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Abstract: Magnetic semiconductors are a class of materials with special spin-filtering
capabilities with their magnetically tunable energy gaps. Many of these materials also possess
another intrinsic property: indirect exchange interaction between the localized magnetic
moments and the adjacent free electrons, which manifests as an extremely large effective
magnetic field applying only on the free electrons’ spin degrees of freedom. Novel device
concepts can be created by taking advantage of these properties. We discuss in the article the
basic principles of these phenomena, and potential ways of applying them in constructing

spintronic devices.
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I. Spin Filtering

Magnetic semiconductors are best known for their spin filtering capabilities. The
phenomena were first proposed as a method to generate spin-polarized electron beam on field
emission electron guns [1,2]. Because of the existence of the finite band gap between the
conduction band and the valence band, electron transport through these materials can only take
place through quantum mechanical tunneling, provided that the temperature is not too high to
overcome the band gap. The transport becomes spin-dependent when the material goes through
its ferromagnetic transition, and the presence of exchange interaction leads to spin asymmetry for
the two spin channels. When unpolarized electrons tunnel across such a spin dependent tunnel
barrier, electrons of different spins encounter different tunnel barrier heights and therefore cross
with different probability, thus the transient current becomes spin polarized. These materials are
termed “spin-filters” due to the active spin selectivity of the tunnel process [3,4]. In principle, all
ferro- and ferri-magnetic semiconductors or insulators have such spin-filter capability, and the
filtering efficiency is a function of the magnitude of exchange splitting, and the tunnel barrier
thickness. These are easy to understand from a simple quantum mechanical tunneling picture
(Fig.1): the electrons’ tunnel probability is exponentially dependent on the tunnel barrier height
and thickness. For a simple nonmagnetic energy barrier such as Al,O3, no spin selectivity
happens and all electrons cross the barrier at the same rate. Now that the barrier is made out of a
magnetic material, the up and down electrons will encounter different tunnel barrier heights and
the transport become spin-dependent. And with the exponential dependence of tunnel probability
on the energy barrier heights, a small exchange splitting on the barrier heights leads to dramatic
difference in the transport probability for the two spin channels. When the barrier is thick enough,

the minority electrons (minority with respect to the barrier) are essentially filtered out from the
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stream, and the net tunnel current becomes nearly 100% spin polarized. Experimentally, one can
directly measure spin polarization across a spin filter with superconducting Meservey-Tedrow
technique [5], where the tunnel currents’ spin polarization manifests as an imbalance of tunnel
conductance on the two spin channels, and readily resolvable when the superconductor-magnetic
semiconductors-normal metal tunnel junction is subject to a strong in-plane Zeeman field. For
example, 29% spin polarization across EuO [6], 85% across EuS [7,8], 26% across CoFe,04 [9],
and 9% across MnFe,04 [10], were reported in the literature. A closely related technique, Point
Contact Andreev reflection (PCAR) [11] of superconducting Cooper pairs, also probes the local
availability of spin carriers and can be used to evaluate the spin filter efficiency. For example, 13%
was reported for CoFe,O4 barriers [12]. A major drawback of the above techniques is that they
are limited to superconducting temperatures only, typically below 1 K. The spin polarization can
also be deduced indirectly, for example, through temperature dependence of the tunnel resistance
across a spin filter (98% across EuO [13], 90% across GdN [14], 75% across Smy 7551 2sMnQO3
[15]), or from magnetoresistance (MR) measurement on single and double spin filter tunnel
junctions (40-90% across EuS [16,17,18], 25% across EuO [19], 22% across NiFe,O4 [20], 22%
across BiMnO; [21], 20-30% across Prg 3Cag,Mn;_,Co,03 (PCMCO) [22], negative and up to -44%
across CoFe;04 [23,24,25]). The above examples include some of the most popular spin filter
materials, such as rear-earth compounds, ferrites and manganites. We notice quite some
discrepancy on the estimation with different methods: more complicated device structure tends to
yield lower spin filter efficiency. This is because the imperfections on the materials themselves
and the interfaces between them both go up with device complexity. To date, room temperature
operation of spin-filtering remains a big challenge, no more than a few percent spin filter

efficiency has been achieved and only on ferrite systems thus far [23,24,25]. This is in part due
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to the intrinsic low Curie temperature of many of the materials (such as the rare-earth
compounds and many manganites), and in part due to the difficulty of creating high quality
materials (such as the ferrites). Defects within a barrier tend to induce resonant transport
bypassing the spin filter barriers and result in much reduced spin filter efficiency [9]. At room
temperature these defect-mediated channels become dominant and mask the desired spin filter
contributions. The observed spin filtering efficiencies are negative in these ferrite systems,
consistent with first-principles theoretical expectations [26,27]. There has been a claim of
positive spin filtering efficiency exceeding 70% at room temperature, on
CoFe;04/MgAl,04/Fe;04 tunnel junctions measured with conducting AFM (atomic force
microscopy) [28]. The half-metallicity and negative spin polarization of Fe;O4 may not have

been correctly accounted for in this work with the limited analysis.

Fig.1  Illustration of spin filtering process across a magnetic barrier, where the spin-up barrier height (blue) is
lower than the spin-down barrier height (red). The amplitude of an incoming plane wave is more attenuated if the

spins are pointing downward, opposite to the majority bands of the spin filter barrier.

In addition to creating a highly polarized spin current from an unpolarized charge current,
the spin-filters can also function as efficient spin detectors due to their spin selectivity. The spin-

filtering capability ensures that different spin carriers travelling inside a given spin channel will
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exit at different rates. In the ideal situation, the spin filter only allows one type of spins to cross
the barrier and completely blocks the other type, allowing us to selectively probe spin
information of this channel only. Here the spin orientation being probed is set by the magnetic
orientation of the spin filter material. In most cases the exchange splitting moves the spin
majority bands downward in energy (thus more filled) while moving the minority bands upward,
and the detected spin orientation is therefore along the direction of “majority” spins within the
barrier; certain materials could instead have one of their spin minority bands define the
conduction band minimum, thus preferentially probe spins aligned along the minority channel -
opposite to the barriers’ magnetism direction. It is worth pointing out that the “majority” and
“minority” here are relative to the magnetization direction of the spin filter, and the spin
information to be probed does not have to be collinear with these two directions. If the desired
spins are aligned at some angle with respect to the spin filter direction, the measurement is
effectively taking the quantum projection of the spins in the selected direction.

Now that we have established that spin filters can be used as effective spin generators and
spin analyzers, the simplest way to combine them together to verify these properties is to
construct a vertical tunnel junction or a lateral spin valve consisting double spin filters [29,18].
The first spin filter serves as the spin polarizer, while the second one as the spin analyzer. Here
we detail with the tunnel junction geometry to illustrate how this works. Its operation principle is
shown in Fig.2. Let’s first consider a conventional magnetic tunnel junction (MTJ) which
consists of two ferromagnetic electrodes separated by a thin insulator tunnel barrier. The tunnel
barrier can be treated as a simple energy barrier and the electrons cross this barrier through
quantum mechanical tunneling. The tunnel conductance across this device is determined by the

number of occupied electron states on the electrode for electrons to tunnel from, and the number
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of empty states on the counter electrode for these electrons to tunnel into. In the absence of spin
mixing events, one can readily find the total tunnel conductance of the device by adding up
conductance from each spin channels. Understandably, the junction is in a low resistance state
when the two spin reservoirs are aligned with each other and in a high resistance state when they
are misaligned. The relative change of resistance is defined as the magnetoresistance (MR) ratio,

and captured in the Julliere’s model linking MR directly to spin polarization of the electrodes:

2P1P;
1-P,P,’

TMR = here P, and P, are the spin polarization of the two electrodes. A spin filter tunnel

junction, on the other hand, does not involve magnetic electrodes. Instead, the spin transport is
actively modulated inside a composite tunnel barrier consisting two spin filters. If the two spin
filters are well aligned with each other, the majority electrons will face two low tunnel barriers
and can cross the junction easily, leading to a low overall resistance on the device and a final
transmission current dominated by the majority spins. If the two spin filters are misaligned, both
spin channels will encounter one tall tunnel barrier and strongly attenuated, and the final junction
resistance is therefore higher and the final transmission current is mixed with both types of
carriers. We see that, in addition to creating a large resistance change on this spin filter tunnel
junction, the same device is also able to turn on and off the spin polarization of the carriers
flowing across it. Further analysis showed that the spin polarization can not only be turned on
and off, but also varied, to a large extent linearly, to any desired values with bias voltages

making it a true spin-valve, literally [30].
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Fig.2  Illustration of a double spin filter tunnel junction, where a thin, regular insulator is inserted between the
spin filters to magnetically decouple them. When the two spin filters are aligned parallel to each other, tunnel
conductance is dominated by spin-up electrons; when they are aligned opposite to each other, the two spin channels
have the same conductance and the final conductance equals twice the conductance of individual channels. Because
|T1| » |T,|, we can easily see that the parallel conductance is much larger than the antiparallel conductance, leading
to an appreciable magnetoresistance. In addition, we see that the parallel conductance is also highly spin-polarized
while the antiparallel conductance is not. T; and T, are the transmission coefficients of the majority and minority

electrons across a single spin filter barrier.

There are a number of important directions for the field of spin filtering. Inducing
ferroelectric properties into spin filter materials makes it possible to create devices with four
remnant memory states [31]: two from ferromagnetic switching, and two from ferroelectric
switching (Fig.3), and potentially combines nonvolatile MRAM (magnetic random access
memory) and FeERAM (ferroelectric random access memory) storage technologies together. The
material that displays this property is Lag ;BipoMnO3, which comes from a multiferroic
(antiferromagnetic and ferroelectric) parent compound BiMnOs, and doped with La for

stabilizing ferromagnetism. Though its ferroelectric Curie temperature is well above room



Physical Chemistry Chemical Physics Page 8 of 35

temperature, its ferromagnetic Curie temperature is quite limited (90 K). Another promising
multiferroic compound, Bi,NiMnOg, demonstrates somewhat stronger ferromagnetism and
ferroelectricity, with the ferroelectric ordering temperature above room temperature yet the
ferromagnetic ordering temperature still limited to 140K [32,33]. A possible way around this low
ordering temperature problem is to use composite materials [34,35] - for example, coupling
ferroelectric BiFeOs; or BaTiO; with another ferromagnetic/ferrimagnetic material such as
CoFe,04 or NiFe;04, to take advantage of both the ferroelectric and spin filter properties in these
materials. There have been important works on nanocomposite of such systems [36,37,38,39,40],
but epitaxial thin films of sufficient quality for device applications is yet to be fully developed

[41,42].

Fig.3  Illustration of the four-state device based on an La, ¢;Sr 33MnO5/Lag 1Big oMnO;(2nm)/Au hybrid tunnel
junction [31]. LSMO is a well-known half metal with nearly 100% spin polarization at the Fermi level,
schematically illustrated with only a single band crossing Eg. (a) The high (left panel) and low (right panel)
conductance states leading to magnetoresistance are established when the majority band of the ferromagnetic
electrode (red band of LSMO) is aligned and antialigned with the majority band of the spin-filter (red barrier of
LBMO), respectively; (b) The ferroelectric effect shows up as a voltage shift across the device depending on the

electric polarization P inside the barrier, and can be set with previously applied electric fields (+/-1.5V across the
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device). In both figures a) and b), the width of the filled red and magenta arrows schematically indicates the

magnitude of the current flow in those configurations.

Spin filters make a natural choice for spin injection/detection across an extended
conducting channel [43,44,45,46]. When a semiconductor channel is being considered, spin
filters have a significant advantage in the sense that they are already semiconducting in nature,
and less prone to the conductivity mismatch problem that restricts metallic injectors [44]. For
example, when coupled to the organic semiconductors, such efficient spin injectors could
potentially double the efficiency in spin OLEDs as well as generate spin-active devices such as
organic spin valves and spin-OFETs [47,48,49,50,51]. The challenge in these directions however,
is still the low Curie temperature associated with many of the materials of choice. Selected
doping on some materials can raise the Curie temperature to some extent, for example, C doping
on GdN can potentially raise its T¢ from 70 K up to 190 K [52], and La and Gd doping on EuO
were shown to raise its T¢ from 69 K to 200 K [53] and 170 K [54], respectively. The magnetic
nature of these materials also enables modulation of supercurrent phases across these barriers,
and makes it possible to vary the barrier thickness to create Josephson junctions with non-zero
ground state Josephson phases (Fig.4), for example, m-junctions [55,56,57] that are proposed for
achieving coherent superconducting qubits without an external field and for realizing long range

spin polarized transport with dissipationless supercurrents.
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Fig.4  Critical current Fraunhofer pattern of NbN—GdN—-NbN junction [56]. The clear hysteresis behavior with
field sweep direction (arrows) indicates that the internal magnetization from GdN barrier modifies the total flux
enclosed by the Josephson junction. The maximum critical current is suppressed with increasing spin filter

efficiency due to blocking on one of the spin channels.

I1. Interfacial exchange Zeeman field

A magnetic semiconductor naturally contains a large number of localized magnetic
moments. In the following discussions, we will ignore the magnetic moments from electrons’
orbital motion because those components do not contribute to the exchange fields we are
interested in. In most systems, the magnetic moments are generated by electron spins, especially
from electrons occupying the spatially localized d and f orbitals. The commonly encountered
magnetic materials often involve 3d transition elements and/or 4f rare-earth elements. Electrons
being Fermions, must have antisymmetric wavefunctions among themselves. The net
consequence is that the combined spatial wave function of any two electrons is dependent on the
relative spin configuration of these electrons (i.e., the spin singlet and triplet states). The
different electron spatial distribution will lead to difference in the system’s energy, such as the

Coulomb energy and kinetic energy, thus renders one of the spin states with lower energy than

10
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the other one. Such an energy splitting is known as the exchange energy. As a result, a system
can collectively exhibit macroscopical ferromagnetic, antiferromagnetic, and many other
magnetic configurations. The exchange interaction can be generalized to between two
neighboring magnetic ions, which is essentially sum of contributions from every pair of electrons.
In the Heisenberg model, the exchange energy can be written as H = —2/,5; - S5, where J, is

the exchange energy constant, and S, S> are the spins of the two magnetic ions. The exchange
energy constant can be readily deduced from the exchange stiffness of the material. For example,
Je 1s around 12 meV for body-centered-cubic Fe, and about 13 meV for face-centered-cubic Ni
[58]. The exchange energy constants, together with the number of exchange neighbors,

determine the Curie temperature in these materials.

The above described scenario assumes that electrons have direct wavefunction overlap. If
the two electrons are spatially separated with negligible wavefunction overlap, being in the
singlet state or triplet state will not change the system energy and no exchange interaction should
be expected. It is however possible for them to interact through a common intermediate state and
experience a mutual “indirect” exchange interaction [59] commonly referred as Vonsovsky-
Zener exchange model [60,61]. It is in some sense the metallic analogue of superexchange in
insulators. For an itinerant ferromagnet such as Fe, the localized 3d electrons exchange with, and
induce spin polarization into, the sp conduction electrons, which then proceed to exchange with
the adjacent 3d electrons and align them ferromagnetically. In this case, the indirect exchange
interaction is mediated through the conduction electrons and the strength follows Ruderman-
Kittel-Kasuya-Yosida (RKKY) oscillation [62] with interatomic spacing. For magnetic materials
involving rare-earth elements, the magnetic 4f electrons are deeply buried under the 5s and 5p

shells, thus direct exchange is negligibly small and indirect exchange dominates in these systems.

11
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The strength of the exchange interaction between conduction electrons and rare-earth compounds
is of a similar order of magnitude around 10 meV [63,64].

For a magnetic semiconductor involving localized d or felectrons, the same indirect
exchange interaction mechanism can propagate into the adjacent metals, polarizing their
conduction electrons. This is equivalent to inducing a Zeeman field onto that bordering free
electron system. Because the exchange interaction initiates from the interface between the
magnetic semiconductor and the metal, one can expect that the overall effective Zeeman field
decays rapidly with the thickness of the metal layer. For thin electronic systems, such as a thin
metal film or a 2D electron gas, the film thickness is far below the electrons’ mean free path and
all electrons in the layer have the same probability to interact through the interface with the
magnetic semiconductor. As a result, the effective Zeeman field strength is “diluted” by the total

number of carriers on the metal side and shows overall 1/d dependence with respect to the film
thickness d. The additional RKKY oscillation roughly follows Sin(;%d) dependence with d, here

kr 1s the Fermi wave vector of the electrons within the metal. Due to the very fast oscillation of
this function, after the first few Angstroms, the averaged exchange strength over all the electrons
still follows approximately 1/d dependence. Experimentally, a 1/d dependence of the induced

Zeeman field was indeed reported on thin Al films in contact with EuO [65].

12
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Fig.5  Illustration of the indirect exchange interaction between conduction electrons and the localized 4f electrons
of Europium chalcogenide compounds. The exchange constant was determined to be around 10 meV [63,64] on

these systems, and the coupling antiferromagnetic [7,66].

There are a number of unique experiments in the literature to take advantage of the strong
exchange field coupled with superconductor systems. The previously mentioned Meservey-
Tedrow technique [5], a standard way of probing spin polarization of a tunnel current, was
successfully employed on Au/EuS/Al tunnel junctions without applying an external magnetic
field [7]. Well-resolved spin splitting appears due to the strong internal exchange field from EuS
spin filter barrier. And for the thin Al films, the proximity induced internal field behaves no
different from an external applied (Zeeman) field, but it is now a local parameter easily tunable
with magnetic configuration of the spin filter films. One can, for example, vary the relative
orientation of two spin filter layer to enhance or cancel the combined internal fields, resulting in
tunable superconductivity in EuS/Al/EuS superconducting spin valves (Fig.6) [67]. In a
mesoscopic structure containing superconductor Al channel with EuS in proximity, the induced
exchange field on the superconductor quasi particles modifies the spin polarized transport in the

channel, making it an additional control parameter for spin current flow in superconductors [46].

13



Physical Chemistry Chemical Physics

T L L] T L] T 1
100 DI, I
- )N ' -
Y )
° >
o |o
° ° —e—1.21K
o —e— 146 K
-
« ol ¢ 1.57 K
—
] ]
N
o 50+ ) . .
3000
®
2000
[ IS
L ] X 1000
®s 0 =
[
| |s 054 o
% ™ 14 15 16
of W - o
1 1 1 1 1

150 -100 -50 0 50 100 150 200 250
H (Oe)

Fig.6 A superconducting spin switch driven by strong internal exchange fields [67]. The device is based on a
sandwich structure of EuS(1.5nm)/Al(3.5nm)/EuS(4nm). As superconductivity is relatively weak near T, the
exchange fields from the magnetic semiconductors become strong enough to turn the superconductivity on and off:
the system is in a superconductivity-off state (R~100Q) when the two EuS layers are aligned with each other
strengthening the exchange fields; and returns to the superconductivity-on state (R~0Q) when the two EuS layers are

antialigned and exchange fields canceled. Inset shows the temperature dependence of this effect.

We next use a simple model as detailed by Haugen et a/ [68] to estimate the order of
magnitude on the strength of this effective Zeeman field. For a system with a rare-earth based
magnetic semiconductor EuO on top of a 2DEG graphene, the effective Zeeman field is
estimated to be about 5 meV, or equivalent to a field strength of 80 T. The effect is most
dramatic for 2D electronic system where the carrier density is low and magnetic proximity is
strong. Such strong exchange field has been optically confirmed on EuS-coated single-walled
carbon nanotubes by looking at photocurrent signatures from the triplet excitons, where the
exchange field functions as a mixing mechanism for the singlet and triplet channels to enable
optical activity [69]. In addition, this interfacial “field” can be readily manipulated with a much
smaller external magnetic field (=10mT for in-plane switching and =1T for out-of-plane

14
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switching) by rotating the macroscopical magnetization of the EuO film. Due to the electron-
electron exchange nature of this interfacial field, the resultant effective Zeeman field only applies
to the electron gas’s spin degree of freedom, not on its orbital degree of freedom. For example,
despite the effective Zeeman field being routinely larger than tens of Tesla, one cannot expect to
observe Quantum Hall Effect from this field alone because there would be no Landau levels
forming. When coupled to 2D electronic systems such as graphene and silicene, strong
perpendicular exchange field breaks time-reversal symmetry and appreciable Rashba spin-orbit
interaction develops at the interface due to structural inversion asymmetry, and together they can
induce quantum anomalous Hall effect [70] in these systems [71,72]. Lately there has been some
important progress on proximity induced exchange fields onto surface states of topological
insulators [73]. A closely related experiment [74] has been realized recently in
Cro.15(Big.1Sboo)1 85 Te3, a magnetically doped 3D topological insulator, where the exchange field
comes from dopants in the bulk rather than from proximity across interfaces.

Because one can use a small applied magnetic field to induce a giant Zeeman field which
would otherwise be formidable for a normal laboratory, such an interfacial field is of great value
for designing novel spintronic devices. It can lift the degeneracy of a spin system and make
different spin states readily distinguishable. There are some elegant theoretical proposals yet to
be fully carried out experimentally. For example, one can use a heterostructure consisting of a
semiconductor sandwiched between a magnetic semiconductor and an s-wave superconductor, to
induce both magnetic and superconducting proximity onto the conduction band of the
semiconductor [75]. The Rashba split bands closely mimic the Dirac bands of a topological
insulator surface, which, when coupled to an s-wave superconductor through proximity, is

known to support formation of Majorana bound states at vortices core or other boundaries [76].

15



Physical Chemistry Chemical Physics Page 16 of 35

A critical difference is that this semiconductor platform is spin degenerate, which prevents the
desired non-Abelian statistics from appearing. Therefore a strong perpendicular exchange field
(or a real magnetic field of enough strength) is necessary to open up an energy gap at the “Dirac”
point and leaves only one band crossing the Fermi surface - ready for hosting non-Abelian
topological order when an s-wave superconductor is also introduced (Fig.7). With all the
ingredients in place, Majorana fermions emerge inside superconductor vortices and can be
braided as if they are actual particles. Similarly, pairs of Majoranas also nucleate on the ends of
1D nanowires of semiconductors or metals, in the presence of strong Rashba spin-orbit coupling,
superconducting proximity effect and Zeeman splitting, as theoretically predicted [77,78,79,80]
and experimentally demonstrated by many groups [81,82,83,84,85]. The special non-Abelian
nature of these particles makes it possible to construct topological quantum computers [86,87]

which are inherently fault-tolerant to a very high threshold [88,89].

Superconductor

Semiconductor

Fig.7 A proposed semiconductor heterostructure with both superconducting and magnetic proximity and can host

the existence of a Majorana bound state inside a vortex core [75].

III.  Spin Regulation
With the unique properties of spin filter tunnel barriers, it becomes possible to create a

composite structure for shuffling spins in desired directions in order to achieve spin regulation

16
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[90]. This was achieved by individually creating an asymmetric spin barrier profile for each spin
channel, and excited spins exit the device with asymmetric probabilities in a motion similar to
the unidirectional AC-to-DC rectification from a diode, except that the two spin channels are
regulated towards opposite directions. To convert the pure spin information to a detectable
voltage signal, the intrinsic interfacial exchange field as described in the previous section serves
as the necessary ingredient to render the chemical potentials of the two spin channels different
from each other.

The basic structure consists of a double spin-filter tunnel junction of two EuS spin filter
barriers with small metallic Al nano-islands sandwiched in between, as illustrated in Fig.8. EuS
has bulk Curie temperature of 16.6 K and creates interfacial Zeeman field on the order of several
Tesla for thin Al films of a few nm [8]. For even thinner Al films, the effective field goes up
quickly, inverse to the film thickness as detailed in the previous section. The direction of the
interfacial field in this system is determined to be opposite to the magnetization of the spin filter
material, consistent with literature reports from transport and NMR measurements [7,66]. The
strong Zeeman splitting ensures that electrons confined on the nano-islands and with minority
spins would occupy energy levels uniformly lower than their majority-spin counterparts. For a
single electron trapped on a Coulomb island, it can occupy one of the two exchange-split states;
provided that the external fluctuation energy is strong enough, the two states would have
essentially equal population. For the islands with double occupancy, due to Pauli principle, the
two electrons can only settle in with opposite spins, and the next available excitation level is well
isolated by the Coulomb charging energy. In this system, the interface-induced Zeeman splitting
is much smaller than the Coulomb charging energy. Therefore mild fluctuations in the system,

for example, from electronic noise and thermal fluctuations, can readily saturate the spin states of

17
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the single occupancy islands, but can hardly trigger any excitations on the double occupancy
islands. The intrinsic on-dot spin lifetime is expected to be very long due to weak spin-orbit
coupling of Al and spatial confinement of these quantum dots, and spin relaxation mainly
happens through electron tunnel communication with the electrodes.

If the spin filters are ideal, they will only permit one type of spins to communicate
through these barriers, and the spin channel parallel to the spin filter barrier tends to have its
chemical potential aligned through the barrier with the electrode. The spin splitting on the nano-
islands will therefore pass onto the electrodes, and create a measureable voltage signal across the
device. Naturally, such a voltage signal is only achievable when the two spin filters are placed in
the antiparallel configuration, and spin-up electrons flow one way while spin-down ones the
opposite way. The internal spin splitting on the nano-islands renders different chemical
potentials for the electrons heading opposite ways, while external perturbations ensure the two
spin levels are sufficiently populated which also supplies energy to the process. When the two
spin filters are aligned parallel to each other, however, the device is spin symmetric and no spin
signal development is possible. Therefore with sweeping magnetic fields, a voltage signal
develops across the device in the antiparallel state and vanishes in the parallel state. In practice,
spin filters are not ideal and the “forbidden” spin channel can still participate in the
communication, and bring down the observable spin signal. The actual detected signal
corresponds to the internal exchange splitting modulated by the spin filtering efficiency of the

barriers, which is roughly 40% for EuS based structures.

18
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Fig.8  Illustration of a double spin filter device with Zeeman split levels in between. When the two relevant levels
are sufficiently populated, a voltage response will develop across the device because only one type of spins can flow
through each barrier. On this schematic, the middle Coulomb island sees interfacial exchange interaction only on its

left side interface; its right side forms an opaque barrier to stop exchange interactions from this side.

In addition to the spontaneous spin flow as shown above, the fact that spins only travel in
predefined direction allows one to design active spin regulation devices. We have touched on
this in Section I, and that in addition to showing magnetoresistance, a double spin filter tunnel
junction can also modify the spin polarization of the transient current (Fig.2). The net spin
polarization is nearly 100% when the two spin filters are aligned, and zero when they are
antialigned. The spin polarization in the antialigned configuration is no longer zero under finite
bias voltages: it varies almost linearly with the bias voltage [30], allowing one to not only turn
the spin polarization on and off, but also set it continuously to any finite value desired.

When coupled with superconductors, the strong exchange fields from magnetic
semiconductors make it possible to create large thermoelectric effect in the superconductors
which lacks thermoelectric response on their own. The dual functionalities of the magnetic

semiconductors are cleverly explored in a superconductor/magnetic semiconductor/normal metal
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system [91]: interfacial exchange fields to remove the electron-hole symmetry on individual spin
channels, while spin filter tunneling to select the desired spin channel only. This configuration
offers thermoelectric efficiency much larger than conventional materials and approaching the
Carnot limit. The device’s thermoelectric properties become readily flux tunable when coupled
to the weak link of a SQUID, making it possible to perform effective thermal management in the
superconductor systems.

On the quantum frontiers, it is possible to construct a spin detector at a single electron
level. One can use a spin filter barrier to perform one-shot readout on a single electron spin
through charge sensing — a “swap gate” operation on the charge and spin quantum states (Fig.9)
[92]. When a single electron wavefunction is ready for readout, one can apply a gate voltage to
press this wavefunction against a spin filter barrier, and the spin detection is now converted into
a charge detection: we know the spin is aligned with the spin filter direction if the electron’s
wavefunction readily extends across the barrier, and the spin is opposite to the spin filter
direction if the wavefunction mostly stays confined. When the interfacial exchange field is also
in action, this spin-qubit receives a natural splitting on the two levels, but may also experience

additional decoherence due to the spatially inhomogeneous exchange field.
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shown [92]. The electron is kept far away from the spin filter when quantum computing is in progress. When the
spin information is ready for readout, a gate voltage is applied which presses the electron wavefunction against the
spin filter. Whether or not one can find the electron’s wavefunction on the other side of the spin filter barrier is
directly determined by the spin orientation of the wavefunction. Position of an electron is readily measurable with

capacitive charge sensing.

IV.  Summary

From the above examples, we see that we can use magnetic semiconductors as functional
barriers, which can be subsequently tuned with external magnetic fields to generate the desired
energy profiles for individual spin channels. Each of these barriers is a spin selective component
suitable for providing spin regulations. These spin filters do not have to be configured collinear
in directions, and each filtering stage is effectively taking a projection measurement along the
newly defined principle axis. By controlling the spin filter material’s properties and device
geometries, one can induce different magnetic anisotropies in them and enable individual control

through external fields. A magnetic semiconductor also generates an extremely strong interfacial
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exchange field on the adjacent electron gases, and a small applied field can efficiently induce and
rotate the much larger exchange Zeeman field with strength exceeding tens of Tesla. This
effective field is most effective on low dimensional electronic systems and capable of lifting the
degeneracy of electron spins or other composite particles formed from correlated electrons. In
addition to these passive properties, active spin regulation is readily achievable when one
dynamically tunes the magnetic energy profiles of the two spin channels, via external controls
with applied magnetic field and gate electric field operations. With these additional control
parameters one can valve the spins to flow in desired directions.

So far, we focus on the transport phenomena involving magnetic semiconductors but only
in the ballistic, short distance tunneling and proximity regime. Magnetic semiconductors, when
conductive enough, can also become an effective spin transport media in the diffusive, long
distance carrier hopping regime. Such processes have been demonstrated in a large variety of
dilute magnetic semiconductor (DMS) materials, such as magnetically doped II-VIL, III-V, and
oxide semiconductors [93,94,95,96]. Dilute magnetic semiconductors are often based on
nonmagnetic host materials, and then heavily doped into showing ferromagnetic behavior.
Therefore they tend to structurally well match conventional semiconductors and ready for device
integration. While many of the III-V and II-VI based dilute magnetic semiconductors still suffer
from lower than room temperature Curie temperatures, some of the oxide based dilute magnetic
semiconductor materials have already shown performance at much higher than room temperature
[96]. Spins have extremely long lifetime and coherence length in these materials and the spin
information is also optically maneuverable and detectable. Carriers gain their spin polarization
through interaction with localized dopants, which in turn order them ferromagnetically. Spins are

therefore constantly being polarized in their conduction channels rather than filtered by selective
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quantum tunneling, and an interfacial exchange field, weaker due to the dilute presence of
localized moments, can also propagate across the interface into the adjacent electron systems.
These are the main difference between the dilute magnetic semiconductors and the previously
described intrinsic magnetic semiconductors. Topics involving dilute magnetic semiconductors
have been extensively reviewed in the literature [97,98,99,96,100] therefore we will not cover it
any more in this article.

Overall, the basic properties of magnetic semiconductors are quite well understood by
now, and the major challenge in the field lies in the development of suitable materials. This
includes developing materials with higher Curie temperature for room temperature operations,
and materials with fewer defects for improved efficiencies. For example, we see that the
experimentally determined spin filter efficiency in ferrites is no more than 40% in actual devices,
and barely a few percent remains at room temperature, far less than theoretically expected.
Eliminating undesired structural and compositional defects from the materials will reveal the full
potential of spin filters. The inherent interfacial exchange fields from localized moments are not
prone to the material imperfections, but are sensitive to the interfacial configuration. For
example, an ordered interface can generate periodic spin potentials on the atomic scale, which
could yield rich physics when imposed on top of other periodic electronic structures [101,102].
Such experiments call for atomically sharp interface and strict structural correlation, again
require extensive atomic level materials engineering. We expect that with further refinement on
materials systems will bring the field fast forward and open vast possibilities for spintronics

applications.
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