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The influence of thermal annealing on Pt/Co/AlOx trilayers has been investigated up to 450 °C as a function
of the plasma oxidation time of the AlOx layer. Both magnetic properties of the Co layer and transport
properties are strongly modified upon annealing. The perpendicular magnetic anisotropy reaches very large
values, while the Hall angle increases with annealing temperature. This study reveals that this trilayer system
possesses tunable magnetic anisotropy properties, which can be controlled by varying either oxidation time or
annealing temperature. These results are compared with those obtained on standard Pt/Co/Pt trilayers which
show, on the contrary, a continuous degradation of their magnetic properties upon annealing.
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I. INTRODUCTION

Spin-dependent tunneling in magnetic tunnel junctions1

�MTJs� is one of the most exciting issues in spin electronics
that may lead to very important applications, such as mag-
netic read-heads,2 or magnetic random access memories.3

MTJs are usually composed of two ferromagnetic layers
separated by a metallic oxide barrier like AlOx �Ref. 4� or
MgO.5 In such systems, the tunneling transport is governed
by the spin-dependent interfacial densities of states, as well
as the electronic states within the barrier.6 Consequently, the
homogeneity of the insulator and the quality of its interfaces
deeply influence the transport properties of the MTJ.

Shortly after the observation of large room-temperature
tunneling magnetoresistance4 �TMR� in AlOx-based mag-
netic tunnel junctions, Sousa et al.7 demonstrated that ther-
mal annealing at about 250 °C could greatly improve the
transport properties of magnetic tunnel junctions. It was in-
deed understood that the initial oxidation of a Co/Al bilayer
is quite inhomogeneous. When the Al surface is exposed to
oxygen, the oxygen atoms preferably migrate along the Al
grain boundaries and even penetrate into the grain bound-
aries of the Co underlying electrode.8 Then upon annealing,
thermally activated diffusion of oxygen atoms into the alu-
minum grains takes place, leading to a more homogeneous
tunnel barrier and to a reduction in interfacial roughness.
However, for higher annealing temperatures �300 °C�, ther-
mal migration of the metallic atoms seems to reduce the
ability of the tunnel barrier to filter the electron spin and to
deteriorate the ferromagnetic electrodes.9–11

The case of MgO-based magnetic tunnel junctions5 is
slightly different since the crystallization of the tunnel barrier
as well as that of the amorphous ferromagnetic CoFeB elec-
trodes seem to be crucial to obtain a high TMR ratio. Then,
the maximum of TMR is obtained for annealing temperature
of the order of 350–500 °C.12,13

Recently, we demonstrated that plasma or natural oxida-
tion of an AlOx-based tunnel barrier has a significant influ-
ence on the magnetic anisotropy properties of a Pt/Co/AlOx
trilayer.14 For an optimal oxidation time �in the case of
plasma oxidation of an Al layer of a given thickness�, the
Co/AlOx interface is fully oxidized, whereas the oxygen at-

oms have not yet penetrated into the Co layer �in other
words, all Co-Al bondings are replaced by Co-O bondings�.
In this situation, the presence of a substantial amount of oxy-
gen atoms at this interface induces a strong perpendicular
magnetic anisotropy �PMA� which overcomes the in-plane
anisotropy of the Co layer.

PMA has been studied both experimentally15,16 and
theoretically17 and can be understood based on Bruno’s
theory.18 In the case of Co/AlOx interface, the 3dz2 orbital of
Co hybridizes with the 2p orbitals of oxygen. This hybrid-
ization lowers the Co-O binding energy, perpendicularly to
the interface. As a consequence, the orbitals perpendicular to
the interface possess a lower energy than the orbitals lying in
the plane �related to the parameter � in Ref. 18�, creating a
strong perpendicular magnetic anisotropy despite the rela-
tively weak spin-orbit coupling.

The study presented in Ref. 14 revealed that a range of
optimal oxidation conditions exists to obtain fully oxidized
Co/AlOx interface. Under these conditions, the magnetiza-
tion of the thin Co layer ��0.6 nm� lies out of plane, form-
ing a single domain structure. This effect is quite general
since it has been observed for different Pt /Co /MOx trilayers
�M =Mg, Al, Ta, Ru, Cr, etc.�.14,19,20 Moreover, preliminary
investigations have recently shown that, for underoxidized
trilayers with in-plane magnetic anisotropy, high-temperature
annealing could also lead to the appearance of a strong per-
pendicular magnetic anisotropy.21

The influence of annealing on the perpendicular magnetic
anisotropy of the trilayer presents a significant interest from
different points of view. First, it allows the control of the
oxidation process in MTJs through PMA measurements,
without microfabrication. Second, the presence of a sizable
interfacial magnetic anisotropy may be extremely interesting
for designing MTJs �Ref. 22� with magnetization perpen-
dicular to the interfaces. Up to now, a number of solutions
have been proposed to grow perpendicular MTJs, such as
L10 PtCo electrodes,23 TbCoFe electrodes,24 Co/Pd �Ref. 25�
or Co/Pt �Refs. 26 and 27� multilayers. From this point of
view, the achievement of high interfacial PMA together with
high interfacial spin-polarization at Co/AlOx interface is of
great interest. Finally, from a more fundamental perspective,
the influence of interfacial orbital anisotropy on tunneling
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properties of MTJs has recently been studied both theoreti-
cally and experimentally.28 The appearance of orbital aniso-
tropy at the interface between the barrier and the ferromag-
netic electrode creates an interfacial spin-orbit interaction
that can strongly influence the interfacial densities of states.

In this paper, we study the influence of thermal annealing
�up to 450 °C� of Pt/Co/AlOx samples, in which the metallic
Al layer has been plasma oxidized for different times. The
magnetic properties �perpendicular magnetic anisotropy and
nucleation field� as well as transport properties �Hall angle�
appear to be deeply influenced by this annealing process.
Large values of PMA and Hall angle are obtained, depending
on the annealing temperature and on the oxidation time,
making these samples very interesting for both conventional
and perpendicular MTJ, extraordinary Hall-effect �EHE� sen-
sors applications and anisotropic TMR studies.

This paper is organized as follows: Section II presents the
magnetic properties of the samples before annealing. The
influence of thermal annealing on the above mentioned prop-
erties is described in Sec. III. A general interpretation is
given in Sec. IV, based on our previous x-ray spectroscopic
studies presented in Refs. 14 and 21. Finally, in Sec. V, we
compare these results to those obtained on classical Pt/Co/Pt
trilayers.

II. MAGNETIC PROPERTIES IN THE
AS-DEPOSITED STATE

Pt�3 nm�/Co�0.6 nm�/Al�1.6 nm� trilayers were deposited
onto thermally oxidized silicon substrates by conventional dc
magnetron sputtering with a base pressure of 10−8 mbar and
with typical deposition rates of 0.05 nm/s �for Co and Al� to
0.1 nm/s �for Pt�. Samples were then transferred under
vacuum in a separate treatment chamber and oxidized using
an oxygen rf plasma with a partial pressure of 3
�10−3 mbar and a power of 10 W during an oxidation time
t varying between 15 and 60 s.

Annealing was performed in a high-vacuum furnace for
30 min at different temperatures up to 450 °C. The magnetic
properties were probed at room temperature by extraordinary
Hall Effect,29 the magnetic field �up to 12 kOe� being applied
perpendicular to the sample plane. For samples with 100%
perpendicular remanence, the anisotropy field was deter-
mined by applying the external field parallel to the sample
plane, with a very small �1° –2°� misorientation in order to
ensure a coherent rotation of the magnetization of the Co
moments.

Figure 1 shows a series of EHE perpendicular hysteresis
loops for different oxidation times from 15 to 60 s. For
samples with t�25 s, the loops show no hysteresis and zero
remanence. Magnetization saturates at high field, showing
that the out-of-plane direction is a hard magnetic axis. For
30 s� t�40 s, this saturation field considerably decreases
to the point where the samples now exhibit a square hyster-
esis loop with a sharp magnetization reversal. Finally, for t
�45 s, the loops show no hysteresis and zero remanence.
Magnetic measurements with in-plane applied field showed
that the single domain state obtained for intermediate oxida-
tion times �between 30 and 40 s� transforms into a multido-

main state �for t�45 s�. The amplitude of the Hall resis-
tance also considerably decreases for the longest oxidation
times, as a probable consequence of Co oxidation.14

The variation of the anisotropy field Han as a function of
oxidation time is shown in Fig. 2. It is defined negative when
the magnetization lies in the plane of the layer ��� and posi-
tive when it lies out of the plane ���. The anisotropy field
progressively increases with oxidation time, up to about 8 to

FIG. 1. Variation in the Hall resistance as a function of the
applied magnetic field for Pt�3 nm�/Co�0.6 nm�/Al�1.6 nm�/Ox�t�
samples, where t is the plasma oxidation time. The field scale is
different for the three figures.

FIG. 2. Anisotropy field of Pt/Co/AlOx samples, measured by
EHE, as a function of the oxidation time.
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9 kOe for oxidation times of the order of 30 to 40 s, and then
decreases for longer oxidation times. The procedure for cal-
culating the anisotropy field will be explained in Sec. III C.

The correlation between the chemical composition of the
Co/AlOx interface and the magnetic properties of the Pt/Co/
AlOx trilayers has been investigated using x-ray spectros-
copy in Ref. 14. In summary, the samples can be divided into
three groups, depending on the oxidation time t,

�1� t�25 s: the oxygen atoms preferentially diffuse
within the Al grain boundaries so that they reach the Co/
AlOx interface in an inhomogeneous way, and the oxygen-
induced PMA cannot overcome the in-plane shape aniso-
tropy.

�2� 30 s� t�40 s: a significant amount of oxygen atoms
reaches the Co/AlOx interface so that roughly 100% of the
interfacial Co-Al bondings are replaced by Co-O ones. Then,
the oxygen-induced PMA is maximum and overcomes the
in-plane magnetic anisotropy. The magnetization of the Co
layer lies out of plane, forming a single domain structure.

�3� 45 s� t: oxygen atoms penetrate into the Co layer,
reducing the exchange coupling between the Co grains, so
that the magnetization of the Co layer still lies out of plane
but forming a domain structure. For the largest oxidation
times, Co strongly oxidizes and the magnetic signal disap-
pears.

III. INFLUENCE OF ANNEALING ON THE MAGNETIC
AND TRANSPORT PROPERTIES

We gather now the evolution with annealing temperature
TA of three characteristic quantities: the Hall angle �H, the
nucleation field Hnuc, and the anisotropy field Han. The Hall
angle is the ratio between the Hall resistivity and the longi-
tudinal resistivity. The longitudinal resistivity has been mea-
sured on macroscopic samples, using conventional four-point
probes. The nucleation field Hnuc is the field at which the
magnetization reversal starts and is defined as positive for
samples with zero remanence and negative for squared hys-
teresis loops. For samples with out-of-plane magnetization,
the anisotropy field and the nucleation field are determined
by using planar and perpendicular external magnetic field,
respectively. For samples with in-plane magnetization, both
quantities coincide and are determined from Hall measure-
ments with a perpendicular applied field. Note that annealing
at 100 °C does not significantly modify the magnetic and
chemical properties of the samples, and values measured be-
low that annealing temperature are not reported in the rest of
the paper.

A. Hall angle

The Hall angle reveals the capacity of a magnetic system
to deviate an electrical current from its initial trajectory. The
magnitude of the Hall angle is related to the amplitude of the
spin-orbit coupling, to the longitudinal resistivity of the
sample, and to the Mz component of the magnetization30

�i.e., the component perpendicular to the plane of the layers�.
It must be noted that, for all samples studied here, the lon-
gitudinal resistivity varies in a monotonous way upon an-

nealing, and only increases by about 15% after annealing
whatever the oxidation time. The different variations re-
ported below thus essentially reflect modifications of the
Hall resistivity. Figure 3�a� shows the Hall angle ��H� mea-
sured as a function of the oxidation time for three annealing
temperatures �100, 300, and 450 °C�. For TA=100 °C, the
Hall angle is only weakly affected by the oxidation time for
t�40 s. For longer oxidation times �t�45 s�, most of the
decrease in the Hall angle is attributed to the oxidation of the
Co layer that induces a decrease in the layer magnetization.
Same trends are observed for TA=300 °C, due to the same
effect. After annealing at 300 and 450 °C, the Hall angle is
strongly enhanced for short oxidation times �by a factor of
almost three� and, for TA=450 °C, decreases monotonously
with increasing oxidation time, contrary to the case of the
two other annealing temperatures. Actually, for TA=450 °C,
another mechanism exists: the oxygen atoms are diffusing
out of the Co layer21,31 �see below�. This may explain the
smaller slope at this annealing temperature.

Figure 3�b� presents results for three trilayers oxidized
during 15, 35, and 60 s as a function of annealing tempera-
ture. The Hall angle of the samples oxidized during 15 and
35 s is multiplied by three upon annealing above 250 °C
whereas the Hall angle of the sample oxidized during 60 s
remains very small ��0.15%� up to 350 °C and only in-
creases after TA�400 °C up to a value close to that of
samples oxidized during 15 s and 35 s. This behavior is
surprising since at TA=350 °C, the Hall angle is nearly zero
for this sample �hardly no magnetic signal detected�. Super-
conducting quantum interference device �SQUID� measure-
ments show that, for t=60 s, the Co magnetic moment is
significantly enhanced after annealing: from a very low value
of 175 emu cm−3 at TA=150 °C, the magnetic moment
reaches 800 emu cm−3 for TA=450 °C. This moment en-
hancement can be explained by oxygen diffusion out of the
Co layer. The minimum of Hall angle observed at 350 °C for
the sample oxidized during 60 s may be explained as fol-
lows: in an intermediate stage of the oxygen migration from
the Co layer toward the oxide barrier, most of this oxygen is
concentrated in the Co grain boundaries. Then the in-plane
current flow may have difficulty to propagate in the very thin
Co layer because of the highly resistive grain boundaries. As
a result, the current mainly flows in the Pt buffer layer re-
sulting in the observed decrease in Hall angle in this regime.

FIG. 3. �a� Hall angle as a function of the oxidation time t for
Pt/Co/AlOx samples annealed at 100 °C �filled squares�, 300 °C
�open squares�, and 450 °C �open triangles�; �b� Hall angle as a
function of the annealing temperature TA for Pt/Co/AlOx samples
oxidized during 15 s �filled squares�, 35 s �open squares�, and 60 s
�open triangles�.
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Finally, one can note that after annealing at 450 °C, the Hall
angle weakly depends on the oxidation time �t�.

Figure 4 presents a complete map of the Hall angle as a
function of annealing temperature TA and oxidation time t. A
region of significant enhancement of Hall angle appears for
small oxidation times and high annealing temperatures.

The behavior of the Hall angle at high annealing tempera-
ture is thus attributed to a combination between the Co
deoxidation, the related modification of Co/AlOx interface,
and the modification of Pt/Co interface �which generally
takes place around 250 °C for Pt/Co/Pt trilayers—see Sec.
V�. For oxidation times of t=15 s and t=30 s, the diffusion
of Pt atoms into the Co layer increases the Hall angle by
increasing the spin-orbit scattering within the Co layer. For
t=60 s, the important oxidation of the Co layer hides this
effect. Then, at TA=450 °C the oxygen diffuses out of the
Co layer, especially out of the grain boundaries toward the
Co/AlOx interface, allowing the enhancement of Co mag-
netic moment and correlatively of the Hall angle.

B. Nucleation field

The nucleation field, defined above, varies by orders of
magnitude as a function of oxidation time and annealing
temperature. To conveniently describe these large variations,
we adopt the following description:

H� = log��Hnuc�� , �1�

H� having the sign of Hnuc, i.e., being taken as negative for
samples with 100% remanence �out-of-plane anisotropy� and
positive for samples with 0% remanence �in-plane aniso-
tropy�.

Figure 5�a� displays variation in H� as a function of oxi-
dation time for three annealing temperatures. For TA
=100 °C, H� goes through a negative minimum �100% re-
manence� for oxidation times around 35 s. For this annealing
temperature, only the samples oxidized during 30 s� t
�40 s show a square hysteresis loop. This minimum of H�

broadens as the annealing temperature increases up to TA
=450 °C. For this annealing temperature, all samples exhibit
100% remanence whatever the oxidation time. Figure 5�b�
presents the evolution of H� with annealing temperature for
trilayers oxidized during 15, 35, and 60 s. For t=35 s, the

nucleation field is nearly independent of annealing tempera-
ture; the magnetization lies out of plane and the magnetiza-
tion loop remains square.

However, for the extreme oxidation times, t=15 s and t
=60 s, a strong modification occurs upon annealing. For the
underoxidized sample �t=15 s�, the initial in-plane magnetic
anisotropy transforms into an out-of-plane one after anneal-
ing above 300 °C. A similar evolution is observed for the
overoxidized sample �t=60 s�. For TA=450 °C, the magne-
tization goes from an in-plane to an out-of-plane magnetic
configuration. This large change in the magnetic state of the
under- and overoxidized samples indicates an important
modification in the chemical composition of the trilayers dur-
ing the annealing, as shown in Ref. 21.

Figure 6 presents a map of the variation in H� as a func-
tion of TA and t. As in Fig. 4, one can distinguish three types
of samples: for short oxidation times �t�25 s�, a crossover
of the magnetic anisotropy as a function of the annealing
temperature appears around TA=300 °C. For optimally oxi-
dized samples �t=35 s�, the magnetization loops are essen-
tially independent of the annealing temperature. And finally,
for overoxidized samples �t�45 s�, the magnetization is in
plane, with a maximum �positive� nucleation field around
350 °C. However, for higher annealing temperatures �TA
=450 °C�, these overoxidized samples again display a
square magnetization loop. One can again note that, as was

FIG. 4. �Color online� Map of the Hall angle for Pt/Co/AlOx
samples, oxidized from 15 to 60 s and annealed from 150 to
450 °C. The color scale is in percent.

FIG. 5. �a� Nucleation field H� as a function of the oxidation
time t for Pt/Co/AlOx samples annealed at 100, 300, and 450 °C.
�b� Nucleation field H� as a function of annealing temperature TA

for Pt/Co/AlOx samples oxidized during 15, 35, and 60 s. The field
scale is logarithmic. Positive values correspond to in-plane magne-
tization ���, while negative values indicate out-of-plane magnetiza-
tion with 100% remanence ���.

FIG. 6. �Color online� Map of the logarithm of the nucleation
field H� for Pt/Co/AlOx samples, oxidized from 15 to 60 s, and
annealed at temperatures from 150 to 450 °C. The color code rep-
resents H�=log��Hnuc��.
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the case of the Hall angle, the nucleation fields of all trilayers
tend toward comparable values after high-temperature an-
nealing as shown in Figs. 5�b� and 6.

C. Anisotropy field

The anisotropy field Han is a direct measurement of PMA
and is determined from EHE measurements, the external
field being applied in the plane of the layers for samples with
100% remanence. The EHE resistance is first normalized to
its value at remanence, and Mz then progressively decreases
from one to zero with increasing in-plane applied field. We
then determine Mx by Mx�H�= �1−Mz�H�2�1/2, and the aniso-
tropy field is calculated from the area above the magnetiza-
tion curve.

The case of samples with lower anisotropy is slightly
more complicated, since, starting from an up-down domain
structure in zero field, Mz should in average keep a zero
value whatever the applied field. However, the slight mis-
alignment �see Sec. II� between the applied field and the
sample plane leads to a nonzero perpendicular component of
that applied field. Mz then goes to a maximum before going
back to zero at saturation.

This determination of Han is illustrated in Figs. 7�a�–7�c�
for a sample oxidized during t=35 s before annealing. The
calculated Mx component varies almost linearly with applied
field, and in that case the saturation field is practically iden-
tical to Han.

For samples with anisotropy fields larger than our maxi-
mum experimentally available field, 12 kOe �see Fig. 7�e� for

instance�, the same procedure is followed, but one has now
to linearly extrapolate Mx to 1 �Fig. 7�f��.

To validate this method, we performed a SQUID measure-
ment of the magnetization of that sample �solid line in Fig.
7�f��. One can see that the extrapolated value of the aniso-
tropy field is very close to the experimental one �within
about 15%�.

Figure 8�a� shows the variation in the anisotropy field
with oxidation time for annealing temperatures of 100, 300,
and 450 °C. The anisotropy field goes through a maximum
whatever the annealing temperature. The position of this
maximum is slightly affected by the annealing temperature,
and seems to shift from about 40 s of oxidation time for low
annealing temperatures to around 35 s for the highest anneal-
ing temperature. The most important feature is that the am-
plitude of the maximum field is strongly modified by the
annealing temperature since it increases by a factor of 2 after
annealing at 300 °C. Its amplitude then decreases rapidly for
larger annealing temperatures. This confirms the x-ray analy-
sis given in Ref. 21; the anisotropy maximum is obtained for
an optimal oxidation of the Co/AlOx interface.

Figure 8�b� shows the variation in Han with annealing
temperature measured for samples oxidized during 15, 35,
and 60 s. For an oxidation time of 35 s, the maximum field is
obtained after 300 °C annealing. Under- and overoxidized
samples start evolving at higher temperatures ��250 °C�,
and the maximum anisotropy field for t=15 s is obtained
after 400 °C annealing. For t=60 s, the anisotropy field
goes through a minimum for TA=300–350 °C, and increases
for larger annealing temperatures. One can once again note
that, as was the case for the Hall angle �Fig. 3�b�� and for the
nucleation field �Fig. 5�b��, the anisotropy field of all trilay-
ers seems nearly independent of the oxidation time after an-
nealing at 450 °C, with a common value of about 2 to 4
kOe.

Figure 9 gathers the anisotropy field measurements per-
formed on these Pt/Co/AlOx samples. In this figure only the
positive values of Han are shown. A clear maximum of per-
pendicular anisotropy is obtained around 30–35 s oxidation
times after 300 °C annealing. In that region, SQUID mea-
surements give a value of about 103 emu /cm3 for the satu-
ration magnetization. This leads to a value of the effective
anisotropy constant Keff=HanMs /2 of 8�106 erg /cm3

�0.8 MJ /m3�, larger than in most Pt or Pd-based magnetic
multilayers.32

FIG. 7. Variation in the Hall resistance with perpendicular ap-
plied field �upper panel�, of the Mz component with in-plane applied
field �middle panel�, and of the correspondent Mx component �bot-
tom panel�, obtained for a sample oxidized during t=35 s before
annealing �on the left�, and after annealing at 300 °C �on the right�.
The SQUID measurement is given by the solid line in �f�.

FIG. 8. �a� Anisotropy field as a function of oxidation time for
Pt/Co/AlOx samples annealed at 100, 300, and 450 °C. �b� Aniso-
tropy field as a function of annealing temperature for samples oxi-
dized during 15, 35, and 60 s.
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IV. INTERPRETATION

For samples with small oxidation times �t�25 s�, the
anisotropy crossover from in-plane to out-of-plane upon an-
nealing �see Fig. 6� is attributed to the thermally induced
diffusion of oxygen atoms from the Al2O3 barrier toward the
Co/AlOx interface. This diffusion is confirmed by x-ray pho-
toemission spectroscopy �XPS� analysis of aluminum oxide
within the barrier21 indicating a significant decrease in the
proportion of AlOx/Al upon annealing �decrease by about
10%�, together with an increase in the proportion of CoO/Co
at the Co/AlOx interface and a homogenization of the inter-
face. The magnetization crossover results in an increased
PMA and an enhancement of Hall angle, the former being
attributed to oxygen diffusion and the latter to a complex
combination of Co-Pt mixing and Co/AlOx and Pt/Co con-
tributions to the interfacial magnetic anisotropy.

For intermediate oxidation times �30 s� t�45 s�, the
annealing temperature only weakly influences the magnetic
state of the Co atoms �the magnetization remains out-of-
plane without significant modification of the nucleation
field—Fig. 6�. However, the PMA reaches a maximum for
annealing temperatures of 350 °C and the Hall angle slightly
increases around this temperature. This behavior can be un-
derstood if one considers that, for these oxidation times, the
barrier is optimally oxidized. The influence of annealing is to
homogenize the barrier, to improve the Co/AlOx interface
�decreased roughness�, and to modify the Pt/Co interface so
that the combination of the two interfacial anisotropies domi-
nates the bulk in-plane shape anisotropy of the Co layer. The
underoxidation of the samples oxidized during t�25 s does
not allow reaching large PMA, certainly due to the insuffi-
cient amount of oxygen atoms at the Co/AlOx interface in
these samples. Moreover, Co-Pt mixing is probably influ-
enced by the Co/AlOx interface oxidation �the Co layer is
only 0.6 nm thick�: the presence of CoO bonds seems to
rigidify the Pt/Co interface, thus preventing its intermixing.

The overoxidized samples �t�45 s� do not seem to be
influenced by annealing except for high temperatures, of the
order of 400–450 °C. At such high temperatures, oxygen
atoms are partially reabsorbed toward the interface �enhance-
ment of the Co magnetic moment for 450 °C annealing�.

Thus, for annealing temperatures less than 400 °C, the oxi-
dation of the Co layer seems to prevent Co-Pt intermixing:
there is almost no modification of the magnetic properties of
these trilayers. However, above 400 °C, the reabsorption of
oxygen allows full deoxidation of the Co layer �and the ap-
pearance of a magnetization� and the formation of an opti-
mally oxidized Co/AlOx interface. These two elements give
rise to an out-of-plane magnetization in agreement with Lee
et al.31 measurements, which show a reabsorption of excess
oxygen from the magnetic layer toward the tunnel barrier
after 200 °C annealing. However, the origin of the minimum
of the Hall angle at annealing temperatures around 350 °C
�Fig. 3� remains unclear.

Finally, we noted that all magnetic and transport proper-
ties of these trilayers tend to comparable values after anneal-
ing at 450 °C, whatever the initial oxidation time. One can
imagine a competition between two processes: the oxygen
reabsorption and the associated improvement of the Co/AlOx
interface on one hand and the Co-Pt mixing on the other
hand, itself affected by the presence of CoOx bonds. For
such high annealing temperatures, oxygen migration is very
important �samples overoxidized at 60 s become magnetic�
and the whole Co/AlOx interface tends to be optimally oxi-
dized, so that the magnetic properties of the Co layer no
more depend on the initial oxidation time. From these obser-
vations, we can infer that the most stable location of the
oxygen within these trilayers is right at the Co/AlOx inter-
face where Co-O-Al bonds can be formed.

To conclude, we remind that oxygen-induced PMA has
been observed in different Pt�3 nm� /Co�0.6 nm� /M +Ox
structures, with M =Al, Mg, Ta, Ru,14 all of them exhibiting
a maximum of magnetic anisotropy for a given oxidation
time of the M layer in the as-deposited state. After annealing
at 350 °C, an enhancement of perpendicular magnetic aniso-
tropy is observed for MgO and AlOx barriers, while for
RuOx and TaOx barriers, the amplitude of EHE signal de-
creases as well as the PMA compared to the as-deposited
state. This behavior can be put in parallel with the enthalpy
of formation of these oxides. Figure 10 shows that the en-
thalpy of formation −�Hf of Al2O3 and MgO, is much larger
than that of Ta2O5, RuO2, and CoO. Furthermore, the ruthe-
nium oxide enthalpy of formation is smaller than that of
CoO, thus favoring the diffusion of oxygen within the Co
layer. This explains why Al2O3 and MgO barriers are more
thermally stable than Ta2O5 and RuO2 barriers and that an-
nealing has a different influence on these different barriers.

FIG. 9. �Color online� Map of the anisotropy field for Pt/Co/
AlOx samples, oxidized from 15 to 60 s, and for annealing tem-
peratures from 150 to 450 °C. The scale is in kilo-oersted and only
positive values of the anisotropy field are presented.

FIG. 10. Enthalpy of formation for Al2O3, MgO, Ta2O5, RuO2

and CoO.
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V. COMPARISON WITH Pt/Co/Pt TRILAYERS

The comparison between Pt/Co/Pt and Pt/Co/AlOx trilay-
ers is instructive, in terms of both perpendicular anisotropy
and thermal stability. Pt/Co/Pt systems have been extensively
studied for their PMA and their applications in magneto-
optic recording.33 However, Pt/Co/AlOx trilayers exhibit
more interesting magnetic �PMA� and electrical �Hall angle�
properties than Pt/Co/Pt trilayers, together with a much
better thermal stability. Figure 11�a� displays the dependence
of the Hall angle as a function of annealing tem-
perature for Pt�3 nm�/Co�0.6 nm�/Pt�2 nm� samples and
Pt�3 nm� /Co�0.6 nm� /Al�1.6 nm�+Ox ones oxidized dur-
ing t=15 s and t=35 s.

The Hall angle of the as-deposited Pt/Co/Pt trilayer is
slightly larger than in as-deposited Pt/Co/AlOx trilayers.
However, it decreases monotonously as annealing tempera-
ture increases. On the contrary, as we previously showed, the
Hall angle of Pt/Co/AlOx samples continuously increases
with annealing temperature in the range 200–400 °C and
can reach, depending on the oxidation time and annealing
temperature, values of the order of 2%. In contrast, Pt/Co/Pt
trilayers become nonmagnetic around TA=350 °C, which
confirms the “rigidifying” effect of the Co/AlOx interface on
the Pt/Co interface.

Figure 11�b� shows the evolution of the nucleation field
with annealing temperature for both structures. We observe
that beyond 250 °C, the magnetization loop of Pt/Co/Pt
shows no more hysteresis and the magnetization is no more
out of plane, whereas that of Pt/Co/AlOx structures is out of
plane whatever the oxidation time for annealing temperatures
above 300 °C.

The anisotropy field of Pt/Co/Pt does not exceed 5 kOe,
whereas Pt/Co/AlOx samples can present anisotropy fields
up to 16 kOe �for t=35 s and TA=350 °C�. It clearly ap-
pears that Pt/Co/AlOx have major advantages compared to
Pt/Co/Pt structures. The use of magnetic layers with perpen-

dicular magnetization in spin valves,34 magnetic tunnel
junctions,27 and EHE sensors requires good temperature sta-
bility, a property that Pt/Co/Pt multilayers cannot achieve
because of Co/Pt intermixing.

VI. CONCLUSION

The influence of annealing temperature has been investi-
gated in Pt/Co/AlOx trilayers, for various plasma oxidation
times. The magnetic and electrical properties are strongly
modified by thermal diffusion of oxygen toward the Co/
AlOx interface.

Although some peculiar features of these materials are
still not fully understood, it seems that the largest PMA en-
ergies are reached as soon as all Co-Al bonds are replaced by
Co-O ones, depending on either oxidation time or annealing.
Preliminary x-ray reflectivity measurements seem to confirm
this interpretation.35

At high annealing temperatures, the magnetic properties
converge toward comparable values �in terms of both Hall
angle, coercive field, or anisotropy field, whatever the initial
oxidation time�. Based on former studies,14,21 this is inter-
preted as a combination between oxygen diffusion and
chemical modification of Co/AlOx and Pt/Co interfaces upon
annealing. This convergence of the magnetic properties after
high-temperature annealing �450 °C� seems to indicate that
the most stable location of oxygen in these Pt/Co/AlOx
trilayers is right at the Co/AlOx interface where Co-O-Al
bonds can be formed.

These structures show much better perpendicular aniso-
tropy properties than classical Pt/Co/Pt trilayers, and have
been already used for current-induced domain-wall motion
studies, revealing improved characteristics compared to Pt/
Co/Pt trilayers.36 They are also considerably more thermally
stable, probably because of the rigidification of the Pt/Co
interface induced by the presence of oxygen atoms at the
Co/AlOx interface.

From a practical point of view, in these Pt/Co/AlOx trilay-
ers, it is possible to tune the magnetic properties at will, and
thus obtain, by varying the oxidation conditions �time and
annealing temperature�, either materials with a large Hall
angle �almost 2%�, or with a very small coercive field �a few
Oersted�, or with very strong perpendicular anisotropy �16
kOe�.
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