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Der Spinfreiheitsgrad von Elektronen

Elektron besitzt Masse, Ladung
und inneren Freiheitsgrad, den
Spin

N

S

µ

S Spin S ⇒ winziges magneti-
sches Moment µ

B Im Magnetfeld haben |↑〉 und |↓〉
unterschiedliche Energien
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Prinzip der Spintronics

j

Herkömmliche elektrische
Schaltung: Elektronik

j

B

Spinabhängiger Strom-
fluss: Spintronics.
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Giant Magneto-Resistivity (GMR)
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GMR: Spinabhängige Streuung
X5.6 D. E. Bürgler
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Fig. 3: Simplified picture of spin-dependent scattering for the explanation of the GMR effect.

Only minority electrons are scattered as schematically indicated by the stars. Majority electrons

are not scattered and cause a short-circuit effect which appears for parallel alignment of the

magnetizations (a) but not for antiparallel alignment (b). The substitutional circuit diagrams in

the lower part for the total resistivities, R
P
and R

AP
, yield the relation R

P
< R

AP
and hence

the GMR effect. r
maj

L,R

and r
min

L,R

denote the majority and minority substitutional resistances of

the left and right side of the spacer, see text. (c) Schematic electron velocity distributions for

CIP and CPP geometry.

tance. Only states near the Fermi energy contribute to the electric conductivity because they

can reach empty final states just above the Fermi energy after a scattering event. In order to

demonstrate how spin-dependent scattering leads to the GMR effect, we use in the following a

simple –albeit unrealistic– consideration whose main argument is nevertheless valid in reality.

In Fig. 3 it is assumed that only minority electrons (spin antiparallel to the local magnetiza-

tion) are scattered at the magnetic/non-magnetic interfaces. Thus, for parallel alignment of the

magnetizations [Fig. 3(a)], majority electrons are not scattered at all, leading to a short-circuit

(R = 0) of the associated current. Therefore, the resistivity for the total current vanishes, too,

as can be seen in the lower part of Fig. 3(a), where the two spin channels are represented by

two resistors in parallel connection. For antiparallel alignment of the magnetizations [Fig. 3(b)]

there are scattering events for both types of electrons. Hence, the resistivity for the total current

is finite. It is clear that even if the above strict condition is relaxed, the resistivity can be higher

for antiparallel alignment compared to the parallel one. As mentioned in the introduction, the

GMR effect can only be observed when electrons from one ferromagnetic layer reach the other

one without loosing their spin orientation. This condition results in two different limitations for

the two measurement geometries shown in Fig. 3(c). For the CIP geometry the electron mean

free path determines the “width” of the band within which an electron diffuses parallel to the

interfaces. The spacer layer must be thinner than the mean free path, otherwise an electron start-

ing from one ferromagnet will undergo a momentum scattering process (change of momentum

direction without spin-flip) before it reaches the other ferromagnet. As momentum scattering

Elektrischer Widerstand:
klein ⇐⇒ S || M
groß ⇐⇒ S ��M

FM-Schichten im Sensor:
1 mit fester Magnetisierung (gepinnt),
min. 1 mit freier Magnetisierung
(magn. weich)
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Tunnel Magneto-Resistivity (TMR)

2 FM-Schichten um dünne Isolationsschicht
(magnetic tunnel junction, MTJ)

Eine FM-Schicht gepinnt (magn. hart), die
andere von außen magnetisierbar (magn.
weich)

Tunnelstrom abhängig von Orientierung der
Magnetisierungen in den FM-Schichten
⇒ Elektrischer Widerstand abhängig von
äußerem Magnetfeld
⇒ Magnetfeldsensor; magn. Speicherzellen. . .
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Anwendung: Nichtflüchtiger Massenspeicher MRAM

conductors would allow a wealth of ex-

isting microelectronics techniques to be

co-opted and would also unleash many

more types of devices made possible by

semiconductors’ high-quality optical

properties and their ability to amplify

both optical and electrical signals. Exam-

ples include ultrafast switches and fully

programmable all-spintronics micropro-

cessors. This avenue of research may lead

to a new class of multifunctional elec-

tronics that combine logic, storage and

communications on a single chip.

Researchers must answer several ma-

jor questions before the second category

of devices can take off as a viable indus-

try: Can we devise economic ways to

combine ferromagnetic metals and semi-

conductors in integrated circuits? Can we

make semiconductors that are ferromag-

netic at room temperature? What is an ef-

ficient way to inject spin-polarized cur-

rents, or spin currents, into a semicon-

ductor? What happens to spin currents at

boundaries between different semicon-

ductors? How long can a spin current re-

tain its polarization in a semiconductor?

Our own research groups are working

on these questions but are keeping one

eye also on the more distant and specula-

tive quarry that is the third category of de-

vices: ones that manipulate the quantum

spin states of individual electrons. This

category includes spintronic quantum

logic gates that would enable construc-

tion of large-scale quantum computers,

which would extravagantly surpass stan-

dard computers for certain tasks. A di-

verse assortment of exotic technologies is

aimed toward that goal: ions in magnetic

traps, “frozen” light, ultracold quantum

gases called Bose-Einstein condensates

and nuclear magnetic resonance of mole-

cules in liquids—there are many ways to

skin a quantum cat.

We believe it makes sense instead to

build on the extensive foundations of con-

ventional electronic semiconductor tech-

nology. Indeed, a recent series of unex-

pected discoveries appears to support our

hunch that semiconductor spintronics

provides a feasible path for developing

quantum computers and other quantum

information machines. Whether one

looks at the near term for tomorrow’s

consumer electronics or at the more dis-
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DAVID D. AWSCHALOM, MICHAEL E. FLATTÉ and NITIN SAMARTH began working as a team

when Flatté was recently on sabbatical at the University of California, Santa Barbara.

Awschalom and Samarth had already been collaborating on experimental studies of semi-

conductor spintronics for more than a decade. Awschalom is professor of physics and 

director of the Center for Spintronics and Quantum Computation at U.C.S.B. Flatté works on

condensed-matter theory and is associate professor at the University of Iowa. Samarth is

professor of physics at Pennsylvania State University. 
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MAGNETIC TUNNEL JUNCTION
MRAMS (magnetic random-access

memories) store data in magnetic

tunnel junctions, which retain their

states even when the power is off. 

A 256-kilobyte MRAM chip is shown

below. Magnetic tunnel junctions

have two ferromagnetic layers

separated by a thin insulating barrier.

The first layer polarizes the spins of

current-carrying electrons, which

cross the barrier to the second layer

by quantum tunneling when both

layers are aligned (“0,” upper right).

When the magnetism of the second

ferromagnetic layer is reversed, the

tunneling is reduced (“1,” lower right).

Nonmagnetic
insulating barrier

Spin-polarized
current

Orientation of 
ferromagnetism

DIRECTION OF
CURRENT FLOW

DIRECTION OF
CURRENT FLOW

Changeable
ferromagnetic 
layer

Pinned
ferromagnetic 
layer

COPYRIGHT 2002 SCIENTIFIC AMERICAN, INC.

MRAMS speichern Daten in
magnetic tunnel junctions
(MTJ).

Die Stellungen der
Magnetisierungen (parallel oder
antiparallel) stellen die
Information von 1 Bit dar
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STORAGE

Non-volatile storage and logic have traditionally been performed 
by independent technologies. � e dominant technological 
implementation of non-volatile storage is through the magnetic 
orientation of media, such as on the platters in hard disks. MRAM, 
which uses magnetism to store information without moving parts, 
has become available commercially this summer from Freescale. 
However MRAM, like other magnetic non-volatile storage, relies 
on magnetic metals and insulators — not semiconductors. If the 
fundamental physical phenomena underlying MRAM can be 
demonstrated at room temperature in semiconductors it may 
be possible to integrate non-volatile storage directly into logical 
processors. Spin transfer torque, the current-induced reorientation 
of the magnetization of a magnet55,56 that is central to second-
generation MRAM, has been demonstrated in the magnetic 
semiconductor GaMnAs, albeit at low temperature (Fig. 2). Even 
more promising is the possibility of integrated magnetic transistor 
devices, which blend non-volatility or reprogrammability with 
the central transistor property of gain. � ese magnetic transistor 
devices, such as the unipolar spin transistor57 or the magnetic 
bipolar transistor58, have yet to be demonstrated.

Long-lived polarizations are also possible within the nuclear 
system. Substantial e� ective nuclear magnetic � elds (>1 T) can be 
generated via the Overhauser e� ect59,60 and persist for many minutes 
with only a small applied magnetic � eld (0.15 T), although at low 
temperature. � ese could be used for optoelectronic coupling, or for 
reprogrammable logic, and have been demonstrated both in ring 
interference52 and in all-optical NMR61.

COMMUNICATIONS

Isolation of one optical component of a communications system 
from the other optical components is achieved through one-way 
transmission of light. � is ‘non-reciprocal’ transmission requires a 
magnetic component, otherwise the time-reversal invariance of the 
apparatus will guarantee that the transmission properties for light 
travelling in one direction will be the same as the properties for light 
travelling in the other direction. � us magneto-optical elements 
(Faraday rotators) play a key role in the laser systems central to 
current communications. Although the magnetic orientation of 
such an element can be changed with an applied magnetic � eld, the 
material properties themselves are in� exible. Metals and insulators 
cannot be su�  ciently changed by applied electric � elds to provide 
markedly di� erent magnetic properties. Magnetic semiconductors, 
however, can have their Curie temperatures signi� cantly changed46 
as well as their magnetic easy axes by an electric � eld47. Electrically 
gatable Faraday rotators would provide a seamless coupling between 
linear optics and electrical signals, potentially with less optical loss 
than typical for electro-optic modulators working via the quantum-
con� ned Stark e� ect. High-speed optical switches based on spin have 
also been suggested and demonstrated at room temperature; here, 
the very fast spin lifetimes in some materials, or the tunable nature of 
the spin lifetime with electric � elds, provides advantages over charge-
based switches. Spin-based lasing may provide ways to e�  ciently 
modulate high-power semiconductor lasers, as the carrier density in 
an active region would not need to be changed, the intensity of the 
emitted coherent light could be modulated by controlling the degree 
of spin polarization of the current injected into the active region.
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Figure 2 Electrical reorientation of magnetic domains in metals and semiconductors. a, Schematic diagram of MRAM produced by Freescale. (Figures from 

http://www.freescale.com/fi les/memory/doc/white_paper/MRAMWP.pdf). Isense is the sensing current. Iref the reference current. The white arrows represent the free and fi xed 

magnetization orientations. b, A domain wall in GaMnAs is electrically controlled at low temperatures using current pulses. The domain wall image in the initial position 

(top panel) and fi nal position (bottom panel) are imaged using MOKE. Three regions (I, II, III) having different GaMnAs thicknesses were made to pattern coercivity and to 

confi ne the domain wall in region II. Jpulse is the current that moves the domain wall from one side of II to the other. This experimental demonstration (from ref. 35) sets the 

stage for similar device developments in semiconductor spintronics. 

“0;” each time the sequence is executed the device changes 
from its current magnetic state to the opposite state.  This 
type of switching is significantly different from the simple 
type of switching where the magnetic moment of the free 
layer simply follows the applied field.  Because the 
switching mode is fundamentally different, the selectivity 
using this mode is greatly enhanced as described below.  

Savtchenko switching relies on the unique behavior of 
a synthetic antiferromagnet (SAF) free layer that is formed 
from two ferromagnetic layers separated by a non-
magnetic coupling spacer layer. This is shown 
schematically in Figure 3.  The moment-balanced SAF 
free-layer responds to an applied magnetic field differently 
than the single ferromagnetic layer of conventional 
MRAM.  Rather than following an applied magnetic field, 
the two antiparallel layer magnetizations will rotate to be 
approximately orthogonal to the applied field.  A current 
pulse sequence is used to generate a rotating magnetic field 
that moves the free-layer moments through the 180-degree 
switch from one state to the other, as shown in Figure 4. 
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Figure 3.  The magnetic tunnel junction (MTJ) material 
stack used for Toggle MRAM.  The Free SAF magnetic 
moments switch between two states when the proper 
magnetic field sequence is applied.  Electrons tunnel 
across the alumina (AlOx) tunnel barrier, resulting in a 
magnetoresistance that is sensitive to the magnetic moment 
direction of the sense layer.   

 
To exploit the unique field response of this free layer, 

a two-phase programming pulse sequence, shown in 
Figure 5, is applied to effectively rotate the magnetic 
moments of the SAF by 180 degrees.  Because of the 
inherent symmetry, this sequence toggles the bit to the 
opposite state regardless of existing state.  A pre-read is 
therefore used to determine if a write is required.  Because 
of the way a SAF responds to applied fields, a single line 
alone cannot switch the bit, providing greatly enhanced 
selectivity over the previous approaches to MRAM 
switching.  
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Figure 4.  Schematic of a toggle MRAM bit with the field 
sequence used to switch the free layer from one state to the 
other.  The fields, H1, H1+H2, and H2, are produced by 
passing currents, i1 and i2, through the write lines. 
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Figure 5.  The current pulse sequence used to produce the 
sequence of magnetic fields used for toggle switching. 

    
Figure 6 is a switching characteristic map versus 

current for an entire 4-Mbit memory.  In the region below 
the switching threshold, no bits changed state and hence 
there were no disturbs from half selects.  A large operating 
region is observed above the threshold consistent with the 
single bit characteristic presented above.  The contours in 
the transition region just at the threshold are a measure of 
the bit-to-bit switching distribution.  Note that there are no 
disturbs all the way up to the highest currents, displaying 
the remarkable resistance to single-line disturbs with this 
approach. 
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STORAGE

Non-volatile storage and logic have traditionally been performed 
by independent technologies. � e dominant technological 
implementation of non-volatile storage is through the magnetic 
orientation of media, such as on the platters in hard disks. MRAM, 
which uses magnetism to store information without moving parts, 
has become available commercially this summer from Freescale. 
However MRAM, like other magnetic non-volatile storage, relies 
on magnetic metals and insulators — not semiconductors. If the 
fundamental physical phenomena underlying MRAM can be 
demonstrated at room temperature in semiconductors it may 
be possible to integrate non-volatile storage directly into logical 
processors. Spin transfer torque, the current-induced reorientation 
of the magnetization of a magnet55,56 that is central to second-
generation MRAM, has been demonstrated in the magnetic 
semiconductor GaMnAs, albeit at low temperature (Fig. 2). Even 
more promising is the possibility of integrated magnetic transistor 
devices, which blend non-volatility or reprogrammability with 
the central transistor property of gain. � ese magnetic transistor 
devices, such as the unipolar spin transistor57 or the magnetic 
bipolar transistor58, have yet to be demonstrated.

Long-lived polarizations are also possible within the nuclear 
system. Substantial e� ective nuclear magnetic � elds (>1 T) can be 
generated via the Overhauser e� ect59,60 and persist for many minutes 
with only a small applied magnetic � eld (0.15 T), although at low 
temperature. � ese could be used for optoelectronic coupling, or for 
reprogrammable logic, and have been demonstrated both in ring 
interference52 and in all-optical NMR61.

COMMUNICATIONS

Isolation of one optical component of a communications system 
from the other optical components is achieved through one-way 
transmission of light. � is ‘non-reciprocal’ transmission requires a 
magnetic component, otherwise the time-reversal invariance of the 
apparatus will guarantee that the transmission properties for light 
travelling in one direction will be the same as the properties for light 
travelling in the other direction. � us magneto-optical elements 
(Faraday rotators) play a key role in the laser systems central to 
current communications. Although the magnetic orientation of 
such an element can be changed with an applied magnetic � eld, the 
material properties themselves are in� exible. Metals and insulators 
cannot be su�  ciently changed by applied electric � elds to provide 
markedly di� erent magnetic properties. Magnetic semiconductors, 
however, can have their Curie temperatures signi� cantly changed46 
as well as their magnetic easy axes by an electric � eld47. Electrically 
gatable Faraday rotators would provide a seamless coupling between 
linear optics and electrical signals, potentially with less optical loss 
than typical for electro-optic modulators working via the quantum-
con� ned Stark e� ect. High-speed optical switches based on spin have 
also been suggested and demonstrated at room temperature; here, 
the very fast spin lifetimes in some materials, or the tunable nature of 
the spin lifetime with electric � elds, provides advantages over charge-
based switches. Spin-based lasing may provide ways to e�  ciently 
modulate high-power semiconductor lasers, as the carrier density in 
an active region would not need to be changed, the intensity of the 
emitted coherent light could be modulated by controlling the degree 
of spin polarization of the current injected into the active region.
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Figure 2 Electrical reorientation of magnetic domains in metals and semiconductors. a, Schematic diagram of MRAM produced by Freescale. (Figures from 

http://www.freescale.com/fi les/memory/doc/white_paper/MRAMWP.pdf). Isense is the sensing current. Iref the reference current. The white arrows represent the free and fi xed 

magnetization orientations. b, A domain wall in GaMnAs is electrically controlled at low temperatures using current pulses. The domain wall image in the initial position 

(top panel) and fi nal position (bottom panel) are imaged using MOKE. Three regions (I, II, III) having different GaMnAs thicknesses were made to pattern coercivity and to 

confi ne the domain wall in region II. Jpulse is the current that moves the domain wall from one side of II to the other. This experimental demonstration (from ref. 35) sets the 

stage for similar device developments in semiconductor spintronics. 

“0;” each time the sequence is executed the device changes 
from its current magnetic state to the opposite state.  This 
type of switching is significantly different from the simple 
type of switching where the magnetic moment of the free 
layer simply follows the applied field.  Because the 
switching mode is fundamentally different, the selectivity 
using this mode is greatly enhanced as described below.  

Savtchenko switching relies on the unique behavior of 
a synthetic antiferromagnet (SAF) free layer that is formed 
from two ferromagnetic layers separated by a non-
magnetic coupling spacer layer. This is shown 
schematically in Figure 3.  The moment-balanced SAF 
free-layer responds to an applied magnetic field differently 
than the single ferromagnetic layer of conventional 
MRAM.  Rather than following an applied magnetic field, 
the two antiparallel layer magnetizations will rotate to be 
approximately orthogonal to the applied field.  A current 
pulse sequence is used to generate a rotating magnetic field 
that moves the free-layer moments through the 180-degree 
switch from one state to the other, as shown in Figure 4. 
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Figure 3.  The magnetic tunnel junction (MTJ) material 
stack used for Toggle MRAM.  The Free SAF magnetic 
moments switch between two states when the proper 
magnetic field sequence is applied.  Electrons tunnel 
across the alumina (AlOx) tunnel barrier, resulting in a 
magnetoresistance that is sensitive to the magnetic moment 
direction of the sense layer.   

 
To exploit the unique field response of this free layer, 

a two-phase programming pulse sequence, shown in 
Figure 5, is applied to effectively rotate the magnetic 
moments of the SAF by 180 degrees.  Because of the 
inherent symmetry, this sequence toggles the bit to the 
opposite state regardless of existing state.  A pre-read is 
therefore used to determine if a write is required.  Because 
of the way a SAF responds to applied fields, a single line 
alone cannot switch the bit, providing greatly enhanced 
selectivity over the previous approaches to MRAM 
switching.  
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Figure 4.  Schematic of a toggle MRAM bit with the field 
sequence used to switch the free layer from one state to the 
other.  The fields, H1, H1+H2, and H2, are produced by 
passing currents, i1 and i2, through the write lines. 
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Figure 5.  The current pulse sequence used to produce the 
sequence of magnetic fields used for toggle switching. 

    
Figure 6 is a switching characteristic map versus 

current for an entire 4-Mbit memory.  In the region below 
the switching threshold, no bits changed state and hence 
there were no disturbs from half selects.  A large operating 
region is observed above the threshold consistent with the 
single bit characteristic presented above.  The contours in 
the transition region just at the threshold are a measure of 
the bit-to-bit switching distribution.  Note that there are no 
disturbs all the way up to the highest currents, displaying 
the remarkable resistance to single-line disturbs with this 
approach. 
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“0;” each time the sequence is executed the device changes 
from its current magnetic state to the opposite state.  This 
type of switching is significantly different from the simple 
type of switching where the magnetic moment of the free 
layer simply follows the applied field.  Because the 
switching mode is fundamentally different, the selectivity 
using this mode is greatly enhanced as described below.  

Savtchenko switching relies on the unique behavior of 
a synthetic antiferromagnet (SAF) free layer that is formed 
from two ferromagnetic layers separated by a non-
magnetic coupling spacer layer. This is shown 
schematically in Figure 3.  The moment-balanced SAF 
free-layer responds to an applied magnetic field differently 
than the single ferromagnetic layer of conventional 
MRAM.  Rather than following an applied magnetic field, 
the two antiparallel layer magnetizations will rotate to be 
approximately orthogonal to the applied field.  A current 
pulse sequence is used to generate a rotating magnetic field 
that moves the free-layer moments through the 180-degree 
switch from one state to the other, as shown in Figure 4. 
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Figure 3.  The magnetic tunnel junction (MTJ) material 
stack used for Toggle MRAM.  The Free SAF magnetic 
moments switch between two states when the proper 
magnetic field sequence is applied.  Electrons tunnel 
across the alumina (AlOx) tunnel barrier, resulting in a 
magnetoresistance that is sensitive to the magnetic moment 
direction of the sense layer.   

 
To exploit the unique field response of this free layer, 

a two-phase programming pulse sequence, shown in 
Figure 5, is applied to effectively rotate the magnetic 
moments of the SAF by 180 degrees.  Because of the 
inherent symmetry, this sequence toggles the bit to the 
opposite state regardless of existing state.  A pre-read is 
therefore used to determine if a write is required.  Because 
of the way a SAF responds to applied fields, a single line 
alone cannot switch the bit, providing greatly enhanced 
selectivity over the previous approaches to MRAM 
switching.  
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Figure 4.  Schematic of a toggle MRAM bit with the field 
sequence used to switch the free layer from one state to the 
other.  The fields, H1, H1+H2, and H2, are produced by 
passing currents, i1 and i2, through the write lines. 
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Figure 5.  The current pulse sequence used to produce the 
sequence of magnetic fields used for toggle switching. 

    
Figure 6 is a switching characteristic map versus 

current for an entire 4-Mbit memory.  In the region below 
the switching threshold, no bits changed state and hence 
there were no disturbs from half selects.  A large operating 
region is observed above the threshold consistent with the 
single bit characteristic presented above.  The contours in 
the transition region just at the threshold are a measure of 
the bit-to-bit switching distribution.  Note that there are no 
disturbs all the way up to the highest currents, displaying 
the remarkable resistance to single-line disturbs with this 
approach. 
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STORAGE

Non-volatile storage and logic have traditionally been performed 
by independent technologies. � e dominant technological 
implementation of non-volatile storage is through the magnetic 
orientation of media, such as on the platters in hard disks. MRAM, 
which uses magnetism to store information without moving parts, 
has become available commercially this summer from Freescale. 
However MRAM, like other magnetic non-volatile storage, relies 
on magnetic metals and insulators — not semiconductors. If the 
fundamental physical phenomena underlying MRAM can be 
demonstrated at room temperature in semiconductors it may 
be possible to integrate non-volatile storage directly into logical 
processors. Spin transfer torque, the current-induced reorientation 
of the magnetization of a magnet55,56 that is central to second-
generation MRAM, has been demonstrated in the magnetic 
semiconductor GaMnAs, albeit at low temperature (Fig. 2). Even 
more promising is the possibility of integrated magnetic transistor 
devices, which blend non-volatility or reprogrammability with 
the central transistor property of gain. � ese magnetic transistor 
devices, such as the unipolar spin transistor57 or the magnetic 
bipolar transistor58, have yet to be demonstrated.

Long-lived polarizations are also possible within the nuclear 
system. Substantial e� ective nuclear magnetic � elds (>1 T) can be 
generated via the Overhauser e� ect59,60 and persist for many minutes 
with only a small applied magnetic � eld (0.15 T), although at low 
temperature. � ese could be used for optoelectronic coupling, or for 
reprogrammable logic, and have been demonstrated both in ring 
interference52 and in all-optical NMR61.

COMMUNICATIONS

Isolation of one optical component of a communications system 
from the other optical components is achieved through one-way 
transmission of light. � is ‘non-reciprocal’ transmission requires a 
magnetic component, otherwise the time-reversal invariance of the 
apparatus will guarantee that the transmission properties for light 
travelling in one direction will be the same as the properties for light 
travelling in the other direction. � us magneto-optical elements 
(Faraday rotators) play a key role in the laser systems central to 
current communications. Although the magnetic orientation of 
such an element can be changed with an applied magnetic � eld, the 
material properties themselves are in� exible. Metals and insulators 
cannot be su�  ciently changed by applied electric � elds to provide 
markedly di� erent magnetic properties. Magnetic semiconductors, 
however, can have their Curie temperatures signi� cantly changed46 
as well as their magnetic easy axes by an electric � eld47. Electrically 
gatable Faraday rotators would provide a seamless coupling between 
linear optics and electrical signals, potentially with less optical loss 
than typical for electro-optic modulators working via the quantum-
con� ned Stark e� ect. High-speed optical switches based on spin have 
also been suggested and demonstrated at room temperature; here, 
the very fast spin lifetimes in some materials, or the tunable nature of 
the spin lifetime with electric � elds, provides advantages over charge-
based switches. Spin-based lasing may provide ways to e�  ciently 
modulate high-power semiconductor lasers, as the carrier density in 
an active region would not need to be changed, the intensity of the 
emitted coherent light could be modulated by controlling the degree 
of spin polarization of the current injected into the active region.
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Figure 2 Electrical reorientation of magnetic domains in metals and semiconductors. a, Schematic diagram of MRAM produced by Freescale. (Figures from 

http://www.freescale.com/fi les/memory/doc/white_paper/MRAMWP.pdf). Isense is the sensing current. Iref the reference current. The white arrows represent the free and fi xed 

magnetization orientations. b, A domain wall in GaMnAs is electrically controlled at low temperatures using current pulses. The domain wall image in the initial position 

(top panel) and fi nal position (bottom panel) are imaged using MOKE. Three regions (I, II, III) having different GaMnAs thicknesses were made to pattern coercivity and to 

confi ne the domain wall in region II. Jpulse is the current that moves the domain wall from one side of II to the other. This experimental demonstration (from ref. 35) sets the 

stage for similar device developments in semiconductor spintronics. 
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Christian Caspers Spintronics



Was sind Spintronics?
Der Spintransistor nach Datta und Das
Erzeugung spinpolarisierter Elektronen

Spinmanipulation und -transport

Der Aufbau eines Spintransistors
Das Schaltprinzip

Der Spintransistor nach Datta
und Das

Christian Caspers Spintronics



Was sind Spintronics?
Der Spintransistor nach Datta und Das
Erzeugung spinpolarisierter Elektronen

Spinmanipulation und -transport

Der Aufbau eines Spintransistors
Das Schaltprinzip

Der Spintransistor (SFET) nach Datta und Das

70 S C I E N T I F I C  A M E R I C A N J U N E 2 0 0 2

tant prospect of quantum computing,

spintronics promises to be revolutionary.

Exploiting Spin Currents

AN INTUITIVE NOTION of how an

electron’s spin works is suggested by the

name itself. Imagine a small electrically

charged sphere that is spinning rapidly.

The circulating charges on the sphere

amount to tiny loops of electric current,

which create a magnetic field similar to

the earth’s magnetic field. Scientists tradi-

tionally depict the rotation by a vector, or

arrow, that points along the sphere’s axis

of rotation. Immersing the spinning sphere

in an external magnetic field changes its

total energy according to how its spin vec-

tor is aligned with the field [see box on

page 68].

In some ways, an electron is just like

such a spinning sphere of charge—an elec-

tron has a quantity of angular momen-

tum (its “spin”) and an associated mag-

netism, and in an ambient magnetic field

its energy depends on how its spin vector

is oriented. But there the similarities end

and the quantum peculiarities begin. Elec-

trons seem to be ideal dimensionless

points, not little spheres, so the simple pic-

ture of their spin arising from actual ro-

tation doesn’t work. In addition, every

electron has exactly the same amount of

spin, equal to one half the fundamental

quantum unit of angular momentum.

That property is hardwired into the math-

ematics that describes all the elementary

particles of matter, a result whose signif-

icance and meaning are another story en-

tirely. The bottom line is that the spin,

along with a mass and a charge, is a defin-

ing characteristic of an electron.

In an ordinary electric current, the

spins point at random and play no role in

determining the resistance of a wire or the

amplification of a transistor circuit. Spin-

tronic devices, in contrast, rely on differ-

ences in the transport of “spin up” and

“spin down” electrons. In a ferromagnet,

such as iron or cobalt, the spins of certain

electrons on neighboring atoms tend to

line up. In a strongly magnetized piece of

iron, this alignment extends throughout

much of the metal. When a current pass-

es through the ferromagnet, electrons of

one spin direction tend to be obstructed.

The result is a spin-polarized current in

which all the electron spins point in the

other direction. 

A ferromagnet can even affect the flow

of a current in a nearby nonmagnetic met-

al. For example, present-day read heads in

computer hard drives use a device dubbed

a spin valve, wherein a layer of a nonmag-

netic metal is sandwiched between two

ferromagnetic metallic layers. The mag-

netization of the first layer is fixed, or

pinned, but the second ferromagnetic lay-

er is not. As the read head travels along a

track of data on a computer disk, the small

magnetic fields of the recorded 1’s and 0’s

change the second layer’s magnetization

back and forth, parallel or antiparallel to

the magnetization of the pinned layer. In

the parallel case, only electrons that are

oriented in the favored direction flow

through the conductor easily. In the anti-

parallel case, all electrons are impeded.

The resulting changes in the current allow

GMR read heads to detect weaker fields

than their predecessors, so that data can

be stored using more tightly packed mag-

A SPIN TRANSISTOR CONCEPT

ONE PROPOSED DESIGN of a spin FET

(spintronic field-effect transistor)

has a source and a drain, separated

by a narrow semiconducting channel,

the same as in a conventional FET. 

In the spin FET, both the source and

the drain are ferromagnetic. The

source sends spin-polarized

electrons into the channel, and this

spin current flows easily if it reaches

the drain unaltered (top). A voltage

applied to the gate electrode

produces an electric field in the

channel, which causes the spins of

fast-moving electrons to precess, or

rotate (bottom). The drain impedes

the spin current according to how far

the spins have been rotated. Flipping

spins in this way takes much less

energy and is much faster than the

conventional FET process of pushing

charges out of the channel with a

larger electric field.

Ferromagnetic
source

Spin-polarized 
current flow

Ferromagnetic
drain

Voltage applied Electric field

Gate (no voltage applied)
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SFET: Schalten von Spin-
strömen

Schmaler Gate-Kanal
(Halbleiter) zwischen
Source und Drain (FM)
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non-local electrically detected spin-injection experiment sensitive 
to precession has also been performed for a semiconductor76. 

Spin injection and detection can be considered the ‘input’ and 
‘read-out’ stages of a logic device within which the spin is manipulated 
by external or internal magnetic � elds or by spin-selective scattering. 
It has been demonstrated that the internal e� ective magnetic � elds in 
semiconductors with spin-orbit interactions can be used to reorient 
spins and also to drive magnetic resonance34. � ese e� ective internal 
magnetic � elds can be manipulated with applied external electric 
� elds77,78, which implies new gating mechanisms for spin-based 
transistors79. Furthermore the separation of spins can be achieved 
through the recently demonstrated spin Hall e� ect, � rst seen in 
semiconductors40–42,44, later in metals16, and most recently at room 
temperature43. Control of the spin Hall e� ect via control of the material 
mobility may be used to change spin currents in magnitude or even 
direction54, using a controllable spin Hall e� ect to route spins for 
logic. Finally, it might be possible to do away with magnetic materials 
entirely due to the achievement of spontaneous spin polarization at 
room temperature in a non-magnetic semiconductor80,81.

STORAGE

Many of the ferromagnetic semiconductor materials have extremely 
high carrier-doping levels, and controlling the interfaces of these 
materials is a great challenge. If novel storage devices based on 
ferromagnetic semiconductors are to be attempted, then achieving 
ferromagnetism in lower-doped semiconductor materials will be 
highly desirable. � ere are some indications that this might occur 
naturally at the edges of ferromagnetic materials, as the carriers are 
depleted from the region but magnetism remains82.

Only very recently has there been a report of a p–n diode made with 
a ferromagnetic material83,84 — previous attempts led to poor diodes 
because the doping level in the intrinsic, or depletion, region was too 
high to support a signi� cant voltage. Another recent achievement was 
the demonstration of exchange biasing in magnetic semiconductors85. 
A central element of metallic MRAM, exchange biasing will be a key 
element of semiconductor spintronics storage technology.

COMMUNICATIONS

Optics and ferromagnetism has turned out to be a dirty partnership 
so far in GaMnAs. � e optical lifetimes are so short, unlike for non-
magnetic semiconductors, that it was some time before they could be 
measured86. As the desired magneto-optical devices typically require 
substantial Faraday rotation without signi� cant optical losses, 
magnetic semiconductors have not been successful at dislodging 
magnetic insulators from this niche. Experiments on CdMnTe 
and CdMnHgTe optical isolators, however, suggest competitive 
values to yttrium iron garnet for the optical rotation relative to 
optical loss87,88 in a material that can be monolithically integrated 
on a semiconductor substrate. A semiconductor waveguide with 
an integrated ferromagnetic metal clad has also shown good 
performance as an optical isolator89.

As the materials become cleaner and more controlled the 
magneto-optical properties should improve further. It has been 
discovered that much cleaner GaMnAs could be achieved through 
very long low-temperature post-growth annealing. At the same time 
the optical properties of very lightly doped GaMnAs seem quite good, 
even though the material itself is not doped su�  ciently to become 
ferromagnetic. New discoveries of ferromagnetic semiconductors 
suggest there should be materials with better optical properties, such 
as ZnCrTe. Whether this material is a carrier-mediated ferromagnet 
or not is not clear yet, although it is dopable and the magnetism has 
a large in� uence on the optical properties.

QUANTUM COMPUTING

� e achievement of large-scale quantum-information processing 
in any physical system will be a tremendous success. Recent 
experimental advances in semiconductor spintronic quantum 
computing include the demonstration of long T1 and T2 times in 
semiconductor quantum dots (albeit at low temperatures45), the 
demonstration of coherent single-spin manipulation in diamond, 
and numerous examples of gate operations performed on ensembles 
of spins90–92, but expected to be extended to single-spin manipulation 
in quantum dots or embedded ions in the near future.
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Fig. 9: The device proposed by Datta and Das. Current is injected from the left ferromagnetic
lead, manipulated within the semiconductor and detected by the right ferromagnetic lead.
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Fig. 10: The origin of the problem in spin injection (left) and its solution (right).

applicable.On theotherhand,many experimentscontinueto beorientedtowardstheconstruc-
tion of clean,orderedstuctures,wherethe ballistic approachis applicable.As we have seen,
one advantageof succeedingin creatingsuchstructureswouldbe anextremelyhighTMR ratio.

4 Spin Injection

In 1990, Datta and Das [11] proposeda spin-filter transistorwherea spin-polarizedcurrent
couldbecreated,manipulatedanddetected.For detailswe referthereaderto theoriginal pub-
lication, but in short,we cansaythat the device (shown hereschematicallyin Fig. 9) would
consistof two ferromagneticleadssandwichinga semiconductorregion. The semiconductor
part shouldbeconstructedin sucha way (by dopingor othertechniques)that theFermi level
would beslightly within theconductionband. Undera smallbiasvoltagein sucha structure,
spin-polarisedcurrentcould be injectedfrom the ferromagneticlead into the semiconductor.
Thenthisspincurrentcouldbemanipulated,i.e., its magnetisationdirectioncouldberotetated
willingly by utilising theRashbaspin-orbiteffect via anappliedfield (thestrengthof thefield
woulddeterminethedegreeof rotation).Finally it wouldbedetectedby asecondferromagnetic
lead,andtheconductanceshoulddependon thedegreeof rotation;for example,if no rotation
wasperformedonewould expecta high conductance,while if themagnetisationaxiswasre-
versed,a very low conductance.Thusa continouslyvaryingmagnetoresistanceratio couldbe
achieved,dependingon thestrengthof theexternalfield. As amodeltheconceptionwasideal,
but many difficultieshad(andstill have) to beovercomebeforeis couldberealised.

Interface-Schicht als Tunnelbarriere
mit hohem Widerstand und
Spinselektivität (Schottky-Barriere)

Suche nach ferromagnetischen
Halbleitern

Christian Caspers Spintronics



Was sind Spintronics?
Der Spintransistor nach Datta und Das
Erzeugung spinpolarisierter Elektronen

Spinmanipulation und -transport

Spinpolarisation in der Bandstruktur
Spininjektion
Spinpolarisation in EuO in dünnen Filmen
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In 1990, Datta and Das [11] proposeda spin-filter transistorwherea spin-polarizedcurrent
couldbecreated,manipulatedanddetected.For detailswe referthereaderto theoriginal pub-
lication, but in short,we cansaythat the device (shown hereschematicallyin Fig. 9) would
consistof two ferromagneticleadssandwichinga semiconductorregion. The semiconductor
part shouldbeconstructedin sucha way (by dopingor othertechniques)that theFermi level
would beslightly within theconductionband. Undera smallbiasvoltagein sucha structure,
spin-polarisedcurrentcould be injectedfrom the ferromagneticlead into the semiconductor.
Thenthisspincurrentcouldbemanipulated,i.e., its magnetisationdirectioncouldberotetated
willingly by utilising theRashbaspin-orbiteffect via anappliedfield (thestrengthof thefield
woulddeterminethedegreeof rotation).Finally it wouldbedetectedby asecondferromagnetic
lead,andtheconductanceshoulddependon thedegreeof rotation;for example,if no rotation
wasperformedonewould expecta high conductance,while if themagnetisationaxiswasre-
versed,a very low conductance.Thusa continouslyvaryingmagnetoresistanceratio couldbe
achieved,dependingon thestrengthof theexternalfield. As amodeltheconceptionwasideal,
but many difficultieshad(andstill have) to beovercomebeforeis couldberealised.

Interface-Schicht als Tunnelbarriere
mit hohem Widerstand und
Spinselektivität (Schottky-Barriere)

Suche nach ferromagnetischen
Halbleitern
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Der ferromagnetische Halbleiter Europiumoxid

Curie-Temperatur TC = 69 K

Effekte: Metall-Isolator-Übergang
(MIT), Kolossaler Magnetwiderstand
(CMR)

Untersuchung des Leitungsbands mit
spinaufgelöster
Röntgenabsorptionsspektroskopie
(XAS)

(Steeneken, Tjeng, et al., 2002)

Christian Caspers Spintronics



Was sind Spintronics?
Der Spintransistor nach Datta und Das
Erzeugung spinpolarisierter Elektronen

Spinmanipulation und -transport

Spinpolarisation in der Bandstruktur
Spininjektion
Spinpolarisation in EuO in dünnen Filmen
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of the O KL23L23 Auger electrons across the O K edge will

reflect the spin polarization of the unoccupied conduction

band states. We note that spin-resolved XAS is different
from a magnetic circular dichroism (MCD) experiment.

In the latter the helicity of the circularly polarized light is

varied and the dichroic signal contains a more convoluted

information about the spin and the orbital moments of the

unoccupied states [19]. We also note that the availability
of EuO in thin film form is crucial for the measurement

of spin-polarized electron spectroscopies because the re-

manent magnetic field created by the very small amount

of material involved is negligibly small, and thus a per-

turbation of the trajectories of the emitted electrons can
be avoided.

As an illustration, we show in Fig. 4 a small selection

of the photoelectron spectra which we have taken from the

EuO valence band and the O KL23L23 Auger as a func-

tion of photon energy at T � 20 K. The left panel dis-

plays the unpolarized spectra, while the right panel gives
the difference spectra between the spin-up and spin-down

channels (the spin-up direction is parallel to the magneti-

zation direction). We can clearly distinguish the narrow Eu

4f7
! 4f6 photoemission (PES) peak in the valence band

spectrum [20,21], and observe that its spin polarization is
about 50%, indicating that the remanent magnetization of

the EuO films at this temperature is only half of the satu-

ration magnetization. This remanence is confirmed by an-

alyzing the magnetic circular dichroism measurements at

the Eu M45 �3d ! 4f� photoabsorption edges and is com-
parable to magnetization measurements on EuO films [22].

It is interesting to see the strong photon energy de-

pendence of the magnitude and spin-difference of the O

KL23L23 Auger. By measuring these spin-resolved O

KL23L23 Auger spectra across the entire O K edge region

with closely spaced photon energy intervals, we can con-
struct an accurate spin-resolved O K XAS spectrum of

EuO. The results are shown in the top panel of Fig. 5.

FIG. 4. Left panel: spin-integrated valence band photoemis-
sion and O KL23L23 Auger spectra of EuO. Right panel: dif-
ference spectra between the spin-up and spin-down channels for
the valence band and O KL23L23 Auger.

Here a normalization for full sample magnetization has

been made using the measured spin polarization of the

Eu 4f. We observe an almost rigid splitting between the
spin-up and spin-down peaks near the bottom of the con-

duction band, which is as large as 0.6 eV. Extrapolation of

the data strongly suggests a very high spin polarization at

the bottom of the band. It is also interesting to note that the

spin-polarized features at 536.0 and 536.8 eV correspond
with features in the low temperature XAS scan of Fig. 2.

and that above Tc these peaks seem to merge into one fea-

ture at 536.4 eV, indicating that the changes in the density

of states below Tc can indeed largely be attributed to a

spin-splitting, which is a shift of the spin-up band to lower
energy and the spin-down band to higher energy. How-

ever, at higher energies the spin behavior seems to be less

simple: the spin-up feature at 540.7 eV, for example, does

not seem to have a spin-down counterpart, possibly due to

the near presence of the 4f7
! 4f8 electron addition peak

in the conduction band. To strengthen our understanding
of the experimental findings, we have also carried out band

structure calculations in the local spin density approxima-

tion including the on site Hubbard U �LSDA 1 U� [23]

FIG. 5. Top panel: spin-resolved O K x-ray absorption spec-
trum of EuO taken at 20 K. Bottom panel: spin-resolved
unoccupied O 2p partial density of states from LSDA 1 U
calculations �U � 7.0 eV�. The zero of energy corresponds to
the top of the valence band. For comparison: the difference
between the O 1s XPS onset and the valence band onset is
528.5 6 0.5 eV. The O 1s XPS onset is taken as being 1 eV
below the peak value.

047201-3 047201-3

Abbildung: Spinaufgelöste XAS zeigt ein Splitting der |↑〉- und |↓〉-Peaks
von 0, 6 eV an der Unterkante des Leitungsbandes. (Steeneken, Tjeng, et al. 2001)

Folgerung

Elektronendotiertes EuO hat in der FM Phase fast 100%
spinpolarisierte Leitungselektronen!
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of the O KL23L23 Auger electrons across the O K edge will

reflect the spin polarization of the unoccupied conduction

band states. We note that spin-resolved XAS is different
from a magnetic circular dichroism (MCD) experiment.

In the latter the helicity of the circularly polarized light is

varied and the dichroic signal contains a more convoluted

information about the spin and the orbital moments of the

unoccupied states [19]. We also note that the availability
of EuO in thin film form is crucial for the measurement

of spin-polarized electron spectroscopies because the re-

manent magnetic field created by the very small amount

of material involved is negligibly small, and thus a per-

turbation of the trajectories of the emitted electrons can
be avoided.

As an illustration, we show in Fig. 4 a small selection

of the photoelectron spectra which we have taken from the

EuO valence band and the O KL23L23 Auger as a func-

tion of photon energy at T � 20 K. The left panel dis-

plays the unpolarized spectra, while the right panel gives
the difference spectra between the spin-up and spin-down

channels (the spin-up direction is parallel to the magneti-

zation direction). We can clearly distinguish the narrow Eu

4f7
! 4f6 photoemission (PES) peak in the valence band

spectrum [20,21], and observe that its spin polarization is
about 50%, indicating that the remanent magnetization of

the EuO films at this temperature is only half of the satu-

ration magnetization. This remanence is confirmed by an-

alyzing the magnetic circular dichroism measurements at

the Eu M45 �3d ! 4f� photoabsorption edges and is com-
parable to magnetization measurements on EuO films [22].

It is interesting to see the strong photon energy de-

pendence of the magnitude and spin-difference of the O

KL23L23 Auger. By measuring these spin-resolved O

KL23L23 Auger spectra across the entire O K edge region

with closely spaced photon energy intervals, we can con-
struct an accurate spin-resolved O K XAS spectrum of

EuO. The results are shown in the top panel of Fig. 5.

FIG. 4. Left panel: spin-integrated valence band photoemis-
sion and O KL23L23 Auger spectra of EuO. Right panel: dif-
ference spectra between the spin-up and spin-down channels for
the valence band and O KL23L23 Auger.

Here a normalization for full sample magnetization has

been made using the measured spin polarization of the

Eu 4f. We observe an almost rigid splitting between the
spin-up and spin-down peaks near the bottom of the con-

duction band, which is as large as 0.6 eV. Extrapolation of

the data strongly suggests a very high spin polarization at

the bottom of the band. It is also interesting to note that the

spin-polarized features at 536.0 and 536.8 eV correspond
with features in the low temperature XAS scan of Fig. 2.

and that above Tc these peaks seem to merge into one fea-

ture at 536.4 eV, indicating that the changes in the density

of states below Tc can indeed largely be attributed to a

spin-splitting, which is a shift of the spin-up band to lower
energy and the spin-down band to higher energy. How-

ever, at higher energies the spin behavior seems to be less

simple: the spin-up feature at 540.7 eV, for example, does

not seem to have a spin-down counterpart, possibly due to

the near presence of the 4f7
! 4f8 electron addition peak

in the conduction band. To strengthen our understanding
of the experimental findings, we have also carried out band

structure calculations in the local spin density approxima-

tion including the on site Hubbard U �LSDA 1 U� [23]

FIG. 5. Top panel: spin-resolved O K x-ray absorption spec-
trum of EuO taken at 20 K. Bottom panel: spin-resolved
unoccupied O 2p partial density of states from LSDA 1 U
calculations �U � 7.0 eV�. The zero of energy corresponds to
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Untersuchung von EuO-Einkristallen (bulk) bereits in den 1970ern

Schwierige Herstellung: Hohe Temperatur (= Halbleiter), exaktes
stoichiometrisches Verhältnis

Heute: Herstellung dünner Filme bei niedrigen Temperaturen
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Herstellung von Europiumoxid in dünnen Filmen
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tant prospect of quantum computing,

spintronics promises to be revolutionary.

Exploiting Spin Currents

AN INTUITIVE NOTION of how an

electron’s spin works is suggested by the

name itself. Imagine a small electrically

charged sphere that is spinning rapidly.

The circulating charges on the sphere

amount to tiny loops of electric current,

which create a magnetic field similar to

the earth’s magnetic field. Scientists tradi-

tionally depict the rotation by a vector, or

arrow, that points along the sphere’s axis

of rotation. Immersing the spinning sphere

in an external magnetic field changes its

total energy according to how its spin vec-

tor is aligned with the field [see box on

page 68].

In some ways, an electron is just like

such a spinning sphere of charge—an elec-

tron has a quantity of angular momen-

tum (its “spin”) and an associated mag-

netism, and in an ambient magnetic field

its energy depends on how its spin vector

is oriented. But there the similarities end

and the quantum peculiarities begin. Elec-

trons seem to be ideal dimensionless

points, not little spheres, so the simple pic-

ture of their spin arising from actual ro-

tation doesn’t work. In addition, every

electron has exactly the same amount of

spin, equal to one half the fundamental

quantum unit of angular momentum.

That property is hardwired into the math-

ematics that describes all the elementary

particles of matter, a result whose signif-

icance and meaning are another story en-

tirely. The bottom line is that the spin,

along with a mass and a charge, is a defin-

ing characteristic of an electron.

In an ordinary electric current, the

spins point at random and play no role in

determining the resistance of a wire or the

amplification of a transistor circuit. Spin-

tronic devices, in contrast, rely on differ-

ences in the transport of “spin up” and

“spin down” electrons. In a ferromagnet,

such as iron or cobalt, the spins of certain

electrons on neighboring atoms tend to

line up. In a strongly magnetized piece of

iron, this alignment extends throughout

much of the metal. When a current pass-

es through the ferromagnet, electrons of

one spin direction tend to be obstructed.

The result is a spin-polarized current in

which all the electron spins point in the

other direction. 

A ferromagnet can even affect the flow

of a current in a nearby nonmagnetic met-

al. For example, present-day read heads in

computer hard drives use a device dubbed

a spin valve, wherein a layer of a nonmag-

netic metal is sandwiched between two

ferromagnetic metallic layers. The mag-

netization of the first layer is fixed, or

pinned, but the second ferromagnetic lay-

er is not. As the read head travels along a

track of data on a computer disk, the small

magnetic fields of the recorded 1’s and 0’s

change the second layer’s magnetization

back and forth, parallel or antiparallel to

the magnetization of the pinned layer. In

the parallel case, only electrons that are

oriented in the favored direction flow

through the conductor easily. In the anti-

parallel case, all electrons are impeded.

The resulting changes in the current allow

GMR read heads to detect weaker fields

than their predecessors, so that data can

be stored using more tightly packed mag-

A SPIN TRANSISTOR CONCEPT

ONE PROPOSED DESIGN of a spin FET

(spintronic field-effect transistor)

has a source and a drain, separated

by a narrow semiconducting channel,

the same as in a conventional FET. 

In the spin FET, both the source and

the drain are ferromagnetic. The

source sends spin-polarized

electrons into the channel, and this

spin current flows easily if it reaches

the drain unaltered (top). A voltage

applied to the gate electrode

produces an electric field in the

channel, which causes the spins of

fast-moving electrons to precess, or

rotate (bottom). The drain impedes

the spin current according to how far

the spins have been rotated. Flipping

spins in this way takes much less

energy and is much faster than the

conventional FET process of pushing

charges out of the channel with a

larger electric field.

Ferromagnetic
source

Spin-polarized 
current flow

Ferromagnetic
drain

Voltage applied Electric field

Gate (no voltage applied)
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Wie kann man spinpolarisierte Ströme manipulieren?
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eigene Wege, welche die Besonderheiten der Halbleiter 
ausnutzen. Beispielsweise kann in Halbleitern die Spin-
orientierung aktiv geregelt werden [7], was die Grund-
lage für einen Transistor darstellt. Datta und Das haben 
bereits 1990 einen Spintransistor skizziert, bei dem die 
Gate-Spannung die Spin-Bahn-Wechselwirkung ändert, 
welche dann den Durchfluss spinpolarisierter Ladungs-
träger regelt (Abb. 1) [8]. Ein weiteres Beispiel sind 
Halbleiterlaser, bei denen die Laserintensität und die 
Polarisation der Emission durch die Spinorientierung 
gesteuert werden kann, ohne dass die Ladungsträger-
dichte geändert werden braucht [9].

Häufig wird die Spintronik in einem Atemzug mit 
der Quanteninformationsverarbeitung genannt. Diese 
beiden nah verwandten Forschungsgebiete haben sich 
in jüngster Zeit fruchtbar ergänzt und gegenseitig wich-
tige Anregungen geliefert [2]. Die Quanteninformati-
onsverarbeitung verwendet verschränkte quantenme-
chanische Zustände, um neue Rechner-Architekturen 
und eine abhörsichere Quantenkommunikation zu ent-
wickeln [2, 10]. Gekoppelte Spin-1/2-Systeme sind eine 
von mehreren möglichen Realisierungen eines Quan-
tencomputers. Im Grenzgebiet zwischen Spintronik 
und Quanteninformationsverarbeitung wird intensiv 
untersucht, wie sich Quantencomputer beispielsweise 
mithilfe gekoppelter Halbleiter-Quantenpunkte reali-
sieren lassen. Doch die Spintronik befasst sich auch mit 
anderen Anwendungsmöglichkeiten des Spinfreiheits-
grads in Halbleiter-Bauelementen. Etliche Spintronik-
Bauelemente, die in den letzten Jahren diskutiert wor-
den sind, benutzen ein Ensemble gleichartiger Spins 
(vgl. den Spin-Transistor in Abb. 1).

Auf dem Weg zur Halbleiter-Spintronik konzentriert 
sich die aktuelle Forschung auf die Schwerpunkte Spin-
Injektion, Transport und Speicherung der spinpolari-
sierten Ladungsträger sowie Spinmanipulation [1–3]. 
Gerade beim Datta-Spintransistor (Abb. 1) lassen sich 
diese Punkte modellhaft studieren.

Spin-Injektion
Ein erster, wichtiger Schritt, um Spintronik-Bau-

elemente zu realisieren, ist die Spin-Injektion, also 
das Einbringen spinpolarisierter Elektronen in den 
Halbleiter. Sie übernimmt die Rolle der Stromquelle in 
der gewöhnlichen Elektronik. Dabei bezeichnet Spin-
polarisation das Verhältnis zwischen dem Überschuss 
von Elektronen einer Spinorientierung zur Gesamtzahl 
der Elektronen. Es gibt mehrere Möglichkeiten, die 
spinpolarisierten Elektronen in den Halbleiter zu inji-
zieren: Zum einen bewirkt die optische Anregung eines 
Halbleiters mit polarisiertem Licht unter bestimmten 
Voraussetzungen, dass sich im Halbleiter vornehmlich 
Elektron-Loch-Paare mit nur einer Spinorientierung 
bilden (optische Spin-Injektion). Eine andere Vorge-
hensweise, die elektrische Spin-Injektion, verwendet 
magnetische Schichten, um spinpolarisierte Elektronen 
zu erzeugen, die dann in einen – normalerweise un-
magnetischen – Halbleiter eindringen können.

Die optische Spin-Injektion [9, 11] nutzt aus, dass 
rechts- beziehungsweise linkszirkular polarisierte Pho-
tonen einen Drehimpuls +1 beziehungsweise –1 tragen. 
Bei der Absorption eines Photons im Halbleiter wird 
ein Elektron aus dem Valenzband in das Leitungsband 
angehoben, wobei der Drehimpuls des Photons auf das 
Elektron übertragen wird. Die Elektronen im Leitungs-
band eines Halbleiters verhalten sich wie freie Elek-
tronen mit dem Spin 1/2. Die Elektronen im obersten 
Valenzband können wir uns dagegen als Teilchen mit 
dem Drehimpuls 3/2 vorstellen.1) Nur solche Übergän-
ge sind möglich, bei denen das Elektron tatsächlich 
den Drehimpuls des Photons aufnehmen kann, wobei 
die verschiedenen erlaubten Übergänge allerdings un-
terschiedliche Anregungswahrscheinlichkeiten besitzen 
(Abb. 2). Die optische Anregung mit zirkular polarisier-
ten Photonen erzeugt deshalb eine Ungleichverteilung 
im Leitungsband. Die optische Spin-Injektion eignet 
sich vor allem für Grundlagenexperimente, da sie keine 

Neben den drei Freiheits-
graden für die räumliche 
Bewegung besitzen Elek-
tronen einen zusätzlichen 
Freiheitsgrad, den Spin, 
dessen Existenz sich nur 
im Rahmen einer quanten-
mechanischen Betrachtung 
begründen lässt. Es handelt 
sich hier um einen inneren 
Drehimpuls, der anschau-
lich betrachtet dadurch 
gekennzeichnet ist, dass er 
entlang der Drehachse nur 
die Werte � h/2 („Spin up“ 
und „Spin down“) anneh-
men kann. Dabei kann die 
Drehachse im Raum beliebig 
orientiert sein. Das Symbol 
h bezeichnet das Plancksche 
Wirkungsquantum. Es ist 
die natürliche Einheit zur 
Beschreibung quantenme-
chanischer Drehimpulse. Im 
Folgenden setzen wir h = 1.

Mit jedem Drehimpuls 
geht ein magnetisches Mo-
ment einher. Deshalb prä-
zediert der Spin S in einem 

Magnetfeld B gemäß (Abb.)

S
·
 =  g S  × B, 

wobei die Konstante g das 
gyromagnetische Verhältnis 

bezeichnet. In einer quan-
tenmechanischen Betrach-
tung beschreibt diese Glei-
chung die Zeitentwicklung 
des Erwartungswertes des 
Spinoperators in Gegenwart 
des Magnetfeldes B.

Bei einem freien Elek-
tron ist der Spin von den 
räumlichen Freiheitsgraden 
vollständig losgelöst. In 
Atomen und Festkörpern 
gibt es allerdings eine Spin-
Bahn-Wechselwirkung, die 
den Spin an die räumliche 
Bewegung ankoppelt [7]. 
Die Spin-Bahn-Wechsel-
wirkung ergibt sich aus der 
relativistischen Schrödin-
ger-Gleichung (Dirac-Glei-
chung) für die Bewegung der 
Spin-behafteten Elektronen 
im Coulomb-Feld der Atom-
kerne. Entsprechend ist die 
Spin-Bahn-Wechselwirkung 
in Atomen und Festkörpern 
um so stärker, je größer die 
Ordnungszahl der beteiligten 
Atome ist. Die Spin-Bahn-
Wechselwirkung entspricht 
einem effektiven Magnetfeld, 
in dem der Spin präzediert.

Im Festkörper macht 
sich die Spin-Bahn-Wech-
selwirkung vornehmlich 
auf drei Weisen bemerkbar 

[7]: Zum einen verursacht 
die Spin-Bahn-Kopplung 
zusätzliche Aufspaltungen 
in der elektronischen Band-
struktur. In Ge oder GaAs 
bewirkt sie beispielsweise 
eine Aufspaltung des obers-
ten Valenzbandes. Daneben 
beeinflusst sie auch die Zee-
man-Aufspaltung der Spin-
Niveaus in einem äußeren 
Magnetfeld, die durch den 
so genannten g-Faktor cha-
rakterisiert wird. Aufgrund 
der Spin-Bahn-Kopplung 
besitzen Elektronen im 
Festkörper effektive g-Fak-
toren, deren Werte sich vom 
g-Faktor  2 für freie Elektro-
nen deutlich unterscheiden. 
Schließlich führt die Spin-
Bahn-Wechselwirkung in 
Festkörpern mit einer gebro-
chenen räumlichen Inversi-
onssymmetrie dazu, dass die 
zweifache Spinentartung der 
elektronischen Zustände be-
reits ohne ein äußeres Mag-
netfeld aufgehoben wird.

Spin und Spin-Bahn-Wechselwirkung

Bei der Spinpräzession bewegt 
sich der Spinvektor S (roter 
Pfeil) auf einem Kegel (grün) 
um den Vektor des Magnetfel-
des B (blauer Pfeil).

B

S

1) In einem Tight-Bin-
ding-Bild sind die Va-
lenzband-Zustände der 
gängigen Halbleiter aus 
p-artigen Atomorbitalen 
aufgebaut. Mit dem Spin 
ergibt sich dann ein Ge-
samtdrehimpuls 3/2 [7].

Spin-Bahn-Kopplung:
H = 1

2c2 σ (∇U(r)× p)

Kopplung zwischen Spinmoment Ŝ und Bahndrehimpuls L̂ in
Anwesenheit eines elektrischen Feldgradienten ∇U

∇U y atomar: Kernpotenzial; an Grenzflächen: äußere Felder
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Elektronen besitzen nicht nur eine elektrische 

Ladung, sondern auch einen Spin. Die Nutzung 

dieses in der Halbleiterelektronik bisher vernach-

lässigten Freiheitsgrades könnte den nächsten 

Entwicklungsschritt in der Welt der Elektronik 

bedeuten und das Zeitalter der Spinelek tronik, 

genannt Spintronik, einläuten. Was sind die grund-

legenden Prinzipien dieser neuartigen Elektronik, 

welche Vorteile verspricht sie gegenüber den her-

kömmlichen Methoden, welche Fortschritte haben 

wir bereits gemacht und welche physikalischen 

Probleme müssen noch gelöst werden?

Halbleiterbauelemente haben unsere Welt verän-
dert. Computerprozessoren und Halbleiter laser 
sind nur zwei Beispiele für die rasante Ent-

wicklung der modernen Elektronik, die unser heutiges 
Leben prägt. Die Entwicklung begann 1947 mit der 
Entdeckung des Germaniumtransistors und basiert seit-
her einzig auf der Kontrolle der elektrischen Ladung in 
immer raffinierteren Bauelementen. In der Elektronik 
außerhalb der Halbleiterwelt wird auch der Spin schon 
lange verwendet. Der Spin der Elektronen ist verant-
wortlich für den Ferromagnetismus in Festkörpern, der 
beispielsweise der Datenspeicherung in Computerfest-
platten zugrunde liegt. Die Nutzung spinpolarisierter 
Ströme in der Elektronik ist hingegen vergleichsweise 
neu [1–4]. Angeregt durch Arbeiten von Grünberg et 
al. entdeckten Fert und Mitarbeiter im Jahr 1988 in 
mehrlagigen, magnetischen Metallschichten den Riesen-
magnetowiderstand (GMR), eine starke Änderung des 
elektrischen Widerstandes als Funktion eines äußeren 
Magnetfeldes, die auf der spinabhängigen Streuung der 
Leitungselektronen beruht [5]. Fert und Mitarbeiter 
legten damit den Grundstein für die Magnetoelektronik, 
welche spinabhängige elektrische Ströme in metallischen 
Bauelementen nutzt. Bereits kurz nach der Entdeckung 
des GMR wurden magnetoelektronische Bauelemente 
wie zum Beispiel Magnetfeldsensoren, Leseköpfe für 
Computerfestplatten und magnetische Speicherbaustei-
ne (MRAMs) entwickelt, die diesen Effekt ausnutzen. 
Diese metallischen Bauelemente haben sich auf eini-
gen Gebieten zu einer echten Herausforderung für die 
herkömmliche Halbleiter elektronik entwickelt. So sind 
die bisher gebräuchlichen Halbleiterspeicher (DRAMs) 
flüchtige Speicher, deren Inhalt während des Betriebs 
regelmäßig aufgefrischt werden muss. In den neuen 
MRAM-Speichern wird ausgenutzt, dass verschiedene 

Metalle bei Raumtemperatur ferromagnetisch sind, sie 
also eine spontane Spinausrichtung aufweisen, die ohne 
Zuführung von elektrischer Energie erhalten bleibt [6]. 
Deshalb bieten die spinbasierten MRAM-Speicher den 
großen Vorteil, dass die Informationen auch nach dem 
Ausschalten des Geräts dauerhaft gespeichert bleiben. In 
Kürze werden diese Bauteile erstmals serienmäßig her-
gestellt werden. Mit den etablierten DRAMs konkurrie-
ren sie langfristig um den jährlich 100 Milliarden Dollar 
starken Markt für Computerspeicher.

Die metallischen Bauelemente der Magnetoelek-
tronik besitzen jedoch auch entscheidende Nachteile 
gegenüber den in der heutigen Elektronik allgegenwär-
tigen Halbleitern. In Metallen lässt sich die Ladungsträ-
gerdichte nicht wie in Halbleitern kontinuierlich verän-
dern. Zudem haben Metalle keine Bandlücke, weshalb 
sie für viele elektronische und alle optoelektronischen 
Bauelemente ungeeignet sind. Doch wie in Metallen 
besitzen natürlich auch die Elektronen in Halbleitern 
einen Spin. Deshalb wird in jüngster Zeit mit großer 
Intensität untersucht, wie sich der Spinfreiheitsgrad 
auch dort ausnutzen lässt. Beim spinabhängigen Trans-
port lassen sich beispielsweise einige Konzepte der 
Magnetoelektronik direkt auf die Halbleiter übertragen. 
Daneben beschreitet die Halbleiter-Spintronik auch 

Spinelektronik
Das Potenzial des Elektronenspins in der Halbleiterelektronik

Roland Winkler und Michael Oestreich

Priv.-Doz. Dr. 
 Roland Winkler und 
Prof. Dr. Michael 
Oestreich, Institut 
für Festkörperphy-
sik, Universität Han-
nover, Appelstr. 2, 
30167 Hannover.

Abb. 1:
Beim Spintransistor nach Data und Das [8] injiziert der linke 

Kontakt (FM) spinpolarisierte Elektronen (rote Pfeile) in einen 

Halbleiterkanal, in dem sie zum gleichfalls spinselektiven rechten 

Kontakt wandern. Eine Spannung senkrecht zur Transportrich-

tung führt zu einer Spin-Bahn-Kopplung, die einem effektiven 

Magnetfeld (blaue Pfeile) senkrecht zur Transportrichtung und 

senkrecht zum elektrischen Feld entspricht. Darin präzedie-

ren die spinpolarisierten Elektronen. Nur wenn die Spins der 

Ladungsträger bei Ankunft am rechten Kontakt parallel zu den 

Spins im Kontakt orientiert sind, können die Elektronen den 

Halbleiter verlassen, und durch den Transistor fließt ein Strom.

so
ur
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FM

dr
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n

FM

gate

SFET: Elektrisches Feld am Gate führt zu einer Spin-Bahn-Kopplung

⇒ Effektives Magnetfeld (blau) senkrecht zur Transportrichtung
und senkrecht zum elektrischen Feld
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a

b

Emitter CollectorF FSilicon

a

b

0°

360°

d

180°

c

Figure 1 | Spin-valve effect. A ferromagnet 
(F), shown here as the perfect spin filter, causes 
electrons of the opposing spin orientation to 
bounce around and deprives them of energy, 
while letting electrons of the same orientation 
smoothly through, rather as a player in a 
football or hockey match deals with a member 
of the opposition or of his own team. As 
Appelbaum and colleagues demonstrate1, 
putting such a filter on either side of a silicon 
substrate allows not only spin injection, but 
also spin detection. If both filters have the 
same orientation (a), electrons of that 
orientation will pass through the silicon 
from emitter to collector. If, however, the two 
orientations are antiparallel (b), electrons of 
neither spin will pass both filters. The relative 
difference in the collector current in these two 
cases is the spin-valve signal3,9. 

momentum, electron spin. The reverse pro-
cess, the emission of circularly polarized light, 
is often used as smoking-gun proof of spin-
injection. Unfortunately, the optical method, 
which works well with GaAs, is ineffective 
in silicon owing to subtleties of the element’s 
electronic structure4,8.

In electrical injection, a voltage drop typi-
cally drives spin-polarized electrons from a 
ferromagnetic electrode into the semiconduc-
tor. But difficulties associated with interfaces 
between ferromagnets and silicon, as well as 
a lack of a reliable method for spin detection, 
have hindered conclusive evidence for spin 
injection and transport in silicon2,4.

Until, that is, Appelbaum et al. came 
along with their ‘spin valve’1,3,9. In this device 
(Fig. 1), initially unpolarized electrons (with 
an equal mixture of spins pointing ‘up’ and 
spins pointing ‘down’) pass through a ferro-
magnet. This acts as a spin filter: it lets spins 
of only one orientation through to the silicon 
substrate. A second ferromagnet at the other 
end of the substrate will, according to whether 
its magnetization is the same as, or opposite 
to, that of the first, filter out either none or all 
of the remaining electrons. With this set-up, 
Appelbaum and colleagues observe a change 
in current with magnetization that provides 
direct evidence for the injection and transport 
of spin-polarized electrons in silicon. 

Appelbaum and colleagues also provide1 
more subtle, but also more convincing, proof 
by exploiting the rotation, or precession, of 
spin. This precession is brought about by a 

magnetic field applied to the silicon substrate 
at right angles to the direction of the injected 
spins2,10 (Fig. 2). If the magnetizations of the 
two spin filters are parallel, the current pass-
ing through the device will be much smaller 
if the electron spins precess by 180° in their 
passage through the silicon than if the rota-
tion is by, say, 0° or 360°. The angle of preces-
sion is determined by the value of the applied 
electric and magnetic fields, but the current 
will exhibit peaks (and valleys) whenever the 
average spin arriving at the collector is paral-
lel (or antiparallel) to the spin allowed by the 
second filter. 

At very large magnetic fields, the spin-
precession signal should disappear altogether, 
owing to the Hanle effect2,10 (Fig. 2d): random 
scattering of the electrons on lattice imperfec-
tions causes electron transit times to differ. 
At high fields, this translates into spin-
precession angles that differ in proportion to 
the transit times. If the spread in angles reaches 
360°, electrons arriving at the second filter 
have spins pointing in all directions, and zero 
average spin. The collector current will cease 
to exhibit peaks and valleys, having instead a 
rather featureless dependence on the magnetic 
field. Remarkably, Appelbaum and colleagues 
observe1 all these predicted behaviours. 

 Now that this proof of concept has been 
established, what remains to be done? First, 
we should find ways to raise the operating 
temperature from Appelbaum and colleagues’ 
85 kelvin to room temperature, and to increase 
the spin-valve signal, presently just 2%. A likely 
culprit for this small signal is that, because the 
ferromagnetic metal is grown directly on the 
silicon, a non-magnetic interface layer forms 
that is detrimental to spin transport. A simi-
lar scheme in GaAs gives a signal orders of 
magnitude higher9. There, spin injection has 
been achieved by using high-quality interfaces 
with a ferromagnetic semiconductor2,4, or by 
inserting oxide tunnel barriers11,12 between 
a ferromagnetic metal and the semiconduc-
tor. In silicon, low-resistance tunnel barriers 
next to the ferromagnets13,14 might also help to 
increase the signal. 

Second, whereas Appelbaum et al. use pure 
silicon, commercial electronics, as well as pro-
posals for spintronic devices2, relies on making 
silicon impure by the process known as dop-
ing. This doping creates extra charge carriers 
(electrons or holes), and the effect this will have 
on spin injection and spin precession must be 
investigated.

Finally, spin injection in silicon does not 
automatically mean that useful devices can 
be fabricated straight off — further ideas to 
explore the possibilities of silicon spin within 
realistic device settings are needed. Although 
we might not yet be quite ready for commercial 
silicon-based spintronics, nothing to stop the 
show is in sight. � 
Igor Žutić is in the Department of Physics, 
State University of New York at Buffalo, Buffalo, 
New York 14260, USA. Jaroslav Fabian is at the 

Institute of Theoretical Physics, University of 
Regensburg, 93040 Regensburg, Germany. 
e-mails: zigor@buffalo.edu; 
jaroslav.fabian@physik.uni-regensburg.de

1. Appelbaum, I., Huang, B. & Monsma, D. J. Nature 447, 

295–298 (2007).
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Figure 2 | Spin precession. In a magnetic 
field (applied perpendicular to the page 
here), electron spins precess with a frequency 
proportional to the field strength, giving rise 
to an oscillatory current. a, No precession, 
as in Figure 1: given two filters of the same 
orientation, a spin-polarized current will 
pass. b, 180° precession: no current can pass. 
c, 360° precession: a spin-polarized current 
passes again. d, If the applied field is very 
strong, the spins precess very fast, and the 
random or diffusive component of electrons’ 
motion as they scatter off lattice imperfections 
comes to dominate. The angles of precession 
vary wildly, and spin precession is no longer 
detected. 
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In einem Magnetfeld (B ⊥ Bildfläche) präze-
dieren Elektronenspins mit einer Frequenz
proportional zur B-Feldstärke

1 Keine Präzession: Spinpolarisierter
Strom fließt durch die FM-Filter

2 180◦-Präzession: Stromfluss ist
minimal

3 360◦-Präzession: Spinpolarisierter
Strom fließt

4 Sehr schnelle Präzession: Diffuser
Transport, Streuung an
Gitterstörstellen dominiert  keine
Spinpräzession detektierbar
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spinpolarisierten Ladungsträger von der magnetischen 
in die nicht magnetische Schicht hinüberwandern. Die 
Spinpolarisierung der injizierten Ladungsträger wurde 
dann auf optischem Weg als polarisierte Lumineszenz 
nachgewiesen – in direkter Umkehrung der in Abbil-
dung 2 dargestellten Methode zur optischen Generie-
rung spinpolarisierter Ladungsträger. Als magnetische 
Schicht wurden paramagnetische, Mn-dotierte Halblei-
ter, der ferromagnetische Halbleiter GaMnAs sowie fer-

romagnetische Kontakte aus Fe erfolgreich eingesetzt [1, 
12]. Die Magnetisierung dieser Schichten lässt sich mit 
einem äußeren Magnetfeld kontinuierlich einstellen, so-
dass man zum Nachweis der Spin-Injektion die Polari-
sation der Lumineszenz als Funktion dieses Parameters 
beobachtet. Als Beispiel zeigt Abbildung 3 die Polarisa-
tion der Lumineszenz für eine GaAs-AlGaAs-Leuchtdi-
ode, bei der die Spins der injizierten Elektronen in einer 
ZnBeMnSe-Schicht ausgerichtet werden [13].

Ein gleichfalls elektrischer Nachweis einer elek-
trischen Spininjektion ist experimentell wesentlich 
schwieriger zu führen, da der Effekt der Spinpolari-
sierung beispielsweise vom gewöhnlichen Hall-Effekt 
unterschieden werden muss, den die Streufelder der 
magnetischen Schicht im Halbleiter hervorrufen [2]. Ei-
ne Alternative stellen Spinfilter dar, deren elektrischer 
Widerstand von der Spinorientierung der Ladungsträ-
ger abhängt. Einerseits lassen sich mit einem derartigen 
Bauelement spinpolarisierte Ladungsträger erzeugen. 
Andererseits lässt sich ein Spinfilter auch als Spin-
detektor verwenden, der die Spinorientierung in einen 
messbaren Stromfluss „übersetzt“ [3].

Transport, Speicherung und Relaxation 
von Spins
Der zweite wichtige Schritt für die Realisierung von 

Spintronik-Bauelementen sind Transport und Speiche-
rung der spinpolarisierten Ladungsträger im Halbleiter. 
Diese Punkte sind eng verknüpft mit der Spinstreuung 
oder Spinrelaxation. Die Eigenschaft des Spinfreiheits-
grades, zwei verschiedene Werte annehmen zu können, 
ist einerseits die wesentliche Neuerung in der Spintro-
nik, welche grundsätzlich neue Möglichkeiten eröffnet, 
die in der ladungsbasierten Elektronik nicht bestehen. 
Gleichzeitig liegt hier aber auch eine der größten Her-
ausforderungen: Während die elektrische Ladung eine 
Erhaltungsgröße ist, die beispielsweise von Streupro-

zessen nicht beeinflusst wird, kann der Spin die ihm 
aufgeprägte Information – die Richtung des Spinvektors 
– bei Streuprozessen verlieren. Einem detaillierten Ver-
ständnis der Spinstreuung kommt deshalb eine große 
Bedeutung zu.

 Es gibt mehrere Mechanismen, die zur Relaxation 
einer vorgegebenen Spinpolarisation beitragen [11]. 
Häufig stammt der dominante Beitrag von einem Me-
chanismus, den D’yakonov und Perel’ vorgeschlagen 
haben (Abb. 4). In Halbleitersystemen mit einer ge-
brochenen Inversionssymmetrie entspricht die Spin-
Bahn-Kopplung einem effektiven Magnetfeld, in dem 
die Spins präzedieren (vgl. Infokasten). Die Richtung 
(und der Betrag) dieses effektiven Magnetfeldes hängt 
vom Impuls der Elektronen ab. Eine Elektronenver-
teilung mit unterschiedlichen Impulsen würde daher 
sehr schnell ihre Spinpolarisation verlieren, da die 
Spins der Elektronen um entsprechend unterschiedlich 
orientierte Feldvektoren präzedieren. Innerhalb der 
Zeit, welche die Spins benötigen, um einmal um den 
Feldvektor zu präzedieren, finden allerdings üblicher-
weise viele Impulsstreuprozesse statt. Deshalb ändern 
sich ständig die Richtungen der effektiven Felder, um 
welche die einzelnen Spins präzedieren. So ergibt sich 
das erstaunliche Ergebnis, dass die Spinstreuung durch 
häufige Impulsstreuprozesse unterdrückt wird („Motio-
nal Narrowing“).

Die Spinrelaxationszeit bezeichnet die charakte-
ristische Zeit, innerhalb der die Spinpolarisation der 
Elektronen verloren geht. Sie variiert sehr stark und 
lässt sich durch die geschickte Wahl des Halbleiterma-
terials, der Kristallorientierung und anderer Parameter 
über viele Größenordnungen einstellen. Die Kontrolle 
der Spinrelaxation in der Spintronik ist vergleichbar 
mit der Kontrolle der Leitfähigkeit in der konventionel-
len Elektronik. Die Spinpolarisation muss über lange 
Zeiten und weite Strecken erhalten bleiben, wenn die 
Spininformation in einem vom Spin-Injektor räumlich 

getrennten Bereich verarbeitet oder gespeichert werden 
soll [1]. Eine schnelle Spinrelaxation kann hingegen 
beim schnellen Schalten vorteilhaft sein. Beispielsweise 
lassen sich Halbleiterlaser durch eine Umorientierung 
der Spins extrem schnell ausschalten [9].

Die Spinrelaxationszeiten reichen bei Raumtempera-
tur von einigen Pikosekunden in Halbleitern mit klei-
ner Bandlücke und fehlender Inversionssymmetrie bis 
zu vielen Millisekunden in Silizium, wo die Spin-Bahn-
Wechselwirkung aufgrund der niedrigen Ordnungszahl 
sehr schwach ist. Sie kann aber auch bei ähnlichen 
Halbleiterstrukturen über viele Größenordnungen 
variiert werden. Nehmen wir als Beispiel die in der In-
dustrie sehr gebräuchlichen Halbleiter InGaAs, GaAs 
und AlGaAs, die epitaktisch aufeinander aufgewach-

Abb. 4:
Spinrelaxation nach D’yakonov und Perel’ [11]: Der Spin S (rot) 

eines Elektrons mit Impuls p präzediert im effektiven Magnet-

feld B(p) (blau). Infolge häufiger Impulsstreuung ändert sich die 

Richtung von B(p), bevor sich die Orientierung von S wesentlich 

geändert hat. So wird die Spinstreuung durch häufige Impuls-

streuprozesse unterdrückt.

Abb. 5:
Spinspeicherung in ZnSe bei Raumtemperatur. Das Messsignal 

zeigt die Kerr-Rotation in ZnSe für B  = 0 T (lila), B  = 0,025 T 

(rosa) und B = 0,25 T (schwarz) (nach [1]).
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Der Spin S (rot) eines
Elektrons mit Impuls p
präzediert im effektiven
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B(p) ändert sich aufgrund
Impulsstreuung, bevor sich die
Orientierung von S ändert

⇒ Unterdrückung der
Spinstreuung durch häufige
Impulsstreuung
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spinpolarisierten Ladungsträger von der magnetischen 
in die nicht magnetische Schicht hinüberwandern. Die 
Spinpolarisierung der injizierten Ladungsträger wurde 
dann auf optischem Weg als polarisierte Lumineszenz 
nachgewiesen – in direkter Umkehrung der in Abbil-
dung 2 dargestellten Methode zur optischen Generie-
rung spinpolarisierter Ladungsträger. Als magnetische 
Schicht wurden paramagnetische, Mn-dotierte Halblei-
ter, der ferromagnetische Halbleiter GaMnAs sowie fer-

romagnetische Kontakte aus Fe erfolgreich eingesetzt [1, 
12]. Die Magnetisierung dieser Schichten lässt sich mit 
einem äußeren Magnetfeld kontinuierlich einstellen, so-
dass man zum Nachweis der Spin-Injektion die Polari-
sation der Lumineszenz als Funktion dieses Parameters 
beobachtet. Als Beispiel zeigt Abbildung 3 die Polarisa-
tion der Lumineszenz für eine GaAs-AlGaAs-Leuchtdi-
ode, bei der die Spins der injizierten Elektronen in einer 
ZnBeMnSe-Schicht ausgerichtet werden [13].

Ein gleichfalls elektrischer Nachweis einer elek-
trischen Spininjektion ist experimentell wesentlich 
schwieriger zu führen, da der Effekt der Spinpolari-
sierung beispielsweise vom gewöhnlichen Hall-Effekt 
unterschieden werden muss, den die Streufelder der 
magnetischen Schicht im Halbleiter hervorrufen [2]. Ei-
ne Alternative stellen Spinfilter dar, deren elektrischer 
Widerstand von der Spinorientierung der Ladungsträ-
ger abhängt. Einerseits lassen sich mit einem derartigen 
Bauelement spinpolarisierte Ladungsträger erzeugen. 
Andererseits lässt sich ein Spinfilter auch als Spin-
detektor verwenden, der die Spinorientierung in einen 
messbaren Stromfluss „übersetzt“ [3].

Transport, Speicherung und Relaxation 
von Spins
Der zweite wichtige Schritt für die Realisierung von 

Spintronik-Bauelementen sind Transport und Speiche-
rung der spinpolarisierten Ladungsträger im Halbleiter. 
Diese Punkte sind eng verknüpft mit der Spinstreuung 
oder Spinrelaxation. Die Eigenschaft des Spinfreiheits-
grades, zwei verschiedene Werte annehmen zu können, 
ist einerseits die wesentliche Neuerung in der Spintro-
nik, welche grundsätzlich neue Möglichkeiten eröffnet, 
die in der ladungsbasierten Elektronik nicht bestehen. 
Gleichzeitig liegt hier aber auch eine der größten Her-
ausforderungen: Während die elektrische Ladung eine 
Erhaltungsgröße ist, die beispielsweise von Streupro-

zessen nicht beeinflusst wird, kann der Spin die ihm 
aufgeprägte Information – die Richtung des Spinvektors 
– bei Streuprozessen verlieren. Einem detaillierten Ver-
ständnis der Spinstreuung kommt deshalb eine große 
Bedeutung zu.

 Es gibt mehrere Mechanismen, die zur Relaxation 
einer vorgegebenen Spinpolarisation beitragen [11]. 
Häufig stammt der dominante Beitrag von einem Me-
chanismus, den D’yakonov und Perel’ vorgeschlagen 
haben (Abb. 4). In Halbleitersystemen mit einer ge-
brochenen Inversionssymmetrie entspricht die Spin-
Bahn-Kopplung einem effektiven Magnetfeld, in dem 
die Spins präzedieren (vgl. Infokasten). Die Richtung 
(und der Betrag) dieses effektiven Magnetfeldes hängt 
vom Impuls der Elektronen ab. Eine Elektronenver-
teilung mit unterschiedlichen Impulsen würde daher 
sehr schnell ihre Spinpolarisation verlieren, da die 
Spins der Elektronen um entsprechend unterschiedlich 
orientierte Feldvektoren präzedieren. Innerhalb der 
Zeit, welche die Spins benötigen, um einmal um den 
Feldvektor zu präzedieren, finden allerdings üblicher-
weise viele Impulsstreuprozesse statt. Deshalb ändern 
sich ständig die Richtungen der effektiven Felder, um 
welche die einzelnen Spins präzedieren. So ergibt sich 
das erstaunliche Ergebnis, dass die Spinstreuung durch 
häufige Impulsstreuprozesse unterdrückt wird („Motio-
nal Narrowing“).

Die Spinrelaxationszeit bezeichnet die charakte-
ristische Zeit, innerhalb der die Spinpolarisation der 
Elektronen verloren geht. Sie variiert sehr stark und 
lässt sich durch die geschickte Wahl des Halbleiterma-
terials, der Kristallorientierung und anderer Parameter 
über viele Größenordnungen einstellen. Die Kontrolle 
der Spinrelaxation in der Spintronik ist vergleichbar 
mit der Kontrolle der Leitfähigkeit in der konventionel-
len Elektronik. Die Spinpolarisation muss über lange 
Zeiten und weite Strecken erhalten bleiben, wenn die 
Spininformation in einem vom Spin-Injektor räumlich 

getrennten Bereich verarbeitet oder gespeichert werden 
soll [1]. Eine schnelle Spinrelaxation kann hingegen 
beim schnellen Schalten vorteilhaft sein. Beispielsweise 
lassen sich Halbleiterlaser durch eine Umorientierung 
der Spins extrem schnell ausschalten [9].

Die Spinrelaxationszeiten reichen bei Raumtempera-
tur von einigen Pikosekunden in Halbleitern mit klei-
ner Bandlücke und fehlender Inversionssymmetrie bis 
zu vielen Millisekunden in Silizium, wo die Spin-Bahn-
Wechselwirkung aufgrund der niedrigen Ordnungszahl 
sehr schwach ist. Sie kann aber auch bei ähnlichen 
Halbleiterstrukturen über viele Größenordnungen 
variiert werden. Nehmen wir als Beispiel die in der In-
dustrie sehr gebräuchlichen Halbleiter InGaAs, GaAs 
und AlGaAs, die epitaktisch aufeinander aufgewach-

Abb. 4:
Spinrelaxation nach D’yakonov und Perel’ [11]: Der Spin S (rot) 

eines Elektrons mit Impuls p präzediert im effektiven Magnet-

feld B(p) (blau). Infolge häufiger Impulsstreuung ändert sich die 

Richtung von B(p), bevor sich die Orientierung von S wesentlich 

geändert hat. So wird die Spinstreuung durch häufige Impuls-

streuprozesse unterdrückt.

Abb. 5:
Spinspeicherung in ZnSe bei Raumtemperatur. Das Messsignal 

zeigt die Kerr-Rotation in ZnSe für B  = 0 T (lila), B  = 0,025 T 

(rosa) und B = 0,25 T (schwarz) (nach [1]).

p'

p

B (p)

B (p')

0 2Zeit in ns

Bei schwachem äußerem Magnetfeld präzedieren die ausgerichteten
Spins

Die Oszillation kann mit Hilfe der Messung der Kerr-Rotation (∝
Magnetisierung) aufgelöst werden

B = 0 (blau): keine Oszillation; B = 0, 025 T (rot): mittlere
Oszillation; B = 0, 25 T (schwarz): schnelle Oszillation
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Änderung magnetischer Domänen durch Spinströme
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Electronic measurement and control of spin transport
in silicon
Ian Appelbaum1, Biqin Huang1 & Douwe J. Monsma2

The spin lifetime and diffusion length of electrons are transport
parameters that define the scale of coherence in spintronic devices
and circuits. As these parameters are many orders of magnitude
larger in semiconductors than in metals1,2, semiconductors could
be themost suitable for spintronics. So far, spin transport has only
been measured in direct-bandgap semiconductors3–9 or in com-
bination with magnetic semiconductors, excluding a wide range
of non-magnetic semiconductors with indirect bandgaps. Most
notable in this group is silicon, Si, which (in addition to its
market entrenchment in electronics) has long been predicted a
superior semiconductor for spintronics with enhanced lifetime
and transport length due to low spin–orbit scattering and lattice
inversion symmetry10–12. Despite this promise, a demonstration
of coherent spin transport in Si has remained elusive, because
most experiments focused on magnetoresistive devices; these
methods fail because of a fundamental impedance mismatch
between ferromagnetic metal and semiconductor13, and measure-
ments are obscured by other magnetoelectronic effects14. Here we
demonstrate conduction-band spin transport across 10mm
undoped Si in a device that operates by spin-dependent ballistic
hot-electron filtering through ferromagnetic thin films for both
spin injection and spin detection. As it is not based on magneto-
resistance, the hot-electron spin injection and spin detection
avoids impedancemismatch issues and prevents interference from
parasitic effects. The clean collector current shows independent
magnetic and electrical control of spin precession, and thus con-
firms spin coherent drift in the conduction band of silicon.

Figure 1a illustrates the operating principle and schematic band
diagram of our device. Spin injection and detection is based on the
attenuation of minority-spin hot electrons in ferromagnetic thin
films, as in spin-valve transistors15,16. In our device, the spin-valve
transistors used for injection and detection each only have a single
ferromagnetic base layer, and we define these as ‘hot-electron spin
transistors’. In step 1, a solid-state tunnel junction injects unpolar-
ized hot electrons from the Al emitter into the ferromagnetic
Co84Fe16 base, forming emitter current Ie. Spin-dependent hot-
electron scattering attenuates minority spin electrons (step 2), so that
the electrons transported over the Schottky barrier and into the
undoped single-crystal float-zone (FZ)-Si conduction band (forming
injected current Ic1, the ‘first collector current’) are polarized, with
their spin parallel to the magnetization of the Co84Fe16 (step 3)17.
After vertical transport through the 10-mm-thick undoped Si (step 4),
the spin polarization of the conduction-band electrons is detected by
a second hot-electron spin transistor. The Ni80Fe20 base again uses
ballistic hot-electron spin filtering, so the ‘second collector current’
(Ic2, step 5) formed from ballistic transport through the Ni80Fe20 and
into the n-Si substrate conduction band is dependent on the relative
magnetizations of both ferromagnetic layers. When they are parallel,
Ic2 is higher than when they are antiparallel, but only if electron spin

polarization is maintained through the undoped Si layer. Therefore,
this device is the electron analogue of the photon polarization-
analyser experiment in optics.

There are various intrinsic device aspects that allow a clean spin
transport signal in Ic2, and that make it immune to fringe field-
inducedmagnetoresistance andHall effects. (1) The exponential spin
selectivemean free path dependence in the ferromagnetic films create
very large spin polarizations. In principle, this can approach 100%,

1Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716, USA. 2Cambridge NanoTech Inc., Cambridge, Massachusetts 02139, USA.
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Figure 1 | Illustration of the Si spin transport device. a, Schematic band
diagram. At constant emitter voltage (Ve), we measure the ‘first collector
current’ (Ic1) at the NiFe contact and ‘second collector current’ (Ic2) at an In
contact to the n-Si substrate, under optional voltage bias (Vc1) across the
single-crystal undoped float-zone Si (FZ-Si) drift region. See text for
explanation of sequential transport steps (1)–(5). b, A top-downmicrograph
of a representative wire-bonded Si spin-transport device, showing the device
structure, contacts to the spin-injection tunnel junction (TJ) base and
emitter, and spin-detector buried NiFe layer.
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Electronic measurement and control of spin transport
in silicon
Ian Appelbaum1, Biqin Huang1 & Douwe J. Monsma2

The spin lifetime and diffusion length of electrons are transport
parameters that define the scale of coherence in spintronic devices
and circuits. As these parameters are many orders of magnitude
larger in semiconductors than in metals1,2, semiconductors could
be themost suitable for spintronics. So far, spin transport has only
been measured in direct-bandgap semiconductors3–9 or in com-
bination with magnetic semiconductors, excluding a wide range
of non-magnetic semiconductors with indirect bandgaps. Most
notable in this group is silicon, Si, which (in addition to its
market entrenchment in electronics) has long been predicted a
superior semiconductor for spintronics with enhanced lifetime
and transport length due to low spin–orbit scattering and lattice
inversion symmetry10–12. Despite this promise, a demonstration
of coherent spin transport in Si has remained elusive, because
most experiments focused on magnetoresistive devices; these
methods fail because of a fundamental impedance mismatch
between ferromagnetic metal and semiconductor13, and measure-
ments are obscured by other magnetoelectronic effects14. Here we
demonstrate conduction-band spin transport across 10mm
undoped Si in a device that operates by spin-dependent ballistic
hot-electron filtering through ferromagnetic thin films for both
spin injection and spin detection. As it is not based on magneto-
resistance, the hot-electron spin injection and spin detection
avoids impedancemismatch issues and prevents interference from
parasitic effects. The clean collector current shows independent
magnetic and electrical control of spin precession, and thus con-
firms spin coherent drift in the conduction band of silicon.

Figure 1a illustrates the operating principle and schematic band
diagram of our device. Spin injection and detection is based on the
attenuation of minority-spin hot electrons in ferromagnetic thin
films, as in spin-valve transistors15,16. In our device, the spin-valve
transistors used for injection and detection each only have a single
ferromagnetic base layer, and we define these as ‘hot-electron spin
transistors’. In step 1, a solid-state tunnel junction injects unpolar-
ized hot electrons from the Al emitter into the ferromagnetic
Co84Fe16 base, forming emitter current Ie. Spin-dependent hot-
electron scattering attenuates minority spin electrons (step 2), so that
the electrons transported over the Schottky barrier and into the
undoped single-crystal float-zone (FZ)-Si conduction band (forming
injected current Ic1, the ‘first collector current’) are polarized, with
their spin parallel to the magnetization of the Co84Fe16 (step 3)17.
After vertical transport through the 10-mm-thick undoped Si (step 4),
the spin polarization of the conduction-band electrons is detected by
a second hot-electron spin transistor. The Ni80Fe20 base again uses
ballistic hot-electron spin filtering, so the ‘second collector current’
(Ic2, step 5) formed from ballistic transport through the Ni80Fe20 and
into the n-Si substrate conduction band is dependent on the relative
magnetizations of both ferromagnetic layers. When they are parallel,
Ic2 is higher than when they are antiparallel, but only if electron spin

polarization is maintained through the undoped Si layer. Therefore,
this device is the electron analogue of the photon polarization-
analyser experiment in optics.

There are various intrinsic device aspects that allow a clean spin
transport signal in Ic2, and that make it immune to fringe field-
inducedmagnetoresistance andHall effects. (1) The exponential spin
selectivemean free path dependence in the ferromagnetic films create
very large spin polarizations. In principle, this can approach 100%,
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Figure 1 | Illustration of the Si spin transport device. a, Schematic band
diagram. At constant emitter voltage (Ve), we measure the ‘first collector
current’ (Ic1) at the NiFe contact and ‘second collector current’ (Ic2) at an In
contact to the n-Si substrate, under optional voltage bias (Vc1) across the
single-crystal undoped float-zone Si (FZ-Si) drift region. See text for
explanation of sequential transport steps (1)–(5). b, A top-downmicrograph
of a representative wire-bonded Si spin-transport device, showing the device
structure, contacts to the spin-injection tunnel junction (TJ) base and
emitter, and spin-detector buried NiFe layer.
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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ments in the thicker layer less easily reorient-

ed by a current-induced torque. The device is

made by first using electron-beam lithogra-

phy and reactive ion etching to produce a

bowl-shaped hole in an insulating silicon ni-

tride membrane, with an opening 5 to 10 nm

in diameter (10). A thick film of Cu is evap-

orated (base pressure 6 3 1026 torr) onto the

bowl-shaped side of the device to fill the hole

and form an interface near the lower edge of

the membrane. Without breaking vacuum,

layers are then deposited on the opposite side

of the device in the sequence: thin Co layer

(thickness varied as discussed below), 4 nm

Cu, 100 nm Co, 50 nm Cu. No qualitative

differences in results were observed for dep-

ositions at 77 K and room temperature. Mea-

surements of resistivity on test samples indi-

cate that 2 nm of Co deposited on Si3N4 at

room temperature does not yet form a fully

continuous film, but layers $4 nm thick are

continuous. The 4-nm Cu spacer is sufficient-

ly thick so that there is little exchange cou-

pling between the magnetic layers (1). The

differential resistance is measured using a

lock-in amplifier. We use the convention that

positive bias corresponds to electrons flowing

from the Cu electrode into the multilayer.

In (2–5), the torques due to spin transfer

are calculated by applying angular momen-

tum conservation during the scattering of par-

tially spin-polarized electron currents from

magnetic interfaces. The torques on magnetic

layers 1 and 2 are predicted to have the

symmetries

t1,2 } Iŝ1,2 3 (ŝ1 3 ŝ2) (1)

where I is the current and ŝ
1 and ŝ2 are unit

vectors in the direction of the local magnetic

moments of each magnetic layer. From this

follows an asymmetry with respect to the

direction of current. Consider a stability anal-

ysis for a small deviation from parallel align-

ment between ŝ1 and ŝ2, with ŝ2 assumed

fixed, and with a (negative) current applied

such that electrons travel from layer 2 to layer

1 (Fig. 1B). The direction of the torque is to

turn ŝ1 toward ŝ2, so the parallel configuration

is stable. However, if the current is reversed,

the spin-transfer torque is also reversed so as

to turn ŝ1 away from ŝ2 (Fig. 1C). For suffi-

ciently large positive currents, this torque

may overcome damping and anisotropy ef-

fects, making the parallel configuration un-

stable and leading to dynamical precession or

switching. If the magnetic moments of the

two layers are originally oriented close to

antiparallel, it is the negative bias which pro-

duces an instability, and the positive bias is

stable (Fig. 1, D and E).

Figure 2, A through D, shows the differ-

ential resistance as a function of current bias

at a temperature of 4.2 K for devices with a

sequence of deposited thicknesses for the thin

Co layer (layer 1). For the thickest layer in

the sequence (10 nm) in an applied magnetic

field H greater than the saturation field re-

quired to align the moments in the layers at

zero current bias, the data are very similar to

that reported by Tsoi et al. (7 ). For both signs

of bias, there is an overall increase in dV/d I at

larger currents, which is a familiar effect in

metal point contacts due to electron scattering

by emission of phonons and magnons (11). In

addition, for positive bias, there is a peak in

dV/d I, which is not present at negative bias,

indicating some form of current-induced

change in the resistance of the sample. The

peak in dV/d I corresponds to a rounded step

Fig. 1. (A) Cross-sectional device schematic,
showing layer #1 and #2. (B through E) Direc-
tions of torque on the magnetic moments in
layer 1, due to spin transfer by current flow.
Parallel alignment of the moments in the two
layers is unstable for sufficiently large positive
currents, whereas antiparallel alignment is un-
stable for large negative currents.

Fig. 2. (A through D) Differ-
ential resistance versus cur-
rent at 4.2 K for Co/Cu/Co
sandwich devices in which
the deposited thickness t1 of
the thinner Co layer is varied
as listed. For samples with a
Co layer 4 nm thick and thin-
ner, the hysteresis as a func-
tion of current indicates that
a magnetic domain in the
thin Co layer is flipped con-
trollably between parallel and
antiparallel orientations with
respect to the thicker Co lay-
er (12). [Inset in (C)] Resis-
tance changes associated with
sweeping an in-plane mag-
netic field about the hyster-
esis loop. The sweep direc-
tions are not mislabeled—
samples showing the current-
induced switching effect can
have maxima in resistance
versus increasing H curves at
either positive or negative
field. This is not surprising,
since dipolar forces can force
the reversal of some fraction
of the domains in a thin-film
sample before the sign of the
applied field is reversed. (E)
Nonhysteretic changes in re-
sistance are present at large
positive biases even for a sin-
gle interface between Cu and
Co electrodes.
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Spinpolarisierter Strom erzeugt
Drehmomente auf die
magnetischen Momente in
dünner Co -Schicht (#1)

Momente in magn. Schichten:
τ1,2 ∝ I ŝ1,2 × (̂s1 × ŝ2)
⇒ Asymmetrie in Bezug auf
die Stromrichtung

Stabilität magn. Momente:

”
negative“ Stromstärke ⇒

parallele ŝi stabil

”
positive“ Stromstärke ⇒

antiparallele ŝi stabil
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Was sind Spintronics?
Der Spintransistor nach Datta und Das
Erzeugung spinpolarisierter Elektronen

Spinmanipulation und -transport

Spin-Bahn-Kopplung
Spinrelaxation
Kontrollierter Spintransport in Silizium
Änderung magnetischer Domänen durch Spinströme

Änderung magnetischer Domänen durch Spinströme
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t1 = 4 nm
µ0H = 0 T
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Current (mA)

Abbildung: Hysterese ⇒ Magnetische Domänen können in der dünnen
Co -Schicht kontrolliert umgeklappt werden (antiparallel � parallel)

Folgerungen

Maximale Stromstärken für GMR-basierte Messsonden sind begrenzt

Magnetischer RAM: Lesen und Schreiben durch lokale
Austauscheffekte (Spinströme) – statt durch langreichweitige
Magnetfelder
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Prinzipien der Spintronics

Basis

Nutzung des Spinfreiheitsgrades der Elektronen

Klassische Spintronics

Magnetisch schreiben und elektrisch auslesen (GMR)

GMR-Magnetfeldsonden, Festplattenleseköpfe, MRAM-Chips

Moderne Spintronics

Elektrische Manipulation des Spinstroms
(Spin-Bahn-Kopplung)

Spinströme schreiben magnetische Daten (Co -Schicht)

Spintransistor, elektrisch geschalteter magn. Speicher
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Aktuelle Forschung

Neue Bauelemente. . .

. . . nutzen unterschiedliche Leitfähigkeiten für ↑- und ↓-Elektronen.
(Orientierung der Spins zu den magnetischen Momenten im FM)

Spininjektion und Spinmanipulation

Vor allem Ohmsche Injektion und Injektion
”
heißer“ Elektronen.

Manipulation durch elektrische Felder und Strompulse

Neue Materialien

Ferromagnetische Halbleiter

Ferromagnetische Halbmetalle, die spinpolarisierte Elektronen
zur Verfügung stellen (Beispiel EuO)

Was passiert bei Doping?
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Christian Caspers Spintronics



Zusammenfassung
Anhang

Literatur

Symmetriebetrachtung
Injektionsmethoden
Bandmodelle bei Injektion und Tunneln
Aktuelle Experimente

Spinpolarisation aus Symmetrieverletzung

Zeitumkehrsymmtrie: E (k) = E (−k); P(k) = −P(−k)

Inversionssymmetrie: P(k) = P(−k)

An Grenzflächen wird die Inversionssymmetrie

gebrochen, nur kq ist
”
gute Quantenzahl“

P(kq) = P(−kq)

 Polarisation möglich
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Zustandsdichte der Elektronen abhängig von Spin

2µB

Fermi-Niveau

Parallel

Parallelzum Feld

zum Feld

Antiparallel

zum Feld

Orbital-

dichte

Gesamtenergie

der Elektronen

(a) (b)
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Ballistische Elektronen-Injektion
Spindependenttransportprocesses X5.3

Ψi
k

Ψr
k’’

r
kk’’

Ψt
k’

t
kk’

Left lead Right lead

Fig. 1: Setup for the ballistic transport.

tkk′ andrkk′′ characterisingthis event. The total wavefunctionwithin theleadsis thenwritten
as

Ψ
tot
k

=







Ψ
i

k
+

∑

k′′ rkk′′Ψ
r

k′′ in theleft lead

∑

k′ tkk′Ψ
t

k′ in theright lead.
(3)

In this equationwe saidnothingaboutthewavefunctionwithin thesample.But of course,in
orderto find thetransmissionandreflectionamplitudes,onehasthedifficult taskof solvingthe
Schr̈odingerequationwithin thesampleandmatchingthewavefunctionsandtheir derivatives
with theBloch statesleft andright. Thetechniquesusedfor this purposearebeyondthescope
of this text. Now oncewe have theamplitudestkk′ , it is straightforwardto calculatethetrans-
missionprobabilitythroughthesample,anduseit for thecalculationof theconductance.The
transmissionprobabilityfrom theincomingstateΨi

k
to thetransmittedΨt

k′ is just

Tkk′ = |tkk′|
2vk′

z

vk z

. (4)

Weseethatanormalisationterm,vk′
z
/vk z

, is present,involving thez componentsof thegroup
velocitiesfor bothwavefunctions(z is thedirectionin which the junctionhasbeengrown and
in which we want to measurethecurrent). To understandthis necessaryterm,we mustthink
that the transmissionprobability must dependnot only on the amplitudeof the transmitted
wave in comparisonto the incident, but also on how fast this wave is traveling. Thus, this
term is a normalisationof the outgoingflux to the incomingflux. A rigorousproof of this
formula involves the considerationof wavepackets which are taken to the limit of itinerant
Blochstatesat theend.Wenoteherethatsomeauthorspreferto normalisetheBloch functions
not to unit probability in space,but to unit flux, by the substitutionΨk → Ψk/

√

vk z
; then

thenormalisationtermis containedin theBloch functionsanddoesnot appearexpicitly in the
transmissionprobability.
As we know, for low temperaturesandlow voltageonly the electronsat the Fermi level can
contribute to transport,sincethey arethe only onesthat canbe excited from occupiedstates
(just below E

F
) to unoccupiedones(just above E

F
) by the weak perturbingexternal field.

Thentheconductanceg canbedirectly relatedto thetransmissionprobabilityTkk′ for statesat
E

F
via theLandauerformula:

g =
e
2

2π~

∑

kk′

Tkk′, with vk z
> 0, vk′

z
> 0, E(k) = E(k

′
) = E

F
. (5)

Wetake thestatesfor whichvk z
> 0 andthesamefor vk′

z
to distinguishtherelevantincoming

andoutgoingstates.
To understandtheLandauerformula,think thattheapplicationof avery low voltage∆V raises
theFermilevelof theleft leadbye∆V . At anenergyE within thisrange,thecurrentflowingvia

Prinzip

Unterschied der Spinelektronen-Leitungsbänder
⇒ spinabhängige Übergangswahrscheinlichkeit der ballistischen
Elektronen
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Tunnelinjektion

Ein Rastertunnelmikroskop mit ferromagne-
tischer Spitze wird benutzt, um im Vakuum
Spins in einen Halbleiter zu injizieren. Die
Spins werden während des Tunnelns durch
das Vakuum konserviert.

Anwendung: tunnel diode (M-iso-SC);
Schottky-barrier diode (M-SC)
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Injektion heißer Elektronen

Tunnelinjektion der Elektronen mit E � EF in eine
ferromagnetische Schicht.

Die Mehrheit und die Minderheit der spinpolarisierten Elektronen
haben sehr unterschiedliche inelatische freie Weglängen in der
ferromagnetischen Schicht (z. B. ferromagnetische
3 nm-Co -Schicht).

Die Bandstrukturdifferenzen zwischen M und SC müssen klein sein,
um Umklappstreuung der Spins zu vermeiden.
Gesamtenergieeffizienz niedrig.
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Methode Effektivität Probleme

Ohmsche Spininjek-
tion

4, 5 % abhängig von den
Leitfähigkeiten FM/M

Ballistische
Elektronen-Injektion

> 40 % bei
Punktkontak-

ten

aufwändige Herstellung

Tunnelinjektion
2 % (nur) für Grundlagenex-

perimente

Injektion heißer
Elektronen

> 90 % Umklappstreuung der
Spins, Gesamtenergieeffi-
zienz ist niedrig
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Messung der SpininjektionX5.14 PhivosMavropoulos

FM electrode

NM SC

Quantum well

Buffer, Substrate

EL

Injection of polarized
electrons

Spin relaxation
Recombination

Emission of circularly
polarized light

Unpolarized holes

B

Fig. 11: Typicalexperimentalsetupfor measuringthespininjectionefficiency.

It seemsthat thebottleneckis thesuccessin injectinga spin-polarisedcurrentfrom the ferro-
magnet(FM) into thesemiconductor(SC),theso-calledspininjection. A typical experimental
setupfor measuringthespininjectionefficiency is shown in Fig.11. Electronsof adefinitespin
areinjectedfrom theferromagnetinto thesemiconductor, thentravel to thequantumwell in the
middleof thejunctionandrecombinewith holesof bothspindirections,emittingphotons.The
polarisationof theemittedphotonsis directly relatedto thespinof theinjectedelectrons:if the
spininjectionis successful,thephotonsmustalsobepartlypolarised.
Many experimentaltrials have beenunsuccessful,anda theoreticalmodelthat could explain
the failure wasproposedby Schmidtandco-workers [12]. The idea is presentedin Fig. 10
(left). In short,althoughthereis a differencebetweenthe resistanceof the spin-upandspin-
down channel,the resistivity of thesemiconductoritself is so large that it drownsevery other
effect. Theonly possibilityto measuresomeeffect would bethateitherthecurrentis initially
almost100%spin-polarised,aswould be thecasein a half-metalliclead,or that the interface
resistanceis so large anddifferent for the two spin directionsthat it dominatesthe effect (as
shown in Fig. 10,right).
This solutionwaspointedout by Rashba,andFert andJaffres [13], who proposedthat one
shouldincludea tunnelingbarrierbetweentheferromagnetandthesemiconductor. Suchabar-
rier wouldpresentthedesiredhighresistanceandalsospin-selectivity asin theTMR junctions.
In fact, thereexists a naturalway to obtainsucha barrier: it is the Schottky barrier5 at the
ferromagnet/semiconductorcontact,theheightandthicknessof which canbemanipulatedby
appropriatedopingandinterfaceengineering.Spin injectionexperimentsincluding tunneling
have indeedbeensuccessful[15].
Theproblempointedout by Schmidtet al. [12] manifestsitself in thediffusive regime,when
the resistivity of thesemiconductoris very high. However, if onewould work in theballistic
regime,with adefect-freesemiconductor, thenthescatteringat theinterfaceitself wouldbethe
mainsourceof resistancewithout eventheneedof a tunnelbarrier. If onecould thenachieve

5We remindthereaderthattheSchottky barrieris a regionnearthemetal-SCinterface,extendinginto theSC,
whereno freechargesarepresentevenif suchchargesexist within theSCdueto doping.

1 Injektion spinpolarisierter Elektronen von FM in Halbleiter
2 Bewegung in die Quantenmulde in der Mitte des Schichtsystems
3 Rekombination mit Elektronenlöchern beider Spinrichtungen  

Emission von Photonen
4 Erfolgreiche Spininjektion! Polarisation der Photonen
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Spininjektion von einem FM in ein normales Metall

δM

δM
µ0µ0

NF

x0

(a)

E E
(c)

(b) M

N (E) N (E) N (E) N (E)

j

(a) Geometrie
(b) Magnetisierung M als Funktion der
Nichtgleichgewichtsmagnetisierung δM (spin accumulation) wird in ein
normales Metall injiziert

(c) Verteilung verschiedener spinaufgelöster Zustandsdichten über eine

FM-N Grenzfläche. (Žutić et al., 2004)
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TMR – Jullière-Modell des Tunnelns

Tunnel Magnetoresistan
eTunnelmagnetowiderstand beoba
htet man, wenn man die ni
htmagnetis
hen metalli-s
hen Zwis
hens
hi
ht dur
h eine dünne (wenige Nanometer di
ke) isolierende oder halb-leitende S
hi
ht ersetzt. Beim Anlegen einer Spannung kann man einen Tunnelstrombeoba
hten. Analog zu (1) de�niert man den relativen Magnetowiderstand. Wieder be-oba
htet man eine drastis
he Abhängigkeit des Widerstandes von der gegenseitigen Aus-ri
htung der magnetis
hen S
hi
hten.Eine einfa
he Erklärung dafür lieferte Jullière, der Entde
ker des E�ektes. Die Zu-standsdi
hte der Elektronen ist unters
hiedli
h für Majoritäts- und Minoritätselektro-nen, siehe Abb. 3. Insbesondere unters
heidet si
h die Anzahl der Zustände in Nähe derFermikante, und nur diese Elektronen tragen zum Ladungstransport bei. Für Minoritäts-elektronen stehen viel mehr Zustände zur Verfügung. Unter der Annahme, dass die Spin-ri
htung beim Tunnelprozess erhalten bleibt, ist daher die Tunnelwahrs
heinli
hkeit fürdie Majoritäts- und Minoritätsspinzustände ni
ht glei
h. Bei paralleler Magnetisierungs-ri
htung (linkes Bild) erfolgt das Tunneln von Majoritäts- zu Majoritätsspinzuständenund von Minoritäts- zu Minoritätsspinzuständen. Bei antiparalleler Magnetisierungsri
h-tung (re
htes Bild) erfolgt dagegen das Tunneln zwis
hen Majoritäts- und Minoritäts-spinzuständen und umgekehrt. Da die Tunnelrate proportional zur Zustandsdi
hte derjeweiligen Anfangs- und Endzustände ist, führt dies zu unters
hiedli
hen Tunnelwider-ständen in der AP- und P-Kon�guration. In der AP-Kon�guration erhält man eine Par-allels
haltung von zwei glei
hen Widerständen, während si
h in der P-Kon�guration eineParallels
haltung eines groÿen und eines kleinen Widerstands und damit ein insgesamtkleinerer Gesamtwiderstand ergibt.Man de�niert die Spinpolarisation P
L,R

in der linken und re
hten Elektrode
P

L,R
=

N
↑

L,R

−N
↓

L,R

N
↑

L,R

+ N
↓

L,Rwobei N
↑,↓

L,R

die Anzahl der Zustände an der Fermikante bes
hreibt. Unter der weiterenAnnahme, dass die Tunnelleitfähigkeit für jede Spinri
htung proportional zur e�ektivenZustandsdi
hte der jeweiligen Spinri
htung in beiden Elektroden ist, erhält man für dieWiderstände (Kehrwerte der Leitfähigkeit) in paralleler und antiparalleler Kon�guration
R

P
∝

1

N
↑

L

N
↑

R

+ N
↓

L

N
↓

R

Abbildung 3: Spin-polarisiertes Tunneln
3Abbildung: Bei parallelen Magnetisierungsrichtungen: Tunneln von

Majoritätsspinzuständen nach Majoritätsspinzuständen. Bei antiparalleler
Magnetisierung: Tunneln zwischen Majoritäts- und
Minoritätsspinzuständen. Tunnelrate ∝ Zustandsdichte der Anfangs- und
Endzustände der jeweiligen Tunnelprozesse.
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Elektronentunneln in FM–Iso–FM tunnel junctions

F2F1 F2F1

(a)

E E

I I

(b)

E E

N (E) N (E) N (E) N (E) N (E) N (E) N (E) N (E)

∆ex

subband
minority−spin majority−spin

subband

(a) Parallele und (b) antiparallele
Magnetisierungen mit den entspre-
chenden Spinzustandsdichten der d-
Zustände in FM-Metallen.

Die Pfeile der Austausch-Spin-
Aufspaltung ∆ex in den beiden
ferromagnetischen Bereichen sind
durch das Majoritätsspin-Subband
bestimmt.

Gestrichelt: Tunneln mit Konservie-
rung des Spins.
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Bandstruktur von Silizium

Im indirekten Übergang sind die Bandkanten des Valenz- und
Leitungsbandes im k-Raum weit entfernt. Die Energieschwelle für
den indirekten Prozess ist größer als die eigentliche Bandlücke

Übergang im Bild: ~ω = Eg + ~Ω
Ω: Frequenz eines Phonons mit k = −kc
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Spininjektion in Silizium: Spinvalve
a

b

Emitter CollectorF FSilicon

a

b

0°

360°

d

180°

c

Figure 1 | Spin-valve effect. A ferromagnet 
(F), shown here as the perfect spin filter, causes 
electrons of the opposing spin orientation to 
bounce around and deprives them of energy, 
while letting electrons of the same orientation 
smoothly through, rather as a player in a 
football or hockey match deals with a member 
of the opposition or of his own team. As 
Appelbaum and colleagues demonstrate1, 
putting such a filter on either side of a silicon 
substrate allows not only spin injection, but 
also spin detection. If both filters have the 
same orientation (a), electrons of that 
orientation will pass through the silicon 
from emitter to collector. If, however, the two 
orientations are antiparallel (b), electrons of 
neither spin will pass both filters. The relative 
difference in the collector current in these two 
cases is the spin-valve signal3,9. 

momentum, electron spin. The reverse pro-
cess, the emission of circularly polarized light, 
is often used as smoking-gun proof of spin-
injection. Unfortunately, the optical method, 
which works well with GaAs, is ineffective 
in silicon owing to subtleties of the element’s 
electronic structure4,8.

In electrical injection, a voltage drop typi-
cally drives spin-polarized electrons from a 
ferromagnetic electrode into the semiconduc-
tor. But difficulties associated with interfaces 
between ferromagnets and silicon, as well as 
a lack of a reliable method for spin detection, 
have hindered conclusive evidence for spin 
injection and transport in silicon2,4.

Until, that is, Appelbaum et al. came 
along with their ‘spin valve’1,3,9. In this device 
(Fig. 1), initially unpolarized electrons (with 
an equal mixture of spins pointing ‘up’ and 
spins pointing ‘down’) pass through a ferro-
magnet. This acts as a spin filter: it lets spins 
of only one orientation through to the silicon 
substrate. A second ferromagnet at the other 
end of the substrate will, according to whether 
its magnetization is the same as, or opposite 
to, that of the first, filter out either none or all 
of the remaining electrons. With this set-up, 
Appelbaum and colleagues observe a change 
in current with magnetization that provides 
direct evidence for the injection and transport 
of spin-polarized electrons in silicon. 

Appelbaum and colleagues also provide1 
more subtle, but also more convincing, proof 
by exploiting the rotation, or precession, of 
spin. This precession is brought about by a 

magnetic field applied to the silicon substrate 
at right angles to the direction of the injected 
spins2,10 (Fig. 2). If the magnetizations of the 
two spin filters are parallel, the current pass-
ing through the device will be much smaller 
if the electron spins precess by 180° in their 
passage through the silicon than if the rota-
tion is by, say, 0° or 360°. The angle of preces-
sion is determined by the value of the applied 
electric and magnetic fields, but the current 
will exhibit peaks (and valleys) whenever the 
average spin arriving at the collector is paral-
lel (or antiparallel) to the spin allowed by the 
second filter. 

At very large magnetic fields, the spin-
precession signal should disappear altogether, 
owing to the Hanle effect2,10 (Fig. 2d): random 
scattering of the electrons on lattice imperfec-
tions causes electron transit times to differ. 
At high fields, this translates into spin-
precession angles that differ in proportion to 
the transit times. If the spread in angles reaches 
360°, electrons arriving at the second filter 
have spins pointing in all directions, and zero 
average spin. The collector current will cease 
to exhibit peaks and valleys, having instead a 
rather featureless dependence on the magnetic 
field. Remarkably, Appelbaum and colleagues 
observe1 all these predicted behaviours. 

 Now that this proof of concept has been 
established, what remains to be done? First, 
we should find ways to raise the operating 
temperature from Appelbaum and colleagues’ 
85 kelvin to room temperature, and to increase 
the spin-valve signal, presently just 2%. A likely 
culprit for this small signal is that, because the 
ferromagnetic metal is grown directly on the 
silicon, a non-magnetic interface layer forms 
that is detrimental to spin transport. A simi-
lar scheme in GaAs gives a signal orders of 
magnitude higher9. There, spin injection has 
been achieved by using high-quality interfaces 
with a ferromagnetic semiconductor2,4, or by 
inserting oxide tunnel barriers11,12 between 
a ferromagnetic metal and the semiconduc-
tor. In silicon, low-resistance tunnel barriers 
next to the ferromagnets13,14 might also help to 
increase the signal. 

Second, whereas Appelbaum et al. use pure 
silicon, commercial electronics, as well as pro-
posals for spintronic devices2, relies on making 
silicon impure by the process known as dop-
ing. This doping creates extra charge carriers 
(electrons or holes), and the effect this will have 
on spin injection and spin precession must be 
investigated.

Finally, spin injection in silicon does not 
automatically mean that useful devices can 
be fabricated straight off — further ideas to 
explore the possibilities of silicon spin within 
realistic device settings are needed. Although 
we might not yet be quite ready for commercial 
silicon-based spintronics, nothing to stop the 
show is in sight. � 
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Figure 2 | Spin precession. In a magnetic 
field (applied perpendicular to the page 
here), electron spins precess with a frequency 
proportional to the field strength, giving rise 
to an oscillatory current. a, No precession, 
as in Figure 1: given two filters of the same 
orientation, a spin-polarized current will 
pass. b, 180° precession: no current can pass. 
c, 360° precession: a spin-polarized current 
passes again. d, If the applied field is very 
strong, the spins precess very fast, and the 
random or diffusive component of electrons’ 
motion as they scatter off lattice imperfections 
comes to dominate. The angles of precession 
vary wildly, and spin precession is no longer 
detected. 
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Im Spinventil (
”
Spinvalve“) lassen ferromagnetische Schichten (F)

nur Elektronen einer Polarisation passieren
FM-Schichten parallel  Stromfluss von Emitter zu Collector,
antiparallel  kein Stromfluss
Der relative Unterschied des Collector-Stroms ist das
Spinvalve-Signal
Geringe Ausbeute von 2 %, bei 85 K
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allowing effective injection and detection at cryogenic and room
temperatures16. (2) Because the spin filtering is caused by bulk scat-
tering in the ferromagnetic films, they are easy to reproduce, as there
is no interface sensitivity to the spin filtering (as there is, for example,
in magnetic tunnel junctions18). (3) This device, like a spin-valve
transistor, is a high-impedance current source15,16. As Ic2 is driven
by Ic1, and Ic1 by Ie, Ic2 is virtually independent of Vc1, the applied
voltage across the Si drift region. This also means that any generated
Hall voltage in the FZ-Si has no effect on Ic2. The underlying back-
ground to the insensitivity to resistance and voltage of the FZ-Si is
that the potential is screened by the two Schottky barriers on either
side, and that the electrons travelling in the FZ-Si conduction band
are generated not by an ohmic source, but by hot-electron injection.
(4) These devices operate over a wide temperature range, without
appreciable change in Ic2, despite the fact that the resistivity of
undoped Si varies by many orders of magnitude. The insensitivity
of Ic2 to FZ-Si resistance implies that Ic2 is also insensitive to magne-
toresistance in the FZ-Si. In fact, at the temperature we use for mea-
surements here (85K), the FZ-Si is completely frozen out and its
resistivity is .1014V cm. This means that there are no thermally or
impurity generated electrons, and the only free electrons present are
the injected spin polarized electrons.

There are several design aspects that provide our device with a
clean spin-transfer current Ic2. (1) An undoped FZ-Si device layer
is chosen because its extremely low impurity density results in wide
Schottky depletion regions and a linear conduction band. This
prevents potential wells and long spin dwell times. (2) The device
is measured at 85 K to eliminate Schottky leakage currents. (3)
Copper (Cu) is used below the Ni80Fe20 to provide a low barrier

and enable electrons injected by the higher Si/Ni80Fe20 Schottky bar-
rier to overcome the Cu/n-Si Schottky barrier. (4) Shape anisotropy
of the ferromagnetic films allows us to apply a perpendicular mag-
netic field for spin precession measurements, without orienting the
magnetizations out of plane.

Our fabrication procedures, described in the Methods section, are
similar to those of the spin-valve transistor16, and result in an array of
devices like the one wire-bonded and shown in the micrograph dis-
played in Fig. 1b.

Figure 2a shows the injector tunnel junction current–voltage char-
acteristics, illustrating the expected nonlinear Ie–Ve relationship.
Figure 2b shows the simultaneous measurement of injected current
Ic1–Ve, demonstrating a threshold in Ic1 at Ve520.8 V. This repre-
sents the 0.8 eV potential energy needed for the electrons to exceed
the Co84Fe16/FZ-Si Schottky barrier height, and is typical for such
metal base transistor-type structures. After vertical transport through
10 mm FZ-Si, some of these electrons travel ballistically through the
Ni80Fe20/Cu film and into the n-Si collector, resulting in a current
(Ic2) detected at the In contact to the substrate. This signal rises above
our detection limit at an emitter voltage of approximately 21.2 V
(Fig. 2c).

In Fig. 3a, in-plane magnetic hysteresis data of Ic2 at Ve521.8 V
and 85K are shown. Measurements begin with fully saturated and
aligned magnetizations by ramping to our magnetic field maximum.
When the magnetic field is swept through zero and changes sign, first
the Ni80Fe20 switches to align with the field and the magnetizations
are antiparallel, resulting in a reduction in Ic2 of approximately 2%.
As the magnetic field passes through the Co84Fe16 switching field, the
magnetizations again align and the higher collector current is
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Figure 2 | Simultaneously measured current dependence on tunnel-

junction emitter voltage at 85K. a, Emitter current, Ie. b, First collector
current, Ic1, at the Ni80Fe20 contact forVc15 0V. c, Second collector current,
Ic2, at an In contact to the n-Si substrate.
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Figure 3 | In-plane magnetic field dependence at 85K. a, Second collector
current, Ic2, at constant emitter bias Ve521.8 V and Vc15 0V, showing a
clear ,2% spin-valve effect. b, SQUID magnetometer measurements,

showing switching fields consistent with the behaviour seen in a. Arrows
indicate magnetic field sweep direction.
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Reines Si als Spintransportmedium
Ballistische Injektion

”
heißer“ Elektronen durch ferromagnetische

dünne Filme
Dies vermeidet Probleme der unterschiedlichen Leitfähigkeiten
Der glatte Kollektorstrom (Abb. b) zeigt die elektrische Kontrolle
der Spinpräzession an
⇒ Spinkohärente Drift der Leitungselektronen in Si (Appelbaum et al.,
2007)
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Die spinaufgelöste XAS
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FIG. 1. Left panel: Remanent longitudinal Kerr-rotation of a
50 nm EuO thin film as a function of temperature using p-
polarized light at hn � 1.96 eV and uin � 45

±. Right panel:
metal-insulator transition in the temperature dependent resistiv-
ity of a EuO film.

temperature, and it demonstrates clearly the presence of

a metal-insulator transition at Tc. The very large change

in resistivity, namely 5 orders in magnitude, indicates that

the carrier concentration due to oxygen defects, i.e., the

off-stoichiometry, is of the order of 0.3% or less [4].
To study the conduction band of EuO, we use O K-edge

x-ray absorption spectroscopy (XAS). This technique

probes the O 2p character of the conduction band, which

is present because of the covalent mixing between the

O 2p and Eu 5d-6s orbitals. Figure 2 displays the O K

XAS spectra, recorded by collecting the total electron
yield (sample current) as a function of photon energy.

Large changes over a wide energy range can be clearly

seen between the spectra taken above and below Tc. The

low temperature spectrum contains more structures and

is generally also broader. We note that the spectra also
show a very small feature at 529.7 eV photon energy,

with a spectral weight of not more than 0.1% relative to

the entire spectrum. Since the intensity of this feature is

extremely sensitive to additional treatments of the sample

FIG. 2. O K x-ray absorption spectrum of EuO, above (thin
solid line) and below (thick solid line) the Curie temperature
�Tc � 69 K�.

surface it is probably related to surface states [15] or

imperfections at the surface.

It is evident that the spectral changes across Tc cannot be
explained by a phonon mechanism, since the changes in-

volve more than a simple broadening, and above all, since

the spectrum becomes broader upon temperature lowering.

Because there are also no changes in the crystal structure

across Tc, we attribute the spectral changes to the appear-
ance of a spin-splitting in the Eu 5d like conduction band

below Tc. To prove this, we have to determine the spin-

polarized unoccupied density of states. To this end, we

measured the O K XAS spectrum no longer in the total

electron yield mode, but in a partial electron yield mode in
which we monitor the O KL23L23 Auger peaks that emerge

at a constant kinetic energy from the XAS process. By

measuring the spin-polarization of this Auger signal while

scanning the photon energy across the O K edge, we can

obtain the spin-resolved O K XAS spectrum.

The underlying concept of this new type of experiment
is illustrated in Fig. 3. This figure shows the O 1s core

level, the occupied O 2p valence band, and the unoccu-

pied Eu 5d-6s conduction band. Quotation marks indicate

that due to covalent mixing the conduction band also has

some O 2p character and the valence band some Eu 5d-6s

character. This mixing allows an x ray to excite an O 1s

electron to the conduction band, leaving a spin-polarized

core hole if the conduction band is spin polarized (middle

panel Fig. 3). The subsequent KL23L23 Auger decay of the

XAS state leads to O�2p4� like final states [16], and the
outgoing Auger electron will now also be spin-polarized

(right panel Fig. 3). Unique to a KL23L23 Auger decay is

that the entire two-hole final states are of pure singlet (1S

and 1D) symmetry since the triplet 3P transitions are for-

bidden by Auger selection rules [17,18]. This implies that

the O KL23L23 Auger electrons will have a degree of spin
polarization which is equal to that of the conduction band,

but which has an opposite sign due to the singlet character

of the Auger transition. Thus, the measurement of the spin

FIG. 3. Mechanism of spin-resolved x-ray absorption spec-
troscopy. The spin of the outgoing O KL23L23 Auger electron
is opposite to the spin of the electron that is excited in the x-ray
absorption process. This scheme illustrates the observation of a
spin-up conduction band state.

047201-2 047201-2

Abbildung: Der Spin des herausfliegenden O KL23L23 Auger-Elektrons
(rechts) ist entgegengesetzt dem bereits durch das Röntgenphoton
angeregten Elektron (Mitte und rechts). Aus der Beobachtung schließt
man auf ein |↑〉-Elektron im Leitungsband. (Steeneken, Tjeng, et al. 2001)
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