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Abstract

Experimental and computational evidence of a surface roughness induced magnetic
anisotropy in NiFe thin films coated onto substrates of various surface roughnesses is
reported. Magnetic coercive fields of 15 nm NiFe thin films coated on substrates with
approximately 7 nm average roughness were remarkably 233% larger than identical thin
films coated onto smooth substrates with < 1 nm average roughness. The NiFe films coated
onto rough substrates developed hard and easy axes, normally non-existent in NiFe
Permalloy. A linear correlation of the incline angles of the hard axis hysteresis loops to the
average roughness values of the individual substrates was observed, with 99% correlation
level. Using a modified micromagnetics theory that incorporates the effects of surface
roughness, it is shown the observed magnetic anisotropy arises due to the spatial anisotropy
of the surface roughness, resulting in an effective in-plane uniaxial magnetic anisotropy with

energy density up to 15 kJ/m?.

Keywords: Surface roughness, Flexible magnetic film, Magnetic anisotropy, NiFe, Plasma sputtering,

Micromagnetics of surface roughness



1. Introduction

Thin films have been influential to human culture since the ancient past, when Egyptians
used gold beating techniques to cover decorative items such as royal crowns [1]. Owing to
scientific developments and discoveries of new materials, the significance of films has shifted
from art to technology. In present times, most of engineering disciplines incorporate the use
of thin films in various applications including thin film photovoltaics for efficient solar power
conversion [2—7], thin film lithium batteries for consumer portable electronics [8,9],
semiconductor thin films for micro- and nano-electronics [10], thin film optical coatings [11],
thin films for high resolution displays [12] and thin films for tribological and protective
coatings applications [13], to name a few.

However, one of the most successful application of thin film technologies is in digital data
storage, where thin films are utilized for magnetic data storage in hard disc drive devices
[14], or in solid-state data storage as memory cells made up of thin film transistors and
capacitors [15]. In fact, magnetic thin films are essential not only for magnetic data storage
but also for other technologies involving magnetic actuation [16], thin film inductors [17],
magnetic sensing and security devices [18-20].

To achieve desired functionalities, magnetic thin films must be fabricated with precise and
controllable properties such as coercive field (H.), saturation magnetisation (M) and the
magnetization reversal profile of the hysteresis loop. Various commonly used control
methods of these parameters are doping [21], the use of suitable substrates [22] and seed
layers [23] and thermal annealing [24] during and post deposition. A highly influential
control mechanism of magnetism in thin films is also the actual process of thin film coating,
together with the choice of deposition parameters. In the case of magnetic thin films

fabricated via plasma sputtering, it has been shown that the deposition rates [25,26], substrate



temperature, bias voltage, plasma power, base pressure and process gas pressure have a
significant effect on the final magnetic thin film’s properties. The list of controllable
parameters of magnetic thin films is further complicated when one attempts to deposit
flexible magnetic thin films. Mechanical flexibility of a material is a key property that opens
up new possibilities for existing and new inventions alike. Flexible thin films are already
firmly established in the form of flexible solar cells [27], flexible displays [28] and flexible
medical or gas monitoring sensors [29-31]. Recently there have been a number of studies of
magnetic flexible thin films and their properties [32,33], in which the flexibility was achieved
by depositing magnetic thin films onto flexible substrates. Magnetic properties, such as
anisotropy or coercive field, often exhibit unusual characteristics in thin films compared to
that of a bulk material [34]. These can arise, besides other means, from shape effects, residual
stress created during the film growth or interactions of atoms at the surface. The use of
flexible substrates further enhances these interfacial effects. A dependence of coercive field
value on film thickness, for various ferromagnetic materials grown on a solid substrate, has
been extensively described in many studies [35-37]. A low surface roughness has been linked
to a small coercive field [38]. Similar to this, recent research involving magnetic thin films
coated onto flexible substrates has found that both film thickness and substrate roughness
play a significant role in their properties [39]. NiFe films grown on flexible substrates of
different roughness values implied that rougher surfaces promote higher coercive fields of the
thin film [40]. The proposed mechanism driving this effect was explained theoretically by
Lepadatu using a modified Landau—Lifshitz—Gilbert (LLG) micromagnetics approach [41]
and involves a surface induced magnetic anisotropy in magnetic thin films by the surface
roughness of the substrate. In this paper we report additional studies of flexible NiFe thin
films and we offer experimental and theoretical proof that a surface induced anisotropy is

indeed responsible for the observed results.



2. Experiment

LabLine SPUTTER 5 magnetron plasma sputtering from K.J.Lesker [42] has been used to
coat the NiggFe, thin films onto Silicon (Si1) wafer (100) solid substrate chosen as reference,
and two flexible substrates: a Kapton (50 um) and Polyvinylidene fluoride (PVDF) (110 pm),
respectively. Kapton is a Silicon based polyimide with good temperature resistance up to
400°C and popular in many applications requiring flexibility and high temperature resistance.
PVDF is a flexible piezoelectric material very useful for development of functional
composites including multiferroic composites. The vacuum chamber base pressure for each
sample was 1.7 x 107 Torr and the temperature of the substrate was monitored and kept
constant at 27 °C during the deposition processes. An RF plasma cleaning procedure was
applied to all substrates using S0W RF power, argon gas process pressure of 10 x 10~ Torr
and 2 minutes plasma cleaning duration per substrate. All substrates were then coated with 5
nm seed layer of Chromium (Cr) for improved adhesion. The Cr seed layers were all coated
using the following conditions: Argon gas process pressure set to 3 x 103 Torr, DC power
50W and the growth rate was measured by quartz crystal to be around 2 A/sec. Our Kurt J.
Lesker plasma sputtering tool is designed to accommodate in its vacuum chamber up to four
substrates that can be coated individually without venting the chamber. A carousel holding
the substrates automatically rotates each substrate to the appropriate position above the
magnetron target. The system can accommodate five magnetron targets (four DC including a
high magnetic field magnetron and one RF), which are located at around 10 cm distance

below the substrates carousel.
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Figure 1. Comparison of magnetic hysteresis loops

for NiFe a) t = 100 nm; b) t =60 nm; ¢) t =15 nm;

fluctuation in our particular setup is under for Si, Kapton and PVDF substrates.

0.1%, achieved by deploying an electro-optic

noise reduction modulator known as “noise eater”, which allowed us to obtain hysteresis
loops in a single measurement, without averaging, in less than a minute per hysteresis loop.
Figures 1.a) to 1.c) show a comparison study of magnetic hysteresis loops for 100, 60 and 15
nm NiFe films, deposited on the three aforementioned substrates. Figure 1.a) shows that 100
nm NiFe thin films display identical magnetization reversal profile and coercive fields of
around 67 Oe, regardless of the type of substrate used. As the thickness of the NiFe films is
reduced to 60 nm, the films coated onto Kapton and Si substrates appear to display identical
behaviour, while the film coated onto PVDF substrate shows a clear increase in the coercive
field to 135 Oe (see figure 1.b). Upon further decreasing the thickness of NiFe down to 15
nm, a clear trend is observed in which both NiFe films coated onto Kapton and PVDF show a
significant increase in their coercive fields to 126 Oe and 306 Oe, respectively, while the
coercive field of NiFe on Si remains broadly unchanged. This corresponds to 88% and 356

%, respectively enhancement of the coercive field of NiFe thin films when compared to those



deposited onto Si substrates. These initial results were connected to the substrate roughness
values [40], in which it was suggested that surface roughness may be responsible for the
coercive field enhancement due to a surface induced magnetic anisotropy, as shown
theoretically by Lepadatu [41]. This is further supported by the thickness data that shows a
total cancelation of the effect for thicker (100 nm) films in which the nano-scale substrate
roughness effects are negligible, and a gradual emergence when the thickness is reduced and
the surface roughness begins to dominate. A maximum effect appears to be achieved when
the film thickness is of the order of magnitude of the surface roughness.

Hence, to clarify this aspect, we focus our studies on the thinner NiFe films where the surface
roughness effect appears to dominate. If a surface roughness induced magnetic anisotropy is
indeed responsible for the observed results, this should be identifiable in the magnetic
hysteresis data via the emergence of hard axis (HA) and easy axis (EA) magnetization
reversal profiles. To prove this experimentally we fabricated a new set of NiFe 15 nm thin
films using the same deposition conditions as described above. However, in order to optimize
the deposition process, we have varied the DC sputtering power, which resulted in a variation

of the thin film growth rate from 1A/s at 25W power to 3.8A/s at 100W, as shown in Table 1.

Table 1. Deposition conditions and code names for the 15 nm NiggFeyq thin films.

DC sputtering Power Sample code names Grow rate
W) (Substrate = Silicon, Kapton, PVDF) (Ass)
100 Substrate 100 3.8
75 Substrate 75 2.9
50 Substrate 50 1.9
25 Substrate 25 1.0

The samples structure is: Substrate / Cr (5 nm) / NiFe (15 nm), where Substrate is Si, Kapton
and PVDF, respectively. Table 1 shows the samples code names and their deposition
conditions used as variables. Surface morphology and substrates roughness were evaluated
using a Park NX10 Atomic Force Microscope (AFM). Each measured area was 5 x 5 pm
using a non-contact scanning mode and XEI software was used to process the data and to

extract the average roughness values.



3. Results and discussions

All three substrates used in these studies

Silicon substrate

have a very different surface roughness
with average roughness values, Ra, for Si
of around 2 nm, Kapton around 5 nm, and
PVDF of around 8 nm, as also previously
reported [40]. However, these are the
values before substrate plasma cleaning
procedure is deployed and we observed a
surface roughness modification of the
substrates after this process. Hence, we
retested our substrates immediately after
the plasma cleaning procedure in order to
get a more accurate value of their surface
roughness in the final samples. Figure 2
shows the 3D topography of our
substrates after the plasma cleaning
procedure, measured with an AFM in

non-contact scanning mode. After plasma

treatment, average roughness of silicon

Figure 2. AFM images for all three substrates after

substrate decreased to R, = 0.6 nm, plasma cleaning. a) Silicon; b) Kapton; ¢) PVDF.

flexible Kapton reduced to R, = 2.2 nm
and PVDF roughness became 6.8 nm (see figure 2). A closer examination of figure 2 clearly

indicates a distinct ‘wave-like’ character of PVDF substrate roughness, where the material



surface shows a number of deep ridges not uniformly levelled and not seen in the other
Kapton and Si substrates.

It is important to mention that these values are very much susceptible to the plasma cleaning
process in terms of plasma power and most importantly the duration of the Ar plasma
exposure. This process also affects materials in different ways depending on their structure.
Solid substrates such as silicon wafer tolerate ion bombardment to a greater degree and the
result is surface cleaning rather than etching. In the case of polymers, shorter cleaning times
may enhance the surface properties whilst longer exposures promote damage by high-energy
ions. This is not surprising as plasma cleaning of polymer type materials result in etching
process, polymer chains breaking [43] significantly increasing their surface free energy [44].
Longer exposure times often lead to drastic modification of the samples and increase in
surface roughness, especially in PVDF, which has a low melting temperature of around 120
OC. After the plasma treatment of the substrates, 5 nm seed layer of Cr was coated onto each
substrate, followed by deposition of 15 nm of NiFe thin films at four different dc sputtering
powers, as described in the previous section (see table 1), giving a total of 12 samples. Figure
3 shows the magnetic hysteresis loops obtained via MOKE measurements for all samples.
Individual graphs consist of 4 loops, each relating to the sputtering power used during
deposition. By rotating the sample axis 90 degrees relative to the applied magnetic field
vector (see fig. 4), we were able to identify and test magnetic hysteresis response for easy
axis (EA) and hard axis (HA), respectively. Interestingly, the samples sputtered onto Si
substrates show no magnetic anisotropy and identical HA/EA magnetic coercive field values

regardless on the sputtering power (see figures 3.a) and d)).
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Figure 3. Hysteresis loops for 15 nm NiFe on Si, Kapton and PVDF, coated at 25W, 50W, 75W and
100W dc sputtering power. Figures a) — c) represent the HA response and figures d) —f) represent the
EA hysteresis loops.
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while the magnetic coercive field increases relative to that

on Si substrates, it appears that the HA loops inclinations,

the sputtering power (see figures 3.b) and ¢)).



The emergence of magnetic anisotropy is even more obvious for NiFe on PVDF substrates

where the inclinations of the HA
hysteresis loops are more pronounced and
the largest coercive field values of EA
hysteresis loops are 233% larger than
those of identical samples coated onto Si
substrates. This is exactly the expected
behaviour if the substrate roughness is
indeed the driving mechanism for the

remarkable magnetic coercive field
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Figure 5. Roughness values of individual substrates
related to the average incline angle of their
corresponding HA hysteresis loops.

enhancement, due to an induced surface magnetic anisotropy. NiFe permalloy is well known

soft magnetic material with very small / negligible magnetocrystalline anisotropy [45], and

the underlying mechanisms are still a matter of research today [45,46]. In our case, however,

the distinct anisotropy appears only in flexible substrates with large surface roughness, even

though all samples underwent identical
sputtering conditions. The higher the
substrate roughness, the larger the induced
surface anisotropy appears to be, while for
smooth Si substrates the effect vanishes
completely. It is therefore a powerful
argument to assume that the type of
substrate, or rather its roughness, is

responsible for the observed magnetic

Coercivity values for 15 nm NiFe - Easy axis
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Figure 6. EA coercivity values measured for NiFe
coated on Si, Kapton and PVDF substrates at
different dc sputtering power. Each sputtering power
produces a different H, value, but clearly the larger
the roughness, the larger the H..

changes and surface induced anisotropy. To further enforce this assumption, the incline

angles of the HA hysteresis loops were determined and correlated to the roughness values of

the individual substrates. The incline angle of a given HA hysteresis loop was taken as the
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angle deviation from the vertical magnetization axis to the tangential line linking positive and
negative magnetization saturation points on the HA hysteresis loops. For each substrate, we
determined the inclination angle corresponding to each sputtering power and we calculated its
average value. By plotting the average incline angle of the HA versus the substrate roughness
we obtained a strong linear correlation, with a correlation factor of 99% (see figure 5 and
figures 3.a) to c)), which is a significant indication that the surface induced magnetic
anisotropy is indeed correlated to the surface roughness.

While the HA hysteresis curves display a clear correlation to the substrate roughness, their
coercive fields are mostly unchanged. This is very different in the case of EA hysteresis loops
(see figure 3.d)-f)), where the substrate roughness appears to have a dramatic effect on the
EA magnetic coercive fields, H, as detailed in figure 6. The average H,. values increase by
53% for Kapton and 156% for PVDF relative to the H, values of NiFe on Si. Examination of
data in figure 6 reveals that roughness in indeed the main contributor to the increase in EA
coercive field. However, for all samples the EA coercive fields are also affected by the dc
sputtering power as shown in figure 6. The optimal dc sputtering power for our particular
deposition system, under the sputtering conditions indicated above, appears to be in the range
S50W-75W, where the largest increases in the H, are observed. The effect of deposition
power, as well as many other variables involved in sputtering process, is known to greatly
influence the final thin film properties. For example, Tang et al. have performed similar
experiments in order to study the effects of sputtering process pressure on magnetic
properties of NiFe films. They found that coercive fields significantly decrease after lowering
the Ar gas pressure and deduced that higher accelerating voltages, which are needed to keep
the power values fixed after the drop in the process pressure, was the reason for higher
deposition rates and fewer defects [47]. In our experiment these effects are ruled out, as the
argon pressure was maintained constant at 3 x 10-3 Torr, and the power was also fixed to one

of the predetermined values during the coating process. Grain size effects have been shown to
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promote significant changes in the coercive fields of magnetic thin films, with coercive fields
increasing proportional to the grain sizes [25,48]. In our case, this mechanism is also ruled
out as our samples show an increase in the coercive field in thinner films, corresponding to
smaller grain sizes. Moreover, a faster growth rate is associated with larger grains and higher
coercive fields [25]. In this study, by fabricating samples at variable sputtering power /
growth rates (see table 1), we were able to once again rule out the grain size effect as a
possible explanation of our results since samples coated at highest sputtering power (100W)
and fastest growth rates (3.8A/s) displayed smaller coercive fields than samples coated at
lower sputtering powers / growth rates (see figure 6). In the next section we provide

theoretical support to our conclusions via micromagnetic modelling of our results.

4. Theoretical approach

To analyse the experimental results and the origin of the observed magnetic anisotropy,
micromagnetics computations have been used, where surface roughness is incorporated using
an effective field model proposed previously [41]. Within this formulation roughness is
treated as a perturbation of the magnetostatic energy on a smooth structure, resulting in a
configurational anisotropy, which can be extracted as a separate energy density term. Thus if
V' is the smooth magnetic body without physical roughness, micromagnetics simulations on
the body V are performed by including the effective field pygH = -0e/0M, where ¢ is the

roughness energy density shown in equation 1.

&(ry) = gx(ro)mf TE, (ro)mf, +e,(r, )mzz (r,eV) (1)

Here m = M/M| is the magnetisation unit direction vector, and the three orthogonal

roughness energy density terms are given in equation 2,
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2
g[(ro):ﬂOTAlsIJINii(r—rO)G(r,ro)dr (r,eV), i=x,y,z

rel/

(2)

where
m—1 rar, el

G(r,r))= |VR| (3)
-1 rvr,elV -V,

In equations 2 and 3, V' — V' is the magnetic body with physical roughness and volume |V3| <
|V, My is the saturation magnetisation, and N;; (i = x, y, z) are the diagonal components of the
demagnetizing tensor [49].

For isotropic surface roughness the resulting

Uniaxial Anisotropy Fit
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Figure 7. Computed in-plane roughness energy
film on the PVDF substrate of figure 2, density for the PVDF \ NiFe sample with 6.8 nm

roughness, where the oriented physical surface

where a strongly anisotropic roughness  roughness obtained from AFM scans was imported
into the simulations. The results are fitted using the

; : niaxial anisotropy formula with constant 15.5 kJ/m?3.
profile is obtained from AFM scans, py formuia wi

forming an oriented wavy structure in the plane. By incorporating the roughness profile in the
effective field model, the in-plane roughness energy density was computed as a function of
magnetisation angle &, shown in figure 7. This is described very well by the uniaxial
anisotropy formula K sin’(6), where K = 15.5 kJ/m3, with the easy axis aligned along the

wavy surface roughness profile, in agreement with the results shown in figure 3. The strength
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of this contribution is comparable to that of materials with magneto-crystalline anisotropy,
e.g. 6 kJ/m? for high quality single-crystal Ni films [50]. Since NiFe has no magneto-
crystalline anisotropy, the observed uniaxial anisotropy in figure 3 is attributed to the
configurational anisotropy resulting from the anisotropic surface roughness profile.
Moreover, the strength of this configurational anisotropy is directly proportional to the
roughness level, in agreement with the results shown in figures 3 and 6, and verified in a
previous work as a function of both film thickness and roughness level [40]. The out-of-plane
configurational anisotropy persists in the model, however the strength of this is only 2% of

the in-plane anisotropy so it is negligible.

5. Conclusion

NiFe thin films on Si, and flexible NiFe thin films on Kapton and PVDF substrates were
successfully fabricated by magnetron plasma sputtering technique and their magnetic
properties measured experimentally. NiFe films of variable thickness from 15 nm to 100 nm
showed an emergent effect in which their coercive fields gradually increased in thinner films
and remained broadly unchanged in 100 nm thin films. The effect was more pronounced for
flexible, rougher substrates, indicating that roughness of a substrate influences magnetic
coercivity and the anisotropy of the film. We hypothesized that the observed effect was due
to a surface induced magnetic anisotropy. This hypothesis was then experimentally confirmed
by fabricating 15 nm NiFe thin films deposited on Silicon, Kapton and PVDF. We found that
the coercive fields increase in line with the roughness of substrates. In addition, a hard axis
and easy axis emerged only in 15 nm thin films deposited onto flexible rough substrates.
Identical 15 nm NiFe films on Si substrates showed no magnetic anisotropy and no variation
of the coercive fields. It is important to state that our samples were grown under no external

magnetic field, they were not annealed or otherwise treated in any way that could explain the
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emergence of the magnetic anisotropy. Theoretical simulations using Lepadatu’s model of the
surface roughness effect also supported our conclusions. The ability to use surface roughness
to tune the properties of magnetic thin films is of great importance as it offers more versatility
in the fabrication of complex nano-structured sensors and devices based on magnetic thin

films, and we hope that this work will stimulate future studies in this area.
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