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The ballistic spin-filter effect from a ferromagnetic metal into a semiconductor has theoretically been studied
with an intention of detecting the spin polarizability of density of states in FM layer at a higher energy level. The
physical model for the ballistic spin filtering across the interface between ferromagnetic metals and semicon-
ductor superlattice is developed by exciting the spin polarized electrons into n-type AlAs/GaAs superlattice layer
at a much higher energy level and then ballistically tunneling through the barrier into the ferromagnetic film.
Since both the helicity-modulated and static photocurrent responses are experimentally measurable quantities,
the physical quantity of interest, the relative asymmetry of spin-polarized tunneling conductance, could be ex-
tracted experimentally in a more straightforward way, as compared with previous models. The present physical
model serves guidance for studying spin detection with advanced performance in the future.
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1. Introduction

Based on spin-polarized electrons as information carrier, spintronics has been developing as an at-
tractive field for a new generation of electronic devices, in which the injection and detection of spin-
polarized carriers has been recognized as a significant challenge [1, 2]. The spin-dependent transport
through ferromagnetic (FM)/semiconductor (SC) interfaces is an important technology in order to achieve
room-temperature operation of both spin injection and spin detection [3].

The spin injection efficiency from FM to SC could be directly measured by using a built-in light emis-
sion diode (LED) structure and detecting its circular polarization degree of electric photoluminescence
(e-PL) [4–6]. However, in the case of electron spin detection, where electron spins flow from the SC into
the FM side, there was no photon emission detected. Therefore, the spin-dependent electron transport
has been investigated using optical spin orientation technology [7–9]. The photo-excited spin-polarized
electrons have different transmission probabilities, depending on their spin orientation with respect to
that of the ferromagnetic metal layer [2, 10]. The measured spin-dependence of tunneling current re-
lates to many other facts except for the intrinsic effect, for example, the photon energy of the exciting
light [10–13] and the characteristic temperature [14, 15]. In addition, the asymmetry in the absorption
for the σ+ and σ− lights could also be induced by magnetic circular dichroism (MCD) inside the FM layer
itself [9, 16].

1.1. Current theory

In the spin filtering process across FM/SC interface, the spin polarized ensemble excited by right or left
circularly polarized light on the semiconductor side had to first relax down to the band edge, then transit
through the tunneling barrier into the FM side [17]. In the previous work, a physical model for the spin
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transport across Fe/Al2O3/n-GaAs tunneling structure under optical spin orientation was established [18].
Figure 1 illustrates the band diagram for such a tunneling structure. The density of states for two spin
opposite subbands are sketched on the metal side with a unique chemical potential µm. The state filling
in the spin resolved interface states for two opposite spin orientations may have a dependence on the
spin parity, leading to different chemical potentials, µss (σ−) and µss

(

σ+
)

. Their potentials with respect to
the Fermi level of the n-type semiconductor, which is taken as the potential zero, are labeled by Vs (σ−)

and Vs

(

σ+
)

, respectively.
The model system was based on a hypothesis that the Al2O3 barrier was not very transparent so

that its conductance Gσ
t was much smaller than the conductance Gs of Schottky barrier (Gσ

t ≪ Gs).

Figure 1. The band profile for a Fe/Al2O3/n-GaAs tun-
neling structure under forward bias.

Either electrons or holes would be first captured
by the interface states, and then escape through
the tunneling barrier. The conclusion followed
that the ratio of the helicity-modulated response
to the chopped photocurrent was proportional to
the sum of ∆Gt/Gt, the relative asymmetry of
spin-polarized tunneling conductance with ∆Gt =

Ḡ
↑
t −Ḡ

↓
t being the conductance difference between

spin-up and spin-down electrons, and the MCD ef-
fect from the ferromagnetic metal film.

There are some problems in such types of spin
filtering mechanism. Firstly, it is quite conceiv-
able that the energy relaxation makes the ensem-
ble lose its initial spin polarization. Secondly, the
injected spins on the metal side merely test the
difference between spin-up and spin-down den-
sity of states (DOS) near the Fermi level, where
the DOS difference between two spin orientations
need not be the largest. All of these problems may
lead to a diminutive spin filtering effect.

1.2. Present principle and method

To avoid the aforementioned drawbacks, a physical model was proposed for the ballistic spin filter-
ing across the interface between FM and SC consisting in exciting the spin polarized electrons into n-type
AlAs/GaAs superlattice layer at a much higher energy level and then ballistically tunneling through the
barrier into FM side. The scheme is described in figure 2, wherein the Jt (σ−) and Jt

(

σ+
)

represent the
tunnel currents for two spin orientations, respectively, and the arrow broadness is proportional to the
tunnel current denoting the probability of two transit processes. The resonant photo-excitation in the
AlAs/GaAs superlattice creates spin-polarized electrons of high injection energy without significant en-
ergy relaxation. By positively biasing the structure, the spin polarized electrons are driven ballistically
over a short distance (< 100 Å), and then hit the Al2O3 insulator barrier at an energy even higher than
the thin Schottky barrier on the SC side. There is a profound need in studying the spin-filter effect in such
novel structures. On the one hand, the present physical model intends to detect the spin-resolved DOS in
FM layer at a higher energy level. On the other hand, the efficiency of spin filtering should be improved
by ballistic transport.

Before going into detail, we must first be reminded that the I-V curves would be quite different in the
absence and in the presence of light. In the absence of illumination, the AlAs/GaAs superlattice behaves
as an insulator, sharing a large portion of the applied voltage. By contrast, the AlAs/GaAs superlattice
under the illumination becomes rather conductive so that the bias voltage mainly drops across the Al2O3

barrier layer. This is more obvious under a negative bias. The injected electrons from FM side transit
over the AlAs/GaAs superlattice, leading to a substantial enhancement of the photocurrent at a negative
bias. As a result, ∆Gt/Ḡt, the relative asymmetry of spin-polarized tunneling conductance is not the ratio
of ∆Gt = Ḡ

↑
t −Ḡ

↓
t to the chopped photocurrent as it is in [13, 18], but to the static photocurrent.

This point is very important to the theoretical derivation later on. To verify it experimentally, an
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Figure 2. Ballistic spin filtering across the interface

between FM and a semiconductor superlattice struc-

ture at a higher energy level biased positively.

Figure 3. The (a) dark and (b) light I-V curves of the

sample structure including AlAs/GaAs superlattice.

AlAs(2 nm)/GaAs(1.8 nm) superlattice structure with a 10 nm undoped GaAs buffer layer was prepared
on n+-GaAs substrate by molecular beam epitaxy. On the top of them, the 3÷4 ML thick aluminum film
was deposited. Then the sample was taken out of the MBE vacuum chamber and placed in the atmo-
sphere for a 24-hour natural oxidation in order to form the Al2O3 barrier layer. Afterwards, the sample
was placed back into MBE chamber and covered with another 8 nm-thick iron film. The current-voltage
characteristics of the sample with and without illumination are shown in figure 3. A significant photocur-
rent response shows up under the negative bias. This observation is consistent with the above statement.
Therefore, it is the DC photo-conductance that should be taken as the denominator of ∆Gt/Ḡt.

The theoretic model of ballistic spin filtering through the structure of Fe/Al2O3/(GaAs/AlAs) superlat-
tice under optical spin orientation is described in the following section.

2. Theoretical model

We describe the tunneling using the transfer Hamiltonian approach, which is a first-order perturba-
tion method valid for the case of low tunnel barrier transparency. For the ferromagnetic electrode we
define spin-dependent densities of states ρσ

m and an energy distribution function fm independent of spin.
The superscript σ denotes the spin orientation with respect to a given quantization axis (either parallel ↑
or antiparallel ↓). For a (nonmagnetic) semiconductor superlattice, the density of states ρSL does not de-
pend on spin.When no scattering centers are present in the tunnel barrier, the electron energy ε and spin
are conserved during the process of tunneling. The tunneling electron current (Jσt ) of spin orientation σ

from the semiconductor superlattice to the magnetic material is expressed as [18].

Jσt =
1

e

∫

dε
[

f σ
SL (ε)− fm (ε+eVm)

]

Gσ
t (ε) . (2.1)

Here, fm (ε+eVm) and f σ
SL

(ε) are the Fermi and quasi-Fermi distributions in the ferromagnetic metal
and semiconductor superlattice, respectively. Vm is the bias voltage of the metal gate with respect to the
quasi-Fermi level in the conduction band of superlattice. Formally, one can write down the following
expression

Gσ
t (ε) =

2πe2

ħ

∣

∣Mσ (ε)
∣

∣

2
ρSL (ε)ρσ

m (ε+eVm) , (2.2)

where Gσ
t (ε) depends on the densities of states ρSL(ε) in the semiconductor superlattice, the spin de-

pendent densities of states ρσ
m (ε+eVm) in the ferromagnetic metal, and Mσ(ε), an energy- and spin-

dependent tunneling matrix element that takes into account the overlapping of the wave functions of the
respective materials.
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In the present case, the filling in the DOS of FM film relevant to the tunneling is assumed to be zero,
that is, fm (ε+eVm)≃ 0. As a result,

Jσt =
1

e

∫

dε f σ
SL(ε) ·Gσ

t (ε). (2.3)

From rate equation inside the superlattice of a width of W it follows that

Iσt =
eηP (σ)

Eph

(

1−e−αW
)

−
e
∫

dεNSL(ε) f σ
SL

(ε)

τR
, (2.4)

∫

dε f σ
SL(ε)

(

Gσ
t (ε)+

e2NSL(ε)

τR

)

=
e2ηP (σ)

Eph

(

1−e−αW
)

. (2.5)

Since the energy range of DOS and their fillings in the superlattice are rather narrow, the integration on

the left hand side can be replaced by
(

Ḡσ
t +

e2N̄SL

τR

)

ε̃σ
R
, where ε̃σ

R
denotes the quasi-Fermi level in the semi-

conductor superlattice for a specific spin orientation, N̄SL is the averaged constant DOS of the superlattice,
Ḡσ

t is the tunneling conductivity averaged over the energy range of the superlattice.

(

Ḡσ
t +

e2N̄SL

τR

)

ε̃σR =
e2ηP (σ)

Eph

(

1−e−αW
)

, (2.6)

Iσt =
1

e

∫

dε f σ
SL(ε) ·Gσ

t (ε) ≈
Ḡσ

t ε̃
σ
R

e
, (2.7)

Iσt ≈
Ḡσ

t ε̃
σ
R

e
= Ḡσ

t

eηP (σ)
(

1−e−αW
)

Eph

(

Ḡσ
t +

e2N̄SL

τR

)

. (2.8)

When the tunneling barrier is not very transparent so that Ḡσ
t ≪

e2N̄SL

τR
, one has

Iσt ≈
Ḡσ

t ε̃
σ
R

e
≈ Ḡσ

t

eηP (σ)
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) . (2.9)

It can be recognized that equation (2.9) relates the spin dependent tunneling current to Ḡσ
t , proportion-

ally.
Next, one has to know the relevance of equation (2.9) to the experimentally measurable quantity. The

helicity-related current measured using PEM and lock-in technology should be the difference between I
↑
t

and I
↓
t . To do that, one still has to consider the spin dependence of the light power, caused by MCD effect

in FM film.
In MCDmeasurement, the mono-color light first passes a Rochon prism linear polarizer and becomes

linearly polarized light with intensity of P0. It can be described as the sum of two circularly polarized
components Pσ+

0 and Pσ−

0 that are in phase with each other:

P0 =
1

2

(

Pσ+

0 +Pσ−

0

)

. (2.10)

Then, this linearly polarized light passes through a photoelastic modulator (PEM), which acts as a trans-
parent, dynamically alternative quarter-wave plant at a modulation frequency of 50 kHz. The PEM will
retard one of the components in equation (2.10) (or advance the other component) with a time-dependent
retardation, δ, proportional to the modulator driving voltage.

δ= δ0 sinωt , (2.11)

where δ0 is the peak retardation proportional to the modulator driving voltage of PEM, and is specified
by each of PEM.

As is well-known, the MCD effect describes the phenomenon that the absorption of the matter to
two opposite circularly polarized lights, the right-handed σ+ and left-handed σ−, is different due to the
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presence of either an external magnetic field or magnetization in the matter. The PEM-modulated light
intensity after passing through the Fe metal film is given by

P =
P0

2

{

[1− sin(δ0 sinωt)]e−A(σ−)
+ [1+ sin(δ0 sinωt)]e−A(σ+)

}

=
P0

2

{[

e−A(σ−) +e−A(σ+)
]

+

[

e−A(σ+) −e−A(σ−)
]

sin(δ0 sinωt)
}

=
P0

2

[

e−A(σ−) +e−A(σ+)
]

[

1+ tanh

(

∆A

2

)

sin (δ0 sinωt)

]

. (2.12)

The first term on the right hand side is the decayed intensity for the transmitted σ− polarized light, and
the second one is for the transmitted σ+ polarized light. ∆A = A(σ−)−A(σ+) denotes the difference of the
absorption rate between σ− and σ+ polarized lights after they pass through FM film. When ∆A is small,
say, less than 10%,

P =
P0

2

[

e−A(σ−) +e−A(σ+)
]

[

1+ tanh

(

∆A

2

)

sin (δ0 sinωt)

]

= Pdc

[

1+ tanh

(

∆A

2

)

sin(δ0 sinωt)

]

≃ Pdc

[

1+
1

2
∆Aδ0 sinωt

]

, (2.13)

where Pdc = 1
2

P0

(

e−A(σ−) +e−A(σ+)
)

is static component of the transmitted light, P↑ = Pdc

(

1+ 1
2
∆Aδ0

)

and P↓ = Pdc

(

1− 1
2
∆Aδ0

)

at the peak modulation.

I
↑
t − I

↓
t ≈ Ḡ

↑
t

eηP↑
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) −Ḡ
↓
t

eηP↓
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) . (2.14)

The AC signal detected by lock-in amplifier is equal to

Ĩ heli
t = I

↑
t − I

↓
t

≈

(

Ḡ
↑
t P↑

−Ḡ
↓
t P↓

) eη
(

1−e−αW
)

Eph

(

e2N̄SL/τR

)

=

[

(

Ḡ
↑
t −Ḡ

↓
t

)

+

(

Ḡ
↑
t +Ḡ

↓
t

2

)

∆Aδ0

]

Pdceη
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) . (2.15)

The second term stems purely from the MCD effect as a result of the different absorption of FM film to the
right and left circularly polarized lights. Only the first term can be used to examine the spin dependent

tunneling conductivities. Let Ḡt =
1
2

(

Ḡ
↑
t +Ḡ

↓
t

)

be averaged tunneling conductivity.

Ĩ heli
t =

(

∆Gt

Ḡt

+∆Aδ0

)

·Ḡt

Pdceη
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) . (2.16)

Now, the question is how to extract the information on the spin dependent tunneling from experiments.
It becomes clear later that

I P
t = Ḡt

Pdceη
(

1−e−αW
)

Eph

(

e2N̄SL/τR

) (2.17)

should be the spin independent photocurrent.
Let us check the spin independent photocurrent excited by linearly polarized light, which is the sum

of the photocurrents induced by right and left circularly polarized lights

∑

σ
Iσt ≈

∑

σ
Ḡσ

t

eηP (σ)
(

1−e−αW
)

Eph

(

e2N̄SL/τR

)

=
eη

(

1−e−αW
)

Eph

(

e2N̄SL/τR

)

(

Ḡ
↑
t P↑+Ḡ

↓
t P↓

)

. (2.18)
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The intensities of the lights after transmitting the FM film are given as

P↑ =
P0

2
e−A↑

, P↓ =
P0

2
e−A↓

. (2.19)

Therefore

I P
t =

∑

σ
Iσt

=
eηP0

(

1−e−αW
)

2Eph

(

e2N̄SL/τR

)

(

Ḡ
↑
t e−A↑

+Ḡ
↓
t e−A↓

)

≈
eηP0e−Ā

(

1−e−αW
)

Eph

(

e2N̄SL/τR

) ·Ḡt . (2.20)

Here Ā ≃ 1
2

(

A↑+ A↓
)

and Pdc = P0e−Ā . Therefore, I P
t in equation (2.17) may be approximated by the static

photocurrent response in a device of the same layer structure, when it is excited by a linearly polarized
light. Eventually

Ĩ heli
t

I P
t

=
∆Gt

Ḡt

+∆Aδ0 . (2.21)

Again, ∆Aδ0 is determined by ∆Aδ0 =
[(

1+ 1
2∆Aδ0

)

−
(

1− 1
2∆Aδ0

)]

=
(

P↑−P↓
)

/P0.

Since the static photocurrents I P
t , the helicity-dependent photo-currents Ĩ heli

t and theMCD effect∆Aδ0

are measurable physical quantities [7–9, 16, 18], the asymmetry of spin-polarized tunneling conductance
∆Gt/Ḡt can be extracted from the measurements in the FM/SC tunneling structure. Compared to the
expression for normal spin filtering J̃ heli

t /J P
t =Gt/2Gs ·

[

∆Gt/Ḡt +∆Aδ0

]

[18], the present result, Ĩ heli
t /I P

t =
[

∆Gt/Ḡt +∆Aδ0

]

, is related to the quantity ∆Gt/Ḡt in a more straightforward way.

3. Conclusions

In summary, the theoretical model of the ballistic spin filtering across the interface between ferro-
magnetic metal and semiconductor superlattice was developed by exciting the spin polarized electrons
into n-type AlAs/GaAs superlattice layer at a much higher energy level and then ballistically tunneling
through the barrier into the ferromagnetic film. It turns out that the ratio of the helicity-modulated
photo-response to the static photo-response is equal to the sum of the relative asymmetry in the tun-
neling conductance between two opposite spin-polarized tunneling channels and the MCD effect from
the ferromagnetic metal layer. Since both the helicity-modulated and static photocurrent responses are
experimentally measurable quantities from the spin transport measurement, the physical quantity of in-
terest ∆Gt/Ḡt could be extracted quantitatively in the framework of the ballistic tunneling model. Com-
pared with traditional models of spin-filter effect, the relation of the measurable quantities to ∆Gt/Ḡt is
more straightforward in the present ballistic tunneling model.
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Балiстичне спiнове фiльтрування через мiжфазову границю

феромагнетик-напiвпровiдник

Й.Х. Лi

Центральна державна лабораторiя з дослiдження надграток i мiкроструктур, Iнститут напiвпровiдникiв,
Академiя наук Китаю, а/с 912, 100083 Пекiн, КНР

Ефект балiстичного спiнового фiльтрування з феромагнiтного металу в напiвпровiдник теоретично дослi-
джено з намiром виявлення спiнової поляризованостi густини станiв у феромагнiтному шарi при вищому
енергетичному рiвнi. Розвинуто фiзичну модель для балiстичного спiнового фiльтрування через мiжфа-
зову границю мiж феромагнiтними металами i напiвпровдниковою суперграткою, в основi якої є збу-
дження спiнополяризаваних електронiв у шарi AlAs/GaAs супергратки n-типу при набагато вищому енер-
гетичному рiвнi з подальшим балiстичним тунелюванням через бар’єр у феромагнiтну плiвку. Оскiльки
обидва спiрально-модульований i статичний фотовiдгуки є експериментально вимiрювальними величи-
нами, фiзична величина, яка нас цiкавить, вiдносна асиметрiя спiнополяризованої тунельної провiдностi,
могла б бути виокремлена експериментально в бiльш прямий спосiб порiвняно з попереднiми моделя-
ми. Дана фiзична модель зорiєнтована на вивчення спiнового детектування з високою продуктивнiстю в
майбутньому.

Ключовi слова: магнетоелектронiка, спiнове фiльтрування, балiстичне перенесення, тунельна
провiднiсть, напiвпровiдникова супергратка
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