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Optical investigation of electrical spin injection into semiconductors
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We investigate the electrical injection of spin-polarized electrons into a semiconductor@Al ~GaAs!# hetero-
structure from ferromagnetic FeCo metal through an AlOx tunnel barrier. We have developed the optical
oblique Hanle effect approach for the quantitative analysis of electrical spin injection into semiconductors. This
technique is based on the manipulation of the electron spins within a semiconductor when spin polarized
electrons have been injected. This allows us to clearly separate the effects caused by spin injection from others,
that are magneto-optical, Zeeman, etc. Simultaneously, the oblique Hanle effect approach provides additional
information on the spin dynamics in the semiconductor. In the FeCo/AlOx /Al(GaAs) heterostructures we
observe spin injection of 21% and 16% at 80 and 300 K, respectively. The importance of electron thermali-
zation effects and the impact of the doping level of the semiconductor for practical investigation of spin
injection by optical means are demonstrated.
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I. INTRODUCTION

It is generally accepted that in the near future electro
device dimensions are going approach physical limits.1 In the
rapidly evolving field of spintronics, the electron spin is us
as an additional degree of freedom to engineer devices w
higher performance with regards to power consumption
functionality, and as an enabler of new architectures2–4

Here, the quantum mechanical concept of electron s
brings an amazing new functionality into the mainstream
charge based electronics. Following the success of magn
multilayers and magnetic tunnel junctions5 the use of elec-
tron spin in semiconductor-based devices has received
creasing attention.6 The established approach of creating
spin polarized electron ensemble in III-V semiconductors
means of circularly polarized light7 has revealed that th
electron spin can have a long lifetime,8,9 and significant drift
length,10,11 and can traverse the interfaces of two semic
ductors with differentg factors.12 The most important prin-
ciple for spintronic device implementation is the efficie
electrical injection of spin polarized charges into a semic
ductor from a magnetic contact, the so-called spin injecti
For a long time the ability to efficiently inject spins int
semiconductors remained an open question.13–17 It was
shown that magnetic semiconductors, like paramagnetic
MnZnSe ~Ref. 18! and ferromagnetic GaMnAs,19 could be
used to inject spins into semiconductors at low temperatu
and, in the first case, by the application of a large magn
field. Compared to the magnetic semiconductors, ferrom
netic metals~FMs! have significant advantages as materi
for spintronic applications. These metals have a very la
spin polarization even at room temperature and, moreo
0163-1829/2003/68~24!/245319~13!/$20.00 68 2453
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their physical properties and the fabrication technology
well known. Even though the electrical injection of spi
polarized electrons into a semiconductor from a ferrom
netic scanning tunneling tip was demonstrated,20,21 this ap-
proach is not practical for device implementation. Recen
spin injection in FM/semiconductor Schottky barriers22–24

and FM/oxide/semiconductor tunnel junction25–28 hetero-
structures were reported. In all these spin injection devic
often called spin light emitting diodes~spin LEDs!, an opti-
cal technique~circular polarization of emitted light7! was
used for the assessment of the injected spin polarization

Typically these types of experiments are performed in
strong magnetic field applied perpendicularly to the FM s
face leading to the number of the side effects~magneto-
optical, Zeeman, etc.! masking the actual spin injection sig
nal. In the following sections we show how the applicati
of a small oblique magnetic field enables one to manipu
spins inside of a semiconductor, assess the spin injection,
separate the spin injection from the side effects. Furtherm
we demonstrate our realization of spin LEDs and show th
spin injection performance at low and room temperatures

II. ELECTRON SPIN MANIPULATION IN THE
SEMICONDUCTOR, FERROMAGNETIC FILM AND

RELATED PHENOMENA

The idea of using light for spin injection and detection
not new and dates the late 1960s.29 Later it was shown that
conversion of the angular momentum of light into electr
spin and vice versa is very efficient in III-V semiconductor7

In these materials and in GaAs in particular, the absorpt
of 100% circularly polarized light leads, due to the selecti
©2003 The American Physical Society19-1
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rules for transition probabilities, to the creation of an e
semble of electrons with preferential spin orientation alo
the axis of the light propagationP50.5. HereP is the de-
gree of spin polarization of the electron ensembleP5(n↑

2n↓)/(n↑1n↓), andn↑ andn↓ are numbers of spin-up an
spin-down electrons.

In the radiative recombination process, due to the sa
selection rules of the transition probabilities, light of circul
polarizationP5 1/2•P is emitted along the axis of spin po
larization of the electron ensemble. WhereP5(I 1

2I 2)/(I 11I 2) is the degree of circular polarization o
light, and I 1 and I 2 are the intensities of right and left cir
cularly polarized components of light.

Under electrical spin injection into a semiconductor t
observed emission of circular polarization is in fact the res
of a multistep process. Generally at first, the spin-polari
electrons are injected into the conduction band of the se
conductor for the case where the kinetic energy is hig
thank•T ~hot electrons!. Second, in the thermalization pro
cess and during the electron lifetime at the bottom of
conduction band, before recombination with holes, some
of spin polarization may occur due to spin scattering. A
result, the measured steady state polarization can be sig
cantly smaller than the originally injected one.

Further, due to the high refractive index of GaAs (nGaAs
53.4), only photons emitted within a small angle close
the sample surface normal can escape the solid state. Bu
most of the thin ferromagnetic films used in spintronic app
cations~Fe, Co, Ni, etc.! the magnetization orientation is i
plane, as determined by the shape anisotropy. Hence, u
radiative recombination of spin-polarized electrons injec
from the thin ferromagnetic film into the semiconductor, t
light emitted in the direction normal to the surface of t
ferromagnetic film~and hence to the magnetization! is unpo-
larized. In order to optically assess the spin polarization,
spins must be manipulated~in the ferromagnetic film or
within the semiconductor! in a way to obtain a non-zero
component of the electron spin normal to the surface. On
the common solutions used consists of applying a str
magnetic field~more than 1 T for most common ferroma
netic thin films! perpendicular to the surface, that chang
the magnetization of the ferromagnetic film and hence
orientation of the injected spins. This leads to side effe
~Zeeman, magneto-optical, etc.! that scale with the externa
magnetic field or with the out-of-plane magnetization of t
ferromagnetic film, complicating the quantitative assessm
of electrical spin injection. Moreover, these side effects c
dominate the measured quantities and even be entirely
sponsible for the observed dependencies.

We have developed an approach based on the obl
Hanle effect ~first used for detection of nuclear sp
polarization30!, where the application of a small obliqu
magnetic field enables one to manipulate spins inside o
semiconductor and assess spin injection without consider
change of the magnetization of the ferromagnetic layer
addition, this technique reveals the spin dynamics inside
semiconductor simultaneously, separates the spin injec
from the side effects and clearly demonstrates the natur
the observed effects.
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A. Hanle effect in an oblique magnetic field

In the solid state, the spin of an electron ensemble
characterized by the average electron spinSW 5( i

nsW i /n, where
sW i is the spin of an individual electron andn is the number of
electrons. The degree of spin polarizationP along SW is P

52•uSW u. Upon application of the magnetic fieldBW (uBW 3SW

uÞ0) the electron spins start to precess aroundBW with the
Larmor frequencyVW 5(g* •mB /\)•BW , whereg* is the ef-
fective g factor andmB is the Bohr magneton.

Within the semiconductor, the evolution of the avera
electron spinSW , taking into account spin injection, spin sca
tering and electron recombination processes, is describe
the Bloch-type equation7

dSW

dt
5

SW 0

t
2

SW

Ts
1@VW 3SW #, ~1!

whereSW 0 is the average injected electron spin,t is the life-
time of the electrons~i.e., electron recombination time!, and
Ts is the spin lifetime (Ts

215t211ts
21 , wherets is the spin

scattering time!.
In steady state conditions (dSW /dt50), this equation has

very simple solutions. In the geometry of the experimen
configuration depicted in Fig. 1, theXY plane is the sample
plane, theOZ axis is pointing along the direction of obse
vation and theOY axis coincides with the easy axis of fe
romagnetic film magnetization. The external oblique ma
netic fieldBW (0,BY ,Bz) is applied under an anglew to theOZ
axis. Below we present the magnetic field dependencies o
for the Sz component of the average electron spinSW , since
only this component can be detected optically.

In the case of optical spin injection using circularly pola
ized lightSW 0(0,0,S0z), the solution of Eq.~1! for theSz com-
ponent is

Sz5S0z•
Ts

t
•

11~V•Ts!
2
•cos2 w

11~V•Ts!
2

5S0z•
Ts

t
•

11~B/DB!2
•cos2 w

11~B/DB!2 , ~2!

FIG. 1. Spin precession in the oblique magnetic field in the c
of ~a! optical spin injection and~b! electrical spin injection. Under
steady state conditions the spin precession leads to averaging

vanishing of the component ofSW perpendicular toBW . The remaining

component is parallel toBW , and is accessible in measurements.
9-2
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FIG. 2. TheSz component of the average electron spinSW ~normalized toS0•Ts /t), in the case of opticalSW 0(0,0,S0z) and electrical

SW 0(0,S0Y,0) spin injection into a semiconductor in the oblique Hanle effect geometry@Fig. 1,BW (0,BY ,Bz)] for different oblique anglesw, as
given by Eqs.~2! and ~4!. The magnetic field is expressed in units ofDB5@(g* •mB /\)•Ts#

21, the half-width of the Hanle curve.
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where

DB5S g* •mB

\
•TsD 21

~3!

is the Hanle curve half-width, corresponding to the condit
V•Ts51.

In the case of electrical spin injectionSW 0(0,S0Y,0) the
dependency ofSz as a function of the external magnetic fie
is different:

Sz5S0Y•
Ts

t
•

~V•Ts!
2
•cosw•sinw

11~V•Ts!
2

5S0Y•
Ts

t
•

~B/DB!2
•cosw•sinw

11~B/DB!2 . ~4!

The magnetic field dependencies ofSz ~normalized toS0
•Ts /t) for electrical and optical spin injection, after Eqs.~2!
and~4!, are presented in Fig. 2 for different oblique anglesw.

In the case of optical spin injectionSW 0(0,0,S0z), the Sz

component of the average electron spinSW has a maximum a
B50 and decreases with the application of a magnetic fi
The Sz(B) dependency has a Lorentzian shape; the valu
the asymptotical minimum depends on the anglew, and is
zero atw590° ~ordinary Hanle effect!.

The surprising fact thatSz is nonzero in the case of elec
trical spin injection from the in-plane magnetized ferroma
netic film SW 0(0,S0Y,0) has interesting consequences for
optical investigation of electrical spin injection into semico
ductors.Sz grows from zero atB50 and saturates at highe
values of external magnetic fieldB@DB. The curve is
strongly non-linear. The half-widthDB ~corresponding again
to the conditionV•Ts51) is determined by the effectiveg
factor and spin lifetimeTs within the semiconductor. This
provides a unique signature of spin injection compared to

FIG. 3. Tilting of the magnetizationMW of the thin ferromagnetic

film under application of the oblique magnetic fieldBW (0,BY ,Bz) in
the oblique Hanle effect experimental configuration.
24531
n

d.
of

-
n

e

side effects, which are linear or nearly linear with extern
magnetic field.

TheSz saturation value is dependent on the anglew, hav-
ing maximum ofSz MAX51/2•S0Y•Ts /t for w545°. Thus
the Sz value measured from the polarizationP of the lumi-
nescence (Sz5P) at saturation is lower than the injected on
S0Y by the factor 1/2•Ts /t, and the degree of injected spi
polarizationP is related to the measured degree of circu
polarization of light at saturation forw545° as

P52•S0Y54•Sz MAX•t/Ts54•PSat•t/Ts . ~5!

The parameterTs /t describes the spin scattering of th
electrons during their lifetime on the bottom of the condu
tion band of the semiconductor and can be measured in
complete optical experiment under excitation with 100% c
cularly polarized light, when the injected spin polarization
perfectly knownSW 0(0,0,1/4).7

However, the optical assessment of electrical spin inj
tion in a real device implies consideration of some other s
effects. Below we show how one can take into account
influence of tilting~rotation! of the ferromagnetic film mag-
netization in the small external oblique magnetic field, t
magneto-optical effects caused by the ferromagnetic film
the influence of electron thermalization processes in
semiconductor.

B. Tilting of the ferromagnetic film magnetization
in the oblique magnetic field

An oblique magnetic field applied under anglew with the
magnetization axis of a ferromagnetic film (OZ axis! will
force the magnetization to tilt~rotate! out of plane by an
angle c ~Fig. 3!. This will lead to the spin injection
SW 0(0,S0Y* ,S0z* ), which is different from the case described
Sec. II A.

Starting from Eq.~1!, for the same applied oblique mag
netic field BW (0,BY ,Bz) one can easily obtain an expressio
for the Sz component of the average electron spinSW :

Sz5S0Y* •

Ts

t
•

~V•Ts!
2
•cosw•sinw

11~V•Ts!
2

1S0z* •

Ts

t
•

11~V•Ts!
2
•cos2 w

11~V•Ts!
2

5S0Y* •

Ts

t
•

~B/DB!2
•cosw•sinw

11~B/DB!2

1S0z* •

Ts

t
•

11~B/DB!2
•cos2 w

11~B/DB!2 , ~6!
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V. F. MOTSNYI et al. PHYSICAL REVIEW B 68, 245319 ~2003!
where S0Y* 5S0•cosc and S0z* 5S0•sinc. Now Sz has two
components identical to Eqs.~2! and ~4! with amplitudes
which are functions of the tilting anglec. The magnitude of
the anglec is dependent on the film saturation magnetizat
M , angle w and magnitude of the external applied fie
Hext5B/m0 .

For the calculation of the tilting anglec we make the
following considerations. The shape anisotropy energy~or
demagnetization energy! density is given byUd52m0•(MW

•HW d)/2, whereHW d52MW Z is the demagnetizing field andMZ
is the out-of-plane magnetization of the film. The total e
ergy density of the film in an external fieldHW ext is then given
by

U52m0•~MW •HW ext!2
m0•~MW •HW d!

2

52m0•M•Hext•sin~w1c!1
m0•M2

2
•sin2 c, ~7!

and the minimum is obtained for the tilt anglec given by

B

m0•M
5

sinc•cosc

cosw•cosc2sinw•sinc
. ~8!

The dependencies of the tilting anglec on the external
oblique magnetic fieldBW , taken after Eq.~8!, are shown in
Fig. 4 for two different field anglesw545° andw560°. The
anglec has an almost linear dependency at small values oB
with saturation at higher values. The saturation value isc
590°2w.

Note that the anglec is dependent on the magnetic fieldB
thus theS0Y* andS0z* components of the average electron sp
also depend onB. This leads to deformation of the Han
curves described in Sec. II A. Figure 5 shows the calcula
dependencies ofSz(B) resulting from Eqs.~6!, ~8!, and ~4!
for oblique anglew545°. The important parameter is th
ratio between the half-width of the Hanle curveDB and the
saturation magnetizationm0•M of the film. Figure 5~a!
shows theSz(B) dependency described by Eqs.~6! and ~8!

FIG. 4. The tilting anglec as a function of theB/(m0•M ) ratio
for different oblique anglesw545° and 60°, after Eq.~8! ~inset
extended field range!.
24531
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for various values of them0•M , while DB is fixed atDB
51. Figure 5~b! shows the opposite case, when them0•M is
fixed and theDB takes different values.~A change ofDB
can be achieved by changing the temperature as wel
semiconductor heterostructure, doping level, etc.7! The bold
line representsSz(B) without taking into account the tilting
of magnetization in ferromagnetic film@Eq. ~4!#. One can see
that the change of theSz caused by the tilting of the ferro
magnetic film magnetization in the oblique magnetic fie
indeed depends on theDB/(m0•M ) ratio, and in the genera
case cannot be neglected. This contribution can be ea
taken into account in the fitting of experimental data, wh
the saturation magnetization of the thin ferromagnetic film
known from independent measurements.

This correction in the fitting procedure decreases the v
ues ofDB andP. However, the experience shows~see Sec.
IV A ! that for our FeCo/AlOx /Al(GaAs) MIS spin LEDs
this correction does not exceed 10% and 20% of the va
of DB andP, respectively, obtained from the fitting withou
taking into account the tilting effect.~In our case, the ferro-
magnetic film saturation magnetization ism0•M51.3T and
the external magnetic field does not exceedB<0.6T, see
Secs. III–IV.!

FIG. 5. TheSz component of the average electron spinSW ~nor-

malized toS0•Ts /t) as a function of the oblique magnetic fieldBW

(w545°) for differentDB/(m0•M ) ratios after Eqs.~6!, ~8!, and
~4!. ~a! TheSz(B) dependency for different ferromagnetic materia
and different values of saturation magnetizationm0•M , while DB
51 is fixed.~b! TheSz(B) dependency for different semiconducto
spin detectors—different half-width of Hanle curveDB5@(g*
•mB /\)•Ts#

21, while m0•M510 is fixed. The bold line corre-
sponds to theSz(B) dependency for in-plane spin injectio

SW 0(0,S0Y,0) @Eq. ~4!#, whenDB51. The values ofB DB, andm0

•M are expressed in the same arbitrary units.
9-4
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C. Influence of magneto-optical effects

In the surface emitting spin LED the light emitted in th
semiconductor propagates through the thin semi-transpa
ferromagnetic layer, which has some out-of-plane magn
zation caused by the tilting of the magnetization in the
ternal oblique magnetic field. So the magneto-optical circu
dichroism ~MCD!, i.e., the difference in absorption of th
light with left and right circular polarization by the ferromag
netic film, can influence the resulting degree of circular p
larization. This effect can be easily taken into account.

The MCD contribution to the polarization of the light ca
be characterized byD5(T12T2)/(T11T2)5DT/T,
where T15T1DT and T25T2DT are transmissions o
right and left circular polarization components of light in th
ferromagnetic film~as result of different absorption!. The
intensities of right and left circular polarization componen
of light emitted as a result of the recombination of a sp
polarized electron ensemble inside the semiconductor ca
expressed asI 15I 1DI and I 25I 2DI . And the degree of
circular polarization is then Pin j5(I 12I 2)/(I 11I 2)
5DI /I . The resulting intensities of right and left circula
polarization components of light after propagation throu
the ferromagnetic film areI meas

1 5T1
•I 1, I meas

2 5T2
•I 2. So

the measured degree of circular polarization of light is

Pmeas5
I meas

1 2I meas
2

I meas
1 1I meas

2 5
DT

T
•S 12

DT

T
•

DI

I D
1

DI

I
•S 12

DT

T
•

DI

I D . ~9!

For typical real structures one generally hasDT/T!1 and
DI /I !1 (DT/T'1023, DI /I'1021...1023), so the experi-
mentally measured degree of circular polarization can be
resented just as

Pmeas'Pin j1D. ~10!

The contribution of MCD to the resulting circular polariz
tion of the emitted light can be quantitatively characteriz
in a simple photoluminescence experiment. Excitation w
unpolarized or linearly polarized light creates in the sem
conductor the population of unpolarized electrons.7 Their ra-
diative recombination with holes results in emission of t
unpolarized light withPin j50. Thus, from Eq.~10! the mea-
surement of circular polarization of photoluminescence
der such excitation provides directly theD value, which
characterizes the MCD effect in the ferromagnetic film.

In the same experiment one can also take into accoun
polarization of luminescence due to Zeeman splitting of el
tron spin states in the external magnetic field.31,7 As shown
below this effect is very weak, and can be neglected pra
cally in all measurements.

In semiconductor under thermal equilibrium the popu
tion of spin-up and spin-down states, splitted by exter
magnetic field, is given by Boltzmann statistics

n↑

n↓ 5expS 2
g* •mB•B

k•T D .
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The average electron spinSW corresponding to Zeema
splitting, which is inferior to the thermal energy~it is always
the case in our experiments!, is given by the following ex-
pression:

SZeeman5
1

2
•

n↑2n↓

n↑2n↓ '
1

4
•

g* •mB•B

k•T
. ~11!

Since the lifetime of electrons being optically or electrica
injected into semiconductor is comparable to their spin
laxation time, the injected electrons cannot reach the co
plete thermal equilibrium and Eq.~11! has to be weighted by
the factorTs /ts that is always inferior to the unity. In this
case the corresponding polarization of luminescence in
direction of observation can be expressed in the follow
way:

PZeeman5SZeeman•
Ts

ts
•cosw. ~12!

In the case of GaAs, the estimations for the electron Z
man splitting contribution to the circular polarization of lu
minescence at 80 K givesPZeeman'1024 in the highest field
used in our experiments. This contribution, which is also
linear function ofB, can be easily measured in the simp
experiment under optical excitation with linearly polarize
light, exactly the same way as in the case with MCD. Hen
the measurements ofD described above include all magnet
optical effects, the MCD in ferromagnetic film and Zeem
splitting in semiconductor.

D. Electron thermalization in the semiconductor

In the semiconductor heterostructure under application
sufficiently high bias, the hot electrons are injected into
active region of a spin LED@Fig. 6~a!#. It can happen that
during their thermalization to the bottom of the conducti
band these electrons lose their spin orientation. This ef
was studied in detail in all-optical experiments32,7 in the
1970s. The loss of spin polarization during the thermali
tion process depends on the speed of electron thermaliza
which is different for the samples with different doping le
els. In highly doped samples the thermalization is rapid a
polarization losses are small and even insignificant. In lo
doped samples the thermalization process is slow and
losses during thermalization could be high. Clear indicat
on the role of thermalization can be obtained from the a
optical experiments with different wavelengths of the exc
ing light.

For the exciting photon energy@Fig. 6~b!# exceedingEg
1D, whereD is the spin orbit splitting of the valence ban
the spin polarization of the photoexcited electrons is stron
reduced, due to the fact that electrons excited from the s
off band have opposite spin orientations as compared to
electrons excited from the upper bands of the light and he
holes.32,7 In the general case, the contribution of the lat
ones prevails and the net spin polarization stays positive,
reduced in value. However, the electrons excited from
upper valence bands have much higher kinetic energy
should be thermalized to the bottom of the conduction ba
before recombination takes place. If these hot electrons e
9-5
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V. F. MOTSNYI et al. PHYSICAL REVIEW B 68, 245319 ~2003!
partially lose their spin orientation during thermalization pr
cess, the net spin orientation on the bottom of the conduc
band changes sign and becomes negative due to the co
bution of ‘‘cold’’ electrons excited from the split-off valenc
band.32,7 Thus, by comparison of circular polarization o
photoluminescence under excitation near the band gapEg
and slightly higher thanEg1D, the spin loss during electro
thermalization can be evaluated.

III. EXPERIMENTAL REALIZATION

A. Experimental setup

The experimental setup, shown in Fig. 7, allows measu
ments of the degree of circular polarization of the lumin
cence under electrical and optical excitation in an exter
oblique magnetic field. An optical cryostat allows cooling
the sample to about 80 K. The magnet provides an exte
oblique magnetic field up to 0.6 T.

The emitted light under electrical injection is coupled in
an optical fiber by lensL2 and is detected by a photodetect
(PD1). In this case we do not use any spectral filters, as
spectra of our spin LEDs have shown GaAs interband tr
sitions only~see Sec. III B!.

For precise measurements of the degree of circular po
ization of the emitted light we have used a combination o
rotating quarter-wave plate (l/4* ) and linear polarizer~A!
together with lock-in detection~locked to the double fre-
quency of rotation of the quarter wave plate!. For the case of
optical spin injection and detection~all-optical experiment!,
semiconductor (hn51.58 eV) and He-Ne (hn51.96 eV) la-
sers (L) together with an optical monochromator and pho
detector PD2 are used.

B. Ferromagnetic metalÕinsulatorÕsemiconductor spin LEDs

The studies of tunnel magnetoresistance~TMR! in metal-
lic structures have shown that high efficiency of spin effe
is generally achieved in systems with very abru
interfaces,33,34 as the interdiffusion on interfaces leads to t
formation of a so-called ‘‘dead layer’’ and a strong reducti

FIG. 6. Electrical injection of the hot electrons into a semico
ductor schematically shown in a direct-space band scheme~a!, and,
depicted ink-space electron thermalization under optical excitat
with h•n.Eg1D ~b!.
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of the spin dependent effects. In the case of GaAs and o
III-V compounds the abrupt metal/semiconductor juncti
leads to the Schottky barrier formation. The electron inje
tion into the semiconductor conduction band is not so e
dent for the case of Schottky junctions. Let us consider
example of a metal/p-type semiconductor Schottky junctio
@Fig. 8~a!#. The use ofp-type semiconductor is preferable fo
optical assessment of electrical spin injection, as inn-type
material the presence of strong background of unpolari
majority electrons complicates the quantitative determinat
of the injected spin polarization. The negative bias applied
the metallic contact of a ferromagnetic metal (FM)/p-type
semiconductor Schottky diode~forward bias! reduces the
barrier on the semiconductor side of the junction and indu
a strong hole current from the semiconductor into the me
~injection of electrons from the metal into the valence ban!.
No electrons are injected into the semiconductor conduc
band from the metal, since the barrier height on the meta
side of the junction is not reduced@Fig. 8~b!#. This can be
remedied by introduction of a thin insulator~oxide! layer
between the metal and the semiconductor. The drop of
potential across the tunnel junction reduces the energy s
ration between the Fermi level of the metal and the cond
tion band edge. At sufficiently high biases electrons can t
nel from the metal through the oxide layer directly into t
conduction band. In addition, the negative bias applied to
metal leads to the formation of a hole accumulation laye
the semiconductor side of the junction, as a result practic
all applied bias drops across the tunnel oxide layer.

In a real metal/insulator/semiconductor~MIS! tunnel
junction, the application of the forward bias leads to the flo
of three main currents@Fig. 8~c!#. Electrons tunneling from
Fermi level of the metal into conduction band of the sem
conductor, electrons tunneling from the metal into the v
lence band of the semiconductor~hole tunneling!, and non-
radiative recombination of the carriers via interface stat
Only the first one results in spin injection and can be
sessed optically. The two others do not reveal themselve
the optical output and result in local heating of the samp
higher stress~current, bias! applied to the tunnel oxide, de
vice degradation, and unreliable operation. In order to red
their contributions we introduce a thin undoped AlGaA
layer between the tunnel oxide and the GaAs@Fig. 8~d!#. It
keeps the holes away from the oxide-semiconductor interf

-

FIG. 7. Schematic representation of the setup for optical ass
ment of electrical and optical spin injection into semiconduct
under external oblique magnetic field.
9-6
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OPTICAL INVESTIGATION OF ELECTRICAL SPIN . . . PHYSICAL REVIEW B68, 245319 ~2003!
and thus reduces the current through the interface states
the hole tunneling current to the metal. In order to enha
the radiative recombination efficiency, like in the conve
tional LED heterostructures, we introduce the second w
p-AlGaAs layer, which does not allow injected electrons
diffuse far from the surface. Two AlGaAs layers thus delim
the GaAs active region, where the injected electrons rec
bine with holes. In our devices, the active region is chose
be wide enough such that no quantization of electron or h
levels takes place. We deliberately do not use the quan
wells in order to avoid complications related to the splitti
of the valence band23 and to the partial loss of the spin po
larization during the electron trapping into the well, as
happens in quantum dots.35 Thus the proposed FM/Insulato
Semiconductor spin-LEDs consist of two parts: the FM/Alx

tunnel barrier~TB! spin injector and the III-V heterostructur
spin detector. The initial experiments,25–28 have shown that
very high efficiencies of spin injection can be achieved
these MIS heterostructures.

Two similar semiconductor heterostructures@Figs. 8~d!
and 9, left# were grown by molecular beam epitaxy on
~001! p1-GaAs substrate. Sample A: 2-mm p-GaAs buffer
layer (p5231018 cm23), 200-nm p-Al0.30Ga0.70As (p52
31018 cm23), 100-nm p-GaAs (p5231018 cm23) active
region and 15-nm Al0.20Ga0.80As ~undoped!. Sample B is an
identical semiconductor heterostructure, the only differe
is the GaAs active region is undoped.

FIG. 8. Schematic representation of the spin-LED design.~a!
and~b! FM/p-GaAs Schottky diode without and with applied bia
an efficient injection of electrons from the FM into the semicond
tor is impossible.~c! In a MIS tunnel junction a moderate bias lea
to a flow of three main currents in the heterostructure: from the
Fermi level into the conduction band of the semiconductor, a
from the FM into the valence band of the semiconductor~hole
tunneling! and the surface recombination current.~d! Incorporation
of the two AlGaAs layers leads to formation of the active regi
preserving GaAs bulk spin detection qualities.
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After fabrication of the spin detector part of the sp
LEDs, the samples were quickly transferred in air~the expo-
sure to air was typically below 5–10 min! into the second
vacuum chamber for fabrication of spin injectors. Where,
both types of semiconductor heterostructures identical F
tunnel oxide spin injectors were fabricated using technolo
adopted from TMR junction fabrication process.36 The thin
AlOx TB was fabricated by Al sputtering and subseque
natural oxidation in a controlled oxygen atmosphere of 1
Torr in a two-step process. In the first step, nominally 1-n
Al layer was sputtered and naturally oxidized. In the seco
step, a second 1-nm Al layer was deposited and natur
oxidized forming a thin 2.6-nm AlOx TB. The use of a two-
step oxidation process facilitates a full oxidation of the A
reduces the chance on pinholes37 and enables the fabricatio
of thicker barriers. This process results in an atomically fl
densely packed and pinhole free TBs.28 After fabrication of
the AlOx TB, the 2-nm Co90Fe10/8-nm Ni80Fe20/5-nm Cu
ferromagnetic stack was sputtered in the same vacuum ch
ber. All metals are dc-magnetron sputtered. Magnetic ani
ropy was obtained by application of a small in-plane ma
netic field of 4 mT.

After fabrication of the detector and injector parts of t
devices, the surface emitting LEDs were processed us
conventional optical lithography, dry and wet processi
steps. Resulting in the 403120mm2 magnetic rectangle con
tacts, with long side oriented along the easy axis of the
magnetization. The devices were packaged and contacte
ing Au contacts to the backside of the substrate and to
FM, leaving an optical window~Fig. 9!.

The easy magnetization axis of the ferromagnetic film
in-plane. The magneto-optical Kerr effect measurem
shows a square hysteresis loop with coercivity of about 0
mT ~Fig. 10!. The effective saturation magnetization gover
ing the out-of-plane tilting of the magnetization in our ferr
magnetic film ~see Sec. II B! is m0•M51.3T. It is deter-
mined from the extraordinary Hall effect measurements i
perpendicular applied magnetic field~Fig. 11!.

Under application of forward bias, the LEDs emit ligh
corresponding to the GaAs band gap transitions only~Fig.
12!. At ;80 K the light emission threshold is around 1.7
~Fig. 12, top insert! for both samples. In order to get suffi
cient signal to noise ratio, the measurements were carried
at 1.9...3.5 V bias and 30...100 mA current values. A typi
result of I-V measurements is shown in Fig. 12~lower inset!.

The process of fabrication of the spin LEDs is quite re
able and gives very reproducible results. Until now mo

-

d

FIG. 9. Schematic representation of the fabricated MIS s
LEDs and the top view on the processed device, showing the top
contact with an optical window.
9-7
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V. F. MOTSNYI et al. PHYSICAL REVIEW B 68, 245319 ~2003!
than ten fabrications starting from 29 GaAs wafer were per-
formed. Each fabrication on the single wafer results in m
than 100 spin-LEDs. All of the measured devices ha
shown similar characteristics.

IV. ELECTRICAL SPIN INJECTION INTO
SEMICONDUCTORS

A. Electrical spin injection at 80 K

As it was mentioned before, our MIS spin LEDs can
considered to consist of two parts: the FM/AlOx TB-spin
injector, and the III-V semiconductor heterostructure spin
tector. In order to assess the spin injection in such het
structure, the detector part of the junction has to be c
brated, which can be done in the all-optical experiment w
optical spin injection and detection. Figure 13~a! shows a
typical results of measurements of emitted circular polari
tion as a function of external oblique magnetic field und
optical excitation with 100% circularly polarized light wit
h•n51.58 eV (h•n>Eg) and h•n51.96 eV (h•n>Eg
1D) for sample A (p-type active region!. As discussed in
the previous sections the optical measurements under ex
tion near the band gap of the semiconductor with 100%
cularly polarized light allows complete characterization
the semiconductor as spin detector. The fitting of the d

FIG. 10. Magnetooptical Kerr effect measurements of in-pla
magnetic reversal. Inset: extended field range. The coercive fie
0.65 mT.

FIG. 11. Out-of-plane magnetization curve as revealed by
traordinary Hall effect measurements. The saturation field of 1.
is a measure for the saturation magnetizationm0•M .
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(h•n51.58 eV) with Eq.~2! @S0(0,0,1/4)# reveals the fol-
lowing parameters of the GaAs active region: spin relaxat
factor Ts /t50.6760.08 and the half-width of the Hanle
curve DB5(0.2860.03) T. For excitation at h•n
51.96 eV, the reduced circular polarization is mostly due
excitation of electrons with opposite spin orientation fro
the split-off band. The measuredpositivevalue of the degree
of circular polarization suggests that electrons do not l
their spin during the thermalization process~see Sec. II D!.

In the same figure@Fig. 13~a!#, we present the result o
measurements of emitted circular polarization as a func
of external oblique magnetic field under excitation with li
early polarized lighth•n51.96 eV, which does not creat
any spin polarization in the semiconductor.7 The observed
polarization of the luminescence is due to the MCD effect
the ferromagnetic layer~see Sec. II C!. It varies linearly with
the magnetic field and gives the value ofD(B) which char-
acterizes the MCD contribution to the observed circular p
larization of light emitted by the structure. In order to obta
the real polarization of the emitted lightPin j we should sub-
tract theD contribution from all measuredPmeasvalues@see
Eq. ~10!#. Thus the subtraction ofD(B) from the curve
Pmeas(B) @h•n51.96 eV, Fig. 13~a!# transforms it into a
perfect Lorentzian, typical for the Hanle effect. Note that t
D(B) is quite linear and changes sign whenB passes
through zero. As mentioned in Sec. III B, the ferromagne
layer is made from a soft magnetic material, the hystere
loop is quite narrow and is not seen on the scale of Fig.

The typical result of measurements of circular polariz
tion of the emitted lightPmeasunder application of electrica
bias for sample A is shown in Fig. 13~b!. The curve is non-
linear with tendency to saturation atB>0.4 T. The polariza-
tion changes sign whenB passes through zero, which is re
lated to the magnetization reversal in the FM. This clea
indicates that the observed polarization of luminescenc
related to the ferromagnetic layer. ThePin j (B) variation
@Fig. 13~c!# is obtained from the measured curve by subtr
tion of D(B) measured in the previous experiment.

As mentioned in Sec. II,Pin j (B)5Sz(B) and we can fit
the data of Fig. 13~c! using Eq.~6!. The situation is quite
different from the case of optical excitation near the Ga
band gap@Fig. 13~a!#. In the latter caseS0 is known ~it is

e
is

-
T

FIG. 12. Typical EL spectrum~sample B!. Insets: optical output
under forward bias and current density as function of applied b
of the MIS spin LEDs.
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OPTICAL INVESTIGATION OF ELECTRICAL SPIN . . . PHYSICAL REVIEW B68, 245319 ~2003!
given by selection rules!, the Ts /t term is directly deter-
mined from theP(B50) value, the only fitting paramete
remains theDB value. In the case of electrical spin injectio
all three parameters should be obtained from theP(B) varia-
tion: S0 , Ts /t, and DB. The first parameter is the mos
interesting one, since it characterizes the spin injection,
the spin polarization of electrons injected from the FM in
the semiconductorP52•S0 . The last two parameters cha
acterize the electron spin evolution in the active region of
MIS spin LED, i.e. they characterize the spin-detector par
our device. These parameters are known from the all-opt

FIG. 13. Set of OHE measurements with optical and electr
spin injection for sample A (p-type active region!. ~a! Damping of
the degree of circular polarization under optical spin injection w
h•n51.58 eV andh•n51.96 eV, Hanle fits using Eq.~2!, and the
MCD effect in the ferromagnetic film.~b! Typical result of a mea-
surement of the degree of circular polarization of the electrolu
nescence, with the MCD contribution shown for comparison.~c!
The change of circular polarization of the output of the dev
caused by the spin injection and precession only@the difference
between spin injection and MCD curves in Fig. 13~b!#, and Hanle
fits using Eq.~4! ~thin! and Eq.~6! ~thick!, from which the degree
of injected spin polarization is determined:P5(2163)%.
24531
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calibration experiment@Fig. 13~a!#, and the experimenta
data are perfectly fitted with the parametersTs /t and DB
derived from these measurements. The thin line on the
13~c! is a fit made using Eq.~4! and the thick one using Eq
~6!. These two fits give close values of spin injection:P
526% andP521% excluding and including the effect o
magnetization tilting in the FM, respectively.

Figure 14 represents results of measurements of circ
polarization of the emitted lightPmeas under application of
electrical bias for two different orientations of the obliqu
magnetic field:w545° andw560° for sample A. The solid
lines represent the fits obtained after Eq.~6! with the same
set of parameters, the only difference is the oblique anglew.
~The curves were fitted independently, resulting in the sa
values of spin injectionP and half-widthDB.) We want to
emphasize here, that the angle dependence of the effe
perfectly described by Eq.~6!.

Figure 15 shows the typical result of measurements
circular polarization of the emitted lightPin j (B) ~after MCD
subtraction! under application of electrical bias for sample
~undoped active region!. We do not have the results of th
all-optical experiment for determination of spin detector p
rameters for this sample. This is because the undoped G
has very poor photoluminescence efficiency and it is diffic
to discern this luminescence on the strong background
intense photoluminescence coming from highlyp-doped sub-
strate. The Hanle curve fit using Eq.~6! yields the following
parameters: the injected spin polarization reduced by the
scattering factorP•Ts /t5(2163)% and the half-width of
the Hanle curveDB5(0.1660.02) T. The spin scattering
parametert/Ts describes the spin scattering of electrons d
ing their lifetime on the bottom of the conduction band of t
semiconductor. Its value is not known for sample B, but
any caset/Ts5(ts1t)/ts.1 and the real value of spin po
larization of electrons injected through FM/semiconduc
interfaceP is certainly larger than 21%.

B. Room temperature measurements

Figure 16 shows the typical results of measurements
the circular polarization of the emitted light as a function
external oblique magnetic field (w545°) for sample A
~doped active region!. The data in Fig. 16~a! correspond to
the optical excitations with the 100% circularly polarize
light with h•y51.58 eV. The fitting of the measured da
after Eq.~2! reveals the following characteristic paramete
of GaAs as a spin detector: spin relaxation parameterTs /t
50.3960.05 and half-width of the Hanle curveDB5(0.8
60.1) T. These values differ significantly from the ones o
tained at 80 K. The variation of these parameters is relate
the enhancement of spin relaxation with temperature. T
effect was studied in details in the 1970s.7 and our observa-
tions correspond quantitatively to the published data.
room temperature the half-width of the Hanle curveDB be-
comes very large, it is comparable to the magnetization s
ration value of the ferromagnetic filmm0•M . As a result, the
polarization of the electro-luminescence as a function
magnetic field does not show the typical Lorentzian sha
For the sample A, we can profit from the results of the a

l

i-
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FIG. 14. Set of OHE measurements of electrical spin inject
for sample A.~a! Measured degree of circular polarization of th
electroluminescence in the external oblique magnetic field
MCD contributions.~b! The change of circular polarization of th
optical output of the device caused by spin injection and preces
only @the difference between spin injection and MCD curves in F
14~a!#, and Hanle fits@Eq. ~6!# with the same sets of parameter
P5(2163)% andDB5(0.2360.03)T. The only difference is ob-
lique anglew.

FIG. 15. Measurements for sample B~undoped active region! of
the degree of circular polarization of the electroluminescence in
external oblique magnetic field after subtraction of the MCD co
tribution. The Hanle fit@Eq. ~6!# reveals the injected spin polariza
tion normalized to the spin scattering parameterP•Ts /t5(21
63)% and the half-width of the Hanle curveDB5(0.16
60.02)T.
24531
optical experiment on determination ofDB andTs /t values.
The fitting of the measured data after subtraction of
MCD contribution Pin j (B) @Fig. 16~c!# with these param-
eters @Eq. ~6!# gives an injected spin polarization ofP
5(1662)%.

Figure 17 shows for the sample B~undoped active region!
the typical results of measurements of the circular polari
tion of the electroluminescence after subtraction of the MC
contributionPin j (B). As in the previous case, the saturatio
part of the Hanle curve is not reached in the available m
netic field range. However, the emitted light has substanti
higher circular polarization than the MCD contribution. Th
Hanle fit after Eq.~6! reveals the following parameters, th
minimal injected spin polarization normalized to spin sc
tering parameterP>(561)•t/Ts% and the minimal half-

n

d

on
.

e
-

FIG. 16. Set of OHE measurements with optical and electr
spin injection for sample A (p-type active region!. ~a! Damping of
the degree of circular polarization under optical spin injection w
h•n51.58 eV and the Hanle fit using Eq.~2!. ~b! Typical result of
measurements of the degree of circular polarization of the electr
minescence and the MCD contribution.~c! The difference between
spin injection and MCD curves in Fig. 16~b!, and the Hanle fit using
Eq. ~6!, from which the degree of injected spin polarization is i
ferred:P5(1662)%.
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OPTICAL INVESTIGATION OF ELECTRICAL SPIN . . . PHYSICAL REVIEW B68, 245319 ~2003!
width of the Hanle curveDB>(0.660.2) T. Again the exact
value of the spin scattering parameterTs /t is not known
from independent measurements for sample B. A compar
of DB measured at low and room temperatures gives
following relative variation of Ts with temperature:
DB300K/DB80K.Ts80K /Ts300 K>3.861.3 @see Eq.~3!#. Tak-
ing into account that the decrease ofTs is entirely due to
enhancement of spin relaxation at room temperature~elec-
tron lifetimet slightly increases while spin scattering timets
decreases drastically7!:

Ts /t~300 K!

Ts /t~80 K!
<

Ts~300 K!

Ts~80 K!
⇒

t/Ts~300 K!>
Ts~80 K!

Ts~300 K!
•t/Ts~80 K!.

Since the spin scattering termt/Ts(80 K)5(ts1t)/ts
.1, one can easily obtain a lowest limit of spin scatteri
term t/Ts(300 K).3.861.3 and injected spin polarizatio
P>(1967)% at room temperature.

C. Influence of electrical bias

As our measurement technique allows simultaneous m
surements of injected spin polarization and spin dynam
inside of the semiconductor~half-width of the Hanle curve!,
it is interesting to look how these parameters change a
function of the electrical bias applied to the device~devices
are biased using electrical contacts to the FM and subst
see Sec. III B!. Figures 18 and 19 show typical bias depe
dencies observed for samples A and B, respectively at 80
For sample B with undoped active region, the measurem
show quite strong reduction of the injected spin polarizat
with bias. For sample A with highlyp-doped active region
the spin injection practically does not change with bi
~Here we can exclude any possibility of TB degradation or
its interfaces on the result of measurements, since exp
mental points were taken with increasing as well as decr
ing bias sequence.! Such a behavior suggests that the eff

FIG. 17. Measurements for sample B~undoped active region! of
the degree of circular polarization of the electroluminescence in
external oblique magnetic field after subtraction of MCD contrib
tion. The Hanle fit@Eq. ~6!# reveals the degree of injected sp
polarization normalized to spin scattering parameterTs /t and P
•Ts /t>(561)%.
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is associated with properties of the active region of the
vice and not with the spin injection. The effect can be rela
to the loss of polarization during the thermalization of h
electrons. For higher biases the electrons injected into
active region have higher kinetic energy. From all-optic
measurements it is known that the effect of spin scatter
and loss of polarization during thermalization is much stro
ger in samples with lower doping level~Dyakonov-Perel
mechanism7!. This can explain the observed difference b
tween samples A and B.

Another surprising fact is the narrowing of the Han
curve with bias. At low bias the half-width of the Hanl
curve corresponds to the one observed in all-optical meas
ments, and then decreases to lower values at higher bia
Even though this change is not very important (;1.5 times!,
so far it was observed on all measured devices on all fa
cated samples. This change cannot be attributed to the h
ing of the sample at higher biases, when higher Joule en
is dissipated in the device. The heating causes the oppo
effect—the acceleration of the spin relaxation and the
crease of the half-width of Hanle curveDB.

The narrowing of the Hanle curve can also find an exp
nation in terms of thermalization process. If the thermaliz
tion is slow enough, the spin precession due to the exte
magnetic field during the thermalization cannot be neglec
As was observed in all-optical experiments, this leads to
formation and narrowing of the Hanle curve.38 However, fur-
ther investigation is needed for confirmation of this mode

Room temperature measurements have revealed sim
tendencies for the bias dependencies of injected spin po
ization. Within measurements error, no change of the h

e
-

FIG. 18. Experimental bias dependencies of the injected s
polarization and the half-width of the Hanle curve for sample
(p-type active region!.
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width of the Hanle curve was observed at 300 K. This in
cates that electron thermalization is fast and no s
precession occurs during this process.

D. TMR measurements

It is interesting to compare the spin polarization of ele
trons injected into the semiconductor with the electron s
polarization in the FM. In our case, the last one can be ev
ated from TMR measurements.39 Moreover it is known that
the absolute value of the TMR effect depends not only on
absolute value of the spin polarization within the FM, b
also on interface properties and the density of states wi
the tunnel barrier.40,41The quality of the AlOx interfaces and
fabrication of the pinhole free tunnel barriers with go
structural and electrical properties is of tremendous imp
tance for both types of the devices. For this purpo
CoFe/AlOx /CoFe TMR junctions were repeatedly fabricat
in the same sputtering system. These TMR junctions sh
28% TMR effect at 80 K and 20% at 300 K. According to th
Julliere theory42 these TMR values correspond to spin pola
ization in the FM ofP540% and 30% at 80 and 300 K
respectively. The polarizations of injected electrons m
sured in our spin LEDs are already quite close to these
ues. We believe that spin injection in the hybrid ferromagn
oxide/semiconductor devices can be improved the same
as in the TMR junctions, by improving the quality of th
oxide barrier and its interfaces, and by using ferromagn
materials with higher spin polarization.

FIG. 19. Experimental bias dependencies of the injected s
polarization and the half-width of the Hanle curve for sample
~undoped active region!.
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V. CONCLUSIONS

The presented results show that the oblique Hanle ef
approach represents a useful tool for optical assessmen
electrical spin injection into semiconductors. It discriminat
spin injection from side effects, e.g., magnetooptical a
Zeeman splitting induced spin polarization. In addition,
provides very valuable information about spin kineti
within the semiconductor. Combined with all-optical chara
terization of the spin detector part of the device it represe
a powerful tool for quantitative evaluation of the spin inje
tion.

We also note that the electron spin relaxation timeTs ,
which defines the width of the Hanle curve in our expe
ments, is approximately of the same order in other comm
III-V compounds.43,44,7 In contrast, theg* factors in these
compounds strongly depend on the band struct
parameters.45 So for materials with higherg* factors, for
example GaSb@g* 59 and 3~Ref. 46!#, the same value of
spin scattering timeTs will give a much narrower~in the
case of GaSb–;20 times narrower! Hanle curve. In this
case, the Hanle measurements~even at room temperature!
can be performed in very low external magnetic field, whe
the effect of tilting of magnetization in ferromagnetic film
can be totally neglected.

To get a fast feedback on the quality of spin injectors us
for spintronics applications it is very important to have
independent characterization tool. In our case the TMR ju
tions fabricated in the same sputtering system provide es
tial feedback on the quality of the ferromagnetic metal/tun
barrier spin injectors. Moreover, such TMR data can be u
to estimate the spin injection efficiency in the MIS-type h
erostructures.

Our results indicate that the use of a tunnel barrier injec
is indeed an interesting route to inject spins into a semic
ductor. The introduction of an oxide layer allows one to fa
ricate more stable and robust spin injectors. A large vari
of ferromagnetic materials can be deposited on top of
oxide layer, forming a universal spin source. We consi
these to be very promising results for future room tempe
ture spintronic devices using stable tunnel barrier injecto
such as Al2O3 or AlN on III-V ~e.g., GaAs, GaN! or state-
of-the-art SiO2 for Si/SiGe devices.
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