Spin-Polarized Electron Transfer in Multilayers with Different Types of Rough Interfaces

A.H. Ramezani!, S. Hoseinzadeh?3, Z.H. Ebrahiminejad!, S.F. Masoudi* and A. Hashemizadeh®

Abstract

In this study, the influence of interfacial roughness of multilayers structures on spin filter tunneling is investigated at low biases as
a function of interfacial roughness type. The results show that the roughness causes the reduction of resonant tunneling,
maximum achievable tunneling magneto resistance (TMR), and spin-filtering efficiency of tunneling structures. Based on the
numerical results, decreasing the electronic devices’ efficiency is straight related to roughening of interfacial. Additionally, the
effect of different temperatures is investigated on the spin polarization (SP). The values of SP decreased sensibly by increasing

the temperature.
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1 Introduction

Spin-dependent tunneling through magnetic tunnel structures
has recently aroused enormous interest and developed in var-
ious ranges of research field [1-5]. The potential advantage of
using the electron spins to both store and transfer information
has motivated researchers into magnetic tunnel junctions
(MT1Js) [6]. The barrier height and the thickness of magnetic
multilayers play a critical role in the efficiency of electron spin
polarization [7-10]. Based on the reported experimental re-
sults [3, 11], it is evident that the interfacial roughness of
magnetic tunnel junctions can strongly affect the related
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electron transport quantities such as tunneling magneto resis-
tance (TMR) and the degree of spin polarization [12—18]. The
various methods have been proposed to model interfacial
roughness in heterojunctions theoretically [12, 13]. In our re-
cent work, the influence of interfacial roughness was studied
on the electronic properties of MTJs. These structures consist
of a nonmagnetic metal (NM) layer between two ferromag-
netic semiconductor (FMS) barriers which was sandwiched
between two NM layers. The calculation was carried out at
zero temperature [12]. In the present study, the effect of types
of rough interfaces has been studied on the electron transport
through the mentioned MTJs. In order to make a comparison
between our results and experimental works, the two rough
interfaces were produced by using the two standard models of
deposition, i.e., random deposition (RD) and ballistic deposi-
tion (BD) models. For growth, the interfaces/surfaces by using
RD model, often a flat substrate, is considered and each par-
ticle falls vertically till it reaches to a random site on the
substrate. Therefore, the height of the randomly chosen site
(column) increases by one. There is no priority for deposition
and therefore, there is no correlation among the columns, thus
the surfaces grow independently. But in the BD model, the
highest site, in comparison with the nearest neighbors, is se-
lected. And, the particles, which fall vertically on the sub-
strate, stick to the aggregation or the substrate in the first
contact. Therefore, some parts of interfaces/surfaces are va-
cant permanently which results to generation of the porous
surfaces and the correlation extends along the surface [19-29].



The non-equilibrium conditions of these growth models
lead to generation of the rough interfaces/surfaces. After gen-
eration of (2 + 1) dimensional interfaces using the mentioned
two different growth models, they were used separately as the
interfaces of MTJs. Here, the generated rough interfaces have
been used for top interfaces of double barrier tunneling struc-
tures where the incident side is left to right. The results for
transport properties of each MTJs have been compared. Also
in the present work, the variation of temperature has been
investigated on the spin-polarized electron transport through
the MTJs.

The paper is organized as follows. At first, the model and
formalism are described in Section 2. Then, the results and
discussions are presented in Section 3, and at the end, the
Section 4 devotes to conclusion and remarks.

2 Model and Formalism

Consider a system consisting of NM/EuS/NM/EuS/NM. The
incident electrons propagate from left electrode to the right.
The electric current entering the right electrode/collector is
spin polarized because the tunneling electrons see different
paths, namely spin-up and spin-down channels, depending
on the spin of electrons. In other words, the spin-dependent
transport is a consequence of imbalance between spin-up and
spin-down currents that tunnel from the FMS electrode into a
magnetic tunnel barrier. The barrier heights (¢4, ) are spin-
and temperature-dependent and can be defined at below and
above the magnetic ordering temperatures, 7 as [3]:

¥ = Po,

where 7.=16.5 K, AE=0.36 eV is the spin-splitting energy
between the two spin sub bands in the FMS layer at zero
temperature, and ¢o=0.75 eV is the energy difference be-
tween the bottom of the conduction bands in the FMS layer
and that of the NM electrode at zero temperature and zero bias
voltage [11, 12].

For electrons propagating through the NM/FMS/NM/
FMS/NM magnetic tunnel junction, the effective one-
electron Hamiltonian in the z-direction is given by
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where b, d, and c are the thicknesses of the two barriers and the
central layer, respectively. £ is the fermi energy, V,, is the bias
voltage, and r| = (x, y) is the in-plane coordinate vector. V(r|,

2) = gol0(z = fr)))], where 0(z) is the step function and f{r))) is
the width of the rough interfaces [30]. If f(r) becomes zero,
the transmission through perfect planar interfaces will label by
perfect component. It is worthy to note that the first and third
interfaces are considered rough. The last term in Eq. (2) is a
spin-dependent potential and denotes the s—f exchange cou-
pling between the spin of tunneling electrons and the localized
f spins in the FMS layers [31-33]. Within the mean-field ap-
proximation, V7 is proportional to the thermal average of the f
spins, (S.) (7/2 Brillouin function), and can be written as
—Io(S.) and —Ir(S,) for the left and right FMS barriers, respec-
tively. Here, 7=+ 1(— 1) for the parallel (antiparallel) align-
ment of the magnetizations. Also, / is the s—f exchange con-
stant in the magnetic barrier, and o=+ 1 for spin-up and spin-
down electrons [11].

The wave function is written as

¥ = %, (@ (@)el™) + 8], (g)e (4 ) elian), (4)

in each region. ¢ = (q., ¢) is the transverse wave vector, £; is
the wave number in the jth region, and 7| = (x, y) is the in-
plane coordinate vector. a;,(¢) and b;,(¢) correspond to for-
ward and backward propagation states, respectively, where
~v=0 and =+ denote to direct and scattered components. Here,
we used the transfer matrix:
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where a%) = 0 denotes that there is only the direct incident

component [12, 34]. Also, we have considered bgl) = 0 since
there is no reflection in the last region across the interface. The
transmission through the double barrier heterostructure can be
calculated by the continuity conditions of wave function
and the probability current density of the electron (1/m")(d P
/dz), as follows:



Fig. 1 Central layer thickness and
temperature dependency of SP
and TMR for perfect case (T =0,
0.3 7,0.6 T, and 0.97. from top
to down)
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0 and + refer to the direct and indirect (roughness scattered) Yvhe.re th (E. .Va) is the transmission .p.robability. Spin polar-
ization is obtained from current densities of spin-up (1) and

components of transmission probability, respectively [12]. i
Therefore, the current density can be written as [31], down (] ) orientations, SP= ﬁ [7, 8]. Consequence of spin-
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Fig. 2 Logarithm of transmission probability as a function of incident down orientation, respectively. The right and left columns show the
electron energy in the presence of roughness for an interval of effect of BD and RD roughness models, respectively
temperatures. The top and bottom figures are related to spin-up and
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Fig. 3 Logarithm of transmission probability as a function of incident
electron energy in the presence of roughness for an interval of
temperatures. The top and bottom figures are related to spin-up and

dependent tunneling is an important effect, TMR. Majority of
researchers define TMR as the conductance difference be-
tween parallel (P) and antiparallel (AP) magnetizations of fer-
romagnetic regions, normalized by the antiparallel conduc-
tance, i.e. TMR = 4242 [7, 8],

3 Results and Discussion

The values of the used parameters are as follows. The thick-
nesses of barriers and quantum well are considered 0.5 and
0.75 nm, respectively. We consider m, =my and m, =1.5my
[35] for the electron effective mass in NM and FMS materials,
respectively, where my is the electron mass in free space [11].
Also, Eris the electron Fermi energy which has been taken as
1.25 eV. The parameters for EuS barrier layer are /=0.1 eV
and S=7/2 [36]. The T, =16.5K [37].

Reduction of effective barrier thickness and decrease of trans-
port is the general description of roughness effect in electron
transport phenomena. In spin filter junctions, there are two con-
duction channels, one for each spin. As it was mentioned before,
the barrier heights are temperature-dependent. Thus, based on

Temperature (Tc)

down orientation, respectively. The right and left columns show the
effect of BD and RD roughness models, respectively

Eq. (1), the spin-up barrier height decreases with the decreasing
temperature. Also, above T, two spin channels see the same
barrier height, therefore, the SP and TMR reduce to zero [1, 2].
In order to understand the origin of peaks and periodic variation
of electric current in SP and TMR, the energy dependency of the
transmission probability through MTJs is analyzed. In calcula-
tion, the applied voltage is V,, =50 mV [12]. The other parame-
ters are mentioned in the figures. Figure 1 shows the dependency
of SP and TMR to thickness of central layer for different tem-
peratures. Several features of The SP and TMR curves are inter-
esting. There are well-defined peaks which decrease with in-
creasing the thickness of the central layer of double barrier struc-
ture. This behavior is a result of resonant tunneling through
structure and quantum-well states formed in the central layer.
Also, the periodicity in SP and TMR is correlated strongly with
the resonant states in quantum wells [11, 13, 14, 31]. In previous
works, the perfect case for MTJs and their results are studied [11,
12, 32]. In the present work, effect of interfacial roughness type
on tunneling phenomena was interesting; thus, the transmission
probabilities as a function of incident electron energy have been
shown for all spin orientations and all configurations.

Also, as the barriers were considered ferromagnetic semi-
conductor materials, the effect of temperature variation has



been investigated. In tunneling phenomena, an electron im-
pinging on structure has a maximum quantum tunneling prob-
ability when its energy corresponds to a quasi-bound. Because
of the quasi-bound states in the central NM layer, the trans-
mission coefficients reach unity at the resonance peaks which
become sharper in the low incident energy region, since in this
energy region, the resonance levels are more strongly quan-
tized [11]. In no perfect cases (considering rough interfaces),
there are resonant peaks in transmission probabilities that do
not reach unity. This fact can be seen in Figs. 2 and 3 for all
spin orientations and configurations.

Further analysis of transmission curves is noteworthy be-
cause the type of roughness has the significant effect on the
conduction. The results indicate that the interface roughness
scattering reduces the resonant tunneling peak and this reduc-
tion is different for various interface roughness types. We have
considered two different MTJs which their top rough interfa-
cials were produced by using the BD and RD models,

respectively. The sampling phase detector (SPD) tunneling
through two MGJs has been compared in Figs. 2 and 3. The
electron scattering effect due to rough interfaces, which are
produced by using the random deposition model, is stronger
than that of the ballistic ones.

The same results for all spin orientations and antiparallel
configuration are presented in Fig. 3. Also, in this figure, the
electron scattering through the tunneling structures, which
their interfaces are generated with RD model, is more than
that of the BD ones.

Based on Eq. (7), the current density is related to transmission
probability and temperature [11, 12]. There is an imbalance be-
tween current density of spin-up and down orientation which
causes TMR and SP phenomenon. Figure 4 shows the thickness
and temperature dependency of SP and TMR of SPD tunneling
through rough MTJs. The tunneling phenomena through rough
interfaces can cause spin flip effect, so some of the majority of
the electrons change their spin direction and tunnel into the
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Fig. 4 Thickness and temperature dependency of SP (top figures) and TMR (bottom figures)



corresponding minority states. Therefore, asymmetry distribution
of the density of states may be decreased.

On the other hand, the scattering process can create the
additive dip, and peak resonance energies and their position
may be changed with variation of central layer width. These
facts cause irregularity in SP and TMR behavior. With in-
creasing the temperature, the SP and TMR magnitude de-
crease [33]. This is because of temperature dependency of
spin-splitting conduction band of spin-filtering barriers. In an-
other words, as temperature decreases, the spin channel with
the lower barrier height has a larger tunneling probability. At
T'=0K, the TMR and spin polarization have their maximum
values and above the T, splitting of conduction bands be-
comes zero [1, 2]. These effects can be seen in no perfect case
too, but the presence of roughness suppresses the temperature
dependence [38—45].

These results are in agreement with experimental studies
and indicate that besides the temperature, barrier thickness,
and height, the type and magnitude of roughness play the
critical role for controlling the tunneling through MTJs [17,
18, 38]. These results could be useful for designing the spin
filter devices and experimental research.

4 Conclusion

In present work, the effects of two different types of interface
roughness and temperature have been studied on the spin-
filtering process through spin filter tunneling. The presence
of rough interfaces causes reduction of maximum achievable
resonant tunneling and also results to the reduction of spin-
filtering efficiency. As a noteworthy result which agrees with
the experimental ones, the electron scattering effect due to
rough interfaces, which are produced by using the random
deposition model, is stronger than that of the ballistic ones.
Also, based on numerical results, roughness suppresses the
temperature dependency of transport properties of spin-
filtering structures.
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