
IEEE TRANSACTIONS ON MAGNETICS, VOL. 50, NO. 11, NOVEMBER 2014 2007404
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In this paper, we show that perpendicular magnetic anisotropy can be achieved in polycrystalline Ni80Fe20 films on MgO underlayers
grown on thermally oxidized Si substrates. The perpendicular magnetic anisotropy is already present in the as-deposited films and
preserved after thermal annealing. This paper points out the crucial role of the capping layer on the perpendicular magnetic
anisotropy stabilization. By changing the nature of the capping from MgO, V, Nb to Ta, the value of the surface anisotropy
constant is increased from 0.3 ± 0.05 erg/cm2 in the case of the MgO to 0.79 ± 0.06 erg/cm2 in the case of the Ta capping,
respectively. For Ta capped samples, the perpendicular magnetization is achieved for Ni80Fe20 films with an effective thickness
below 1.1 nm.

Index Terms— Magnetic films, perpendicular magnetic anisotropy, sputter deposition, X-ray diffraction.

I. INTRODUCTION

FERROMAGNETIC THIN films showing perpendicular
magnetic anisotropy (PMA) are of great research interest

due to their potential use for perpendicular magnetic recording
technology, including bit-patterned media, racetrack, and spin
transfer torque magnetic memories [1]–[3]. Conventional PMA
materials include the L10 ordered alloys (FePt and CoPt),
Co-based multilayers (Co/Pd, Co/Pt, Co/Cu, and Co/Ni), rare-
earth and transition metal alloys, and ferromagnetic alloy/MgO
bi-layers [4]–[7]. Due to its wide area of applications, permal-
loy (Ni80Fe20) is one of the most studied ferromagnetic
materials from both theoretical and experimental point of view.
It is a soft ferromagnetic alloy with a relative low Gilbert
damping [8]. In this paper, we demonstrate the stabilization
of PMA in MgO/Ni80Fe20/Ta multilayer stacks grown on
Si/SiOx substrates, even in the as deposited state. This could be
particularly interesting for complex multilayer stacks, where
any annealing steps, typically involved in growing samples
with PMA, would have a detrimental effect on functional prop-
erties by thermal enhancement of interfacial mixing. Moreover,
this paper addresses a specific problem of the capping layer
influence on the PMA. Therefore, we show here that in case
of NiFe (Ni80Fe20) thin films grown on MgO underlayers, by
changing the nature of the capping layer (MgO, V, Nb, Ta),
we were able to stabilize or quench the PMA in the thin NiFe
films.

II. EXPERIMENT

The Si/SiO2/Ta(3 nm)/MgO(1.3 nm)/NiFe(1.5–4 nm) mul-
tilayer stacks capped with V, Nb, Ta (4 nm) or with
MgO(1.3 nm)/Ta(4 nm), were elaborated using a mag-
netron sputtering system having a base pressure lower than
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4 × 10−9 torr. The metallic films, except for the Ta capping
layer, were deposited at room temperature (RT) by dc sputter-
ing under an Ar pressure of 1 mtorr. The Ta capping layer was
deposited at an Ar pressure of 5 mtorr that we optimized, for
the growth of the tetragonal beta phase of Ta, by performing
X-ray diffraction (XRD) experiments (not shown here). For
the deposition of the NiFe layer, a 2 in Ni80Fe20 target was
used. The MgO film was grown at RT by RF sputtering from a
MgO polycrystalline target in an Ar pressure of 15 mtorr. After
deposition, several multilayer stacks were ex situ annealed
for 1 h at a temperature of 215 °C in a vacuum better than
5 × 10−8 torr, in the absence of any applied magnetic field.
The crystalline structure of the multilayer stacks was analyzed
by XRD using a four-circle diffractometer. The magnetic
properties of the films were studied at RT using a vibrating
sample magnetometer.

III. RESULTS AND DISCUSSION

In order to determine the crystal structure of the mul-
tilayer stacks, we performed XRD experiments in grazing
incidence (GI-XRD) geometry. Fig. 1 shows the diffraction
pattern recorded for the Si/SiO2/Ta(3 nm)/MgO(1.3 nm)/
NiFe(4.5 nm)/Ta(4 nm) sample annealed at 215 °C. The XRD
pattern clearly shows peaks corresponding to the Ta alpha and
beta phases [9] and to the NiFe (111) and (200) reflections.
The Ta alpha phase peaks are attributed to the 3 nm thick
Ta seed layer, which was deposited at a lower Ar pressure
of 1 mtorr. The beta phase peaks correspond to the 4 nm
thick Ta capping layer. The presence of the NiFe (111) and
(200) reflections indicates that NiFe film has a polycrystalline
structure. After the background subtraction, the diffraction
peaks were fitted using pseudo-Voigt functions. This allowed
us to evaluate their full-width at half-maximum and to deter-
mine the mean structural coherence length along the grazing
direction by means of the well-known Scherrer equation [10].
The obtained values are 1.4 nm for the Ta seed layer, 4 nm
for the Ta capping, and a relative low value of 1.7 nm for the
NiFe film.
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Fig. 1. XRD pattern measured in GI-XRD geometry for the
Si/SiO2/Ta(3 nm)/MgO(1.3 nm)/NiFe(4.5 nm)/Ta(4 nm) multilayer stack
annealed at 215 °C. Symbols: experimental data. Lines: result of the
theoretical fit.

Fig. 2 shows the in-plane and out-of-plane magnetization
curves for the as-deposited and the 215 °C annealed samples
capped with Ta and with NiFe with nominal thicknesses of
1.3 and 1.6 nm, respectively. The 1.3 nm thick NiFe film
shows PMA even before annealing. However, for samples with
larger NiFe thicknesses, the PMA is lost. On the other hand,
after annealing the samples, the PMA is maintained up to a
nominal thickness of 1.8 nm. The inset of Fig. 2(b) shows the
low field range of the hysteresis loops of the 1.6 nm annealed
NiFe film, indicating a squareness ratio (MR /MS ) of the
out-of-plane magnetization loop close to 1.

In order to understand the effect of the capping layer on
the saturation magnetization (MS ) of the annealed samples,
we have plotted the MS × tN versus tN (NiFe layer nominal
thickness), as illustrated in Fig. 3 for the samples capped
with Ta and MgO/Ta, respectively. In this representation,
the intercept with the thickness axis of the linear fit of the
data gives the magnitude of the magnetic dead layer (tDL ),
whereas the slope gives the mean saturation magnetization
of the NiFe films. These results point to the presence of
a ∼0.5 nm thick magnetic dead layer for the case of the
NiFe films capped with MgO/Ta. Small angle X-ray reflec-
tivity measurements (not shown here) indicated an increased
roughness of the upper NiFe/MgO interface, as compares with
the lower MgO/NiFe one. This result seems to suggest an
increased oxidation of the upper NiFe/MgO interface, which
might be responsible for the formation of the magnetic dead
layer. In the case of the Ta capped samples, the magnetic dead
layer thickness increases up to ∼0.82 nm due to the inter-
diffusion at the NiFe/Ta interface. In the case of the V and
Nb capping, the estimated dead layer is ∼0.61 and 0.7 nm,
respectively. Interestingly, the mean saturation magnetization
(∼800 ± 50 emu/cm3) in the case of the MgO/Ta capping is
consistent with the one expected for the given alloy composi-
tion (20% Fe and 80% Ni), whereas it is larger in the case of
the other metallic capping layers (∼970 ±80 emu/cm3 for the
Ta capping). A possible mechanism explaining this behavior,

Fig. 2. In-plane and out-of-plane magnetization curves for the (a) as-
deposited 1.3 nm thick NiFe film and (b) 215 °C annealed 1.6 nm NiFe
film capped with Ta. Inset of (b): low field range of the hysteresis loops with
squareness ratio MR/MS around 1.

Fig. 3. MS × tN versus tN (NiFe layer nominal thickness) for the samples
annealed at 215 °C and capped with (a) Ta and (b) MgO/Ta. The straight
line is the result of the linear fit of the experimental data. The intercept with
the horizontal axes represents the magnetically dead layer thickness while the
slope gives the mean saturation magnetization.

which nevertheless requires further investigation, would be a
preferential Ni diffusion toward the metallic capping layer.
As a consequence, the local Fe concentration in the NiFe
film would increase leading to an enhancement of the mean
saturation magnetization.

To quantify the magnetic anisotropy in our films, the effec-
tive magnetic anisotropy constant Keff was determined from
the saturation field, HS , using the relation Keff = HS MS /2,
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Fig. 4. Keff × teff dependence on the teff for the samples capped with Ta,
MgO/Ta, Nb, V and annealed at 215 °C. The straight lines are the result of
the linear fit of the experimental data. The intercept with the vertical axis
gives the magnitude of the KS .

where MS is the mean saturation magnetization. In the case of
perpendicular magnetic easy axis, the HS was considered to be
positive and was determined from the in-plane magnetization
curve. On the other hand, in the case of in-plane magnetic
easy axis, the HS was considered to be negative and was
determined from the out-of-plane hysteresis loop. The Keff
can be described by the phenomenological relation [4]

Keff = KV − 2π M2
S + KS/teff (1)

where KV describes the bulk magnetocrystalline anisotropy,
2π M2

S
is the shape anisotropy, and KS is the interface

anisotropy, whereas teff = tN − tDL is the effective NiFe
layer thickness, which represents the width of the magnetically
active layer.

From (1), by fitting the teff dependence of the product
Keff × teff with a linear equation, the different anisotropy
contributions can be evaluated, as shown in Fig. 4. For all
the studied samples, the bulk anisotropy KV was found to
be negligible, as expected having in view the polycrystalline
nature of the NiFe films. However, the KS shows an interesting
dependence on the capping layer nature, decreasing from
0.79 ± 0.06 erg/cm2, for the Ta capping, down to 0.3 ±
0.05 erg/cm2 in the case of the MgO/Ta capping. In the case
of the Ta capping, the relative large value of the KS gives a
spin reorientation transition thickness (tSRT) of ∼1.1 nm. When
the effective thickness of the NiFe layer is below tSRT , the
magnetic anisotropy easy axis switches from the in-plane to
the out-of-plane direction, as in Fig. 1(b), where the effective
thickness of the NiFe layer is ∼0.8 nm. In the case of the Nb
capping layer, a tSRT of ∼1 nm can be asserted. However, the
NiFe films capped with Nb with effective thicknesses below
1 nm lose their clear ferromagnetic behavior. The shape of the
hysteresis curves (not shown here) for this type of films seems
to suggest that the ultrathin films become super-paramagnetic,
most likely, due to the decoupling of the small ferromagnetic
grains. Therefore, we were unable to obtain Nb capped NiFe
films showing PMA. Moreover, in the case of the MgO/Ta
and V capped films an even smaller tSRT is obtained, ∼0.5 nm,

for which the NiFe are granular in nature showing a super-
paramagnetic behavior and without PMA.

In literature, the origin of PMA at 3d metal/alloy-MgO
interface is commonly attributed to the hybridization of the
O 2p and metal/alloy 3d orbitals [11], [12]. Therefore, as
in the case of CoFeB/MgO films [13], one might expect
that the sample capped with MgO/Ta to show the largest
value of KS compared with the other samples with metallic
capping. Nevertheless, one may clearly observe that this is
not the case in our samples. This could be related to the
top interface under/over oxidation influenced by the rich Ni
concentration of our NiFe films [12], [14] or even stress
related effects. However, to clarify this point, further studies
are necessary. The MgO/Ta and V capped samples show
the lowest value of KS , ∼0.3 erg/cm2, which increases to
∼0.59 and 0.79 erg/cm2 for Nb and Ta capping, respectively.
One important factor in obtaining the PMA is the degeneracy
lift of the out-of-plane and in-plane 3d spin split orbitals. It has
been shown [15], [16] that the d–d hybridization, between the
spin-split 3d bands and the capping layer d bands with large
spin-orbit (SO) interaction, generates an enhanced perpendic-
ular orbital magnetic moment and, furthermore, through the
SO coupling produces a perpendicular alignment of the spin
magnetic moment. This is in agreement with our experimental
observations, since the KS is increasing when changing the
capping from a 3d metal (V) to a 4d (Nb) or 5d (Ta) metal, as
the SO interaction increases with Z number [17]. Moreover,
our experimental results supports the theoretical hypothesis
issued from ab initio calculations [18] that the presence of
a 5d transition metal monolayer over the Fe gives rise to
an unexpectedly large PMA due to the large SO coupling of
5d orbitals and their hybridization with Fe 3d orbitals.

IV. CONCLUSION

In this paper, we show that PMA could be achieved
in Ni80Fe20 films grown on MgO underlayers, even before
any annealing stages. Moreover, this paper points out the
crucial role of the capping layer on the PMA stabilization.
By changing the nature of the capping layer from MgO, V, Nb
to Ta, the value of the surface anisotropy constant is increased
in such a manner that PMA is obtained for films with an
effective thickness lower than 1.1 nm. Our results demonstrate
PMA in Ni80Fe20 films that are particularly important in high
performance devices based on ferromagnetic films exhibiting
perpendicular magnetization. Moreover, they could motivate
further theoretical studies oriented toward a better understand-
ing of mechanisms responsible on PMA stabilization.
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