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The perpendicular magnetic anisotropy of sputtered CoFeB thin films covered by MgO was investigated by
vibrating sample magnetometry. Three different Co,Feg) B, alloys were studied. Under out-of plane magnetic
field, the saturation field was found to increase with increasing the Co content. The magnetization and interface
anisotropy energy were obtained for all samples. Both showed a marked dependence on the MgO overlayer
thickness. In addition, their variations were found to be non-monotonous as a function of the Co concentration.
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1. Introduction

Magnetic tunnel junctions (MTJs) with a crystalline MgO
barrier show a large magnetoresistance and offer new
possibilities for developing high performance memories
and logic circuits. MTJs possessing ferromagnetic layer
with a large perpendicular magnetic anisotropy (PMA)
are expected to provide interesting features such as high
thermal stability and low switching energy consumption
[1]. Ultrathin CoFeB films in contact with MgO show a
large PMA, which originates from the interface anisotropy,
and have been recently used in MTJs [2]. Several studies
tried to optimize the PMA and to clarify its origin by
studying its dependence on the thickness of the magnetic
layer [2-4], on the buffer layer [4], the oxidation condition
at the interface [5-7] and the annealing temperature. We
have also reported the MgO overlayer thickness depen-
dence of the PMA, and found that the PMA strongly
depends on the MgO overlayer thickness [8]. However,
the variation of the PMA with the composition of CoFeB
alloys [9] has not been fully investigated experimentally,
and such a study may help us to understand the mech-
anism of PMA in CoFeB thin films.
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In the present paper, we estimate the effective magnetic
anisotropy energy and the interface anisotropy for three
selected compositions of CoFeB. Because the MgO over-
layer might be different when grown on different under-
layers, the MgO overlayer thickness dependence of PMA
was also studied for a precise comparison of those alloys.

2. Experiment

Samples with a structure Ta(5)/CoFeB(1.3)/MgO(0.7-
6.0)/Ta(5) (nominal thicknesses in nanometers) were fabri-
cated on thermally oxidized Si substrates using a Canon-
ANELVA C-7100 ultra high vacuum magnetron sputtering.
Figure 1 (a) depicts the stacking structures of the samples.
The thickness of CoFeB was fixed at 1.3 nm for all samples.
The selected compositions are FegyB,y, CojoFes0B, and
CogoFesgBag. After growth, the films were annealed at 300
°C for 1 h in ultra high vacuum. The magnetization (M-
H) curves of the samples were measured by vibrating
sample magnetometer (VSM) with perpendicular and in-
plane magnetic fields.

3. Result and Discussion
Figure 1(b) shows the magnetization curves measured

with out-of-plane magnetic field of the three targets, with
1.0 nm-thick MgO overlayers. The smallest saturation field
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Fig 1. (Color online) (a) Schematic view of sample stacking structures. (b) Magnetization curves of samples with 1.0 nm MgO
overlayer for the three alloys (black curves: as-deposited, red curves: annealed at 300 °C). The saturation field increases with

increasing the Co concentration.

(H;), was obtained with FegyBo. The saturation field
increases as a function of the Co concentration in the
alloys. After annealing, H; drastically decreases, indicating
the enhancement of PMA. The annealed sample of FegBy
alloy has a spontaneous perpendicular magnetic easy axis
with a full remanence.

The MgO overlayer thickness dependence was investi-
gated for the three alloys. Figure 2 shows the values of (a)
magnetizations per area (M/A), and (b) the product of
PMA energy and thickness of magnetic layers (K.s.7) as a
function of the MgO overlayer thickness. The PMA energy
was estimated from the area enclosed between the magneti-
zation loops measured with in-plane and out-of-plane
magnetic fields. Positive (negative) K .t indicates an out-
of-plane (in-plane) easy axis of magnetization. In this
figure, a clear reduction of the magnetization is observed
in samples with thin MgO layers. These observations may
be related to intermixing with the Ta underlayer (for all
samples) and with the Ta capping layer (for samples with
thin MgO). The presence of a magnetic dead layer due to
Ta incorporation has already been reported [10]. In the
whole range of MgO overlayer thicknesses, and for both
as-deposited and annealed samples, the magnetization of
FegoByg alloy was smaller than the one of CojoFesoB,, and
larger than the one of CogFeqoBog alloy, as expected from
the Slater-Pauling behaviour [11]. The PMA energy
depends more strongly on the MgO overlayer thickness,
as shown in Fig. 2(b). In general, larger values of K.g.t
were obtained with thinner MgO. The perpendicular mag-
netic easy axis was observed in annealed FegyB,y with
thin MgO (0.7 nm to 1.5 nm).

The magnetic anisotropy energy density writes: K. =
Ks — 2nM? + K/t [12], with Ky the bulk crystalline
anisotropy, 2mM,’ the shape energy, K; the interface
anisotropy energy, and ¢ the nominal thickness of CoFeB.
Assuming a negligible Kz, we can estimate the interface
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Fig 2. (Color online) MgO overlayer thickness dependence of
as-deposited and annealed samples. (a) Magnetization per unit
area (M/A). The M/A value decreases for samples with thin
small MgO layers. (b) Product of the effective magnetic ani-
sotropy energy (K.) and the thickness of the CoFeB layer (7).

anisotropy energy Kj by the following relation: K; = K.t
+ 2nM;.t. The MgO thickness dependence of K is plott-
ed in Fig. 3. There is a peak in the interface anisotropy for
all alloys. For Fe rich alloys (FegByy and CooFezoByy),
the largest K; was found in both as-deposited and
annealed samples with a thin MgO overlayer (1.0 nm-1.5
nm). For the Co rich alloy, the peak appears at a MgO
thickness of 2.0 nm and disappears upon annealing. This
different behaviour may be related to a bcc-fcc phase
transition which occurs in Co rich alloys (70-75% of Co)
[11,13].

The origin of the sensitiveness of interface anisotropy
with MgO overlayer is still unclear. With very thin MgO
(less than 1 nm), we believe that some Ta diffuses from
the capping layer through MgO and reduces K| [8]. Indeed,
1 nm thick MgO is expected to be amorphous, which
possibly favour the Ta diffusion. Above this thickness,
crystallized MgO is formed, preventing Ta diffusion. The
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Fig 3. (Color online) MgO thickness dependence of the interface anisotropy energy (Kj) of as-deposited and annealed samples.
There is a peak of interface anisotropy energy for each composition alloy.

MgO thickness dependence of K; above 1 nm may be due
to changes in the interfacial electronic structure when vary-
ing the MgO thickness [14, 15], changes in the interfacial
oxidation [5-7] or stress-related effects. Further investi-
gation is needed for clarifying the mechanism.

The above results show that the MgO overlayer thick-
ness plays an important role for the interface anisotropy
of CoFeB films. The magnetic properties are found to be
very sensitive in the thin MgO overlayer region, as shown
in Fig. 3. Note that, in this sensitive region, the influences
of MgO overlayer are not the same for the different CoFeB
alloys. Actually, for a given thickness, MgO layers can be
different when grown on different underlayers. In contrast,
the MgO thickness dependence is weaker in the thick
MgO region. Therefore, in order to discuss the dependence
of interface anisotropy on the alloys composition, we focus
on samples with thick MgO (5.0 nm). The saturation
magnetizations and the interface anisotropies of the three
alloys are plotted in Fig. 4.

As mentioned above, the values of saturation magneti-
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Fig 4. (Color online) Co concentration dependence of (a) sat-
uration magnetization (M;) and (b) interface anisotropy energy
(Ky) of samples with 5.0 nm MgO overlayer.

zation are consistent with the well-known Slater-Pauling
behaviour. Majority 3d states are gradually filled upon Co
addition, which results in an increase of the magnetic
moment. Further Co addition fills the minority 3d states,
thereby reducing the magnetic moment. Interestingly, the
interface anisotropy of CoFeB alloys shows a similar ten-
dency. However, the anisotropy variations should originate
from changes in the electronic structure at the interface
rather than in the bulk. It is known that out-of-plane
orbitals [p., d» for the (001) surface] favour an in-plane
easy axis [16]. According to a first-principle study, the
hybridization of d., orbitals with O 2p orbitals at the CoFe/
MgO interface results in an enhanced interface anisotropy.
This mechanism produces a larger anisotropy at the Fe/
MgO interface than at the Co/MgO one [7]. In this picture,
the detailed variation of anisotropy should be related to
changes in the density of d., states upon alloying, and
could be indirectly related to the Slater-Pauling behaviour.
Interface states may also have a strong influence [17].

4. Conclusion

We have studied the perpendicular magnetic anisotropy
of Ta/Co,Fegy«B,o/MgO/Ta multilayers with three alloy
compositions. A strong influence of the MgO overlayer
thickness on the magnetic anisotropy was observed and
shown to differ for the different CoFeB alloys. In general,
the maximum interface anisotropy was obtained for MgO
thicknesses between 1.0 nm to 2.0 nm. The magnetization
and interface anisotropy showed similar tendencies as a
function of the alloy composition (Co concentration),
with a maximum in Co;oFe;Boy.
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