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Abstract. This paper investigates spin-current transport in GaMnAs/GaAs/GaMnAs magnetic
semiconductor tunnel junctions under applied bias voltages. The 30-band k-p approach is used
to describe the materials within the heterostructure, incorporating both spin-orbit and exchange
interactions. We use the transfer-matrix formalism to derive numerical solutions for the wave
functions. At specific bias values, we calculate the polarization of the spin-current component
along the z direction of the structure. We show oscillations of the two spin-current components
perpendicular to the magnetization with equal polarization amplitude and characteristic period.
The polarization amplitude varies around 10%, reflecting the typical polarization in such type of
material. The oscillation period - which relates to the Larmor frequency for spin precession -
increases with the bias voltage values.
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I. INTRODUCTION

Spintronics is an emerging research field that studies electron spin properties to improve
the efficiency and design new functionalities of electronic devices. Therein, manipulating the
device magnetization states is one of the main objectives which could be reached with the use
of polarized spin currents [1,2]. The spin currents pass through the structure, interact with it,
and exert spin torques on the local magnetization. Part of the spin momentum is transferred to
the local magnetization, resulting in a re-orientation or reversing its direction. This effect, the so-
called current-induced magnetization switching (CIMS), has been experimentally found in various
classes of materials, including metallic, topological insulators, and magnetic semiconductors [3—
7]. It is nowadays spintronics core technology, providing prospects for engineering a new memory
device generation with high speed and high information storage density [8].

A detailed analysis of spin currents is important to understand the switching mechanism [7].
Spin current is generally understood as the difference between the electron currents carrying up
spins and down spins within the system. In term of quantum mechanics, the spin current can be
calculated as the expectation value of the spin current operator - the dyadic product of the velocity

o
9
This expression is valid in systems with Hamiltonians containing up to second-order terms in the
momentum operator [10] and is so far considered as the canonical definition for spin currents.
Nevertheless, the study of the spin-current profile remains quite limited and is only performed in
effective models where the wave functions are relatively simple [11-14].

Magnetic Tunel Junctions (MJTs) are essential structures for Magnetoresistive Random Ac-
cess Memory (MRAM) applications [8]. Meanwhile, GaAs and GaMnAs, with the simultaneous
presence of exchange and spin-orbit coupling, are promising platforms for novel spin-related ef-
fects [15]. It has been shown that CIMS may happen in GaMnAs-based MJTs without external
magnetic field. The critical current density for switching is hundred of times less than that in
traditional metal MTJs [3, 16]. However, studying spin transport in such systems is challenging
as it involves the contribution of multi-electronic bands. In recent works, we have developed k - p
codes up to forty bands with spurious state removal, which can perfectly describe the spin-related
phenomena in III-V semiconductor systems [16, 17]. In this paper, we will use our 30-band k - p
codes to investigate the concept of polarized spin current in a GaMnAs/GaAs/GaMnAs MJT struc-
ture in the case when an external bias voltage is applied. We will compute the profile of the three
spin components along the structure z direction and then study the dependence of the spin-current
properties on the bias values.

and Pauli operators [9]: j; ~ V® 6. Here the velocity ¥ is defined from the Hamiltonian, ¥,

II. PROBLEM DESCRIPTION AND METHOD
I1.1. Problem description

We consider the MTJ structure formed by a GaAs-based semiconductor heterojunction
grown along the [001] crystal axis. This structure, shown in Fig. 1, consists of a layer of in-
trinsic GaAs semiconductor with thickness d; acting as a potential barrier, sandwiched between
two GaMnAs layers on the left and right sides with thicknesses d; and d3 respectively. The struc-
ture is in the spin-transfer configuration with the magnetization directions of the two GaMnAs
layers perpendicular to each other. The energy difference between the two bandgaps of the GaAs
and GaMnAs layers defines the barrier height Vj,. The whole structure is placed under a forward
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Fig. 1. Tunneling through a GaMnAs/GaAs/GaMnAs magnetic tunnel junction with
spin-transfer configuration under applied bias voltage.

electrical bias voltage Up;.s > 0. A particle of energy Ey is injected obliquely into the system with
the in-plane wave vector components [y, ky]. The Schrodinger equation for the wave function
writes:

(H+V)|¥)=E|¥). (1)

Here H is the k - p Hamiltonian and V = Vj + V. (z) is the potential, where

Vi it di <z<d +ds,
Vo= { 0 otherwise, &)
and .
Vext (Z) = —Vbiasm‘ 3)

describe the potential drop from the left to right electrode resulting of the applied bias voltage;
here Vjius = eUpias > 0.

I1.2. Computation Method

To describe the energy structure of the semiconductor layers, we use the 30-band k.p for-
malism in which the Hamiltonian takes the form of a 30 x 30 matrix written in the basis functions
of the {F6q,ng,F7d,,Fg,3,F6u,F8C,F7C,F6,Fg,F7,F6V} band set in the 7; group [18]. For the
GaAs layer, we take the Hamiltonian expression in Ref. [18], with the parameters from Ref. [19].
For GaMnAs layers, an additional term describing the exchange interaction is taken into account,
which generally has the form of a block-diagonal matrix:

A . Is [7a84 5/ Ts_ I Icsc 14,1 I'78 /T
Heye :dlag(Wexcqywexc 7W 8 37W S, Wexe 7W 8y Wexc 7W GV); (4)

exc exc ? excr exc
with
Wi = 0" s m. )
Here w"i and s'i are the exchange energy and spin vector in the subspace I'j, and m is the unit
vector along the magnetization direction. In this article we make the approximation that only
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the exchange interaction acting on the first conduction I's and uppper valence bands I'7g gives
significant contribution. Expressions for the spin vectors s'¢ and s'7# have been derived in the
Ref. [20].

We will reformulate the transfer matrix for solving the tunneling problem in the case of an
arbitrary potential barrier [21] in a multi-band description. The structure in Fig. 1 is divided into N
small barrier steps, separated by interfaces located at the coordinates {zg,z;....zy }. The jth region
within the interval [zj_1,z;] is supposed to have a constant potential:

J
Vj =W- NVhias- (6)
Near the interface at z;, the wave function is of the form

Wit = Y il Mol () exp ik z) + bl B (<K exp (<ikii ) @)

m=1
at the left of the interface, and

m=1
at the right of the interface. In Eqs. (7)-( 8), M = 30 is the number of electron bands; k,{;uR) is the
wave vector, being solution of the equation:

det[|(H{ 2™+ vIHR) _g)| =0, ©)

and ¢£{L(R) is the corresponding eigenvector. Note that Eq. (9) has 2M solutions in general. Ac-
cording to time inversion, if kJ, is a solution then —k, is also a solution, so that in Egs. (7)-(8),

we have arranged —kiy = k,fq > the sum is therefore taken over m € {1...M}. It is worth not-

; . , N 1T
ing that Vj] L= V; while V/R =V, ;. By convention, we denote A/ = [a(lj ),aéj ),...a(J )] and

) : ; 1T A A
B/ = [bg’ ) b)) ] . Remembering that the current density operator is J; = dH /dp;, the
boundary conditions that ¥ and J,'¥ are continuous at each interface z = z;, (j = 0...N) yield

(AL o [ASR
MLL |:B],L:| :M],R |:BJ7R:| ’ (10)

where M/L(R) are 2M x 2M matrices constructed from the <I>£1’L(R) eigenvectors and from the action
of the current operator on the plane-wave part of the wave function

MIHE) = '[cf(g(m] LR [3%55% ZZEN S
[(Jeexpiky™ V2 .=0) @17 ] o [(Jeexpikyy, T 2le=0) @2y |

Also note that and pilL| are related by

Bj—l,R
|:Bj7L:| = Qj |:Bj—1,R:| ) (12)
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where Q/ is a diagonal matrix
exp(ik{d/> 0
0 = ' (13)
0 e ... EXp (ikéMdj)

We obtain VR
() = ) () Q) o 1) o 19] 0 1)..

) ] [0 o) 0] ().

In the case where the electrodes before the first layer on the left and after the last layer on the right
have the same configuration, we have

[MN"R} _ [MO’L} — M, (15)

AN,R 1 AO’L
(59 e
i=N

1

R L
(}) =7 @L) , an
1

with T = | | 7; being the transfer matrix of the whole structure calculated by taking the product of
i=N
. : PN . =1 TagiL] i Tagi—1.R] L 1age
the transfer matrices representing the constitutive barriers 7; = [M¢] " [M"X] 07 [M*~1R] " [m¢].

(14)

and

We thus recover the usual formula

III. RESULTS AND DISCUSSION

We consider here a MJT structure made of GaMnAs (20 nm)/ GaAs (5 nm)/GaMnAs (40
nm) under the presence of external bias voltages. Note that in the actual devices, the right electrode
(the so-called free electrode) is made very thin so that the magnetization switching could happen
easily. However, in this paper, we have modelled a thick one in order to investigate the entire
properties of spin current over space. The magnetization of the left GaMnAs layer is parallel to
the z direction, while that of the right GaMnAs layer is along the x direction (Fig. 1). Conduction-
band electrons are injected into the structure at a kinetic energy Er = 0.16 eV counted from the
bottom of the conduction band with the in-plane wave-vector components [k,k,] = [0.01,0.01]
A~!. The barrier height is chosen as Vj, = 0.3 eV. The exchange energy is @ = 0.05 eV in both
GaMnAss electrodes.

The spurious states are removed with the use of an advanced ghost-band technique [16].
Then, the tunneling problem is solved using the transfer matrix method described in Section II:
electron transmission and wavefunctions in the space are derived. Figure 2 shows the calculation
result for electron transmission, which non-linearly increases with the bias voltage. The transmis-
sion curve is symmetric for reverse bias voltages (Uy;,s < 0) and its value decreases with the barrier
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Fig. 2. Electron transmission vs. applied bias voltage.

thickness. Once the wave function is obtained, we calculate the probability current (¥|.J; |¥) and
spin current (¥|J% W), where J¥ is the spin-current operator [9, 10]:
fia = %(9i6a+6aﬁi)~ (18)
Here, the subscripts i = {x,y,z} represent space coordinates and o = {0y, 0y, 0. } are spin compo-
nents. Along the z direction, we thus have three spin-current components J.¢,, J;6,, and J,. We
introduce the ratios between the spin-current components and the probability current which have
the meaning of spin-current polarizations:
Po(e) = Tl ®) - p oy B [¥) 2 oy Bl ) (19)
(W] |¥) (W] |¥) (W[ J:|¥)

We have checked that the probability current is constant within the structure at a given bias voltage
value. The spin-current polarizations in Eq. (19) are thus proportional to and behave in the same
way as the spin-current components over the whole space.

Figure 3 presents the spin-current polarization Ps, (blue dotted line), P, (red dashed line),
and P5,_ (yellow solid line) along the structure z direction for several bias values: Upjys =0 V
(upper, left), Up;us = 0.05 V (upper, right), Upies = 0.1 V (lower, left), and Uy = 0.15 V (lower,
right). The vertical axis represents the absolute value of the spin-current polarization using a
logarithm scale and the horizontal axis represents the coordinate along the z direction. In all cases,
we observe a similar behavior of the spin-current polarization compared to the case of a voltage-
free structure [16,22], i.e., Upius = 0 V: the spin-current injected from the left GaMnAs electrode,
strongly attenuated in the barrier from the left interface, then a little bit re-enhanced near the
right interface, finally enters the right GaMnAs electrode with an amplitude depending on the
bias voltage. It is worth noting that P is nearly constant in the left electrode and that Py, is
nearly constant in the right electrode. For semiconductor conduction bands, we recover the same
conclusion which was experimentally obtained [23] and theoretically proved [24] for magnetic
metals that the spin-current component parallel to the magnetization plays no role in the spin-
transfer-torque effect.

(¥ S0, |¥)
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Fig. 3. Spin-current polarization Py, (blue dotted line), Ps, (red dashed line), and Py,
(yellow solid line) along the structure z-direction for Up;,; = 0 V (upper, left), Up;s = 0.05
V (upper, right), Up;ss = 0.1 V (lower left), and Up;qs = 0.15 V (lower, right).

In the right electrode, the two spin-current components P, and Ps., which are perpendicular
to the magnetization and thus responsible for the spin-transfer torques, oscillate along z with a
characteristic period and polarization amplitude. They are just shifted from each other by a phase
factor ~ 7 /4. The oscillation period can be determined by twice the distance between two adjacent
minimum points on the relevant curves: A = 35.0 nm for Uy, =0 V, A = 38.6 nm for Up;,; = 0.05
V, A = 41.4 nm for Up;ss = 0.1 V, and A = 44 nm for Up;,s = 0.15 V. This length relates to the
Larmor frequency describing spin precession and seems to increase with bias voltage. A detailed
analysis of the P, Ps,, and Ps, amplitudes in the right GaMnAs electrode is shown in Fig. 4.
The results indicate that the values of the spin-current polarizations are less than 10%, which is
the typical polarization in such type of materials [9]. The P, amplitude is small, of about 1% at
Upias = 0 V and increases as the bias voltage increases. The amplitudes of Ps, and Py, are found
to be equal for all bias voltages, being ~ 11% at Up;,; = 0V, and decrease to 6% at 0.2 V.

At a given location, Ps, and Ps, will contribute in proportion to the field-like torque and
anti-damping torque which govern the local magnetization switching dynamics via the Landau-
Lifshitz-Gilbert-Slonczewski (LLGS) equation [1]. It is important to see how they vary with the
bias voltage. Fig. 5 shows their values calculated at the location z = 35 nm: while P, only slightly
changes, P;, undergoes a direction reversal at Up,,s = 0.1 V. The Slonczewski torqué, proportional
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to dPs, /dz [10,17], thus reaches a maximum, indicating that the local magnetization switching

may occur in neigbourhood of this voltage value.
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Fig. 4. Dependence of the spin-current polarization amplitudes on

the bias voltage. The
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amplitudes for all bias voltage values.
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Fig. 5. Dependence of the spin-current polarization magnitude calculated at z = 35 nm

on the bias voltage.

IV. CONCLUSION

We have presented a paradigm for electron spin transport in a GaMnAs/GaAs/GaMnAs het-
erostructure under external bias voltages. We have computed the spin-current profile for specified
bias voltages and investigated the bias dependence of the two spin-current components responsible
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for the field-like term and spin-transfer torque term in the LL.GS equation governing the magneti-
zation switching. The results provide a better understanding of the spin-current behavior and may
help to shed light on the role of the spin current in the CIMS mechanism in semiconductor-based
devices. For modeling real devices, the sum over all the in-plane waves and integration over en-
ergy needs to be taken. These procedures require a suitable parameter set to eliminate spurious
states for all the in-plane wave-vector directions and refinement of the Landauer formular for spin
current. This will be the aim of our future research.
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