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Abstract

This work theoretically study the conductance and the spin polarization of current
in a ferromagnetic heterostructure in one-dimension by using a tight binding
approximation and a scattering method. We calculated the suitable conditions in the
interface between a metal and a ferromagnetic junction to find the tunneling
transmission and reflection probabilities, in addition, we then used the Landauer formula
to calculate the conductance spectrum. We focus on the effect of the scattering
potential on the interface of the junction and the hopping energy for both nearest

neighbor and the next nearest neighbor on the conductance spectrum.

It was found that the conductance spectrum changes slope at the bias voltage
that reached the bottom of the minority band and the top of the majority band of the
ferromagnetic. The conductance spectrum was suppressed for all energies when either
the non-spin-flip or spin-flip scattering at the interface increased. However, the
conductance spectrum can be enhanced when the interface was taken into account for
the appropriate value of the spin-flip and non-spin-flip scattering. In addition, the
conductance can be increased by increasing the next-nearest neighbor hopping energy
in the ferromagnetic material.

This findings in this project can be used to help design spintronic devices that

contain these types of interface.
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The simplest tight binding approximation is a method used to approxi-

mate the electronic properties in a normal metal and a ferromagnetic material

in a chain lattice site {see Fig 1), which is obtained by discretizing the frec

i ’;:u
N Py
06000000000
~— oy a
tH'J'
n.. -5 -4 -3 2 -1 0 1 2 1 4 5
NM v FM
Figare 1:  Schematic illustration of the chain lattice junction of a normal

metal/ferromagnetic, @ is a lattice constaut of the system. The £ is the nearest neighbor
» 4 - .

hopping energy of a metal, Lpar and 5, are respectively the nearest neighhor and the

next-nearest neighbor hopping energy of a ferromagnetic.




Metal Ferromagnetic

Figure 2: Sketches of the energy dispersion of the electron in the metal (left) and the
ferromaguetic system (right). Where k| and |g} ave belween —m/a and #n/a.




electron Hamiltonian: p*/2m + £/, where m is the electron mass, p is
the electron momentum, €., is the exchange splitting energy, s is the mag-
netization direction in a ferromagnetic, and oz is the Pauli’s spin matrices.
In this work, we assume that the electron can move to the nearest-neighbor
and next-nearest neighbor, It can be written as;

HF.!\I - Z(ena - Semﬁld? - M)O;O-CHO' — g Z(Cri+1,gcno + HC’)

noe no

- t}'ﬂ"[ Z C’f111-,+2,a'crn0‘ + HC: (1)

where the subscripts n indicate the row indices of the chain lattice. The

ct

no{Cno) is the creation (annihilation) operator of an electron at index (n)

at lattice site with spin o =1, ¢, is the on-site energy, s is the hopping
energy (nearest neighbor) for the lattice constant a (see Fig.2), j is the
cliemical potential, t}M cdenotes the next-nearest neighbor hopping energy:.
For a metal, there is no exchange energy term and g3 becomes ¢y. Using the
Fourier transfori to generalize the Hamiltonian, we obtained the eigenstates
and eigenvalues using standard quantum mechanies method, thus obtaining

the energy dispersion relationship of an electron in a FM system as
E(k) = (eppm — 1t £ €ex) — 28irpg cos(bya) — 21‘.'FM cos(2k,a) (2)

where /o, is the wave vector in the » direction. The energy dispersion re-
lationship is shown in Fig.2. Using the BTK model [32], the electron wave
function as a function of energy E in the metal is written as a linear com-
bination of the incident momentwn and reflected states for the same energy.

In the absence of an applied magnetic field, we write the two cases of the




wave function in the metal as

. 1 L ™ i i
Una(n) = |e'e= + gt (3}
0 ?'1T
) ignan U —igran T"N’
Ualn) = | o ; (@
_ ra
where ¢, = icos*l(EgTTE) is the wave vector along the 2 direction with

|4} < 7/a. The rjq is the reflection amplitudes of the spin-¢ state in case 7.
The wave functions in the FM region consists of a linear combination of the

two transmitted states which can be written as,
/8 1 ' 0
ikfa (kT ar
Uppin) = |[tg;€51" + e , (5)

where j = 1,2 relers to the different incoming states in a metal, & corre-
sponds to the transmission amplitudes of up-spin and down-spin, respectively

in case j, and A7 a was defined from Eq.(2) as

i tepg )2 1 Trar
cos{ki a) =4/ | ( ; — () —epy (L TF Eer) — ——. (6)
Ty 2 At ppy depag gy

The plus and minus signs are for the up-spin and down-spin wave vectors in

a ferromagnetic, respectively. All wave functions must have a positive gronp
velocities. We now develop a suitable way to caleulate the boundary condi-
tions of our junction by adopting the procedure for a metal/superconductor
junction in a lattice model [33]. In each region, we have to set a different
equation to describe both bulk states of a norinal metal and a ferromagunetic.
These equations provide the matching conditions for the two wave functions

Up (1) and Uppr(n) at the interface.

tn[Upp (0) — Un(0)] + 2810, Upps (0) = 0, (7)




)

tNUN(-‘l) - (tFM -+ 2“'}?M)UI“M(““1) -+ VUFM(O) =0, (8)
Vo Vg

where the matrix V is . The diagonal elements of V from now
Vi W

on mean V5 = Vi = Vi, which is a non-spin-flip scattering at the potential
barrier of the junction. The off-cliagonal elements are dencted by Vi = V4 =
Vg, which means the spin-flip interfacial scattering. Finally, the reflection
and transmission probabilities can be calculated as explained in Ref.[24].
Eventually, the condnctance spectra in the one-dimensional system at zero
temperature can be written as,

e%a,
G(eV) = z—f(eV). (9)

iy

10
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This work uses a lattice model to look at the effect of the non-spin-
flip and spin-flip scattering potentials at the interface on the reflection and
transmission probabilities and the conductance spectrum. The conductance
spectra were plotted as a function of energy with units of e2a/2n.

The fundamental electronic properties of the junction can be understood
by the transmission and reflection probabilities. We set the parameters in
the following discussion. We first ignored the next-nearest-neighbor in the
system and set the nearvest neighbor hopping energy of the ferromagnetic as
tra = 0.2ty to ensure that there will be a particle available to tunnel into
the ferromagnetic for all energy. Here, we are not interested in the effect that
the exchange splitting energy (£..) in the FM has on the transmission and
reflection probability, so it is set to 0.2ty. When the g, is large, the space

between the minority and majority band of the ferromagnetic is also larger.

The transmission and the veflection probahilities as a function of a bias
voltage can be seen in Fig 3 and Fig 4. The probability was zero until the
bias voltage was the same value as the bottom of the FM majority band.
The probability increased with higher bias voltage until the bias voltage
was the sanic as the bottom of the minority band, the probabilities then
showed the first kink. The onset of transmission and reflection probability
to the first kink equals 26e.. Also, the second kink of the transmission and
reflection probability occurred at the top of the majority band of the FM, the
probabilities they became zero when the bias voltage reached the top of the
minority band. Similarly, this effect can be seen in the conductance spectra

in Fig 5.

11




[ (a)

12

(c) 1

0
eV/l by

0.5

Figure 3: Plots of electrons transmission probabilities with spin-up (1%4) and spin-down
(T} and electrons reflection probabilities with spin-up (R;) and spin-down ()} as a
function of energy eV with different vatue of spin-flip seattering (Vi) when a non-spin-flip
scattering (Vo) is vanished. It ignored the next-neavest neighbor and the parameter tppy

is 0.2 .
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Figure 4: Plots of electrons transmission probabilities with spin-up (7}) and spin-down
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function of energy eV with different value of spin-llip seattering (V) when a non-spin-flip
scattering is o tunneling limit (Vo = L0ty ), Lpyy is ignored and (ppy = 0.2fy.
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Interfacial scattering generally reduces the tunmeling conductance. We
showed the plot of the transmission and reflection probabilities for both spin
up and spin down as a function of the energy with the different values of the
non-spin-flip (V) and spin-flip scattering (Vp), in Fig 3. In order to see the
effect of the Vi and V; on the transmission and reflection probabilities, we
separate the figure into two cases: (i) where 14 is small to mimic an ohmic
contact and (ii) where the ¥y is large for a funneling limit contact. Fig 3,
shows the T3, T}, Iy, and R for the applied voltage that dominates for all
ferromagnetic’s eneregv under this model. The Vj is set to be zero and the
Vr was varied. It was found that the 74 and 7 were nornmnally decreased
by increasing the V. While the 24 and R show two different regions, the
first one is for the energies near the hottom of the ferromagnetic band. The
24 first increases as Vp increases, but then Ry will start to decrease with

higher Vp values. The second region is for the energy near the top of the

band, the [y was normally increased. One can see that the 2| hehaves in an
opposite fashion to the [Z;. This behavior is caused by the different nature

of electron-like and hole-like particles.
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Figure 5: Plots of the conductance spectra as a function of energy with different Vg for
(a) Ve =0 and for (b} Vp = 1.0tx. The ¢, is ignored and £y = 0.2¢y.
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In a tunneling limit junction, the V; is large and the Vp increased, as
shown in ¥ig 4. Two kinds of scattering potential affect the transport prop-
erties of the junction as T} and 7 either increase or decrease when the Vi was
enthanced, namely, they were enhanced with increasing Vp until it reached
a. maximum value at the suitable condition of Vi, it then decreased again
when the ¥ increased. While, the By and R were suppressed witl increas-
ing Vg until it reached a minimum level at the value of the Vi, after that

they increased again.
Next we consider the conductance spectrum that was determined from the

caleulated physical quantities of the junction. In Fig 5, the total conductance
spectruin (G'r) is shown where Vp is zero (see Fig 5a). It can be seen that the
conductance spectrum decreased as the Vi was increased as expected. When
the Vp was increased (sce Iig 5b), the Gz either enhanced or suppressed.
To clarify the effect of ¥ and Vp on G, we plotted G as a function of Vi
by varying Vg for a constant bias voltage (eV = —0.4ip, 0, and0.4ty) near
the bottom, middle, and top of the FM band (sec Fig 6). When 1% and Vg
were increased under the appropriate condition, the Gp rose to a maximum
value. The effect of interfacial scattering at this junction is not the same
as that in the metal/Rashba system [24] as (i) the non-spin-flip scattering
potential can affect the conductance at the energy reached by the kinks (the
conductance showed a short, sharp dip downwards). The conductance in

the metal/Rashba systein does not show this behavior. (i) The kink in the

hole-conductance of the system showed a dip-like behavior when the Vi was
included. While, the hole-conductance of a metal/Rashba system showed an

npward pointing kink.
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Figure 6: The total conductance spectra at a constant energy eV = —0.4ty, eV =0, and
eV = 0.4y, plots as a function of a non-spin-flip scattering (Vy) for different Vi. The
tpag 1s ignored and fppr = 0.215.
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effect of scattering potentials.
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‘The hopping energy limits the rate that particles can move to an adjacent
lattice site. It controls the bandwidth and curvature of the band; as the
hopping energy decreases, the bandwidth and curvature of the band also
decreases. We also considered the effect of the hopping energy mismateh on
the conductance spectra. A difference in hopping energy was found to be
stilar with the difference in the effective mass in a continuous model that
is defined by ¢ = #?/2ma?. The hopping energy is a small value, while the
relevant cffective mass frend to be large. Here, we set the nearest neighbor
hopping energy in a metal to be equivalent to a ferromagnetic and we only
considered the next-nearest neighbor in a ferromagnetic material as depicted
in Fig 7. It was found that the energy dispersion range was expanded when
the ¢y, was increased. Towever, the distance between the onset and the
first kink of the conductance spectrum (also the second kink and the offset
conductance) did not change as it only depended on the exchange energy. The
effect of bolh scattering potentials was also considered on the conductance.
We plotted Gz as a function of V4 as shown in Fig 8a. Again, in the case
of Vg = 0, when the junction was a perfect barrier potential, the Gy hiad a
maximal value and then it decreased when the value of V4, was high. The
next-nearest neighbor hopping energy was set to a large value that resulted in
an increase of Gp. Also, the Gy reached a maximum value swhen the Vi and
Vo were increased as seen in Fig 8b. Furthermore, the next-nearest neighbor

hopping energy was increased, resulting in an increase of G
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Figure 8: The total conductance spectra af a constant energy eV = 0, plots as a function
of a non-spin-flip scattering Vo for (a) Vp = 0 aud for (b)) Vg = 2.0ty. The ¢z, in this
plot is vavied and €7, — 0.26y.
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dyUna

A theory of tinneling spectroscopy of a metal/ferromagnetic junction was
presented within a chain lattice model. The appropriate boundary conditions
al the interface were calculated to describe the properties of particles in
our junction. The numerical solution results of electron- and hole-tunneling
conductance was considered under the effect of a non-spin-flip and spin-
flip scattering potential. It was found that the conductance spectrum had
characteristic kinks at the energy equivalent of the bottom of the minority
band and the top of the majority band of the ferromagnetic. An increasing in
either spin-flip o1 non-spin-flip scattering caused the conductance to decrease.
However, the conductance can be enhanced when the interface was taken into
account for the appropriate value of spin-flip and non-spiu-flip scattering.
Farthermore, the next-nearest neighbor in a ferromagnetic was considered. Tt
was found that the conductance spectrum can be increased when the hopping

energy was increased as it seems to increase probability of the particle moving
to another lattice site.
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Abstract

A tight binding approximation was used to describe the el
ties of a metal/ ferromagnetic junction in a onc-dimen mal system. The
appropriate boundary conditions were calculated tozds e the quality of
the interface, the non-spin-flip and spin-flip sca,tt' otential. The BTK
model was used to compute the reflection and tra sion probabilities, and
the Landauer formulation was used to calcu d he conductance spectrum.
It was found that the conductance spectru anges slope at the bias voltage
that reached the bottom of the min ; nd and the top of the majority
band of the ferromagnetic. The conduétance specirum was suppressed for all
energies when either the non- 1n—ﬂ1p or spin-flip seattering at the interface
increased. However, the conductance spectrum can be enhanced when the
interface was taken into for the appropriate value of the spin-flip
and non-spin-flip sc In addition, the conductance can be increased
by increasing the ne; st neighbor hopping energy in the ferromagnetic
material.
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1. Introduction

In recent years, the study of tunneling of electron charge and spin trans-
port across a magnetic tunnel junctions (MTJs} has been extensively re-
searched [1, 2, 3, 4, 5]. This research has been conducted to produce fu-
ture electronics devices, known as the spin-electronics or spintronics devices
[6, 7, 8, 9]. The MTJs are promising candidates for inclusion in magnetic ran-
dom access memory, magnetic filed sensor and quantum computing devices.
These devices use the magnetic properties of the tunnel junction between
a nonmagnetic metal and a magnetic material [4, 6, 8]. A key objective of
this field is to obtain a high spin current from a ferromagnetic tunnel junc-
tion by using the magnetization direction properties of the magnetic material

into a semiconductor [12, 13, 14, 15, 16]. Amazingly, the
injection could be enhanced by the insertion of a thm i
interface between the two materials [13, 14]. ;

In addition, embedding magnetic 1mpur1t1es fon
the magnetic and non-magnetic metal can cal
ing in a significant change of the spin Y
vicinity of the interface [17, 18, 19, ; 22] The study of the effect of
these two kinds of interface scatter he charge and spin transport are
published. Tor instance, the hetelo§tructu1e consists of a metal/Rashba spin-
orbit coupling junction [23, 2 25_ a metal/ferromagnetlc junction [26, 27],
a metal/cubic semicondug "wﬂ:h Dresselhaus spin-orbit coupling junction
[28], and a ferromagnetit/ magnetic/ferromagnetic double junction [29].
They found that the:¢andiuctance spectrum could be enhanced when the in-
terface consists of al value for non-spin-flip and spin-flip scattering.
Similarly, the t t ing magnetoresistance of a ferromagnetic/non-magnetic
metal/ferromagretic double junction was studied [30, 31). They found that
an between the interface spin-flip strengths of spin-up and spin-
do lectrons can result in an enhancement of the tunnel magnetoresistance.
From ;ﬁhese studies it can be seen that the interface properties play an im-
portant role in determining the efficiency of both charge and spin transport
through the heterostructure.

This work explores the single band tight binding model with a scattering
method, which takes into account the quantum effect at the single-particle

ﬂimency of spin
or barrier at the

aE he interface between
pm—ﬂlp scaltering, result-
and spin accumulation in the




level. We also find the appropriate boundary condition which consists of two
kinds of interfacial scattering in the metal/ferromagnetic junction to calcu-
late the transmission and reflection probabilities along with the conductance
spectrum at zero temperature.

2. Model and Assumptions

The simplest tight binding approximation is a method used to approxi-
mate the electronic properties in a normal metal and a ferromagnetic material
in a chain lattice site (see Fig 1), which is obtained by discretizing the free
electron Hamiltonian: p*/2m + £,,7d,, where m is the electron mass, p is
the electron momentum E€ex 18 the exchange splitting energy, m ibfthe mag-

and next- nearost neighbor. It can be wutten as;
HFM 3 Z(Ena w Eeszfz o #)Oncrcﬂ

2 tFMZ nt2,0Cno + H.C.,

ng

whexe the subscripts n indicate the
Cl, (Om,) is the creation (a,nmhﬂatlo

Fourier transform to.g
and eigenvalues us

erar — 1 £0n) — 2pag cos(kipa) — 2y cos(2kiza) (2)

wher s the wave vector in the = direction. The energy dispersion re-
lationghip is shown in Fig.2. Using the BTK model [32], the electron wave
function as a function of energy F in the metal is written as a linear com-
bination of the incident momentum and reflected states for the same energy.
In the absence of an applied magnetic field, we write the two cases of the



barrier of the junction. The off-diagonal clements are denoted by Vi = V4 =
V4, which means the spin-flip interfacial scattering. Finally, the reflection
and transmission probabilities can be calculated as explained in Ref.[24].
Eventually, the conductance spectra in the one-dimensional system at zero
temperature can be written as,

G(eV) = o~ 2 T(ev). (9)

3. Results and Discussions

This work uses a lattice model to look at the effect of the non-spin-
flip and spin-flip scattering potentials at the interface on the refleétion and
transmission probabilities and the conductance spectrum. The condiittance
spectra were plotted as a function of energy with units of ea /27

"The fundamental electronic properties of the junction ¢ amderstoad
by the transmission and reflection probabilities. We set the ‘parameters in
the following discussion. We first ignored the next esteneighbor in the
system and set the nearest neighbor hopping enelg he ferromagnetic as
try = 0.2ty to ensure that there will be a particle gvailable to tunnel into
the ferromagnetic for all cnergy. Here, we ar interested in the cffect that
the exchange splitting energy (e.,) in thy as on the transmission and
reflection probability, so it is set to hen the €, is large, the space
between the minority and majorlty 1 of the ferromagnetic is also larger.

The transmission and the T ectl()n probabilities as a function of a bias
voltage can be seen in Fig 3 and:l'ig 4. The probability was zero until the
bias voltage was the ¢ as the bottom of the FM majority band.
The probability incre with higher bias voltage until the bias voltage
was the same as th om of the minority band, the probabilities then
showed the first ki The onset of transmission and reflection probability
NZEGE Also, the second kink of the transmission and
reflection ob bility occurred at the top of the majority band of the FM, the
probabi t hey became zero when the bias voltage reached the top of the

Inte1fa(:1a1 scattering generally reduces the tunneling conductance. We
showed the plot of the transmission and reflection probabilities for both spin
up and spin down as a function of the energy with the different values of the
non-spin-flip (V4) and spin-flip scattering (Vr), in Fig 3. In order to see the

5



effect of the Vr and V4 on the transmission and reflection probabilities, we
separate the figure into two cases: (i) where V} is small to mimic an ohmic
contact and (ii) where the V; is large for a tunneling limit contact. Fig 3,
shows the 1%, T, Ry, and R for the applied voltage that dominates for all
ferromagnetic’s energy under this model. The V; is set to be zero and the
Vp was varied. It was found that the 7% and T were normally decreased
by increasing the V. While the Ry and R show two different regions, the
first one is for the energies near the bottom of the ferromagnetic band. The
Ry first increases as Vp increases, but then R; will start to decrease with
higher Vp values. The second region is for the energy near the top of the
band, the R) was normally increased. One can see that the R behaves in an
opposite fashion to the R;. This behavior is caused by the d1ﬂ‘ere’nt nature
of electron-like a,nd hole—hke par ticles.

shown in Fig 4. T'wo kinds of scattering potential affect
erties of the junction as T} and 7 either increase or decreg
enhanced, namely, they were enhanced with incre
a maximum value at the suitable condition of V;
when the Vj increased. While, the B and R
ing V» until it reached a minimuin level abi
they increased again.

Next we consider the conductance gpéctriin that was determined from the
calculated physical quantities of the ctlon In Fig 5, the total conductance
spectrum (G} is shown wheré V- is zéro (see IFig 5a). It can be seen that the
conductance spectrum decreased s the V) was increased as expected. When
the Vi was increased ( g f)) the Gy either enhanced or suppressed,
To clarify the effect o Vr on G, we plotted G as a function of Vg
by varying V4 for a nt bias voltage (eV = —0.4¢y,0,and0.4ty) near
the bottom, mi 51 top of the FM band (see Fig 6). When V; and Vg
were increased: e appropriate condition, the G rose to a maximum

condugtance showed a short, sharp dip downwards). The conductance in
the metal/Rashba. system does not show this behavior. (ii) The kink in the
hole-conductance of the system showed a dip-like behavior when the V was
included. While, the hole-conductance of a metal/Rashba system showed an
upward pointing kink.



The hopping energy limits the rate that particles can move to an adjacent
lattice site. It controls the bandwidth and curvature of the band; as the
hopping energy decreases, the bandwidth and curvature of the band also
decreases. We also considered the effect of the hopping energy mismatch on
the conductance spectra. A difference in hopping energy was found to be
similar with the difference in the effective mass in a continuous model that
is defined by ¢ = h%/2ma®. The hopping energy is a small value, while the
relevant effective mass trend to be large. Here, we set the nearest neighbor
hopping energy in a metal to be equivalent to a ferromagnetic and we only
considered the next-nearest neighbor in a ferromagnetic material as depicted
in 1"1g 7. It was found that the energy dispersion range was expanded when
the 7, Fa Was increased. However, the distance between the onset

We plotted G as a function of Vj as shown in Fig 8

of Vr = 0, when the junction was a perfect barrier pote
maximal value and then it decreased when the v
next-nearest neighbor hopping energy was set t
an increase of G¢. Also, the G reached :
Vo were increased as seen in Fig 8b. Furt
hopping energy was increased, resultiz

Lential, the Gy had a
of V4, was high. The
value that resulted in
imum value when the Vr and
, the next-nearest nelghbm
ah increase of Gy,

4. Conclusions

copy of a metal/ferrcomagnetic junction was
ice model. The appropriate boundary conditions

A theory of tunneling s
presented within a chain

either:spin-flip or non—spm—ﬂlp scatLermg caused the conductance to decwase.
However, the conductance can be enhanced when the interface was taken into
account for the appropriate value of spin-flip and non-spin-flip scattering.
Furthermore, the next-nearest neighbor in a ferromagnetic was considered. It
was found that the conductance spectrum can be increased when the hopping

7



energy was increased as it seems to increase probability of the particle moving
to another lattice site.
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Figure 1:  Schematic illustration of the chain lattice junction of “47 normal
metal/ferromagnetic, a is a lattice const.ant. of the system. The ¢y is the ne es eighbor
hopping energy of a metal, tpyy and tF ar arve respectively the nearest? of and the
next-nearest neighbor hopping energy of a ferromagnetic.

Metal Ferromaguetic

Figure 2: Sketches of the energy dispersion of the electron in the metal (left) and the
ferromagnetic system (right). Where {k| and |¢| are between —u /e and n/a.
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Figuve 4: Plots of cle i3: transmission probabilities with spin-up (%) and spin-down
(7)) and clectrons, probabilities with spin-up (R4} and spin-down (R} as a
function of energy ¢ itk different value of spln—ﬂlp scattering (V&) when a non-spin-fiip
scattering is a funneling limit (Vo = 1.0t), tFM is ignored and tppr = 0.2¢y.
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Figure 5: Plots of i r
{a) Vr =0 and for (b) ¥

tctance spectra as a function of energy with different V5 for
1.0ty. The ty,, is ignoved and ¢y = 0.24y.
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gVp for (@) Vi = 0 and for (b) Ve = 2.0tn. The gy, in this
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