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Abstract

The controlled injection of spin-polarized charge carriers from a ferromagnetic material into a semi-
conductor has lately become one of the most important topics in solid-state physics because of the
potential advantages of controlling the electron spin in electronic switching devices. Prerequisites
for the realization of spintronic devices are (1) The efficient injection of highly polarized electrons
at a ferromagnetic-semiconductor interface, and (2) the spin-sensitive detection of the injected elec-
trons. Since the first report in 1975 of spin-dependent transport in a tunnel junction composed of
two ferromagnetic layers separated by an insulating barrier, the field of spintronics has made consid-
erable experimental and theoretical progress. A major challenge in the research field of spintronics
is the achievement of polarized-electron injection at the junction formed between a ferromagnetic
metal (FM) and a semiconducting (SC) material. So far the achieved degree polarization of the
electrons injected at a metal/semiconductor junction has been modest. However, tunneling experi-
ments in which electrons are injected through a vacuum barrier from the ferromagnetic metal into
a semiconductor show that a spin polarization much higher than hitherto demonstrated should be
achievable in a FM/SC junction.
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“The magnetic spin valve effect is a modulation of the electrical
resistance experienced by spin-polarized electrons flowing between
two magnetic materials, occurring when their relative magnetization
is switched.”

Introduction

The idea to use electronic devices that exploit the electron spin has become a very intensely
discussed topic lately, leading to the appearance of the field of “spintronics™ [1]. Spin-
polarized electron injection into semiconductors is a research topic of growing interest
because of the potential advantages offered by the combination of magnetic sensors and
storage with electronic readout in a single device. The nature of spintronic devices is
expected to allow the fabrication of new magnetically-driven transistors, “spin-transistors,” a
new generation of memory devices and sensors, and might be of relevance for spin-based
quantum information processing. Most spintronic devices proposed so far are based on the
spin-valve effect [2]; newly discovered effects, such as magnetization switching by spin-
polarized current injection, open up new and exciting possibilities [3]. Finding a means to
generate, control, and detect spin-polarized charge carriers represents an important challenge
in the realization of spin-based electronics. Furthermore, sources of highly spin-polarized
charge carriers are needed, that is, materials having a high degree of spin polarization P(EF)
of the conduction electrons:

P(E;)= , (1)

where n, (n,) is the density of spin-up (spin-down) electrons at the Fermi level Er. From a

device point of view, a major breakthrough would be to have devices operating at room
temperature.

For this purpose the 3d transition ferromagnets Fe, Ni, and Co, and some of their alloys and
oxides, are of interest because they have ferromagnetic-to-paramagnetic transition
temperatures, 7¢c, well above room temperature, and exhibit a high degree of spin polarization
at the Fermi level. The need for a high 7¢ is underlined by the fact that the temperature
dependences of the bulk and the surface magnetization differ because of the larger spin



fluctuations at the surface region. This is a result of the lack of translational invariance
perpendicular to the surface and the reduced number of neighbors of surface atoms compared
with bulk atoms. Therefore, the degree of magnetic order of the surface region is significantly
lower than that of the bulk. This leads to a roughly linear decrease of the surface
magnetization with temperature, in contrast to the curved decrease of the bulk magnetization
(see Fig. 1). A criterion for such a surface behavior is that the magnetic coherence length,
typically a few lattice constants, is much smaller than the sample thickness. For example for a
ferromagnet with 7¢c = 600 K, the surface magnetization is approximately My(7) = 0.5 M(0)
at room temperature, whereas the bulk magnetization My(T) = 0.96 My(0), where My(0) is the
saturation magnetization at 0 K. Figure 1 shows, as an example, the surface boundary
magnetization of Lagg¢;Sro3sMnLaO; measured using spin-sensitive photoelectron
spectroscopy (SPES), which has an estimated probing depth of 0.5 nm [4]. Similar results
have been obtained for the surface magnetization of Ni by means of spin-polarized, low-
energy-electron diffraction [5a], see Fig. 1b, and in Fe;O4 [5b].

The band theory of ferromagnets predicts that ferromagnetic materials can be classified into
two types: those in which the density of states (DOS) at the Fermi level is predominantly of
the majority type, P(Er) > 0, and those where it is of the minority type, P(Er) < 0. Fe [6]
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Figure 1. (a) Temperature dependence of the surface boundary magnetization (Msg) of
Lag 67Srg33MnLa0; measured by SPES at a probing depth of 0.5 nm. For comparison the magnetiza-
tion of the bulk (Mg) measured by SQUID as well as the magnetization (M) measured by soft x-ray
magnetic circular dichroism (MCD) at an intermediate probing depth of 5 nm are shown. From Ref.
[4]. (b) Temperature dependence of the surface magnetization of Ni(110) measured by means of the
scattering asymmetry, S, in spin-polarized low-energy-electron diffraction. From Ref. [5a].



belongs to the first type, whereas Ni [7] and Co [8], where the majority-spin band is
completely filled [ n, (Er) = 0], belong to the second class. Figure 2 schematically shows the

spin-polarized 3d DOS and the spin polarization vs. binding energy, Egp, for Fe and Ni.
Magnetic oxides can be classified in a similar manner, for instance, the half-metallic
ferromagnets CrO, [9] and Lage7Sro33:MnLaOs [10] (LSMO) belong to the first class,
whereas the half-metallic ferrimagnet Fe;O4 (magnetite) belongs to the second class [11,12].
Although in the transition-metal ferromagnets there are s- and p-electrons at the Fermi level,
which are weakly spin polarized, the DOS of the d-levels is much greater, making it possible
to have a highly polarized total DOS.

Figure 2. Schematic of the DOS of the 3d
levels for Fe and Ni. For Fe the spin po-
larization is positive (dominant majority, T-
spin) DOS, whereas in Ni the spin po-
larization is negative (dominant minority, ¥-
spin) DOS. The lower panels illustrate the
spin polarization vs. binding energy.
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That these materials can be sources of highly polarized electrons was demonstrated in 1970
by pioneering photoelectron-emission spectroscopy experiments [13]. The spin polarization
of the electron states is obtained from SPES experiments, provided one corrects for the spin-
dependent scattering [14] during the transport of the photoexcited electrons to the surface.
For instance, SPPES experiments on atomically clean surfaces of Fe [15], Ni [16], and
magnetite [12] agree reasonably well with the theoretical predictions. The results on the
ferromagnets Fe and Ni show that for some crystallographic directions the photoemitted
electrons can exhibit P(Er) ~ 90% and P(Er) = —95%, respectively.

Tunneling of Spin-Polarized Electrons through Barriers Consisting of Insulating
Materials: Planar Junctions

In 1971 Tedrow and Meservey [17,18] demonstrated the injection of spin-polarized electrons
from a 3d ferromagnet (FM) into superconducting aluminum by quantum tunneling across an



insulator (I) Al,Os. In these experiments the superconducting films acts as a spin-polarized
detector when a magnetic field is applied to the transition-metal FM/I/Al structure. This field
defines the orientation of the magnetic moment and therefore the quantization axis for the
spin in the magnetic film. It also induces a splitting of the time-reversed states, k,and &, of
the paired quasiparticles in the superconductor, which exhibit an energy gap of 2A at the
Fermi level and are sharply peaked, into spin-up and spin-down states separated by an energy
of +uH, where pu is the electron-spin magnetic moment. The Zeeman splitting of the spin
states provides the basis for using a superconductor material in spin-polarized tunneling
because at an energy (relative to the Fermi level) of +A + pH, all electrons in the tunnel

current will be of one spin direction, and at +A — uH all will be of the opposite direction.

By analyzing the current flowing through the tunnel junction as a function of the applied
voltage, the spin-up (majority) and the spin-down (minority) contribution of the current, 7,
and [, respectively, injected from energy levels close to the Fermi level of the ferromagnet

into the superconductor, can be determined. From this the spin polarization, defined as

I.-1
=1, 2)
IT+I¢

was found to be 44% for Fe, 34 % for Co and 11% for Ni.

For the interpretation of these results it was assumed that at Ey the contributions to the
tunneling current, /, and 7, were proportional to the corresponding up- and down-spin
DOS, n, and n, of the ferromagnets. Viewed in this way, these results were surprising
because the sign of the spin polarization of Ni and Co was opposite to that predicted by
theory and observed in PES experiments. Arguably, the assumption that the tunnel current of
each spin channel is proportional to the corresponding DOS is too simplistic, because in a
real ferromagnet different states have different effective masses and velocities. Hence it
might be more adequate to take a suitably weighted DOS for each electron spin. For instance,
Herz and Aoi [19] argued that s-electrons are favored over d-electrons in tunneling, despite
the much greater DOS of d-states in the ferromagnets. Calculations of the hopping integrals
for the transmission of s, p and d-like electrons across tunneling barriers were carried out,
taking into account the electronic structure of the ferromagnets [20-22]. Stearns [23] related
the spin polarization of the tunneling current to the relative difference in the momentum,
ky(Eg)and k| (E;), of the itinerant d-like states from the band structure of the ferromagnets.
In other theoretical studies the metal is described as a free-electron system, an assumption

which is perhaps too simplistic a description of the 3d metals [2,24].

In the above-mentioned theoretical analyses an ideal, clean ferromagnetic surface is assumed
at the metal-insulator interface. This, however, does not necessarily hold in real planar



junctions, where the metal surfaces are in intimate contact with the insulating material.
Chemical bonding at the metal/oxide or metal/semiconductor interface will in most of the
cases have a strong impact on the DOS and its spin polarization. This point will be discussed
in more detail below.

Tunneling Magnetoresistance: The Invention of the First Spin Valve

An important advance was reported in 1975 by Julliere [25], who replaced the
superconducting film of the FM/I/Al tunneling junction by another ferromagnetic metal film.
He reasoned that electrons originating from one spin state of the Fermi level of one of the
ferromagnetic films would tunnel into unfilled states of the same spin at the Fermi level of
the other ferromagnetic film. Provided that the up- and down-spin DOS at the Fermi level of
each ferromagnet are different, it is easy to see that the electric resistance of the tunnel
junction is expected to change by reversing the relative magnetization of the ferromagnetic
layers from parallel (Rp) to antiparallel (Rap). This is in fact what he observed in a tunnel
junction consisting of Co/Ge/Fe, where a change in the conductance of AG/Gp = 14% was
seen at 4.2 K [25]. Maekawa and Gifvert [26] found a change of a few percent in the
magnetoresistance in magnetic tunnel junctions at 4.2 K with NiO as barrier material. The
magnetic spin valve demonstrated by Julliere straightforwardly exploits the spin-dependent
DOS at the Fermi level of the two ferromagnets to influence spin-polarized charge-carrier
transport. Figure 3 illustrates the principle of devices of this type.

Parallel Antiparallel
FM U FM' FM U FM!

Figure 3. Schematic of a TMR device consisting of two ferromagnetic thin films, FM and FM/,
separated by a tunneling barrier made of an insulating material, I. The current flow for parallel and
antiparallel alignment of the magnetic moments of the ferromagnetic film is shown.



In 1995, large room-temperature values of the tunneling magnetoresistance (TMR)
ratio AR/Rp =~ 22% [27] and 15% [28] were reported. This discovery triggered intense
research activities towards understanding the injection, transport, and detection of spin-
polarized current in order to optimize spin-valve devices. Recently tunnel junctions
exhibiting room- temperature magnetoresistance ratios close to 40% have been demonstrated
[29]. These tunneling devices are promising for applications such as magnetic random-access
memories (MRAM) [29], and some applications are already under development.

The Julliére Model

The model most widely used today to describe the magnetotransport of tunnel junctions is
that of Julliére [25], which was inspired by the ideas of Tedrow and Meservey [17,18]. The
basic idea is that for the ferromagnet FM (FM') the tunneling current consists of a fraction of

electrons N, (N}) whose magnetic moments are parallel to the magnetization, i.e., majority

electrons, and a fraction of electrons with antiparallel orientation, i.e., minority electrons, is

N, (N]). Hence, the conductance of the tunnel junction, at = 0, is proportional to

Gp = N;Ni + NN 3)
for parallel magnetization and to

Gy = NN +N N, 4)
for antiparallel magnetization of the ferromagnetic films.

Assuming spin conservation during transport, the relative conductance variation is given by
AG G,-G,, 2PP

= p (5)
G G, 1+ PP
From Eq. (5), the TMR is
TMR = AR _ R =Ry _ 2PP (6)

Ry Ry  1+PP

The TMR is said to be “normal” if it is positive, i.e. Rap > Rp, and “inverse” if it is negative,

i.e., Rap < Rp.

Note: Some authors prefer to use the “optimistic” definition:

AR Ry —R, _ 2PP'

- , 7
R, R, 1- PP’ ™

while others use



£=M=2PPQ (8)
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Julliére's model is very useful for practical purposes, but for an in-depth interpretation of
experimental data one has to be aware of limitations arising from several important
assumptions made. In the original model, it is assumed that P and P' are the spin polarizations
of the Fermi-energy DOS of the two ferromagnetic metals. This interpretation is based on the
conventional theory of tunneling, where the tunneling current is proportional to the product of
the unperturbed DOS [Egs. (3) and (4)]. Other important assumptions implicit in the model
are that the TMR depends neither on the geometry of the barrier (height and thickness) nor on
its electronic structure, and that the direction of the electron spin is conserved during
transport.

Influence of the Interface on the Spin Polarization of Tunneling Electrons

In a real FM/I/FM, the spin polarization of the charge carriers is not necessarily a
fundamental property of the bulk ferromagnet, but rather is related to the electronic structure
and transport properties of the particular ferromagnet/insulator interface as well as the
electronic structure of the material the tunneling barrier consists of. The spin polarization
depends on the character of the electronic states at the ferromagnet/insulator interface.
Bonding effects at the interface, for instance, can modify the electronic states at the surface of
the ferromagnet. This has been shown by experiments on magnetic junctions made with
various barrier materials. Thus, in tunnel junction of the type FM/I/LSMO, it is found that
using a Co electrode, P > 0 for an Al,O; barrier, whereas P < 0 for SrTiO; and
Ceo.60l.a93101 345 barriers [30]. This is consistent with theoretical studies [31-34] showing that
the spin polarization of the tunneling electrons is governed by the specific type of electronic
bonding at the interface. In particular, self-consistent band-structure calculations [32] of the
Co/ALLO; interface account for the observed positive polarization in terms of the strong
bonding between the minority-spin d-orbitals of Co and the sp orbitals of the Al at the
interface and the resulting reduction of the minority-DOS in Co.

Injection of Spin-Polarized Electrons into Semiconductors

“We stand today on the verge of a ‘magnetoelectronics’ revolution in
which these new phenomena will be not only explained but also exploited,
in devices combining magnetism with traditional electronic elements.”

G. Prinz and K. Hathaway, Ref. [1]

Beyond multilayered TMRs of the type described above, other device architectures can be
imagined. A field-effect transistor (FET) that works as a spin valve was proposed by Datta
and Das [35]. This is a three-terminal structure in which the spin-polarized carriers of a two-
dimensional electron gas (2DEG) confined in a semiconducting material are injected by a



ferromagnetic source and then detected by a ferromagnetic drain. The initial direction of the
polarization is defined by the magnetization of the injecting contact, whereas the extracting
contact functions as a spin analyzer. As the electrons traverse the 2DEG, the spin vector is
controlled via the precession caused by the spin-orbit interaction, which is varied by an
external electric field perpendicular to the 2DEG. The function of the gate is to control this
field, and, accordingly, via the orientation of the electron spin, the current at the extracting
contact. In such a device, resistance modulation can also be achieved by having
ferromagnetic contacts with different magnetic coercitivities, permitting parallel or
antiparallel magnetization orientation to be established at will by means of an applied
magnetic field [36].

Prerequisites for the realization of efficient spintronic devices are (i) efficient injection of
spin-polarized charge carriers from a magnetic material into a semiconductor, (ii) a long spin-
relaxation time, 7, and (iii) an efficient detection of spin-polarized charge carriers flowing
from a semiconductor into a magnetic material. Regarding requirement (ii), it is known that
GaAs, for instance, exhibits z; in the range of 0.1 to 1 ns, corresponding to spin-diffusion
lengths of [, = 1 pum at room temperature and of several micrometers at 10 K [37]. Spin-
relaxation times as long as 0.1 ps (/s = 100 pm) were observed at 5 K on n-doped GaAs [38].
Note that 7; depends on the doping type and concentration, crystal quality, etc. Regarding the
injection of polarized electrons, two kinds of sources of spin-polarized electrons have been
tried, namely, magnetic semiconductors and ferromagnetic metals.

Ohno et al. [39], using the ferromagnetic semiconductor Ga,M;_,As as a spin aligner,
demonstrated spin-polarized electron injection into GaAs leading to a relative change of the
degree of circular polarization of the electroluminescence of more than 1%. A degree of spin
polarization of the injected current of 90% was obtained by Fiederling et al. [40] at 4 K by
using paramagnetic Be,Mn,Zn;_.,Se to align the electron-spin orientation. For potential
spintronic applications, however, both of these sources of spin-polarized electrons have the
huge drawback of being restricted to very low temperatures because they are either
paramagnetic or exhibit Curie temperatures in the range of 10 to 100 K. Obvious candidates
for room-temperature applications are ferromagnetic metals such as Fe, Ni, Co, their alloys,
and oxides having a high T¢. The reactivity of the transition metals with most semiconductors
(SC), however, can give rise to magnetically “dead” layers at the interface of the FM/SC
contact, hampering efficient spin injection into the semiconductor. In addition, fundamental
problems seem to limit the spin polarization of electrons injected even in the case of an ideal,
unreacted, interface. Theoretical studies show that in electrical spin injection from a
ferromagnetic metal into a semiconductor interface, the polarization of the charge carriers

becomes very small when its conductivity, o , is much higher than that of the semicon-

ductor, o, . Thus by solving the spin-transport equations at a magnetic/nonmagnetic inter-



face, van Son et al. [41] calculate the spin polarization of the current injected into the
nonmagnetic material. If the latter is a semiconductor, the results reads

o. A 2
P, =p—=—n : 9
/ Ciy A 1-P? ©)
This result should be valid if
Tin e o (1-PY, (10)
sc ﬂ’fm

where A , A are the spin-diffusion lengths and P is the spin polarization of the charge

fm

carriers in the metal.
By definition the spin-injection efficiency is n=PF./P.

For a semiconductor at room temperature A, can be of the order of a few micrometers,

whereas A,

fm

is of the order of several nanometers, and o, ~10°c ., from which one obtains

that P; << 1%. Schmidt et al. [42] reported on calculations of electrical spin injection into a
semiconductor structure, which is contacted by two ferromagnetic metals separated by a
distance x, from each other, such that x;, << 4. The main insight of that study is that the
basic obstacle for spin injection from a ferromagnetic metal into a semiconductor originates
from the large conductivity mismatch between the two materials. Thus, given condition (10),

in which A, is replaced by x,, the polarization of the injected charge carriers is

(11)

Hence for a spin-injection device with x, ~ 1 um, one finds that P; << 1%. Furthermore, the

difference in resistance between the parallel and antiparallel magnetization configurations is
AR/R =~ P} [42].

Note, however, that in those calculations a “perfect” ohmic contact is assumed. In reality,
however, the situation can be very different because a Schottky barrier is typically formed at
a metal/semiconductor interface. In fact theoretical studies indicate that either a Schottky
[43,44] or a tunneling barrier[45-47] can be a way to circumvent the limitations posed by the
conductivity mismatch. A theoretical study shows, in addition, that electric field effects can
enhance the spin injection efficiency by several orders of magnitude [48].

The first experimental demonstration of electrical spin injection from a ferromagnetic metal
into a semiconductor was reported in the early 1990s [49-51]. In these scanning tunneling
microscope-based (STM) experiments, a spin polarization of up to 35% at room temperature,
was achieved for electrons injected from ferromagnetic metal tips trough a tunneling barrier
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into III-V compounds. These experiments, which shall be discussed in more detail below, are
proof that the limitations imposed by the conductivity mismatch and/or by chemical reactions
between the ferromagnet and the semiconductor at the interface can be circumvented by
intercalating a tunneling barrier. Note that the spin-polarized electron-injection experiment
using the STM has been recently performed at 100 K using Ni tips and GaAs [52,53].
Regarding FM/SC contact junctions, however, the realization of efficient electrical injection
of highly spin-polarized electrons has so far proven to be a great challenge. For instance,
experiments performed on spin-valve devices based on semiconductors with lateral metal
electrodes showed efficiencies below 1% [54-56]. Hammar et al. [57] report on spin injection
from a ferromagnet into the spin-split states of a 2DEG, where interface-resistance changes of
about 1% at room temperature are interpreted as being due to an interfacial current
polarization of 20%. These results are, however, the topic of debate [58]. Recently a 2%
polarization of injected electrons was achieved for light-emitting diodes (LED) consisting of
a Fe thin films grown on a GaAs/InGaAs structure [59], and a value of at least 4% has been
reported for a Fe film grown on a GaAs/AlGaAs structure [60] at room temperature. In these
latter experiments the polarization of the injected charge carriers is determined by measuring
the degree of circular polarization of the emitted light. Recently LEDs using metal/insu-
lator/semiconductor structures, where the insulator Al,Os acts a tunnel barrier, have been
demonstrated. So far the polarization of the injected charge carriers is about 1% at room
temperature [61] and 9% at 80 K [62].

Injection of Spin-Polarized Electrons into Semiconductors through a Vacuum Barrier

In contrast to the low degree of polarization for electrons injected across Fe/GaAs contacts, a
spin polarization that is one order of magnitude higher has been achieved at room
temperature by electron tunneling from ferromagnetic Ni across a vacuum barrier into the
conduction band of atomically clean p-doped GaAs surfaces [49,51]. These experiments
have been carried out with an STM, in which a ferromagnetic metal tip is used as a source of
spin-polarized electrons. Figure 4 shows a schematic of the experimental arrangement, and
Fig. 5 shows a schematic of the energy diagram of the tunneling junction. The spin
polarization of the electrons injected into the semiconductor is determined by measuring the
circular polarization of the recombination luminescence. The spin-detection scheme is
explained in Fig. 6. For a more detailed description of the relation between the spin
polarization of conduction electrons and photon absorption/emission in III-V compounds, see
the Course Notes of M. Dyakonov in this book. Injection across a tunneling barrier has the
advantage that interface effects, such as chemical bonding between the ferromagnetic
material and the semiconductor, can practically be eliminated. This is demonstrated by the
results obtained on Ni and Fe, which reveal that the polarization of electrons emitted from an
energy range close to the Fermi level is negative (minority polarization) for Ni and positive
(majority) for Fe [50].
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Figure 5. (a) Energy diagram for the injection of polarized electrons into a semiconductor across a
vacuum tunneling barrier. For a tunneling bias V7, electrons from the ferromagnetic metal having a

binding energy in the range E, — E, < Ey < Eare injected into the conduction band (CB) of the
semiconductor. £, ~el —E;, where Ej is the forbidden band gap. VB is the valence band. (b)

Figure 4. Experimental arrangement
used for tunneling injection of highly
polarized electrons from a ferromagnet
into the conduction band of a semicon-
ductor. The spin-polarized electron
injection efficiency is detected by mea-
suring the helicity of the radiation
emitted upon recombination of the
injected charge carriers.

Comparative energy diagram for tunneling through a vacuum barrier for the case of field emission.
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m;=-3/2 i-1/2 +1/23 m;j=+3/2
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Figure 6. Simplified description of the detection of the spin polarization of electrons injected into the

conduction band via measuring the degree of helicity of radiative recombination: Because of the spin
selection rule, 100% polarized electrons in the conduction band, e.g., m; =-1/2, recombine into

m; ==3/2 and m; =+1/2 states at the (I'y) point, giving rise to right- (c") and left-circularly
polarized (o) radiation with a relative probability of 3 and 1 (encircled numbers), respectively.
Recombination into the split-off (I';) point is suppressed by lack of empty states owing to the

relatively large distance from EF, determined by the spin-orbit coupling A. Fully polarized electron
recombination thus gives rise to a maximum circular polarization of p, = 50% of the emitted

radiation.
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The polarization of electrons injected from Fe and Ni into an AlGaAs alloy as a function of
the maximum kinetic energy of the tunneling electrons, Ej, is shown in Fig. 7 [50], see [63].
These results are in qualitative agreement with the spin-polarized DOS of the clean
ferromagnetic surface of Fe [13,64,65] and Ni [14,66-71], shown schematically in Fig. 2.
Moreover, the fact that chemical bonding effects are practically eliminated in vacuum-
tunneling experiments allows new insights into the injection of spin-polarized electrons. For
instance, by using the STM it becomes possible to characterize some features of the potential
barrier that influence the injection of spin-polarized electrons from a ferromagnetic metal into
a metal or a semiconductor.

Dependence of the Electron Spin Polarization on the Details of the Tunneling Potential
Barrier

The spin polarization of electrons tunneling from 3d ferromagnets through a vacuum
potential barrier was first studied by means of spin-polarized field-emission spectroscopy
(SPFES) using ferromagnetic metal tips. In these experiments the sign of the spin polarization
was found to be positive for Fe [72] and negative for Ni [73-74], as expected from the spin-
polarized DOS at Er, with the exception of Ni(110)-oriented tips for which a positive
polarization was found [74]. Surprisingly, in all cases the magnitude of the polarization is
below 10%, i.e., much lower than the expected spin polarization of the 3d levels at Er.

In tunneling through vacuum barriers, the electrons emitted from the ferromagnetic metal
originate from the highly polarized, localized d-like states as well as from the low-polarized,
delocalized 4sp-like states [75-78]. Maximum spin polarization is generally expected when
only the 3d-like levels contribute to the tunneling current. Given their highly delocalized
nature, however, the sp-like states contribute substantially to the tunneling current, despite
the fact that their DOS is roughly one order of magnitude smaller than that of the 3d levels.
Theoretical estimates of the tunneling probability ratio between the 3d and the 4sp band,
T,(s)/T,, lie in the range of 102 to 107" [75-78]. Thus the low degree of polarization found

in SPFES is explained by the—relative to the 3d—dominant 4sp contribution to the tunneling

current.

The discrepancy in polarization magnitude found in the SPFES and the spin-polarized STM
experiments points to the influence of the differences in the tunneling barriers that are
characteristic of the particular experiments. In SPFES, the effect of the barrier geometry on
the polarization of tunneling electrons can be studied by varying the thickness and height of
the barrier by means of the electric field. In this case, however, the energy range of the
tunneling electrons would not remain constant when the field is varied. On the other hand, in
STM the geometry of the tunneling barrier can be manipulated by varying the tunneling
current while keeping the bias voltage constant. This has the advantage that the energy range
from which electrons tunnel is kept constant. Figure 8 shows the spin polarization of
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10 | magnetic Ni tip is the source of polarized
electrons. Increasing the tunneling current from
] 20 to 500 pA results in a decrease of the
5 | tunneling-barrier thickness by approx. 0.18 nm.
The solid line is the result of an analysis of the
data, Eq. (17), in terms of a model in which the

Spin polarization (%)

oL—t— 1 . 1L . 1 . tunnel current arises from a linear superposition
0O 200 400 600 800 1000 of 3d-like and one 4sp-like contribution. From
Tunneling current (pA) Ref. [49].

electrons injected from a polycrystalline Ni tip into an Al sGago4As(110) surface [49], see

[63]. The tunneling current was varied in the range 20 pA <i. < 500 pA, which causes the
barrier width (determined by the tip—surface distance) to change by about 0.18 nm. The
tunneling bias is V; = 1.8 V, and the binding-energy range probed in the Ni tip is
E, <E<E;, where E, eV, —E; =300meV and E; is the SC band gap. The results

show that increasing the tunneling current by a factor of 25 translates into an increase of the
spin polarization by about a factor of two, i.e., from —14.3% to —28.6% at room temperature.
Note that the spin splitting of the conduction band, induced by the electric field of the host
crystal, gives rise to a small residual polarization [79-83]. This effect can be minimized by
properly orienting the GaAs(110) surface such that the [1,1,1] axis is oriented in a direction

perpendicular to the optical detection axis [51].

To rationalize how the geometry of the tunneling barrier influences the injection efficiency of
spin-polarized electrons, a simple model is proposed that assumes that the total tunneling
current, i;,is given by

iy =i, +i,, (12)
where i, and i, represent the contributions originating from 3d-like states and a 4sp-like

state. The current for small tunneling energies depends exponentially on the product of the

tunneling barrier width, s, and the square root of the mean barrier height, \/E , hence

ir =iy exp(—sAM) +ig,0 exp(—sA\/E), (13)
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where i,, and i, , are constants. The decay length /c;l for j = sp, d is related to the mean

barrier height by x = A\/¢_j , where A4 =2+/2m % . Note that the decay length reflects the fact

that in the barrier the radial parts of the different wavefunctions decay at different rates. Note

also that, because of image forces, ¢, is also a function of s [84,85].

The polarization P of the tunneling electrons is given by

iiP=i,P, +i,P,, (14)
where P, and P are the polarization of the 3d- and 4sp-like states. Assuming
li,P,| >>i,P,| [76,78], Eqs. (13) and (14) lead to

P

d
1+, 0 /id,o)eXp[SA(\/E - \/E)] ’

where the coefficient i, is proportional to the local DOS near E, multiplied by the non-

P(s)=

(15)

exponential prefactor of the tunneling matrix element. The quotient of the pertinent prefactors

is of the order of unity [86]. Thus one would expect i,,/i,, ~3x107, which is

approximately the ratio of the 4sp- to the 3d-band densities of states at the Fermi level [87].

Assuming that the relative tunneling probability 7, o i, ,one obtains 7,, /T, =i,/i,, and

thus Eq. (15) can be rewritten as

Pd
PO oo (16)

Equation (15) shows that the characteristic decay length of the electron-spin polarization of
the tunneling electrons is a measure of the difference between the mean potential barrier

heights, A(\/E -9, ) Because of their higher degree of spatial localization, the 3d-like
levels are expected to exhibit a shorter decay length at the surface than the sp-like levels [88],
implying that ¢ <¢,. Hence, with decreasing barrier width, the ratio T, (s)/T,(s)

increases, favoring the injection of highly polarized electrons by tunneling into the
semiconductor.

To quantify the relationship between the degree of spin polarization and the tunneling current
in the experimental data for tunneling from a Ni tip into AlyosGagosAs, Fig. 8, the following
equation can be written, as suggested by the form of Eq. (15):

P(s)=—11 (17)

1+ Biy
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where P, and y are fitting parameters. As the total tunneling current can be expressed
approximately by i =i, exp(—sA\/E ), where ¢ <@ <¢,, we see by comparison with Eq.
(15) that y is simply the ratio between the exponential decay length of the tunneling current
and the spin polarization: y = (\/E - \/E )/ \/5 . The solid line in Fig. 8 is Eq. (17) fitted to

the data. A reasonably good fit of the data can be obtained with values of P,, which

represents the maximum polarization obtainable, in the range of approx. 40% to 90%. The

lower value of P, appears to be the most plausible, considering that, owing to reduced

magnetization of the surface region of the ferromagnet (see [4-6], the maximum polarization
at the Fermi level is expected to be approx. 50% (in the bulk region it is close to 95%). From
this one can estimate that the spin injection efficiency is in the range of 40% to 80% for
injection through a vacuum tunneling barrier.

From several measurements, one obtains y in the range of +0.43 to +0.25. For the results

shown in Fig. 8 one can estimate that the probability ratio 7, /T,, increases by more than a

factor of two when the current changes from 20 to 500 pA, whereas the barrier width
decreases by As = —0.18 nm. This is an indication that the 3d contribution to the tunneling
current can become dominant. The above analysis is done assuming that the polarization of

the sp states is negligible. An analysis of the data assuming P, >0 shows that the fitting

parameter i, ,/i,, decreases, roughly by a factor of two, when increasing P, from 0 to

sp,0

25%, whereas y is reduced slightly.

With the aid of Eq. (15) and the fit parameters obtained from the STM data, it is possible to
account for the magnitude of the polarization observed in SPFES experiments (1 < P <10%)

by taking a barrier width in the range 0.9 <s <1.3 nm. This is precisely the thickness range
of the tunneling barrier under typical SPFES working conditions [72-74]. Thus the present
interpretation of the STM data can also account for the magnitude of the spin polarization
measured on Ni tips with FES, and shows that generally a higher tunneling-electron spin
polarization can be achieved with STM than with SPFES. Note, however, that in STM and
SPFES the energy ranges of the tunneling electrons differ somewhat. Thus in STM the
energy distribution has a full width at half maximum (FWHM) in the range of 150 meV or
less for the experiments shown in Fig. 8, whereas in FES typically FWHM = 0.2-0.5 eV.
This can be of importance in the case of Ni because the highest polarization of the 3d levels
appears in a narrow energy range, approx. 100 meV below the Fermi level. Note also that the
shape of the potential barrier is somewhat different, as illustrated in Fig. 5.

Another technique involving the transfer of polarized electrons through a vacuum barrier is
electron-capture spectroscopy (ECS) [89]. Here the basic process is the capture of one or two
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spin-polarized electrons during small-angle reflection of 150-keV deuterons at single-
crystalline surfaces of ferromagnetic crystals. This is similar to a tunneling experiment
because it probes the exponential tail of the electronic states of the surface. For Ni, Fe, and
Co, spin-sensitive ECS shows that the polarization strongly depends on the various (hkl)
orientations of the surfaces. But, most importantly, the magnitude of the spin polarization is
very high, for instance —44% to —96% for Ni surfaces. This is not unexpected because in ECS
the effective thickness of the tunneling barrier is approximately 0.2 nm [89], and, hence,
according to the simple two-channel model described above, the 3d-state contributions to the
tunneling current largely become dominant, giving rise to highly polarized electron transport
from the ferromagnetic surface of the 3d metal to the deuterium atoms.

Certainly more sophisticated models and further theoretical work are necessary for a better
understanding of the experimental data. For instance, in a recent theoretical study the
transmission of sp- and d-states across vacuum barriers of various thicknesses has been
calculated. The equivalent device modeled is an ideal TMR junction with two Co electrodes.
The calculations predict a negative spin polarization of decreasing magnitude with barrier
thickness for very thin barriers, where d-state contributions dominate over sp contributions.
For thicker barriers, where positively polarized sp electron contributions begin to dominate,
however, the polarization changes sign with increasing barrier thickness [90].

Summary and Outlook

Current electronics and optoelectronics are based on the transport and storage of electronic
charge in semiconductors. Taking advantage of the spin of the charge carriers could
revolutionize electronics, leading to novel devices combining magnetism with traditional
electronic elements in which electric currents and radiative recombination processes are
manipulated by controlling the direction of the electron spin. The foundation of this progress
rests in several areas of solid-state physics research:

1. Spin-polarized electronic structure of ferromagnets, particularly at interfaces between
different materials.

2. Transport of spin-polarized charge carriers in magnetic materials, semiconductors,
insulators, and at their interfaces. This includes tunneling of charge carriers between
solids and the influence of the electronic structure of the barrier.

3. Spin-dependent scattering, motion, and control of the spin of charge carriers in
transport through ferromagnets and semiconductors.
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