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3.1 INTRODUCTION
The spin injection and detection limitations posed by conductivity and lifetime mismatch between semiconductors and ferromagnetic (FM) metals
[1–4] has been variously solved by lifting the constraints of ohmic transport
with the insertion of a tunnel barrier [5, 6] or the use of ferromagnetic semiconductors [7, 8]. However, for many semiconductors, there are additional
materials-dependent obstacles to the observation of spin transport. The
materials properties of elemental group-IV semiconductors silicon (Si) and
germanium (Ge), pose problems such as alloy formation at metallic contacts
and difficulties with the use of optical methods for spin detection due to indirect bandgap [9, 10].
In this chapter, we discuss how all these issues can be circumvented by
using a mechanism for spin injection and detection that differs fundamentally
from ohmic transport in that (i) the inelastic mean-free-path (mfp) is not the
smallest length scale in the device, and (ii) electrochemical potentials cannot be uniquely defined in thermal equilibrium. With these techniques, the
physical length scale of the metallic electron injection contacts is shorter than
the mfp, and conduction occurs through states far above the Fermi level (as
compared to the thermal energy k BT ), far out of thermal equilibrium. Because
this transport mode utilizes electrons with high kinetic energy that do not
suffer appreciable inelastic scattering, it is known as “Ballistic Hot Electron
Transport.” Both spin injection and detection are performed all-electronically,
and interfacial structure [11] plays only a minor role, enabling observation and
study of spin transport in materials such as Si and Ge which had been previously excluded from the field. Related background material on spin injection
and transport can be found in Chapter 5, Volume 1, Chapters 2 and 6, Volume
2, and on spin relaxation in Chapter 1, Volume 2, in this book.

3.2 HOT ELECTRON GENERATION
AND COLLECTION
There are several techniques for generating hot electrons for injection from
a metal into a semiconductor. Since metals have a very high density of electrons at and below the Fermi energy E F , all must rely on an electrically rectifying barrier to eliminate transport of these thermalized electrons across the
metal-semiconductor interface, which would dilute the injected hot electron
current. This barrier is ideally created by the difference in work functions of
the metal and the electron affinity of the semiconductor [12–15], but in reality
its energetic height qφ, where q is the elementary charge, is determined more
by the details of surface states which lie deep in the bandgap of the semiconductor that pin the Fermi level [16]. There is, of course, always a leakage current
due to thermionic emission over this “Schottky” barrier at non-zero temperature T given by the Richardson–Dushman expression ∝ T 2 exp ( −qφ/ k BT ) ;
because typical barrier heights are in the range 0.6–0.8 eV [17] for Si and Ge,
hot electron collection with Schottky barriers is often performed at temperatures below ambient conditions to reduce current leakage to negligible levels.
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Some of the earliest hot electron work in metal-semiconductor devices
involved the use of subbandgap photon absorption in the metal, which scattered electrons from a state with energy E < E F to another state with energy
E + ω > E F , where ω is the photon energy. If the Schottky barrier height is
qφ, then electrons with initial energy E > E F + qφ − ω can cross the interface, assuming they are injected or generated within a mfp (typically in the
range 1–100 nm) of it. Because this is similar to the photoelectric effect
(except that the electrons cross an internal interface) the method is known as
internal photoemission (IPE). By varying the photon energy, Schottky barrier
heights [18] (and even buried heterojunction band offsets [19]) can be determined in a model-independent way by measuring the turn-on threshold of
the collected hot electron current without biasing the device, and the hot
electron current can be independently tuned by changing the illumination
intensity.
In a later experiment, hot electrons were generated electrically using
a forward-biased Schottky diode, and again collected by another (lower
height) Schottky interface in a semiconductor-metal-semiconductor (SMS)
device. Because this provides a narrow distribution of energies with width
≈ k BT , the hot electron mean free path of metal thin films could reliably be
measured [20]. However, in contrast to Internal Photoemission, the energy
itself cannot be changed since this is fixed by the emitter Schottky barrier
height [21, 22].
The use of tunnel junctions (TJs, which consist of two metallic conductors separated by a thin insulator) [23–28] remedies this problem. The electrostatic potential energy qV provided by voltage bias V tunes the energy
of hot electrons emitted from the cathode, and the exponential energy
dependence of quantum-mechanical tunneling assures a narrow distribution. Hot electrons thus created can be collected by the Schottky barrier
if qV > qφ. Because of its robust insulating native oxide, aluminum (Al) is
often employed during tunnel junction fabrication; although in principle
any insulator can be used, it has been empirically found that the best are
Al xO, MgO, and AlN [29, 30]. The first proposal for a tunnel-junction hot
electron injector was by Mead, who suggested another tunnel junction
or the vacuum level as a collector [31–33]. Very soon thereafter, Spratt,
Schwartz, and Kane showed that a semiconductor collector could be used
to realize this device with a Au/Al xO/Al tunnel junction [34]. Heiblum’s
THETA device is an all-semiconductor version of this design [35, 36].
All three techniques (IPE, SMS, and TJ), along with illustrations of their
corresponding hot electron energetic distributions, are shown in Figure 3.1.

3.3 SPIN-POLARIZED HOT ELECTRON
TRANSPORT
The inelastic mfp of hot electrons in ferromagnetic metal films is spindependent: majority (“spin up”) electrons have a longer mfp than minority
(“spin down”) electrons. Therefore, an initially unpolarized hot electron current will become spin-polarized by spin-selective scattering during ballistic
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FIGURE 3.1 (See color insert.) Illustration of band diagrams for three different hot electron generation
techniques: internal photoemission (IPE), semiconductor-metal-semiconductor (SMS) metal-base transistor,
and tunnel junction (TJ) emission. The energetic distributions of the hot electrons generated (shown in red)
are roughly homogeneous up to ħω above the collector Fermi energy for IPE, peaked at the fixed Schottky
barrier height of the emitter (qϕ) for SMS, and peaked near the emitter cathode Fermi energy qV (where V is
the applied voltage and q is the elementary charge) for TJ.

transport through a ferromagnetic metal film, where the polarization is
given by
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(3.1)

where:
l
is the FM film thickness
λ maj is the majority spin mfp
λ min is the minority spin mfp
This “ballistic spin-filtering” effect can be used not only for spin polarization at injection, but also for spin analysis of a hot electron current at
detection, much as an optical polarizing filter can be used both for electric
field polarization and analysis of photons by changing the relative orientation of the optical axis.
A device making direct use of this effect is called the spin-valve transistor (SVT) [37–40]. It is a SMS metal-base transistor device [20] with a
multilayer base consisting of at least two ferromagnetic layers (spin polarizer
and analyzer) whose magnetizations can be set in a parallel or antiparallel
configuration; switching between these two relative orientations induces a
large change in the collector current of several hundred percent because of
the ballistic spin-filtering effect.
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Other non-SMS SVT-related designs have been demonstrated as well.
To generate hot electrons, Monsma et al. also suggested the use of a magnetic tunnel junction together with a Schottky hot electron collector in their
initial work introducing the SVT [37]; this was then later demonstrated using
solid-state devices [41, 42], and with metal-vacuum-metal tunnel junctions
using STM/BEEM [43]. In 2002, Van Dijken et al. suggested that moving
the ferromagnetic polarizer to the emitter cathode of the tunnel junction
comprises a new device, which they named the Magnetic Tunnel Transistor
(MTT) [44]. (This configuration was, however, first proposed by Monsma
in 1998, without describing it as a new device distinct from the SVT) [45].
Optical methods such as IPE with subbandgap illumination [46, 47] and photogeneration via interband transition with super-bandgap illumination [48]
have also been used to demonstrate hot electron spin-valve effects.
Although we can speculate that the hot electrons presumably maintain some residual spin polarization after collection by the Schottky barrier
[49], no spin detection after transport through the semiconductor was ever
demonstrated in the above works, so spin injection success is unknown. The
first successful use of spin-polarized ballistic hot electron injection was not
reported until 2003, by Jiang et al. [50], where a MTT was used for injection into GaAs, and circular polarization analysis of band edge light emitted
from InGaAs quantum wells was used for detection (a “spinLED”). However,
because of the optical selection rules demanding a polar “Faraday” geometry,
a large perpendicular magnetic field was required to induce a perpendicular
magnetization of the magnetic layers in the MTT injector, so spin precession
measurements (necessary to unambiguously confirm spin transport [51, 52])
could not be done.
After injection across the interface, the hot electrons must relax to the
conduction band edge before transport and recombination. Because GaAs
is a non-centrosymmetric zinc blende lattice that does not preserve inversion symmetry, Dresselhaus spin-orbit terms in the Hamiltonian break the

spin degeneracy of the conduction band away from k = 0 and the Dyakonov–
Perel effect [53] can induce strong spin depolarization [54]. For this reason,
injection near the conduction band edge in states close to the Brillouin zone
center is strongly preferred, or application of hot electron spin injection to a
material without this scattering mechanism is desired.
The group-IV elemental semiconductors silicon and germanium form
in the diamond lattice, which does preserve inversion symmetry, and hence
eliminates the deleterious Dyakonov–Perel mechanism. All subsequent work
presented in this chapter will therefore focus on our experience developing
hot electron techniques for spin injection, transport, and detection in these
two materials, and will highlight the resulting knowledge gained pertaining
to their spin-dependent electronic structure.

3.4 SPINS IN SILICON
Spin-polarized electrons in Si were first studied decades ago using resonance
between Zeeman-split levels in a large magnetic field. Of interest in this
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field of electron spin resonance (ESR) was not only the conduction electrons
but also electrons bound to donors [55–60]. The microwave absorption line
positions (or electrically detected magnetic resonance (EDMR) [61, 62] conductance features) give the gyromagnetic ratio γ = g µ B / , where g is the
g-factor and µ B is the Bohr magneton, and their linewidths give a measure of
the inverse of the spin lifetime [59, 63].
The gyromagnetic ratio in Si corresponds to a g-factor very close to that
of a bare electron in vacuum ( g ≈ 2) [64], and observed lifetimes were relatively long (several ns even at ambient), with very narrow linewidths. This
apparent superiority of Si over other semiconductors is due to several fortuitous intrinsic properties which make it a relatively simple spin system
[65–67].
It is often pointed out that since SOC scales as Z 4 in atomic systems,
silicon’s low atomic number (ZSi = 14) leads to a reduced spin-orbit coupling.
This is only partly true. The geometric symmetry of the diamond lattice and
the proximity of the CBM to the X-point is arguably more important. For
example, the small SOC correction to g-factor can be explained by the fact
that double orbital degeneracy imposed by non-symmorphic elements of the
symmetry group (those containing partial translations) at the X-point is preserved even after inclusion of SOI perturbation. Diamagnetic corrections to
g-factor, which can be calculated via evaluation of operator matrix elements
with remote bands [68]
n g orbit n′′ =

4i
m

∑
n ′≠ n

ψ n πˆ x ψ n ′ ψ n ′ πˆ y ψ n ′′
En − En ′

,

(3.2)

are therefore zero for every band at the X-point, because the energy denominators are the same, whereas the numerators change sign between orbitally
degenerate states. This is why a large valence band split-off is required for
conduction band g-factor renormalization in zinc blende.
At the Si conduction band valley minimum only 15% along the Δ-axis
away from X toward Γ, the double orbital degeneracy of ∆ 5 valence band
states (which transform like axial vector components {zx, zy } [69]) ≈ 4eV
below the conduction band is indeed broken by SOI. However, because this
state is so close to X where it vanishes, the splitting is only ≈ 2 meV . Thus,
even though the numerators are non-zero for momentum πˆ x, y transverse to
the valleys (conduction band is ∆1 that transforms like z), the total contribution from Equation 3.2 is tiny and only several parts in 103 .
The long spin lifetime in Si (especially for electrons bound in neutral
donors) was exploited to achieve spontaneous emission of tunable microwaves in the late 1950s [70], and suggested much later as a fundamental
ingredient in solid-state quantum computation [71]. In fact, Si was the first
material with which optical orientation (generation of spin-polarized electrons in the conduction band through interband transitions induced by
circularly polarized super-bandgap photon illumination [72]) was demonstrated [73, 74], yet the importance of achieving true spin transport in Si was
often overlooked in reviews of the field [75]. This milestone was accomplished
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convincingly for the first time only in 2007, using the ballistic hot electron
techniques described in Section 3.5 [76].
Due to its apparent advantages over other semiconductors, many groups
tried to demonstrate phenomena attributed to spin transport in Si [77–85],
but this was typically done with ohmic FM-Si contacts and two-terminal
magnetoresistance measurements or in transistor-type devices [86, 87]
which are bound to fail due to the “fundamental obstacle” for ohmic spin
injection mentioned in Section 3.1 [1, 3, 4, 6]. Although weak spin-valve
effects can be found in the literature, no evidence of spin precession is available, so the signals measured are ambiguous at best [51, 52]. Indeed, although
magnetic exchange coupling across ultrathin tunneling layers of Si was seen,
no spin-valve magnetoresistance was observed [88].
These failures were addressed by pointing out that only in a narrow window of FM-Si Resistance-Area (RA) product was a large spin polarization
and hence large magnetoresistance expected in all-electrical two-terminal
devices [89]. Subsequently, several efforts to tune the FM-Si interface resistance were made [90–94]. However, despite the ability to tune the RA product by over 8 orders of magnitude and even into the anticipated high-MR
window (for instance, by using a low-work-function Gd layer), no evidence
that this approach has been fruitful for Si can be found, and the theory has
been confirmed only for the case of low-temperature-grown 5 nm-thick
GaAs [95, 96].
Subsequent to the first demonstration of spin transport in Si [76], optical
detection (circular electroluminescence analysis [97]) was shown to indicate
spin injection from a FM and transport through only several tens of nm of
Si, using first an Al xO tunnel barrier [98] and then tunneling through the
Schottky barrier [99], despite the indirect bandgap. These methods required
a large perpendicular magnetic field to overcome the large in-plane shape
anisotropy of the FM contact, but later a perpendicular anisotropic magnetic multilayer was shown to allow spin injection into Si at zero external
magnetic field [100]. While control samples with nonmagnetic injectors do
show negligible spin polarization, again no evidence of spin precession was
presented.
More recently, four-terminal non-local measurements on Si devices
have been made, for instance with Al xO [101] or MgO [102, 103] tunnel barriers, or Schottky contacts using ferromagnetic silicide injector and detector
[104]. Since these initial demonstrations, substantial progress has been made
by Shiraishi’s Osaka/Kyoto group [105–107] using this method.
Demonstrations of electrically injected spin accumulation in nonmagnetic materials are considered reliable when measured in a non-local fourterminal geometry. When performed correctly, the experiment electrically
measures the decay of spin polarization in the nonmagnetic bulk material
between the injection and detection regions. Therefore, it is advantageous to
have a submicron separation between the ferromagnetic injector and detector electrodes if the spin diffusion length of the nonmagnetic bulk material
is not much longer than one micron. To mitigate this requirement, some
researchers have recently resorted to a local three-terminal measurement
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wherein one ferromagnetic electrode is used for both injection and detection of the spin signal in elemental semiconductors and complex oxides
[108–114]. The results of these experiments, however, are often inconsistent
with our understanding of spin transport phenomena in these materials
[115–119]. And indeed, recent mounting evidence show that Pauli blocking during transport through localized defect/impurity states successfully
accounts for the observed phenomena, without any need to invoke actual
spin accumulation in the semiconductor [120–124]. It should be noted, however, that with clean MBE-grown interfaces, signals consistent with actual
spin injection (much smaller in magnitude and with linewidths reflecting the
expected bulk spin lifetime in heavily-doped Si) have been observed [125], as
in the original work applying a local three-terminal method to GaAs [126].
As mentioned in Section 3.1, another way to overcome the conductivity/lifetime mismatch for spin injection is to use a carrier-mediated ferromagnetic semiconductor heterointerface. The interfacial quality may have
a strong effect on the injection efficiency, so epitaxial growth will be necessary. Materials such as dilute magnetic semiconductors Mn-doped Si [127],
Mn-doped chalcopyrites [10, 128–131], or the “pure” ferromagnetic semiconductor EuO [132] have all been suggested, but none as yet have been demonstrated as spin injectors for Si. It should be noted that while their intrinsic
compounds are indeed semiconductors, due to the carrier-mediated nature
of the ferromagnetism, it is seen only in highly (i.e. degenerately) doped and
essentially metallic samples in all instances.
Another alternative injection method, spin pumping via ferromagnetic
resonance with microwave absorption, was reported not only for electrons
in n-Si [133], but also for holes in p-Si [134, 135]. We note that from a theoretical perspective, holes in the valence band of any bulk cubic semiconductor
have spin lifetimes on the order of the momentum lifetime (ps or less), since
spin-orbit interaction spin-mixes the light hole states with up/down probabilities of 1/3 and 2/3 so that Elliott–Yafet scattering among these states and
the degenerate heavy holes causes highly efficient spin flips.
Several experimental [136, 137] and theoretical [138] works also
addressed spin-polarized electrons and holes [139, 140] in Si/SiGe 2DEGs,
but this is outside the scope of the present introduction; we deal here only
with spin transport in 3D bulk Si, but do note that SiGe alloys could very
well become useful as a way of tailoring spin transport devices to make use
of local spin-orbit effects.

3.5 BALLISTIC HOT ELECTRON INJECTION
AND DETECTION DEVICES
Two types of tunnel junctions have been employed for injection of spinpolarized electrons into non-degenerate semiconductors. The first used ballistic spin filtering of initially unpolarized electrons from a nonmagnetic Al
cathode by a ferromagnetic anode base layer in direct contact to undoped,
10-micron-thick single-crystal Si(100) [76]. Despite SVT measurements suggesting the possibility of 90% spin polarization in the metal [40, 141], only 1%
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polarization was found after injection into and transport through the Si. It
was discovered later that a nonmagnetic Cu interlayer spacer could be used
to increase the polarization to approximately 37% [142], likely due to Si’s tendency to readily form spin-scattering “magnetically-dead” alloys (silicides) at
interfaces with ferromagnetic metals.
Despite the possibilities for high spin polarization with these ballistic
spin filtering injector designs, the short hot electron mfps in FM thin film
anodes causes a very small injected charge current on the order of 100nA,
with an emitter electrostatic potential energy approximately 1 eV above the
Schottky barrier and a contact area approximately 100 × 100 µm 2. Because
the injected spin density and spin current are dependent on the product
of spin polarization and charge current, this technique is not ideal for
transport measurements. Therefore, an alternative injector utilizing a FM
tunnel-junction cathode and nonmagnetic anode (which has a larger mfp)
was used for approximately ten times greater charge injection and hence
larger spin signals, despite somewhat smaller potential spin polarization of
approximately 15% [143, 144]. These injectors can be thought of as one-half
of a magnetic tunnel junction [145], with a spin polarization proportional to
the Fermi-level density of states spin asymmetry, rather than exponentially
dependent on the spin-asymmetric mfp as is the case with ballistic spin filtering described above.
Although the injection is due to ballistic transport in the metallic
contact, the conduction band mfp is typically only on the order of 10 nm
[146], so the vast majority of the subsequent transport to the detector over a
length scale of tens [76, 143, 142], hundreds [144, 147], or thousands [148]
of microns occurs at the conduction band edge following momentum relaxation [149]. Typically, relatively large accelerating voltages are used so that
the dominant transport mode is carrier drift; the presence of rectifying
Schottky barriers on either side of the transport region assures that the
resulting electric field does nothing other than determine the drift velocity of spin polarized electrons, hence the transit time [150, 151]—there are
no spurious (unpolarized) currents induced to flow. Furthermore, undoped
transit layers are primarily used; otherwise band bending would create a
confining potential and increase the transit time, potentially leading to
excessive depolarization [152].
The ballistic hot electron spin detector is comprised of a semiconductorFM-semiconductor structure (both Schottky interfaces), fabricated using
UHV metal-film wafer bonding (a spontaneous cohesion of ultra-clean
metal film surfaces which occurs at room-temperature and nominal force in
ultra-high vacuum) [38, 153]. After injection and transport through the semiconductor, spin-polarized electrons are ejected from the conduction band
over the Schottky barrier and into hot electron states far above the Fermi
energy. Again, because the mfp in FMs is larger for majority-spin (i.e. parallel
to magnetization) hot electrons, the number of electrons coupling with conduction band states in a n-Si collector on the other side (which has a smaller
Schottky barrier height due to contact with Cu) is dependent on the final
spin polarization and the angle between spin and detector magnetization.
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Because the exponential terms are constants, this has the simple form
∝ cosθ + const.; in the following, we disregard the constant term, as it is spinindependent. The spin transport signal is thus the (reverse) current flowing
across the n-Si collector Schottky interface. In essence, this device (whose
band diagram is schematically illustrated in Figure 3.2) can be thought of
as a split-base tunnel-emitter SVT with several hundred to thousands of
microns of Si between the FM layers.

3.5.1 Experiments on Silicon
Two types of measurements are typically made: “spin valve” in a magnetic
field parallel to the plane of magnetization, and spin precession in a magnetic field perpendicular to the plane of magnetization. The former allows
the measurement of the difference in signals between parallel (P) and antiparallel (AP) injector/detector magnetization and hence is a straightforward
way of determining the conduction electron spin polarization,
I P − I AP
.
I P + I AP

P=

(3.4)

injector

VC1

IC1

10 nm

Cu

VE

n-Si

350 µm
NiFe

Al

Single-crystal
undoped Si
Cu

Al

CoFe
Al2O3

detector

Energy

Downloaded By: 10.3.98.80 At: 20:46 09 Jan 2023; For: 9780429434235, chapter3, 10.1201/9780429434235-3

Quantitatively, we expect a contribution to our signal from each electron
having spin orientation θ with respect to the detector magnetization

IC2

8 nm

Distance
FIGURE 3.2 (See color insert.) Schematic band diagram of a four-terminal (two
for TJ injection and two for FM SMS detection) ballistic hot electron injection and
detection device with a 350 μm-thick Si transport layer.

Typical spin-valve measurement data, indicating ≈ 8% spin polarization after
transport through 350 μm undoped Si, is shown in Figure 3.3.
Measurements in perpendicular magnetic fields reveal the average spin
orientation after transit time t through the Si, due to precession at frequency
ω = g µ B B /  , where B is magnetic field. If the transit time is determined
L
only by drift, i.e. t =
, we expect our spin transport signal to behave
µE
∝ cosg µ B Bt / . However, due to transit time uncertainty ∆t caused by random diffusion, there is likewise an uncertainty in spin precession angle
∆θ = ω∆t which increases as the magnetic field (and hence ω) increases.
When this uncertainty approaches 2π rad, the spin signal is fully suppressed
by a cancellation of contributions from antiparallel spins, a phenomenon
called spin “dephasing”, or the Hanle effect [154].
On a historical note, our device is essentially a solid-state analog of
experiments performed in the 1950s that were used to determine the g-factor of the free electron in vacuum using Mott scattering as spin polarizer
and analyzer and spin precession during time-of-flight in a solenoid [64]. In
our case, we already know the g-factor (from e.g. ESR lines), so our experiments in strong drift electric fields where spin dephasing is weak can be used
to measure transit time with t = h / g µ B B2 π , where B2π is the magnetic field
period of the observed precession oscillations, despite the fact that we make
DC measurements, not time-of-flight [150, 151]. Typical spin-precession
data, indicating transit time of approximately 12ns to cross 350 μm undoped
Si in an electric field of ≈ 580 V/cm, is shown in Figure 3.4a.
One important application of this transit time information from spin
precession is to correlate it to the spin polarization determined from spinvalve measurements and Eq. 3.4 to extract spin lifetime. By varying the
internal electric field, we change the drift velocity and hence average transit time. A reduction of polarization is seen with an increase in average
transit time (as in Figure 3.5a) that we can fit well to first order using an
exponential-decay model P ∝ e −t /τ , and extract the timescale τ [144]. In
this way, we have observed spin lifetimes of approximately 1 μs at 60 K
Spin Transport Signal (IC2) [pA]

Downloaded By: 10.3.98.80 At: 20:46 09 Jan 2023; For: 9780429434235, chapter3, 10.1201/9780429434235-3

3.5 Ballistic Hot Electron Injection and Detection Devices    159

120
115
110

sweep
direction

105
100

T=150K
-200

-100

0

100

200

In-Plane Magnetic Field [Oe ]

FIGURE 3.3 In-plane magnetic field measurements show the “spin-valve” effect
and can be used to calculate the spin polarization after transport in Si.
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FIGURE 3.4 (a) A typical spin precession measurement shows the coherent
oscillations due to drift and the suppression of signal amplitude (“dephasing”) as
the precession frequency rises. Our model simulates this behavior well. (b) The real
part of the Fourier transform of the precession data in (a) reveals the spin current
arrival distribution.

in 350 μm-thick transport devices [155].* In Figure 3.5b, the temperature
dependence of spin lifetime is compared to the T −5/2 power law predicted
by Yafet [60]. This power law arose from considering that the intravalley
spin-flip matrix element is quadratic in phonon momentum q; Fermi’s
golden rule gives the lowest-order spin-flip transition rate as this matrix
element squared (q 4 ∝ E 2 ∝ T 2 ) times the familiar E ∝ T density of
states in 3-dimensions.
Yafet’s approximation was improved by the numerical calculations of
Cheng et al. which were found to be closer to T−3 [156]. As Li and Dery [157]
and Song and Dery [158] point out, however, the spin lifetime dependence
on temperature is fundamentally not well-captured by a simple power law
because it is primarily due to intervalley scattering with large-momentum
f-process [159] phonons at high temperature and intervalley scattering with
small-momentum acoustic phonons at low temperature.
* In Ref. [144], a more conservative estimate of the spin lifetime (e.g. 520 ns at 60 K) was
obtained by fitting to the transit time dependence of an alternative quantity expected to be
proportional to the spin polarization, rather than using Eq. 3.4 directly.
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FIGURE 3.5 (a) Fitting the normalized spin signal from in-plane spin-valve
measurements to an exponential decay model using transit times derived from
spin precession measurements at variable internal electric field yields measurement of spin lifetimes in undoped bulk Si. (b) The experimental spin lifetime values
obtained as a function of temperature are compared to Yafet’s T−5/2 power law for
indirect-bandgap semiconductors [60] and Cheng et al.’s T−3 derived from a full
band structure theory [156].

3.6 SPINS IN GERMANIUM
Germanium shares the same diamond lattice with silicon and is also an indirect-gap multivalley semiconductor, but spin-orbit coupling in the conduction band of this material is very different. While it is true that the atomic
number is much greater (32 as opposed to 14 for Si), the primary reason
for stronger spin-orbit coupling is that the conduction band minimum lies
at the L-point, rather than close to the X-point where the symmetry group
retains non-symmorphic lattice symmetry elements that preserve orbital
degeneracy.
Once again, we can illustrate the effects of spin-orbit-coupling by
analyzing the dominant diamagnetic contributions to the Landé g-factor.
Germanium’s L1 conduction band is primarily affected by the SOI-induced
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≈ 0.2 eV splitting of the L3′ valence band, ≈ 2.2 eV below it [160, 161]. The
energy denominators in Equation 3.2 are thus substantially different, so
that a quite incomplete cancellation occurs in the sum. Furthermore, the
wave function symmetries ( L3′ states are odd with respect to transverse
directions, whereas L1 is even, and both are even with respect to the valley axis) lead to non-zero numerators only for magnetic moments pointed
along the valley axis. The transverse diamagnetic correction therefore vanishes to lowest order and g ⊥ ≈ 2, but the longitudinal contribution is substantial so that g  ~ 1 [162].
In a system like this with conduction band valley degeneracy and anisotropic Landé g-factor, an unusual effect can occur [163]: for an electron in a
valley whose axis is oriented along ẑ at an angle θ with an external magnetic


field B, we can choose x̂ in the plane of ẑ and B, such that the Zeeman
Hamiltonian governing spin state evolution is
 = µ B ( g  Bcosθσ z + g ⊥ Bsinθσ x ) ,

(3.5)

where µ B is the Bohr magneton, and σ x , z are the 2 × 2 Pauli spin-1/2 matrices.
This seemingly trivial Hamiltonian can be algebraically transformed into an
equivalent picture for a free electron with g-factor g 0 ≈ 2:
 = µB g0

B
( ( g − g ⊥ ) cosθσz + g ⊥sinθσx + g ⊥cosθσz )
g0

 g − g⊥
g  
= g 0µ B  B 
θσ z + ⊥ B ⋅ σ  .
cosθ
g0
g0



(3.6)

Note that this transformed Hamiltonian indicates that the electron spin
g 
acts as if it were a free electron in a renormalized magnetic field ⊥ B ,
g0
plus another magnetic field, oriented along the valley axis, with magnitude
g − g⊥
B 
cosθ. This additional field is randomized during the fast intervalg0
ley scattering process; time-dependent perturbation theory shows that it
opens a new channel of spin relaxation, even if the external magnetic field is
perfectly aligned with the initial spin orientation.
This extraordinary mechanism is reminiscent of the Dyakonov–Perel
spin relaxation process which dominates in non-centrosymmetric semiconductor crystal lattices [53, 72], for example the III-V compound semiconductors like GaAs. In that case, broken spatial inversion symmetry allows
spin-orbit interaction to cause a momentum-dependent spin splitting
(Dresselhaus spin-orbit coupling [164]); intravalley scattering during spin
precession about this random effective magnetic field leads to depolarization. In the anisotropic g-factor mechanism described above, the origin of
the additional random field is rooted instead in the broken time reversal
symmetry induced by the real external magnetic field, and intervalley scattering allows g-factor anisotropy to drive its fluctuation between four different orientations. This subtle phenomenon can be experimentally verified in
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appropriate spin transport devices by the suppression of spin polarization
with longitudinal magnetic field in the spin-valve effect.
The long-distance germanium spin transport devices we fabricated to
observe this phenomenon [165] are nominally identical in operation to their
silicon counterparts that use the same ballistic hot electron transport methods [144, 166]. However, substantial changes to the fabrication procedure
were required due to the details of mechanical, chemical, and metallurgical
properties of Ge. The transport layer of >40 Ωcm 325 ± 25 μm-thick Ge(001)
was bonded to a CoFe(2 nm)/NiFe(5 nm)/Cu(3 nm)/n-Si spin detector structure, whose layer sequence was chosen to maximize the Schottky barrier
height on the Ge side [167], and minimize barrier height on the n-Si side to
facilitate the ballistic transport of electrons from Ge, through the metal, and
into the Si conduction band.
Figure 3.6a shows experimental results from these devices in an in-plane
magnetic field quasi-statically swept through both injector and detector
magnetic thin film coercive fields at a temperature of 41 K. A linear background has been subtracted for clarity to show only the spin-dependent current ∆IC 2 for magnetic field orientation along the in-plane <110> and <100>
directions. Both data show prominent magnetic field-dependent spin depolarization with a profile very different from the ordinary spin-valve effect, for
example in Figure 3.3.

FIGURE 3.6 (See color insert.) Experimental and simulated spin signal IC2 vs
applied magnetic field B, in an accelerating electric field caused by a voltage of VC1
= 0.6 V over the 325 μm transport distance inundoped Ge at a temperature of 41 K.
Panel (a) shows the spin-valve effect for the B field along both 110 (in blue) and
100 (in red) due to switching injector or detector magnetizations in an in-plane
B field. The round (cross) markers are experimental results when B is swept in the
positive (negative) direction, with the solid (dashed) curve corresponding to theoretical simulation. Panel (b) shows coherent spin precession in an out-of-plane B
field. The diamond markers are experiment results. The solid (dashed) curve is the
theoretical simulation with (without) the g-factor anisotropy-induced depolarization. (After Li, P. et al., Phys. Rev. Lett. 111, 257204, 2013. With permission.)
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With a model for this B-dependent total spin relaxation rate, we are able
to simulate the spin-valve experiment data, using a drift-diffusion model
[168, 169] that takes into account the transit time uncertainty, and hence
spin orientation distribution at the detector. The Elliott–Yafet spin lifetime
τ s , ph is a free fitting parameter in this theory, allowing us to determine relaxation rates from a single spin-valve measurement—this is not possible with
ordinary spin-valve measurements in materials where this mechanism is
absent. As can be seen by the direct comparison in Figure 3.6a, the theory
matches the experimental result for both <110> and <100> in-plane magnetic field orientations very well when τ s , ph = 258 ns. This long spin lifetime
at 41 K is the consequence of vanishing intravalley spin flips due to time
reversal and spatial inversion symmetries at the L-point up to cubic order in
phonon wave-vector [170].
Figure 3.6b shows data and the corresponding drift-diffusion simulation results for a measurement in out-of-plane magnetic field, perpendicular
to the magnetic and spin axis, causing coherent precession and an oscillating spin detector signal. In this geometry, we must include both spin-lattice
(depolarization) and spin-spin (dephasing) relaxation. Clearly, the theoretical simulation matches experimental data very well. For comparison, we also
show the simulated result excluding the g-factor anisotropy-induced contribution to the spin relaxation. Its discrepancy with experimental data is not
apparent at low precession angles in small fields, but becomes prominent at
subsequent extrema corresponding to 2π, 3π and 4π rad rotations when B
increases.
Because the electron temperature is easily decoupled from the lattice
temperature in transport conditions at finite electric field in this material
[166], the spin lifetimes extracted from fitting the spin-valve depolarization
features are typically lower than those obtained by correlating zero-magneticfield polarization with mean transit time from spin precession data [144,
166] except at the lowest accelerating voltages and temperatures. Figure 3.7
compares the temperature dependence of spin lifetimes at several internal
electric fields to the theoretical Elliott–Yafet prediction [170], which applies
to the germanium electron-phonon system at thermal equilibrium. The spinvalve-obtained lifetimes systematically drop with increasing electric field,
and are noticeably temperature-independent in high electric fields, unlike
the “Larmor-clock”-derived values [171] from fitting precession and minorloop spin polarization data at VC 1 < 0.6 V . The origin of low-temperature spin
lifetime suppression seen in these data is likely due to extrinsic effects, as
has been observed in electron spin resonance studies of Si [59], and our own
observation of inelastic exchange scattering with neutral donors [172].

3.7 OUTLOOK
There has been significant progress in using ballistic hot electron spin injection and detection techniques for spin transport studies in Si and Ge. However,
there are limitations of these methods. For example, the small ballistic transport transfer ratio is typically no better than 10 -3 - 10 -2 ; the low injection
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FIGURE 3.7 Temperature dependence of spin lifetime in undoped Ge. Lowfield measurements at VC1 = 0.2 V yield a monotonically increasing spin lifetime
with decreasing temperature, similar to the Elliott–Yafet theoretical prediction
[170]. Electric-field-induced intervalley scattering causes enhanced suppression
of lifetimes. Lifetimes obtained by correlating transit time (Larmor clock from spin
precession measurements) and zero-magnetic-field polarization (from minor-loop
spin-valve measurements) show low-temperature depolarization. (After Li, P. et al.,
Phys. Rev. Lett. 111, 257204, 2013. With permission.)

currents and detection signals obtained will result in sub-unity gain and limit
direct applications of these devices. In addition, our reliance on the ability of
Schottky barriers to serve as hot electron filters presently limits device operation temperatures to approximately 200 K—although materials with higher
Schottky barrier heights could extend this closer to room temperature—
and also limits application to only non-degenerately doped semiconductors.
Carrier freeze-out in the n-Si spin detection collector at approximately 20 K
introduces a fundamental low-temperature limit as well [169].
Despite these shortcomings, there are also unique capabilities afforded
by this method, such as independent control over internal electric field and
injection current, and spectroscopic control over the injection energy level
[173]. Unlike, for instance, optical techniques, other semiconductor materials should be equally well suited to study with these methods. The purpose is
to use these devices as tools to understand spin transport properties for the
design of spintronic devices, just as the Haynes–Shockley experiment [174]
enabled the design of electronic minority-carrier devices such as the bipolar
junction transistor.
There is still much physics to be done with ballistic hot electron spin
injection and detection. For instance, spin control via time-dependent resonant fields is apparently feasible [175], and application of strain along the
valley axes can suppress intervalley scattering to greatly enhance the spin
lifetime [176, 177]. Similar fabrication techniques as used for vertical devices
can be used to assemble lateral spin transport devices, where in particular very long transit lengths [148] and the effects of an electrostatic gate to
control the proximity to a Si/SiO2 interface can be investigated [178–180].
The massive spin lifetime suppression induced by the interface that was
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observed in this work suggests that such devices can be used to explore the
effects of broken inversion symmetry [53] and paramagnetic [62] or charged
[181, 182] defects on conduction electron spins at the semiconductor/insulator interface. In addition, this opportunity for sensitive characterization may
be of importance to the electronics community as they continue to push
MOSFET scaling toward its ultimate limits.
Hopefully, more experimental groups will develop the technology necessary to compete in this wide-open field. Theorists, too, are eagerly invited
to address topics such as whether this injection technique fully circumvents
the “fundamental obstacle” because of a remaining Sharvin-like effective
resistance [183], or whether it introduces anomalous spin dephasing [169].
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