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We present magnetic and tunnel transport properties of �Ga,Mn�As/ �In,Ga�As/ �Ga,Mn�As structure before
and after adequate annealing procedure. The conjugate increase of magnetization and tunnel magnetoresistance
obtained after annealing is shown to be associated with the increase of both exchange energy �exch and hole
concentration by reduction of the Mn interstitial atom in the top magnetic electrode. Through a 6�6 band k · p
model, we established general phase diagrams of tunneling magnetoresistance �TMR� and tunneling aniso-
tropic magnetoresistance �TAMR� vs �Ga,Mn�As Fermi energy �EF� and spin-splitting parameter �BG�. This
allows us to give a rough estimation of the exchange energy �exch=6BG�−120 meV and hole concentration of
the order of p=1�1020 cm−3 for �Ga,Mn�As and beyond gives the general trend of TMR and TAMR vs the
selected hole band involved in the tunneling transport.
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I. INTRODUCTION

In the field of spintronics with semiconductors, the
integration of the p-type ferromagnetic semiconductor
�Ga,Mn�As in III-V heterojunctions has allowed us to study
physical effects related to the injection of a spin-polarized
tunneling current in the valence band of semiconductors. The
complexity of the transport mechanisms associated with
spin-orbit coupled states makes this material a powerful
means for finding effects and provides challenges for theo-
retical understandings. This includes tunnel magnetoresis-
tance �TMR� across single and double barriers1,2 tunnel an-
isotropic magnetoresistance �TAMR�,3,4 Coulomb blockade
anisotropic magnetoresistance,5 and spin transfer
experiments.6,7 Nevertheless, one of the main limitation of
such p-type material for spintronics integration is the rela-
tively low Curie temperature. Through postgrowth low-
temperature annealing treatment, Curie temperatures as high
as 173 K could be obtained.8 The elimination of interstitial
manganese atoms, double donors, that couple antiferromag-
netically with the manganese atoms in substitutional position
is mainly invoked to explain the increase of the critical tem-
perature. Such Mn atoms diffuse towards the surface to form
either a MnO �Refs. 9 and 10� or a MnN �Ref. 11� layer,
depending upon the annealing conditions.

In this paper we describe the effect of annealing on
the magnetic and electric properties of a
�Ga,Mn�As/ �In,Ga�As/ �Ga,Mn�As tunnel junction. We
have focused our report on this single hetereojunction even
though other structures of different Mn concentrations and of
different thicknesses were studied, leading to the same gen-
eral trends than those reported here.12 In the first part, we
detail the effect of annealing on magnetization measurements
and confirm observations made on a �Ga,Mn�As trilayer
structure with a GaAs barrier.13 The second part presents the
results obtained on junctions fabricated by optical lithogra-
phy by describing the behavior of resistance area �RA� prod-
uct, TMR, and TAMR through annealing. In the last part, a
general interpretation of the data behavior from both mag-

netic and electric measurements is given through a 6�6
band k · p model of the tunneling transport. Two important
parameters are clearly identified: the hole filling related to
the position of the Fermi level, �F, and the spin splitting
parameter, BG, introduced in the framework of the Zener
model through the mean-field approximation.14

II. EXPERIMENTAL RESULTS

The Ga0.926Mn0.074As �80 nm� / In0.25Ga0.75As
�6 nm� /Ga0.926Mn0.074As �15 nm� structure from the top to
bottom was grown by molecular beam epitaxy at 250 °C on
a p-doped GaAs buffer layer �p�2�1019 cm−3�. Annealing
treatment has been performed at 250 °C in a nitrogen atmo-
sphere during 1 h. Concerning the magnetic measurements,
the annealing was performed on a whole piece of 5
�5 mm2 whereas it was realized on patterned junctions for
electrical experiments.

Figure 1 displays the magnetization curve of the sample
measured by superconducting quantum interference device
before and after the annealing procedure. The two step mag-
netization reversal along �100� axis at 10 K originates from
the consecutive reversal of the two magnetic layers �Fig.
1�a��. From those measurements, one can extract three im-

-200 -100 0 100 200
-40
-30
-20
-10

0
10
20
30
40

M
(e

m
u

cm
-3

) As-grown
Annealed

Magnetic field (Oe)

(a)
0 100 200 300

0

10

20

30

40
55 K

As-grown
Annealed

M
(e

m
u

cm
-3

)

Temperature (K)

122 K

(b)

FIG. 1. �Color online� �a� Magnetization curve vs magnetic field
at 10 K before and after annealing along �100� direction; �b� mag-
netization curve as a function of the temperature before and after
annealing in a field of 500 Oe.
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portant features consistent with the reduction, by the anneal-
ing procedure, of interstitial Mn in the top magnetic layer: a
large decrease of the coercivity HC, an increase of the mag-
netic moment MS, as well as an increase of the Curie tem-
perature TC. Concerning the variation of HC, previous mag-
netization study pointed out that the related decrease of the
coercive field of a �Ga,Mn�As film should be associated with
the elimination of pinning centers played by interstitial Mn.15

The resulting increase of the carrier concentration may also
contribute to the decrease of the anisotropy field as well as
the increase of the average exchange interactions.14 Derived
from the mean-field theory, the average spin-splitting param-
eter within �Ga,Mn�As can be estimated from the saturation
magnetization according to BG=

AF�MS

6g�B
where AF is the Fermi

liquid parameter and � the p-d exchange integral.14 Consid-
ering that only the top �Ga,Mn�As layer is affected by ther-
mal treatment, it is then possible to evaluate the increase of
the spin-splitting BG parameter from −17 to −24 meV by
annealing.

The observed Curie temperatures are in good agreement
with those found on thicker magnetic layers confirming that
�Ga,Mn�As layers of width larger than 50 nm should still
possess a large concentration of interstitial manganese.10,16

In the present case, the Curie temperature goes from
55 to 122 K �Fig. 1�b��. Because of the larger magnetic mo-
ment carried by the top layer, the behavior of the thin bottom
layer is hidden in the full magnetization cycle, supporting the
conclusion that only the properties of the top layer are modi-
fied. A further confirmation is provided by the Auger electron
spectroscopy analysis of the chemical profile of Mn within
the whole structure �not reported here�. A significant Mn ac-
cumulation at the top of the surface is clearly evidenced,
whereas no obvious change was observed in the bottom
layer. This result was already put forward by Chiba et al.13 It
is known from Stoner et al.17 that capping a �Ga,Mn�As film
by a thin GaAs layer exceeding 5 nm does not improve its
Curie temperature. The formation of a p-n junction avoiding
the migration of interstitial n-type Mn was suggested.18

Magnetic tunnel junctions have been patterned by optical
lithography �the junction size is ranging between 8 and
128 �m2�. The electrical measurements in the current per-
pendicular to plane regime were performed at 3 K and at low
bias �1 mV� using standard dc technique. Nonlinear tunnel-
ing I�V� curves recorded indicate that the 6 nm �In,Ga�As
layer still acts as a barrier for holes injected from the
�Ga,Mn�As source.7 The reason is twofold: �i� the position of
Mn acceptor level in the band gap of GaAs leads to an initial
positive band offset between �Ga,Mn�As and GaAs and �ii�
the incorporation of n-type As antisites during the low-
temperature growth procedure governs, by part, the pinning
of the Fermi level at a higher position in energy than ex-
pected neighboring the midgap of GaAs.

We are first going to address the TMR experiments. In
Fig. 2�a�, we note, for a 128 �m2 junction, a conjugate in-
crease of TMR from 30% to 120% after annealing associated
with a decrease of the RA product �resistance � junction area
at 3 K and 1 meV� from 0.05 to 0.003 � cm2. Moreover, as
already observed on magnetic properties and despite a dis-
crepancy in magnitude related to size effects, the top mag-

netic layer is shown to be softened by annealing. Although
the magnetic properties derive from the whole magnetic lay-
ers �volume effect� whereas the tunneling process is more
sensitive to interfaces, it seems possible to draw some pre-
liminary qualitative conclusions. Such observations, i.e., the
lowering of the specific RA product and the reduction of the
coercive field, has to be correlated to a change of the Fermi
energy within �Ga,Mn�As involving, in parallel, an increase
of the hole concentration as well as a reduction of the barrier
height. Note, however, that no TMR bias asymmetry could
be evidenced after annealing. This tends to prove that a ho-
mogenization of the carrier concentration takes place at both
sides of the barrier due to the equalization of the Fermi level.

Some more general trends were observed on a set of four
junctions �Fig. 2�b��. Whereas TMR values shows a large
discrepancy between 30% and 90% before annealing, a ho-
mogenization of the values occurs after annealing where
TMR lays between 110% and 130%. Assuming spin-
conservative tunneling transfer, the evolution of TMR with
temperature has to be directly linked to the effective spin
polarization of holes within the ferromagnetic layer.19 Note
that the effective temperature �T�55 K� for which TMR
vanishes remains unchanged after annealing �Fig. 2�c��. This
corresponds to the lower Curie temperature of the bottom
electrode that was not affected by annealing. The drop of
TMR around 15 K before and after annealing must be related
to the rapid variation of the coercive field of the thin mag-
netic layer as a function of the temperature.20

We are now going to focus on TAMR measurements that
reflect a variation of the tunnel RA product vs the crystallo-
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FIG. 2. �Color online� �a� Tunnel magnetoresistance measure-
ments as a function of the magnetic field at 1 mV and 3 K for a
128 �m2 junction. �b� Tunnel magnetoresistance measurements as a
function of resistance � area product at 3 K for four �un�annealed
junctions. �c� Tunnel magnetoresistance at 1 mV as a function of
the temperature before and after annealing. �d� Tunnel anisotropic
magnetoresistance measurements as a function of the orientation of
a 6 kOe saturating field at 1 mV and 3 K for a 128 �m2 junction.
In the present case, 0° corresponds to an in-plane magnetization
along �100� crystallographic direction and 90° to an out-of-plane
magnetization along �001� crystallographic direction.
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graphic orientation of the magnetization in the saturation re-
gime. In the present case, TAMR is mediated by the strong
anisotropy of the �Ga,Mn�As valence band subject to both
exchange and spin-orbit interactions. Concerning the experi-
mental protocol, careful attention was paid to record the
variation of the RA product when the magnetization, initially
oriented in the plane along the �100� crystallographic direc-
tion, is rotated out-of-plane along the growth direction �001�
in a saturating field of 6 kOe �Fig. 2�d�� giving maximal
effects as follows:

TAMR�%� = 100 �
R�100� − R�001�

R�001�
.

A decrease of conductance of about 10–15% is thus evi-
denced at 3 K and 1 mV by rotating the magnetization in the
direction of the tunneling current, in good agreement with
experiments obtained with a ZnSe barrier.4 The same behav-
ior and range have been on the set of four junctions before
and after annealing. No resistance variations higher than 4%
could be detected when rotating the magnetization in the
plane of the junctions.

III. THEORETICAL MODEL

Our calculations of the transmission coefficient are based
on the multiband transfer matrix technique developed in de-
tail by Pethukov et al.,21 Brey et al.,22 and Krstajic and
Peeters23 and applied to the hole 6�6 valence band k · p
Hamiltonian Hh. Added to the Kohn-Luttinger kinetic Hamil-
tonian, this includes a p-d exchange term introduced by the
interaction between the localized Mn magnetization and the
holes derived in the mean-field approximation thus giving

Hh = − ��1 + 4�2�k2 + 6�2�
	

L	
2k	

2 + 6�3 �
	��

�L	L�

+ L�L	�k	k� + 
soL�S� + 6BGm̂S� �1�

equivalent to the one proposed by Dietl et al.14 and Abolfath
et al.24 Here, 	= 	x ,y ,z
, L	 are l=1 angular momentum

operators, S� is the vectorial spin operator, m̂ the unit magne-
tization vector, and �i are Luttinger parameters of the host
semiconductor GaAs. 6BG represents the spin splitting be-
tween the spin up and spin down heavy holes at the �8 point
like originally introduced by Dietl et al.14 We did not take
explicitly into account the stress Hamiltonian which is
shown to give the same qualitative conclusions than the ones
elaborated further.

To derive the transmission coefficient, the boundary con-
ditions to match at each interface are21 as follows.

�i� The continuity of the six components of the envelope
function according to �n

++�n̄rn,n̄�n̄
−=�n�tn,n��n�

+ where the
subscript tn,n� �rn,n̄� refer to the respective transmission �re-
flection� amplitude from incident �n�, reflected �n̄�, and
transmitted �n�� waves.

�ii� The continuity of the six components of the current

wave vector according to Ĵ�n
++�n̄rn,n̄Ĵ�n̄

−=�n�tn,n�Ĵ�n�
+

where, in the k · p approach, the current operator in the z

direction writes Ĵ= 1


�Hh

�kz
.

Concerning the heterojunction itself, the valence band off-
set �VBO�, dB, between �Ga,Mn�As and �In,Ga�As fixes the
effective barrier height � according to dB=−�F+� �inset of
Fig. 3�. The top of paramagnetic �Ga,Mn�As �BG=0� valence
band is taken here as the reference for energy. As an ex-
ample, we present, on Fig. 3, the calculated RA product of a
�Ga,Mn�As/In0.25Ga0.75As�6 nm� / �Ga,Mn�As junction vs
the respective VBO using standard Landauer formula for
tunnel conductance. The physical parameters used for
�Ga,Mn�As are 6BG=−120 meV and p=1.5�1020 cm−3

��F�−0.1 eV� which seems quite reasonable. Although the
VBO between Ga0.926Mn0.074As and In0.25Ga0.75As is still un-
known, recent photoemission spectra determined the barrier
height � between �Ga,Mn�As and low-temperature grown
�LT-grown� GaAs to be 0.45 eV.25 This is in agreement with
our k · p model considering a RA product approaching
�10−3 � cm2 after annealing for dB=−0.55 eV �Fig. 3� as
well as with experimental results of Chiba et al.20 To match
with our calculation �Fig. 3�, the valence band offset between
In0.25Ga0.75As and �Ga,Mn�As should be taken larger, of the
order of dB=−0.7 eV giving an effective barrier height of
0.6 eV. However, the true band offset between In0.25Ga0.75As
and GaAs grown at high temperature is known to be less
than 50 meV.26 Nevertheless, it should be noted that, in the
present case of LT-growth procedure, the real value of �
should depend on the following.

�i� The nature and density of the dangling bonds at each
interface promoted by the low-temperature growth procedure
fixing the real valence band offset between two
semiconductors.27

�ii� The local density and position in energy of ionized
defects in the barrier such as As antisites which strongly
influences the valence band bending within the whole hetero-
junction as well as the average barrier height.

However, surprisingly, we have noticed that TMR remains
almost insensitive to the barrier height � �not shown�. Let us
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FIG. 3. �Color online� Calculated resistance area �RA� product
of the trilayer structure as a function of the band offset dB between
the ferromagnetic semiconductor and a 6 nm barrier of GaAs or
�In,Ga�As. The physical parameters used for �Ga,Mn�As are
6BG=−120 meV and p=1.5�1020 cm−3. Insets: �bottom� RA prod-
uct as a function of the �In,Ga�As barrier width d for a band offset
dB=−0.7 eV; �top� valence band profile of the heterojunctions.
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then focus on the phase diagrams TMR ��F ,BG� and TAMR
��F ,BG� established from the previous model of k · p tunnel
conduction. Figure 4 displays both TMR and TAMR vs the
spin-splitting parameter BG and the Fermi energy �F of the
ferromagnetic semiconductor whose properties are assumed
to be identical at both sides of the �In,Ga�As barrier. Also are
plotted on phase diagrams three different lines corresponding
to constant carrier concentrations of 1�1020, 3.5�1020, and
5�1020 cm−3, as well as the energy of the four first bands at
the center of the Brillouin zone. We are first going to discuss
the general trends for TMR and TAMR from such diagrams.

IV. DISCUSSION

High TMR values, up to several hundred percents, can be
expected either for spin-splitting values larger than several
tens of meV or for low carrier concentration, that is, when
only the first subband is involved in the tunneling transport.

This corresponds to a quasi-half-metallic character for
�Ga,Mn�As. Starting from the first subband and increasing
the carrier concentration to fill the consecutive lower sub-
bands �n=2,3 ,4�, up and down spin populations start to mix
up, leading to a decrease of TMR. For high carrier concen-
tration �n=4�, small TMR is expected which may anticipate
difficulties to conciliate high Curie temperature and large
TMR effects. We specify that for low values of spin splitting
and Fermi energy, ferromagnetic phase induced by carrier
delocalization may not exist �top right corner of the dia-
gram�, which is, of course, not taken into account in our k · p
model using a basis of propagative envelope wave function.
In the same manner, we cannot reproduce metal-insulator
transition in the tunneling transport, responsible for the large
in-plane TAMR.3,28

What about TAMR signal? We can first note a possible
change of sign for TAMR on crossing the third subband. The
first subband clearly gives a negative contribution to TAMR.
This originates from the predominant heavy hole character of
such band, an in-plane magnetization allowing, through off
diagonal components, a possible heavy to light hole conver-
sion, and then a larger transmission through the barrier.29

This argument is reversed for the second and third subbands
with the results that TAMR becomes positive when n=2 and
n=3 subbands are dominant in the tunneling transport. We
can point out that a change of TAMR sign was already ob-
served on a Zener-Esaki diode30 as well as theoretically es-
tablished through tight-binding treatment.31 Reducing the
hole concentration through hydrogenation techniques gives
the possibility to probe this possible crossover from positive
to negative TAMR.32 Concerning our experiments, taking
into account conjugate TMR and TAMR values obtained be-
fore and after annealing, one can roughly evaluate the pro-
jection of the corresponding signals trajectories in the
��F ,BG� plane followed during annealing �Fig. 4�. The Fermi
energy is the free parameter and it is chosen to reproduce at
best the amplitude of both the measured TMR ��Fig. 2�a��
and TAMR �Fig. 2�d��. A good qualitative agreement can be
found even though symmetrical junctions were simulated in
order to restrict the number of parameters.

Evaluating directly the interfacial spin splitting from the
mean-field theory appears difficult since the interfacial mag-
netic properties are hardly accessible. However, using the BG
value estimated in mean-field theory from the measured
magnetic moment �before and after annealing�, a good quali-
tative agreement can be found for TMR and TAMR, as illus-
trated by the trajectory represented on Fig. 4 between point 1
�before annealing� and point 2 �after annealing�. A more re-
fined calculation including two different BG values after an-
nealing should be required to draw definite quantitative con-
clusion.

We are now going to discuss the hole concentration de-
rived from these diagrams. TMR and TAMR values obtained
before annealing are well reproduced for a hole concentra-
tion approaching 1020 cm−3 �Fig. 4�, in good agreement with
the one measured for a single �Ga,Mn�As layer and already
reported.33 Indeed, lower hole concentrations involve nega-
tive TAMR values and higher hole concentrations involve
very weak TMR values. The annealing procedure has for
effect to �i� remove Mn interstitial atoms, �ii� increase carrier
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FIG. 4. �Color online� Tunnel magnetoresistance �a� and tunnel
anisotropic magnetoresistance �b� vs Fermi energy and spin split-
ting for a 6 nm �In,Ga�As barrier and a band offset dB=−0.7 eV.
White lines represent the four bands at the center of the Brillouin
zone. Gray lines indicate the Fermi energy for different hole
concentrations.
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concentration, and �iii� reduce the effective barrier height
even if the valence band position is expected to grow up due
to an increase of the average exchange energy �BG�. The
strong reduction of the RA product associated with the in-
crease of TMR is consistent with such assumption. Never-
theless, the hole concentration extracted after annealing from
the phase diagram �1.7�1020 cm−3 appears to be weak
compared to the one reported in the literature and derived
from Hall effect measurements. The existence of a possible
concentration gradient can be at the origin of such discrep-
ancy. Also can be invoked a reduction of the hole concentra-
tion at the interfaces with the barrier due to a significant
charge transfer between p-type �Ga,Mn�As and n-type
�In,Ga�As �excess of As antisites�.28,34

V. CONCLUSION

In summary we have shown that annealing a �Ga,Mn�As-
based tunnel junction mainly affects the properties of the top
magnetic layer, ensuring an increase of the effective magne-
tization and a significant enhancement of the tunnel magne-
toresistance. The comparison between experiments and mod-
elization of the spin-polarized tunneling current using 6�6

band k · p treatment vs intrinsic �Ga,Mn�As parameters �hole
filling and exchange energy� allowed a rough estimation of
the average exchange interactions and carrier concentration
in �Ga,Mn�As at the interface with the barrier. We point out
that while the magnitude of TMR appears very sensitive to
both parameters �BG and �F�, the TAMR variation is limited
to several tens of percent but may change sign crossing from
upper to lower �Ga,Mn�As subbands. As a final conclusion,
we think that this reduced parameter model gives a good
qualitative agreement of the tunneling transport and enables
us to extract the fundamentals of TMR and TAMR processes
involving tunnel transport of spin-orbit couple state. In order
to go further and draw more quantitative information, a per-
fect control and knowledge of the carrier density seems to be
necessary.
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