO/SrTiO3/SFMO [47],
and F8304(110)/A1203/C0 [49]

Figure 3 shows the temperature dependence of the temperature coefficient of the
TMR calculated by means of Equation (10). The value of TCrpr at a given temperature
depends strongly on the value of gp and, thus, on the Curie temperature. As a result,
FM materials possessing a T¢ value below 650 K are not suitable for room temperature
application because of an unacceptable temperature coefficient of TCrpr > —2%.

0-

100 200 300
Temperature /K

o -

Figure 3. Temperature dependence of the temperature coefficient TCrpjr of the TMR calculated by
means of Equation (10).

4. Conclusions

The temperature and disorder dependencies of the spin polarization were evaluated.
Both the temperature dependence of the TMR and, for the very first time, its temperature
coefficient were calculated based on the simplified Julliére model. The TMR in MT]Js
deteriorates due to the temperature dependence of the spin polarization the lower the
Curie temperature is. As a result, MT]Js consisting of ferromagnetic oxides with a T¢
value not far above room temperature are not promising for room temperature application.
Additionally, ferrimagnetic oxides possessing a Curie temperature value T¢ < 650 K are
not suitable for room temperature application because of an unacceptable temperature
coefficient exceeding —2%.
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