
Chemical profile and magnetoresistance of Ga1−xMn xAs/GaAs/AlAs/GaAs/Ga1−xMn xAs
tunnel junctions

R. Mattana,* M. Elsen, J.-M. George,† H. Jaffrès, F. Nguyen Van Dau, and A. Fert
Unité Mixte de Physique CNRS-THALES, Domaine de Corbeville, 91404 Orsay Cedex, France and Université Paris Sud,

91405 Orsay Cedex, France

M. F. Wyczisk, J. Olivier, and P. Galtier
THALES Research and Technology France, Domaine de Corbeville, 91404 Orsay Cedex, France

B. Lépine, A. Guivarc’h, and G. Jézéquel
Equipe de Physique des Surfaces et Interfaces, Unité Mixte de Recherche CNRS-Université 6627 ”PALMS,” Université Rennes I, 35042

Rennes Cedex, France
sReceived 25 June 2004; revised manuscript received 19 November 2004; published 25 February 2005d

We have investigated the manganese diffusion depth and the tunneling magnetoresistancesTMRd properties
in Ga1−xMnxAs/GaAs/AlAs/GaAs/Ga1−xMnxAs tunnel junctions. Auger electron spectroscopy and transmission
electron microscopy analysis show that the Mn diffusion depth is less than 15 Å. TMR measurements have
been performed on tunnel junctions where different GaAs spacer thicknesses are inserted between the
Ga1−xMnxAs electrode and AlAs tunnel barrier. Our results suggest that the GaAs thickness plays a crucial role
on the temperature dependence of the TMR.
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I. INTRODUCTION

Electrical spin manipulation in semiconductors constitutes
a huge challenge for a new generation of spin-electronic
devices.1 Tunnel junctions based on ferromagnetic semicon-
ductors are of great interest because the existence of tunnel
magnetoresistancesTMRd is a signature of the transmission
of spin-polarized carriers.2 Magnetic tunnel junctions
sMTJ’sd based on the Ga1−xMnxAs ferromagnetic
semiconductor3,4 have been studied by several groups5,6 in
recent years. Although this ferromagnetic semiconductor7

has a relatively weak Curie temperature, currently reaching
159 K,8 it is relatively easily integrated into III-V semicon-
ductor heterostructures. Therefore Ga1−xMnxAs-based MTJ’s
constitute a reference system for future electrical spin ma-
nipulation experiments. In tunnel junctions, the insertion of a
thin GaAs spacers,10 Åd between the Ga1−xMnxAs ferro-
magnetic electrodes and the AlAs tunnel barrier has been
found to significantly enhance the TMR.9 It seems that this
GaAs spacer prevents Mn diffusion into the tunnel barrier
and therefore improves TMR. Since the results published by
Tanaka and Higo,9 several groups have introduced this GaAs
layer in similar structuresfGa1−xMnxAs/AlAs/GaAs/AlAs/
Ga1−xMnxAs sRef. 10d and Ga1−xMnxAs/AlAs/MnAs sRef.
11dg. These results raise different questions about the Mn
diffusion depth and the influence on the TMR of a GaAs
layer inserted between ferromagneticsFMd electrodes and an
insulatorsId tunnel barrier.

In this paper, we investigate the chemical profile of
Ga1−xMnxAs/GaAs/AlAs/GaAs/Ga1−xMnxAs tunnel junc-
tions. The manganese diffusion depth at the
Ga1−xMnxAs/GaAs interface is determined by Auger electron
spectroscopysAESd and transmission electron microscopy
analysis. Then we discuss the spin-dependent transport prop-

erties of magnetic tunnel junctions. In particular, we study
the temperature dependence of TMR in tunnel junctions
when GaAs spacer layers, thicker than the Mn diffusion
depth, are inserted at the ferromagnetic-insulator interfaces.
The tunnel junctions studied are composed of two
Ga1−xMnxAs ferromagnetic electrodes separated by a thin
AlAs s17 Åd tunnel barrier. In order to determinate the Mn
diffusion depth we have inserted a 100-Å-thick GaAs layer
at the FM/I interfaces. Magnetic and electrical measurements
have been performed on magnetic tunnel junctions with thin-
ner GaAs spacer layers of 10 Å and 50 Å. MTJ’s have not
been annealed in order to prevent Mn diffusion into the
whole heterostructures.

II. SAMPLE PREPARATION

A. Growth procedure

Samples were prepared in a RIBER 2300 molecular beam
epitaxy sMBEd system equipped with an As4 solid source.
We used semi-insulating GaAss001d wafers on which a 100-
nm-thick undoped GaAs buffer was first grown at high tem-
perature using standard conditionsfsubstrate at 580 °C, ratio
between the beam equivalent pressuressBEPd of As4 and Ga
equal to , 25, growth rate of 0.3mm/hg. The growth of
Ga1−xMnxAs was then initiated at 230 °C on a C 434 As-
rich GaAs surface with the same rate but an As4/Ga BEP
ratio equal to 10. During and after the growth, reflection
high-energy electron diffractionsRHEEDd showed a streaked
pattern with a 132 surface reconstruction. The magnetic
tunnel junctions with 10-, 50- and 100-Å GaAs spacer thick-
nesses were grown under the same conditions.
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B. Ga1−xMn xAs electrode characterizations

1. X-ray diffraction measurements

Calibration samples of 1mm thick were made at different
Mn compositions:x=0,0.037,0.066,0.071. Note that thex
=0 sample was used as a reference for the low-temperature
GaAs growth. The Mn composition was determined by en-
ergy dispersive analysis of X-rayssEDXd and the structural
properties of the layers were studied by X-ray diffraction
on a v−2u diffractometer sCGR Theta 2000d equipped
with a front curved quartz monochromatorslCuKa1

=0.154 056 nmd.
Results of the X-ray diffraction measurements are sum-

marized in Table I. Thes004d reflection was analyzed in the
usual symmetrical geometryu–2u and thes444d reflection in
an asymmetrical geometryv–2u fv=u−c with u the Bragg
angle andc the angle between the sample surface and the
s444d planesg. The corresponding reticular distances allowed
the calculation of the lattice parameters of the
Ga1−xMnxAs/GaAs layers in the perpendicularsa'd and par-
allel said directions to the sample surface. For all Mn com-
positions,ai is equal to the lattice parameter of the substrate
s0.565 33 nmd taking into account the accuracy of our mea-
surementss1.5310−4 on aid. These 1-mm-thick layers are
thus fully strained to the GaAss001d substrate and undergo a
compressive stress.12,13 From these results, we have calcu-
lated their relaxedsbulkd lattice parametersa0d assuming that
Ga1−xMnxAs has the same elastic constants as GaAs in this
Ga-rich composition range.14

Figure 1 shows a linear dependence ofa0 with Mn com-
position that is in good agreement with the previous works of
Shottet al.15 sMBE growth at 220 °Cd and Sadowskiet al.16

sMBE at 200 °C or migration-enhanced epitaxy at 150 °C for
8%øxø10%d. However, this behavior is quite different to
the one observed by Ohnoet al.17 sMBE at 250 °Cd but was
shown to depend strongly on the excess As incorporation
during growth.12,15

2. Magnetic and electrical measurements

Ga1−xMnxAs layers exhibit magnetic and transport prop-
erties similar to those already reported by Ohno,18 leading to
a qualitative agreement with the proposed phase diagram.
Figure 2sad shows the variation of the magnetic moment as a
function of temperaturesTd corresponding to three different
concentrations and Fig. 2sbd displays the variation of the
resistivity of two characteristic samples. This last figure

clearly illustrates the metal-insulator transition occurring
when the Mn concentration reaches 4.8%. At low concentra-
tion sxø4%d, an exponential variation of the magnetization
versusT can be observed, thus illustrating a weak ferromag-
netic phase. This low concentration limit is also character-
ized by an insulating phasefFig. 2sbdg by which a variation
of 5 orders of magnitude on the resistivity is observed when
cooling down the sample from room temperature to 10 K.
This phase displays a low Curie temperaturesabout 35 Kd
whose behavior may be attributed to polaron percolation.19

At higher concentration, the metallic phase is achieved cor-
respondingly to a Curie temperature larger than 60 K. With
our growth conditions, the solubility limit is reached at a
concentration ofxù6.25%, above which the formation of
MnAs cluster occurs. This effect is seen in Fig. 2sad where,
for the highest Mn concentration, a magnetic phase persists
until room temperature, indicating the presence of a MnAs
compoundsTC=340 Kd.

III. CHEMICAL PROFILE

A. Transmission electron microscopy

Transmission electron microscopysTEMd was performed
on tunnel junction with 100-Å-thick GaAs layers. See Table
II for sample characteristics. Due to the low Mn concentra-
tion and the small mass difference between Mn and Ga, a

TABLE I. Crystallographic data of Ga1−xMnxAs samples: the lattice parameters in the perpendicularsa'd and parallelsaid directions to
the sample surface were determined from the measurement of thes004d and s444d plane reticular distances. The relaxedsbulkd lattice
parametersa0d was calculated with theC11 andC12 elastic moduli of GaAssRef. 14d.

xMn

s%d
ds004d
snmd

ds444d
snmd

a'

snmd
ai

snmd
a0 bulk

snmd

0 0.14141 0.08161 0.5656 0.5653 0.5655

3.7 0.14185 0.08170 0.5674 0.5654 0.5664

6.6 0.14219 0.08176 0.5688 0.5653 0.5671

7.1 0.14225 0.08178 0.5690 0.5653 0.5673

FIG. 1. sColor onlined Relaxed sbulkd lattice parameter of
Ga1−xMnxAs vs composition. Our experimental points are com-
pared to the data obtained by Ohnoet al. sRef. 17d sin short dotsd
and Sadowskiet al. sRef. 16d or Shottet al. sRef. 15d ssame curve
in dashed lined.
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relatively weak contrast is expected, and thus the observation
was performed on a cleaved corner. In this geometrysid the
observation direction isf001g, which is very sensitive to the
chemical composition andsii d the geometry allows the visu-
alization of a small concentration related to the contrast
variation along the sample thickness. A bright field image
obtained with a resolution of 5 Å is shownsFig. 3d where the
Ga1−xMnxAs/GaAs/AlAs/GaAs/Ga1−xMnxAs structure is
clearly visible. Despite the weak contrast at the
GaAs/Ga1−xMnxAs interface, an interface sharpness of about
10 Å is deduced from the intensity variationsupper panel of
Fig. 3d.

B. Auger electron spectroscopy

Auger electron spectroscopysAESd constitutes a good
surface spectroscopy because the escape depth of the Auger

electrons is in the range of 0.5–3 nm. Combined with ion
etching, AES can be used to obtain elemental concentration
profiles within overlayers. Nevertheless, several factors af-
fect the resolution depth. The most important mechanisms
that broaden the concentration profiles can be divided into
two classes: Auger electron escape depth and ion bombard-
ment effectssion knock-on mixing and ion-induced rough-
nessd.

sid In an Auger sputter profiling experiment, the measured
elemental signal strength represents an average concentration
in the surface region of thicknessL. Thus, the depth resolu-
tion is limited by the escape depth and will be optimum if the
escape depth is minimized.

sii d First, ions incident on a specimen surface create an
atomic collision cascade in the bulk of the material. Some
atoms in this cascade reach the surface and are sputtered.
Primary recoils are displaced into deeper layerssknock-on

FIG. 2. sColor onlined sad Normalized magnetization of a 1
-mm Ga1−xMnxAs layer withx=3.7%, 4.3%, 6.25% as a function of
the temperature.sbd Resistivity as a function of the temperature in
the “current in plane” geometry for layers of Ga1−xMnxAs with x
=3.7% and 4.8%.

TABLE II. Characteristics of samples studied. Thickness of bottomsGa1−xMnxAsd and topsGa1−yMnyAsd electrodes are, respectively,
300 nm and 30 nm and the AlAs barrier thickness is 1.7 nm.TCx

sKd and TCy
sKd denote the Curie temperatures of the bottom and top

sGa1−xMnxAsd electrodes.

Samples Structure x s%d y s%d TCx
sKd TCy

sKd

AlAs barrier Ga1−xMnxAs/GaAss10 Åd/AlAs/GaAss10 Åd/Ga1−yMnyAs 4.5 5.7 45 45

GaAs/AlAs/GaAs barrier Ga1−xMnxAs/GaAss50 Åd/AlAs/GaAss50 Åd/Ga1−yMnyAs 5.4 6.1 55 90

TEM and AES Ga1−xMnxAs/GaAss100 Åd/AlAs/GaAss100 Åd/Ga1−yMnyAs 4.3 5.3 35 35

FIG. 3. sColor onlined TEM image of the tunnel junction with
100-Å-thick GaAs and the extracted intensity variation related to
the different layers.
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effectd and the other atoms are displaced from their original
position satomic mixingd, resulting in a broadening of the
measured depth profile. Second, it is known that a number of
projectile-target combinations leads to a roughening of the
surface during sputtering, depending on the ion-target nature,
on impurities present on the surface, on the ion energy, dose,
and incidence angle. It is apparent that the depth resolution
of composition profiling methods will be degraded by the
development of topographical structures.

The measured interface widthsWmd is defined in the Au-
ger depth profile as the distance between two points wherein
the auger signal varies from 84% to 16% of its total change
across the interface. The true interface widthsWtd can be
extracted from Auger profile depth taking into account the
broadening terms due to mixingsXMd and rougheningsXRd,
the escape depthL, and the geometry of the electron energy
analysis,a. The measured interface width can be written20

Wm = sWt
2 + a2L2 + XM

2 + XR
2d1/2. s1d

A 500-eV s280 nAd and a 1-keVs350 nAd Ar+ ion beam
were used to etch the sample during Auger concentration
profiling s5 keV, 20 nAd. We have used also a scanning force
microscope which investigates the surface structures at the
atomic level in order to precisely measure the surface rough-
ness. In good agreement with results obtained on the inter-
faces GaAs/AlxGa1−xAs and AlxGa1−xAs/GaAs,21,22 in the
150-nm range of etched material depth, the Ga1−xMnxAs sur-
face roughness remains nearly constant and equal to
,0.6nm. From raw spectrum obtained at 1 keV and 500 eV
sFig. 4d, the manganese diffusion depth at the Ga1−xMnxAs
/GaAs and GaAs/Ga1−xMnxAs interfaces can be evaluated to
12±3 Å.

Taking into account the Mn diffusion depth, established
by AES analysis, we have elaborated a magnetic tunnel junc-
tion with a GaAs spacer thickers50 Åd than the Mn diffusion
depths,12±3 Åd in order to study the influence of a non-
magnetic semiconductor layer inserted at the FM/I interfaces
on the TMR. Magnetotransport experiments performed on
this junction snamely GaAs/AlAs/GaAs barrierd are com-
pared to results obtained on MTJ with only 10-Å-thick GaAs
spacersnamely AlAs barrierd.

IV. SPIN-DEPENDENT TRANSPORT

A. Experimental results

We now focus on the spin-polarized transport in such tun-
nel junctions. The top and bottom Ga1−xMnxAs ferromag-
netic electrodes have different thicknesss30 and 300 nmd
and different Mn concentrations6.1% and 5.4% for the MTJ
with a 50-Å GaAs spacer and 5.3% and 4.3% for the MTJ
with a 10-Å GaAs spacerd in order to obtain two different
coercive fields and thus an antiparallelsAPd magnetic con-
figuration. Magnetic measurements show that the Curie tem-
perature is, respectively, 90 and 55 Ksfor the top and bottom
electrodesd for the GaAs/AlAs/GaAs barrier sample and 45
K for AlAs barrier sample.

Figure 5 represents the hysteresis loops recorded by su-
perconducting quantum interference devicesSQUIDd mea-
surement at 10 K on the Ga1−xMnxAs/GaAs/AlAs/GaAs/
Ga1−xMnxAs sample before patterning. The magnetic field is
applied in the plane of the layer along thef100g direction.
For all the structures, an easy axis was observed in this pe-
culiar direction, leading to an antiparallel arrangement of the
magnetic Ga1−xMnxAs layers in the range of field between 30
and 100 Oe. The value of the magnetic moment in the AP
configuration matches the expected value deduced from the
ratio of the two Ga1−xMnxAs layer thickness.

For the electrical measurements, samples are patterned
into circular junctions using optical lithography. The junction
diameter varies from 10 to 300mm. The resistance area
sRAd product of tunnel junctions at 1 mV and 4 K is about
0.1 V cm2 for the AlAs barriersin agreement with the works
of Tanaka and Higo9d and 25V cm2 for the GaAs/AlAs/
GaAs tunnel barrier. As shown in Figs. 6sad and 7sad both
structures exhibit a significant magnetoresistancesMRd at
low bias with a resistance maximum value corresponding to
the AP configuration.

Because the tunnel resistances of junctions is two orders
of magnitude larger than the resistance of the Ga1−xMnxAs
electrode, the MR observed cannot be attributed to aniso-
tropic magnetoresistance effectssAMRd of the ferromagnetic
electrodes. In order to better interpret the physical effects,
the variation of tunnel resistance versus the in-plane magne-

FIG. 4. sColor onlined Rough spectra obtained at 500 eV. Auger
signals of the manganese and aluminum are plotted.

FIG. 5. Magnetic measurements performed at 10 K on tunnel
junctions with AlAs barrierssquaresd and GaAs/AlAs/GaAs barrier
strianglesd. The magnetic field is applied in the plane, along the
f100g axis.
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tization direction was recorded in the saturated magnetic
states0.6 Td. No variation was observed in the junction with
the AlAs barrier and a maximum value of 2% between the
f100g easy axis and thef110g hard axis was observed on the
GaAs/AlAs/GaAs tunnel junction. This feature rules out tun-
neling anisotropic magnetoresistance effect as recently
reported.23 From the nonlinearIsVd curves recorded at low
temperatures4 Kd on both tunnel junctions with 10- and
50-Å-thick GaAs spacersinset of Fig. 8d, we can conclude
that a spin-dependent tunnel transport takes place across
these structures.

1. Single AlAs tunnel barrier

Figure 6sad shows the variation of resistance with the
magnetic field in plane, along thef100g axis at 4 K and 5
mV. Note that because of the antiferromagnetic dipolar cou-
pling occurring between the two ferromagnetic electrodes af-
ter patterning, the AP plateau appears to be enlarged com-
pared to the one measured before patterningsFig. 5d.

For this barrier and in the case of a direct tunneling, the
temperature dependence of the magnetoresistance reported in
Fig. 6sbd should be linked, through a generalized Jullière
formula,24 to the temperature dependence of the hole spin
polarization within the Ga1−xMnxAs electrodes. Note that, in
this case, TMR follows quite closely the decrease of magne-
tization to cancel atTC.

2. GaAs/AlAs/GaAs tunnel barrier

Figure 7sad shows the variation of resistance with the
magnetic field in plane, along thef100g axis, at 4 K and 1

mV. Unlike the single AlAs barrier, the drop of the TMR
versus temperature for GaAs/AlAs/GaAs composite barriers
is much faster than the decrease of the magnetizationfFig.
7sbdg and thus does not seem to be correlated to the magnon
excitations or to the hole spin polarization. The fast vanish-
ing of TMR suggests here that, parallel to a direct spin-
dependent tunneling, a non-spin-polarized thermal-assisted
transport mechanism is taking part in the tunnel conduction
as emphasized in the following section.

Figure 8 displays the normalized TMR bias dependence
for the two magnetic tunnel junctions, that is, TMR

FIG. 6. sad Magnetoresistance of the tunnel junction containing
a 10-Å-thick GaAs spacer measured at 4 K and at a constant bias of
5 mV. sbd Temperature dependence of magnetizationssquares, left
scaled and magnetoresistancescircle, right scaled.

FIG. 7. sad Magnetoresistance of the junction including 50-Å-
thick GaAs measured at 4 K and at a constant bias of 1 mV.sbd
Temperature dependence of magnetizationssquares, left scaled and
magnetoresistancescircle, right scaled of the junction with 50-Å-
thick GaAs.

FIG. 8. Bias voltage dependence of magnetoresistance at low
temperature of magnetic tunnel junctions with 10- and 50-Å-thick
GaAs spacers. In the inset, nonlinearJsVd curves of tunnel junc-
tions with 10-Å-sleft scaled and 50-Å-thicksright scaled GaAs at 4
K and at zero field.
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sVd/TMRs1 mVd. The corresponding decrease of TMR is
monotonic with a characteristicV1/2 of about 15 mV. The
behavior of the bias is quite similar for both types of junc-
tions despite a slightly faster decrease observed for the
GaAs/AlAs/GaAs composite barrier above 20 mV.

B. Transport mechanisms

It has been shown by transport measurements25 and by
photoemission26 that the valence-band offset at the
Ga1−xMnxAs/GaAs interface is still of the order of 100 meV,
GaAs also playing the role of a barrier for holes injected
from Ga1−xMnxAs.27 The resulting shape of the valence band
profile sFig. 9d then makes possible two different tunnel
transport mechanisms: direct tunneling from Ga1−xMnxAs to
Ga1−xMnxAs across the GaAs/AlAs/GaAs composite barrier
taken as a whole or a defect-assisted tunneling,28,29 more
probable for thick barriers,30 and for low-temperature grown
GaAs,31–33where the number of defects is known to increase
sAs antisites, Ga vacancies, etc.d. The relative contribution of
such mechanisms is related to the surface defects density28

and/or to the width of the impurity band beyond the metal-
insulator transitionslarge defect densityd.

In the case of holes, because the large spin-orbit coupling
is associated with a significant spin mixing, we can discrimi-
nate three elementary processes30 according to the number of
defects,N, involved for the transport:

sid A spin-conservative direct tunnelingsN=0d giving rise
to standard TMR effectsshereafter designed as TMRs0dd
whose amplitude can be linked to the electrode polarization
through a Jullière-like model24 extended to spin-orbit
coupled states. The evolution of TMRs0d with temperature
sTd, barrier thickness, and/or nature must then be associated
with a loss or an increase of the effective carrier spin polar-
ization. We think that the spin-dependent tunneling seen on
the single AlAs barriersFig. 6, Tanaka and Higo9 and Mat-
tanaet al.10d can be related to such direct tunneling.34 The
decrease of TMR withT reported on Fig. 6sbd must then be
ascribed to hole depolarization due to magnon excitations in
Ga1−xMnxAs when approaching the Curie temperature
sTCd.35 Along the same ideas, the drop of TMR with AlAs
barrier thickness9 must evidence a vanishing spin polariza-
tion of holes for thicker barriers.

sii d A spin-dependent tunneling through a variety of
chains including a singlesnonmagneticd localized state36 sN

=1d, whose probability to be located near the center of the
barrier is large. A good example of such a magnetoresistance
effect is given by Petukhovet al.37 for the condition of reso-
nant tunneling through a quantized state within a quantum
well. However, concerning defect-assisted tunneling, the ob-
servation of such resonance38 is conditioned by a large reso-
nant width sGd in comparison to the biasseVd applied and
to the width sWd of the impurity band. These criteria are
hardly fulfilled for holes because of a smaller tunnel trans-
mission. The resulting integrated resonant tunneling of spin-
polarized carriers gives rise to a TMRsdesigned as TMRs1dd
that is half of TMRs0d as calculated in the case of a double
junction with a nonmagnetic central electrode.39 An example
of such spin-dependent tunneling process is the TMR sig-
nal obtained on Ga1−xMnxAs/AlAs/GaAs/AlAs/Ga1−xMnxAs
double junctions10,35,37 at low temperatures4 Kd where the
carrier depolarization by hopping-assisted spin flip is
quenched.36,40 Except for a factor of 2 between TMRs0d and
TMRs1d, the two above-mentioned processes can be hardly
discriminated experimentally, having no specific signature in
temperatureT and biaseV.

siii d An inelastic tunneling through a variety of chains
including several localized statessNù2d in the barrier. We
expect that these mechanisms, predominant for thick barri-
ers, at higher temperature or at higher bias, as shown by Xu
et al.,30 are mostly non-spin-conservative because of the
strong depolarization occurring through hopping-assisted
spin flips between two spin-orbit coupled states. As largely
emphasized by Xuet al.30 and references therein in the case
of homogeneous barriers, the conductivity associated with
such a chain ofN localized states has a specific signature in
temperature and bias according toTN−1+sN−1d/sN+1d and
eVN−1+sN−1d/sN+1d. However, a small deviation from these
power laws can occur for composite barriers.

The overall tunnel conductivity,s, is then the sum of the
related chain conductivity,s(N) according to s=os(N),
whereas the resulting TMR is written simplys3TMR
=os(N)3TMR(N) or is expressed versus the characteristic
resistances:

TMR

R
= o

N

TMRsNd

RsNd s2d

A striking point is the dependence of both TMR and resis-
tance uponT for the GaAss5 nmd/AlAs/GaAss5 nmd barrier
reported on Fig. 10 by comparison to the reference AlAs
barrier. Whereas TMR and resistance in the antiparallel mag-
netic configurationsRAPd are not correlated for the AlAs bar-
rier, TMR andRAP of the GaAs/AlAs/GaAs composite bar-
rier follow the same variation. This feature could be linked to
a linear increase of the conductivity withT sFig. 10, R
~T−1 or s~T d.

From Eq.s2d, such correlation between TMR and resis-
tance, TMR~RAP sFig. 10d, is then compatible with the ex-
istence of a spin-dependent tunnel signal mostly nonther-
mally activated and including no more than a single defect
sN=0 or N=1d shunted by an unpolarized and thermally as-
sisted conduction including at least two defectssTMRsNd=0
and R,T−1 for Nù2d. Consequently, the rapid decrease of

FIG. 9. sColor onlined Valence-band profile of magnetic tunnel
junctions with 10- and 50-Å-thick GaAs spacers. The dashed line
represents direct tunneling through the GaAs/AlAs/GaAs barrier
with spin conservation whereas the dotted line represents a two-
defect-assisted tunneling associated with spin flip.
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TMR for GaAs/AlAs/GaAs junctions below 25 K, which is
far fromTC, conjugated to a drop of resistance withT may be
attributed to the opening of a nonpolarized thermal channel
played by a possible two defect-assisted tunneling required
for such valence-band profilesFig. 9d. This scenario is also
supported by the faster decrease of TMR versus bias above
20 mV sFig. 8d for the GaAs/AlAs/GaAs junction compared
to the single AlAs barrier, which can be assigned to a gradual

opening of a variety of chains including several localized
statesffrom siii dg adding itself to magnon excitations to de-
stroy the spin memory during the tunnel processes.

V. CONCLUSION

In conclusion, Auger electron spectroscopy and transmis-
sion electron microscopy analyses allow us to determinate a
Mn diffusion depth of 12±3 Å at the Ga1−xMnxAs/GaAs in-
terface. Even if the insertion of a thin GaAs layer seems to
prevent the Mn diffusion into the tunnel barrier and therefore
enhance the TMR, the insertion of a GaAs thicker than the
Mn diffusion depth induces the opening of a thermally acti-
vated non-spin-polarized channel and thus a fast decrease of
the TMR with the temperature. Thus, GaAs spacer thickness
appears to be a crucial component on the TMR temperature
dependence of ferromagnetic semiconductor tunnel junc-
tions.
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