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Abstract—This study incorporates the structural and magnetic
characterization of epitaxial Ni80Fe20 films grown by direct cur-
rent magnetron sputtering on MgO(001) and MgO(001)||VN(001)
substrates. A series of samples grown with different N2 flow
settings for the deposition of VN and similar permalloy deposition
parameters was utilized to investigate the effect of morphological
evolution and buffer layer induced strain on the magnetic
properties of Ni80Fe20. X-ray diffraction analysis reveals an
epitaxial nature of the VN(001) and Py(001) films grown on
MgO substrates. Angular dependent magneto-optical Kerr effect
characterization reveals a cubic anisotropy for Ni80Fe20 on MgO
with a coercivity of∼0.8 Gauss along the easy directions. Incorpo-
rating an epitaxial VN buffer, the structures showed a transition
from a cubic to isotropic magneto-crystalline anisotropy with
coercivity varying from 2.5 to 25 Gauss for Ni80Fe20 deposition
on VN (with N2 varying from 5 to 12 sccm). The variation is
attributed to the microstructural evolution of the Ni80Fe20 to 3D
structures along with an induced structural strain.

Index Terms—Ni80Fe20, VN, MgO, strain, magnetic anisotropy,
MOKE

I. INTRODUCTION

Permalloy (Ni80Fe20, denoted as Py) is a widely recognized
material for its application in telecommunications, sensors,
magnetic storage and magnetic random access memory [1]–
[3]. Among other things, this is due to its small magne-
tocrystalline anisotropy and magnetostriction, low coercivity
and high permeability [1], [4]. In this context films with
a uniaxial anisotropy are preferred in magnetic devices as
they provide easier control of the magnetization direction of
devices. However, biaxial magnetic anisotropy has recently
been recognized to be advantageous compared to systems
showing uniaxial anisotropy [5].

Epitaxial Py grown by various methods tends to display a
perfect lattice, while the arrangements of the Ni and Fe may
be disordered to varying degree [4]. Permalloy films can be
grown in epitaxial single crystal form, polycrystalline, often
with (111) texture and/or sometimes with a nanostructured film
surface [1], [4], [6]–[9]. Moreover, the relative magnitude and
strength of magnetic anisotropy between the uniaxial and cubic
anisotropy of permalloy films, and ferromagnetic thin films in
general, depends on material parameters such as film thick-
ness, substrate type and roughness, buffer layer, interface and
the strain condition [1], [5], [10]–[13]. In this work we present
the structural and magnetic properties of epitaxial permalloy
on MgO and MgO/VN. Our work highlights the correlation

between strain, induced by the underlying epitaxial-VN buffer
layer, (grown under varying N2 flow settings) and the resulting
surface morphology on the magnetic properties of Py.

II. MATERIALS AND METHODS

The Py thin films (thickness ∼50 nm) were deposited on
to MgO (001) substrates with and without the application of
a VN buffer layer. Table 1 summarizes the structure of our
samples. Films of VN were synthesized by reactive direct
current magnetron sputtering (r-dcMS) from a vanadium target
at a constant power of 200 W using a custom-built sputter
chamber [14]. Prior to deposition the chamber was held at a
base pressure of 8× 10−9 mbar, and the substrates were pre-
baked at 600◦C for 30 minutes. For sputtering we used Ar
as the working gas along with N2 as the reactive gas and a
throttle valve was adjusted to stabilize the growth pressure to
7 × 10−3 mbar. The flow rates qAr = 40 sccm and qN2

= 5
- 12 sccm, were set using mass flow controllers. During VN
deposition, the substrates were held at 600◦C. After which the
films were cooled down in-situ under vacuum up to 400◦C.
The Py films of ∼ 50 nm were then deposited by dcMS using
Fe20Ni80 target at a constant power of 80 W and at a growth
temperature of 400◦C and growth pressure of 7× 10−3 mbar.

TABLE I
OVERVIEW OF DEPOSITED STRUCTURE ALONG WITH RESPECTIVE FILM

THICKNESS.

Sample Id. VN N Py Structure
(nm) (sccm) (nm)

Py - - 50 MgO/Py
VNP1 50 5 50 MgO/VN/Py
VNP2 50 8 50 MgO/VN/Py
VNP3 50 12 50 MgO/VN/Py

X-ray reflectivity (XRR) and x-ray diffraction (XRD) mea-
surements along with pole scans were performed using a Pan-
alytical X’pert diffractometer (CuKα, 0.15406 nm). A detailed
description of our x-ray diffraction analysis is provided in our
previous works [4], [15]. An atomic force microscope (AFM),
from Park System (PSIA XE-100) was utilized for surface
analysis. In-plane magnetic anisotropy analysis was carried out
using a custom built longitudinal magneto-optical Kerr effect
(MOKE) setup to measure magnetic hysteresis as a function
of the azimuth angle [16].



Fig. 1. (a) XRR plot for Py on MgO/VN along with simulated data (red line). (b) XRD plots for Py on MgO and Py on MgO/VN where the VN layer
was deposited with different N2 flow settings. Legends refer to Table 1 for structural details. (c) Percentile strain extracted using (002) peaks in (b) and
corresponding d-spacing and a-lattice parameter for VN and Py films.

Fig. 2. Pole scans along (111), (200) and (220) planes for structures (a-c)Py and (d-f) VNP-3, respectively. The respective colour bars represent normalized
log intensity in arbitrary units.

III. RESULTS AND DISCUSSION

A. Structural characterization

The thickness and roughness of films were determined
using XRR scans. A typical XRR scan performed on the
MgO/VN/Py structure is shown in Fig. 1(a), along with sim-
ulated data, utilized to determine the films thickness Fig. 1(b)
shows the X-ray diffraction plots for respective structures. The
XRD scans reveal a high intensity peak attributed to MgO at
2θ = 42.971◦. They also show an epitaxial Py (100) peak
located at ∼ 51.5◦. For Py on MgO the results indicate an
orientation relationship of MgO[100]||Py [100]. For Py films
on MgO/VN (where VN is deposited at varied N2 settings) the
XRD reveals an epitaxial relation of the VN and Py layers.
However, by increasing N2 flow an evident shift in VN peak
position is observed towards lower angles implying relaxation
of the VN in the out-of-plane direction. The strain estimated
via (002) peaks for both VN and Py is plotted in Fig. 1(c).

Fig. 2 shows the pole scans for structures deposited at
400◦C on the (001) MgO and MgO/VN substrates. For each
respective structure the pole scan around the (200) plane reveal
an intense peak at ψ = 0◦ complementing the epitaxial relation

of the Py film on the MgO(001) substrate, i.e. with the (002)
plane lying parallel to the substrate. The (220) and (111) pole
scans show a four fold symmetry. For the pole scan around
(111) the spots at φ = 45◦ and ψ = 54.74◦ are obtained
as expected from the angle between (002) and 111 planes.
Whereas, the pole scan around (220) showed four fold spots
at ψ 45◦ and 90◦ , in good agreement with the symmetry in
a cubic single crystal of the film [4].

Fig. 3 shows the surface morphology of all samples in-
vestigated by atomic force microscopy and will be discussed
later in later section. The measurements were repeated on
different reference areas to validate the reproducibility of
observed features. An obvious presence of 3D-nanostructures
can be observed, which for Py on MgO/VN increase in size
with increase in nitrogen content. The roughness (Rq) values
estimated are ∼ 1.7, 1.2 and 4.5 nm for structure in Fig. 3(a-c),
respectively.

B. Magnetic properties

Fig. 4 shows the coercivity and relative magnetic remanence
(Mrem/Msat) extracted from hysteresis loops measured for in-
plane sample angles using MOKE with an in-plane applied



Fig. 3. 5 × 5 µm2 AFM micrographs of structures labelled (a) Py, (b) VNP1 and (c) VNP3. The scale bar provided in the figures are 1µm.

Fig. 4. In-plane polar plots for (a-d) coercivity in Oersteds (note the different scales) and (e-h) Mrem/Msat for Py, VNP1, VNP2 and VNP3 structures,
respectively. The values were extracted from hysteresis loops recorded for varying in-plane sample angles (0◦ − 360◦) in the MOKE setup.

magnetic field. The polar plots obtained for structures reveal
that the Ni80Fe20 films on MgO (see Fig. 4(a, e)) and on
VN/MgO (VNP1, see Fig. 4(b, f)) display a soft magnetic
behavior with coercivity of ∼0.8 Gauss and 2.5 Gauss, re-
spectively, along easy axes. The samples display a four-fold
magnetocrystalline anisotropy with easy axes along ∼140◦

(315◦) and 45◦ (225◦). However, with increase in N2 flow
setting from 5 to 12 sccm for VN deposition (i.e. VNP2 -
VNP3, Fig. 4(c, g and d, h)), the polar plots for coercive field
and Mrem/Msat hysteresis loops showed increasingly isotropic
characteristics. The observed change in magnetocrystalline
anisotropy feature from cubic to isotropic can be attributed
to strain and the microstructural evolution as discussed in
references [1], [13], [17].

It is apparent from our data that induced strain strongly
affects the magnetic anisotropy of the Py films. This is in
line with the findings of Cao et al. [13] in FeGa films on Cu
substrates, where they observed that with reduction in the out-
of-plane compressive strain the magnetocrystalline anisotropy
tends to show a transition from uniaxial anisotropy towards
an isotropic nature. However, with the still outspread belief
that Py has almost zero magnetostriction, this may come as a
surprise. This need not be, as it is well established that in ul-

trathin film form Py exhibits strong magnetostrictive response
[1], [4], [18]. As shown theoretically for Py on MgO under
compressive strain in the out-of-plane direction [1], an increase
in our N2 flow settings along with a reduction in the out-of-
plane compressive strain (Fig. 1(c)), causes a transition from
cubic to isotropic nature of the magnetocrystalline anisotropy.
Furthermore, the pole scans along the (111) and (220) planes
are radically elongated along the ψ axis especially for Py on
MgO/VN. This implies that the lattice constants are expanded
in-plane which is in good agreement with the shift in peak
position towards lower angles i.e., a reduction in out-of-plane
compressive strain [4].

The observed variation in magnetocrystalline anisotropy
from cubic to an isotropic nature is supported by work by
Michelini et al. [1]. They showed that for epitaxial Py on
MgO the morphology of the Py films changes from flat to a 3D
nanostructure formation with increase in growth temperature
from 300 to 500◦C, thereby resulting in a transition from uni-
axial anisotropy to a four-fold magnetocrystalline anisotropy.
These results are in good agreement with our analysis (see
Fig. 5) showing Mrem/Msat for Py on MgO deposited at
RT and at 400◦C). This effect of the morphological evolution
on the anisotropy is in good agreement with microstructural



Fig. 5. In-plane polar plots for Mrem/Msat for Py deposited at (a) room
temperature and (b) 400◦C. The values were extracted from hysteresis loops
recorded for varying in-plane sample angles (0◦ - 360◦) in a MOKE setup.

evolution evident in our AFM results (cf. Fig. 3, revealing
the formation of 3D nanostructures). For Py on MgO/VN it
can be seen that with increase in N content, and consequent
reduction in compressive strain, the grain size increases to
compensate for strain relaxation [15]. This results in the initial
cubic anisotropy evolving into isotropic behavior.

From the above analysis it can be understood that the
competing factors i.e., from the substrate, nitrogen stoichiom-
etry, crystallinity, surface morphology, film and buffer layer
thickness (not discussed here) determine the strain in structures
which in turn affects the magnetic properties of the films.

IV. CONCLUSIONS

In summary we investigate the effect of structural and
morphological evolution with corresponding strain on the
magnetocrystalline anisotropy of epitaxial Py on MgO and
MgO/VN. The epitaxial nature of Ni80Fe20 films was con-
firmed by XRD and pole scans along (200), (111) and (220)
planes. For Ni80Fe20 film on MgO with VN buffer layer it was
observed that for increasing N content the variation in induced
interficial strain and surface layer morphology plays a vital
role in determining the magnetocrystalline anisotropy. That
is with reduced out-of plane compressive strain and increased
size of 3D nanostructures, the structure showed transition from
cubic to isotropic nature. Furthermore, the four-fold anisotropy
observed in Ni80Fe20 films deposited at 400◦C is attributed
to a microstructural evolution from 2D layer growth to 3D
nanostructure formation and is validated by its comparison
with structures having Ni80Fe20 deposited at room temperature
exhibiting uniaxial anisotropy along [100] direction.
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