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We review our recent experimental and theoretical studies on ferromag-
net/semiconductor hybrid structures and discuss the role of ballistic elec-
trons in such systems. We focus in particular on two peculiar features: first,
ballistic electrons in semiconductors are shown to be in particular sensitive
to local details of an inhomogeneous stray field. We argue that this can
preferentially be used for nanomagnetometry. Second, we show theoretically
that, in case of the injection of ballistic electrons from a metallic ferromag-
net into a semiconductor, a spin-dependent interface resistance arises due to
band-structure mismatch that causes spin filtering at the interface. Recent
band-structure calculations suggest that for an epitaxial interface a nearly
100% spin-polarized current might be generated in a spin-injection experi-
ment.

PACS numbers: 72.25.Hg, 72.25. Mk, 72.25.Dc, 73.23.Ad, 73.40.5x, 75.60.Ej

1. Introduction

Ferromagnet(fm)/semiconductor(sc) hybrid structures are nowadays of in-
terest both for basic research in solid state physics and for applications in magne-
toelectronics and spintronics [1, 2]. Magnetic properties of nanostructured ferro-
magnets are currently a research field of great interest [3—7] and are important for
nonvolatile magnetic storage [8] and for spin-injecting sources and spin-detecting
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drains in spin-transport devices [9]. In the latter kind of devices, the spin of the
electron might be used as the information rather than the electronic charge. By
this means, intriguing new perspectives are arising. If, e.g., magnetic and semicon-
ducting materials were combined in hybrid structures, researchers and engineers
in the microelectronics business might be able to realize multifunctional devices
which combine both, nonvolatile data storage and ultrafast data processing. In
addition, the prospect would be a low power consumption. The spin itself as a
genuine two-level quantum system can also serve as a qubit. In case of coher-
ent spin transport in semiconductors one might therefore also think about such
visionary concepts like solid-state implementations of quantum computation.

In this paper, we review our recent work concerning ballistic electrons in
ferromagnet /semiconductor hybrid structures. We focus on two important issues:
(i) the effect of stray fields originating from ferromagnetic contacts and acting on
the orbital motion of charge carriers in the semiconductor [10], and (ii) the effect of
the spin-dependent interface resistance between a ferromagnetic metal and a IT1-V
semiconductor. The latter is shown to give rise to the injection of a spin-polarized
current via a process which is called spin filtering [11-13]. The results presented
here are discussed in the framework of the spin field-effect transistor (spin FET)
which was theoretically proposed by Datta and Das [9] in 1990 (Fig. 1).

The paper is organized as follows: in Sec. 2.1 we introduce in brevity the
Landauer—Bittiker formalism which is the common theory in mesoscopic physics
to describe the transport of ballistic electrons. In Sec. 2.2 we discuss stray-field
effects, in Sec. 2.3 we outline the idea of spin filtering.

2. Ballistic electrons in ferromagnet/semiconductor hybrid structures

In the spin FET as originally proposed by Datta and Das [9], the ballistic
and coherent transport of spin-polarized electrons is assumed to occur in a semi-
conductor heterostructure which exhibits the Rashba effect [14]. The latter is the
spin—orbit interaction that can be tuned and controlled via an electric field in a

gate
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Fig. 1. Schematic side view on the spin field-effect transistor proposed by Datta and
Das (after [9]). Source and drain are ferromagnetic contacts, the white arrows indi-
cate the direction of the magnetization. Ballistic and coherent spin-polarized electrons
undergo a spin precession along the channel in case of spin—orbit interaction (Rashba
effect).
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compound semiconductor lacking inversion symmetry [15-18]. In Fig. 1, a gate
electrode on top of a modulation-doped III-V semiconductor heterostructure is
assumed to control the electric field perpendicular to the plane of the electron
system, and by this means to vary the spin—orbit interaction which causes spins to
precess. Datta and Das have predicted intriguing new spin transport phenomena:
as a function of gate voltage, the electron spins should change their orientation
along the semiconductor channel. Using this effect, one could tune the magne-
toresistance by an electrical field. The pioneering theoretical work was based on
a one-dimensional electron system between the ferromagnetic source and drain.
Recent theoretical studies [19] and experimental results [20, 21] suggest that a
mesoscopic two-dimensional electron system (2DES), that exhibits a lateral width
on the micrometer length scale, might also be suitable for studying spin-transport
phenomena of ballistic electrons in a spin FET configuration.

2.1. Transport theory: Landauer—Buttiker formalism

In the following we outline the Landauer—Buttiker formalism which is the
well-accepted transport theory for ballistic electrons in mesoscopic physics. In case
of a diffusive two-dimensional electron system the conductivity would be given by
o = ngep, where ng is the carrier density and p is the mobility. From this one
can calculate the conductance G from G = (W/L)o, where W is the width and L
is the length of the device. Deviations from the diffusive picture are expected to
occur if the lateral sizes W and L are smaller than the electron mean free path [..
Then the ballistic transport regime may be entered where the Landauer—Buttiker
transport theory is well established. It suggests that, instead of being scattered as
particles, the electrons are transmitted and reflected like waves travelling through
the device. For example, in case of a constriction the two-terminal conductance 1s
given by

G = (e?/h)MT, (1)
where M denotes the number of spin-nondegenerate modes (in a mesoscopic 2DES
M =2 x Int[kpW/x]) and T" < 1 denotes the transmission coefficient. A com-
prehensive overview and detailed discussion on the Landauer—Buttiker formalism
and its application can be found in Refs. [22, 25]. The multi-terminal resistance is
calculated on the basis of quantum-mechanically derived transmission coefficients

Toan - In case of a configuration like the one in the inset of Fig. 3a which will be
discussed in the next section the resistance Ro4 13 reads [24]

h
Ros3 = 6—2(T24T31 — T51T34)/ D, (2)

where the numbers label leads. The parameter D is positive and constant for a given
device. The intriguing result of Eq. (2) is that a negative resistance is expected if
the current 1s applied around a bend and if ballistic electrons are present. This 1s
due to the transmission coefficients 751 and T34 which are larger than 7oy and T3;.
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In the latter case electrons have to turn round a corner which 1s an unlikely process
for electrons with a large forward momentum k. The negative resistance was ob-
served by Takagaki et al. in 1988 [26] on a micron-sized 2DES at low temperature.
They also showed that the absolute value of the bend resistance was reduced by
applying a homogeneous magnetic field perpendicular to the mesoscopic 2DES.
According to Eq. (2) one could argue that the transmission coefficients 75 and
T34 were reduced due to the Lorentz force acting on the electrons.

2.2. Stray-field effect on ballistic electrons

In the following we demonstrate that ballistic electrons in a mesoscopic 2DES
are extremely sensitive to an inhomogeneous magnetic field [10]. For our experi-
ments, we fabricate 2DES cross-junctions with a lateral size which is smaller than
the electron mean free path and integrate permalloy (Py), i.e., NiggFeaq, micro-
magnets on top. By this means, we are able to generate characteristic stray-field
patterns within the junction region by changing the domain configuration of the
micromagnets by an in-plane magnetic field. Here we discuss our results obtained
on a cross-junction with a two-micromagnet system on top (Fig. 2). The latter is
one of the favored systems for spin-injection/spin-detection contact configurations
in a lateral spin-transport device with sub-pm channel length [27-29].

RSN

Fig. 2. Ferromagnet/semiconductor hybrid structure for studying stray-field effects.
The etched mesa contains the mesoscopic 2DES 90 nm below the surface. The cap layer
of the heterostructure is insulating. The ferromagnetic material is permalloy (labelled

NiFe).

Micron-sized cross-junctions have been fabricated in a GaAs/Alg 3Gag 7As
heterostructure using electron-beam lithography and photolithography followed by
a wet etching process. The electronic width of the devices is W = 1.7 um. Contacts
are fabricated using evaporation and lift-off technique. The 2DES is 90 nm below
the surface with a carrier density of ny = 2.7 x 10 ¢cm~? and a mobility of
p = 3.5 x 10° cm?/(V s). All experiments are performed at the temperature of
T = 4.2 K. Then the electron mean free path is calculated to be o = 3 pm. Hence,
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the device is operated in the ballistic regime. The number of ballistic modes is
M =70.

Polycrystalline Py micromagnets are integrated using electron beam litho-
graphy, evaporation, and lift-off techniques. They have been capped by a 9 nm
gold layer. To monitor the effect of local fields on the ballistic electrons bend- and
transfer-resistance measurements [23, 24, 26] were performed in a *He cryostat
with a superconducting magnet at 4.2 K. The external magnetic field was in the
plane of the 2DES and along the easy axis of the longer micromagnet. The applied
field was swept in small steps of a few tenth of a mT. The current 7 of 3 pA
injected in the Hall bar was modulated at 37 Hz.

Bend-resistance curves are shown in Fig. 3 measured on the cross-junction
containing a two-micromagnet system with a separation d = 200 nm. In Fig. 3a
the current 1s injected at the injector lead 2 with respect to lead 4 and the voltage
is measured between leads 1 and 3. By this means, electrons which transverse the
cross-junction ballistically are measured at detector probe 1 [26]. The bend resis-
tance f2413 exhibits a hysteretic “butterfly”-like shape which is reproducible in
several runs and cooling cycles. Broken vertical lines and large letters on the top
indicate in-plane fields where large variations (jumps) are observed in the resis-
tance trace. These are interpreted to be due to irreversible changes in the domain

DCBA

-50 0 50
B (mT)
Fig. 3. Measurements of the bend resistance in two different configurations in an
in-plane magnetic field B. The black traces are measured from positive to negative
fields, the gray traces vice versa. Vertical lines indicate irreversible jumps observed in
the black traces. A negative offset value has been subtracted from the data for clarity.
The leads are labelled in the inset of part (a) [30].
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Fig. 4. Simulated domain configuration and stray-field component 90 nm below the Py

two-micromagnet system at B, = —3.45 mT (left) and B, = —78 mT [32]. Tiny arrows
and the background gray-scale color plot in the upper panel represent the orientation of

the microscopic magnetic moments.

configuration,’ which in turn lead to variations in the magnetic-field pattern in
the mesoscopic 2DES. In Fig. 4 we have calculated the perpendicular component
of the stray field 90 nm underneath the two-micromagnet system.

On the basis of Eq. (2) and Fig. 4 we argue that, locally, strong Lorentz forces
act on the electrons in such a way that transmission coefficients are changed.
As a result, part of the ballistic electrons are deflected. This seems to depend
critically on details of the stray-field pattern. Strikingly, we find that this effect
is very sensitive to the lead configuration: in Fig. 3b we have measured 2314
by interchanging the leads. Now we observe a different shape of the hysteretic
resistance trace. By changing current and voltage leads we have obviously probed
a different region. Very intriguingly, irreversible jumps, though different in sign
and in height, are observed at field positions which agree well with positions of
jumps found in Fig. 3a. This underlines that they originate from characteristic
changes in the domain configuration of the two-micromagnet system. The ballistic
electrons are scattered at small spots of strong magnetic field [31].

We have also performed transfer-resistance measurements on our hybrid
structures. This means that the current leads and the voltage probes are not
at one and the same cross-junction. In our case, the current was injected around
a bend that was 10.5 pm apart from the cross containing the two-micromagnet
system, i.e., the lateral distance between injector and detector was larger than
the mean free path [ = 3 pym. In Fig. 5 we show the hysteretic behavior of the
measured resistance. The peak-to-peak value in the resistance trace has decreased
by a factor of about 20 if compared to Fig. 3 and jumps are diminished. Never-
theless, even at this large distance, which is three times the mean free path [,
stray-field effects on the ballistic electrons can still be monitored. Our results are
much more important since nonlocal resistance measurements have been intro-

tA detailed discussion on the supposed domain configurations of the two-micromagnet system
in an applied field can be found in Ref. [10, 29, 30].
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duced recently to study spin-transport phenomena in ferromagnet/semiconductor
hybrid structures [33]. As a result, we find that:

(i) Ballistic electrons are very sensitive to local Lorentz forces and are readily
deflected. This effect can be used for nanomagnetometry with high spatial
resolution. By this means, we have recently investigated the switching of
the nanometer-sized end domains (compare Fig. 4b) that occur due to the
demagnetizing effect in micromagnets [30].

(ii) In a lateral spin-injection/spin-detection device incorporating a mesoscopic
2DES with Rashba spin—orbit interaction ballistic electrons might exist with
curved trajectories due to local Lorentz forces. This could alter the spin-
-transport behavior.

(iii) Stray-field effects are prominent in a nonlocal measurement configuration
compare Fig. 5) if ballistic electrons can reac e voltage probes.
Fig. 5) if ballistic elect h th ltag b

50
B (mT)

Fig. 5. Measurement of the nonlocal transfer resistance, i.e., the separation between

the current injector and the voltage detector is 10.5 um. A negative offset value has

been subtracted for clarity.

In case of a semiconductor channel between ferromagnetic sources and drains,
it is now evident that a detailed knowledge of the domain configuration of the ferro-
magnetic contacts and, in particular, of the evanescent stray fields is an important
prerequisite to interpret the transport of ballistic electrons.

2.8. Spin filtering of ballistic electrons
atl the ferromagnet/semiconductor inlerface

Currently, there is a lively discussion by which means efficient spin injection
into semiconductors is possible if a metallic ferromagnet is used as a spin-injecting
source. If bulk conductivities of the two different materials were regarded and a
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spin-dependent interface resistance was neglected, a basic obstacle for spin injec-
tion was supposed to exist in the dif fusive transport regime [34]. Recently, it was
suggested that the situation is significantly improved if a spin-dependent barrier
layer [35—38] is incorporated at the interface. This barrier can either be an ar-
tificial tunnelling barrier made from an oxide or a Schottky barrier which forms
naturally in many cases of a metal/semiconductor contact (e.g. in case of GaAs).
Now there seems to be experimental evidence that spin injection of hot electrons
via a barrier layer is feasible and efficient [38-41].

kfmfl* ksc I'(fmﬁ" kfmﬂ\ ksc kfm*

kfm}lf ksc I'(fm kfm*,lr ksc Iffm

(@) (b —
Fig. 6. Schematic representation of the spin-filtering effect: shown is the bottom con-
duction band edge and the Fermi energy Er (dotted horizontal line) in the fm/sc/fm
hybrid structure in case of (a) parallel and (b) antiparallel alignment of the magnetiza-
tion if no Schottky barrier is present. In this scenario, the majority and minority spins
of the ferromagnet entering the 2DES as plane waves (the states are split due to the ex-
change energy) exhibit a dif ferent band-structure mismatch, i.e., a different potential
step, and obey spin-dependent specular reflection. This results, in general, in dif ferent
transmission and reflection coeflicients and leads to spin filtering at the fm/sc interface

and to a magnetoresistance effect in a fm/sc/fm hybrid structure.

It has recently been discussed that in the ballistic transport regime efficient
spin injection should be possible even without introducing a separate barrier layer
[11-13]. The idea is that the band-structure mismatch (Fig. 6) at the interface
between a metallic ferromagnet and a semiconductor favors spin filtering which
then generates a spin-polarized current. In our approach, we first modelled this
effect on the basis of the Landauer-Biittiker formalism (Eq. (1)) for a point con-
tact using the ansatz of plane waves in a free-electron model. In this case, we
distinguish between the two transmission coefficients T} and 7| for majority and
minority spins, respectively, which enter the semiconductor from the ferromagnet.
In our model, for electrons with a momentum k perpendicular to the interface the
coefficients T" are calculated from

1
1+ 2z
with the parameter [43]

(ry — 1)?

4r,

(3)

72 = >0, (4)
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where the group velocities v enter by r, = vs./vgm. In the free-electron model, we
take the Fermi velocity vp = hkp/m* at the Fermi energy Er (m* is the effective
mass of the electron in the material). In the absence of spin-flip scattering, the
transmission coefficients are in general different for the two orthogonal spin states
leading to spin-dependent specular reflection (Fig. 7). The latter effect is the basic
concept of spin filtering via band-structure mismatch. As important results we find
that spin filtering:

(i) can take place at the interface between a metallic ferromagnet and a semi-

conductor and should generate a spin-polarized current,

(ii) should depend on the specific combination of materials due to variations in
the band structure and

(iii) should depend on the electron energy, i.e., in our case on Ef.

g T T T
= 1.0 F -
2 T
& 0.8 .
2 > 7]
= 0.6 1 1 1

10 20 30

n (10" cm?)

Fig. 7. Spin—dependent transmission probabilities at the interface between a ferromag-
net (fm) and a semiconductor (sc) plotted as a function of 2DES carrier density n. [13].
We assume the momentum % of the electrons to be perpendicular to the interface. The ef-
fective mass in the scis mJ. = 0.036m., a reasonable value for electrons in an InAs—based
heterostructure. The fm is Fe with kr; = 1.05 x 10° /cm and kr,) = 0.44 x 10%/cm [42].

—2

For the metal, we took m}, = me. The value n: = 35 x 10! cm™2 corresponds to a

Fermi energy £ of about 0.22 eV in the sc.

Within the free-electron model we find an efficiency of injecting a spin-
-polarized current of the order of ten per cent. Here, Fe on InAs, that does not
form a Schottky barrier, might be one of the favored combinations [11, 13]. Spin
injection persists even if we include oblique angles for the momentum & with re-
spect to the interface. Detailed calculations for a ferromagnet/2DES /ferromagnet
hybrid structure with a mesoscopic 2DES in InAs exhibiting spin—orbit interac-
tion can be found in Ref. [19]. The results show that including spin filtering in
the Datta-and-Das approach recovers the effect of a gate-voltage modulated mag-
netoresistance due to spin precession. In addition, for the coherent spin transport
Fabry—Perot-like resonances are predicted to occur in the hybrid structures [19].

Very recently, ab initio band-structure calculations [44, 45] on the spin fil-
tering effect for epitaxial interfaces have been performed in case of various dif-
ferent material combinations (Table). The main difference is here that (i) the full
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TABLE

Degree of spin polarization in the sc derived on the basis of band structure
calculations if an epitaxial interface is assumed to exist between fm and sc. In
case of ZnSe and GaAs a Schottky barrier with a width of 144 monolayers is
inserted in the calculation [44]. The degree of spin polarization further improves
if this width is decreased. The Fermi energy is 10 meV in Ref. [44] and 20 meV
in Ref. [45].

Fm/sc hybrid structure | Termination of sc | Degree of spin polarization | Ref.
Fe/GaAs (001) Ga 99.97% [44]
Fe/GaAs (001) As 97.6% [44]
Fe/ZnSe (001) Zn 7% [44]
Fe/ZnSe (001) Se 99.3% [44]
Fe/InAs (001) In 98% [45]
Fe/InAs (001) As 89% [45]

Bloch-wave ansatz and the lattice-periodic potentials are included, that (ii) by
this means the electron states in the transition metal are far better described and
that (iii) the chemical bonds at the interface are considered. The symmetry of the
electron wave functions for majority and minority spins impose such a mismatch
between the ferromagnet and the semiconductor that the spin filtering is even more
prominent (Table) than in the free-electron model of Fig. 7. The energy-dependent
transmission coefficients T} and 7| are now orders of magnitude different for ma-
jority and minority spins [44]. Hence, almost ideal spin filtering is expected leading
in some cases to a spin polarization near 100%. Table shows that the spin filtering
is effective in case of an ohmic fm/sc contact (Fe on InAs) and in case of a Schot-
tky barrier (Fe on ZnSe or GaAs). Band-structure calculations on fm/sc/fm hybrid
structures predict very pronounced magnetoresistance effects due to such highly
polarized spin currents [46]. Here, again, peculiar Fabry—Perot-like resonances are
predicted to occur.

3. Conclusions

We have discussed the physics of ballistic electrons in ferromagnet/
semiconductor hybrid structures. They offer intriguing aspects: they are very
sensitive to local details of the stray field generated by micromagnets. By this
means, spatially resolved studies on the magnetization reversal in micromagnets
are feasible. Ballistic electrons might also favorably be used to inject efficiently
spin-polarized currents into a semiconductor.
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