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Abstract

We report the experimental and theoretical study of a substrate roughness surface induced magnetic
anisotropy in thin films of Fe and Co. The experimental results confirm previously reported data on NiFe thin
films and indicate that rough substrates increase the magnetic coercive fields in magnetic thin films. This effect
is most prominent in films of thickness comparable to the surface roughness values and materials of small
volume magnetic anisotropy. We determined the coercive field of 15 nm Fe thin film sample deposited onto
rough PVDF to be 256 Oe, which is more than doubled the value of the coercive field of 15 nm Fe films coated
under identical conditions, onto smooth Si substrates. The effect is visible for Co films but weaken by its
increased volume magneto-crystalline anisotropy. These results are important for applications based on
magnetic thin film where the magnetic properties could be adjusted via substrate roughness engineering
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1. Introduction

Functional and structural properties of nano-thin films differ very much to those of the same
materials in bulk form. There is no fixed value thickness that defines the separation of bulk and thin
film phases, but it is widely accepted that materials thicker than 100 nm display roughly bulk
physical properties, while thinner structures begin displaying effects specific to thin films. The main
contributor to these effects in thin films are the surface atoms, comprising of a larger fraction of
sample volume to surface area, thus influencing its overall behaviour. Therefore, understanding the
underlying processes that lead to such changes in thin films and utilizing the science that drives
these changes is of great importance to modern technological applications based on thin films.

Thermal evaporation [1], pulse laser deposition [2], electro-plating [3], or plasma sputtering [4] are
amongst the most popular techniques for thin film deposition. Depending on the method used, the
thin film microstructure can be modified by the rate of deposition, temperature of deposition,
process pressure, coating angle, or any other process conditions [5—8]. Such adjustments in coating
process help to control the nucleation, adsorption of atoms to a substrate, the way they coalesce
and build up subsequent layers, which leads to some intriguing results [9,10]. When magnetic thin
films are fabricated, the above processes, as well as the in-situ application of external magnetic
fields, can alter their properties during the deposition process, known as magnetic annealing [11].

Thickness of the magnetic film is also one important parameter directly responsible for the
alteration of film’s properties on the mesoscopic scale. For example, film thickness reduction to



some critical level will limit the maximum grain size of a polycrystalline film, which in turn, has been
linked to a modification in magnetic properties of films, such as magnetic coercive field (Hc) or its
resistivity [12,13].

Recent micro-magnetic simulations incorporating roughness effects have shown that the substrate
roughness plays a critical role in the magnetic film’s properties [14]. These studies were shortly
followed by an experimental confirmation of the theoretical predictions, showing a clear correlation
between the average roughness value of a substrate and the magnetic coercive field of NigoFez thin
films [15]. As the thickness of a magnetic film decreases towards values close to the substrate
roughness, the coercive field, Hc, gradually increases. This was found to be in direct contrast with the
grain size effect for which the Hc is expected to be lower in thinner films due to a smaller grain size
[16]. This remarkable and contradicting result was attributed to a change in effective magnetic
anisotropy, induced by the substrate’s surface roughness, as predicted theoretically [14] and later
proven experimentally [17].

Although the roughness effect was previously observed experimentally in NigoFezo Permalloy studies,
it is unclear whether the same effect remains valid for other magnetic materials, or whether this is
specific only to Permalloy thin films. To verify this, we have investigated two common ferromagnetic
materials, Cobalt (Co) and Iron (Fe), under the same fabrication and experimental testing conditions
as those used for the Permalloy. Both elements differ significantly to NisoFeso Permalloy, which
allows expanding the generality of our studies, if the roughness effect in these new materials is to be
experimentally reconfirmed. Specifically, the magnetocrystalline anisotropy values Ky are found to
be around 22 and 31 kJ/m?3 for Fe and Co respectively, compared to near zero value for NiFe [18].

2. Experiment

Two sample sets of Fe and Co thin films were fabricated using the LabLine SPUTTER 5 magnetron
plasma sputtering built by K. J. Lesker company [19]. The substrates were air-dusted before placing
them into the vacuum chamber, then left in place until the base pressure reached around 1.5 x 107
Torr. Instead of chemical cleaning, plasma-etching method was used in situ to clean each substrate
individually for 2 minutes, using 50 W RF power and constant flow of Argon gas at 10 x 10 Torr
pressure. Samples were left in the chamber to cool under vacuum for 4 hours. All substrates were
first coated with 5 nm seed layer of Chromium (Cr). The Cr layer is required to improve the adhesion
between the film and substrate. We have tried depositing a selection of films without using the Cr
seed layer and no appreciable changes in the magnetic properties / results were found. However,
the films without Cr seed layer suffered poor adhesion and delamination. Since Cr presence or
omission has no bearing on the results of magnetic properties reported in the manuscript, we
believe the Cr effects are negligible in terms of roughness changes and the Cr under layer is applied
to all our samples for improved adhesion. The sputtering target was also plasma cleaned for 2
minutes in order to remove possible oxide layer built up or contaminants on its surface. Fe and Co
films of 100 and 15 nm thicknesses were deposited on top of the Cr seed layer. We selected these
thicknesses because we previously observed that the surface roughness effect was negligible for 100
nm and maximized for 15 nm NigoFezo thin films. Sputtering conditions were the following: Argon gas
pressure set at 3 x 10 Torr and sputtering gun kept at 60 W DC power. The sputtering rate for all
materials was 1.9 A/s or 11.7 sccm. All above processes took place at average temperature ranging



between 26 to 28°C. Extra care has been taken to maintain the same sputtering procedure and
conditions for both sample sets. Magnetic thin films were fabricated using three different
substrates: a) Silicon (Si) wafer (100); b) Kapton® thermal film 50 um thick; c) 110 um polyvinylidene
fluoride (PVDF) film. These materials were chosen because of their diverse average surface
roughness values (Ra) that allow studying the roughness effect onto the magnetic properties of the
final films, but also to carry out a comparative study with the previous work on NiggFez thin films
[15,17]. The roughness values as measured after plasma etchings are 0.6 nm, 2.2 nm and 6.8 nm for
Si, Kapton and PVDF, respectively as reported previously [17]. All samples have the following
structure: Substrate/Cr (5nm)/Ferromagnetic material (t nm), where t = 15 nm and 100 nm
represents the film thickness. We have intentionally omitted the use of a protective cap layer in
order to facilitate high-resolution Magneto-Optic Kerr Effect (MOKE) measurements.

Magnetic properties were evaluated via MOKE measurements at room temperature under
saturating external magnetic fields of up to 1000 Oe. Our experimental setup allows acquisition of a
single well-defined magnetic hysteresis loop in just over a minute, without data averaging.
Determination of Easy and Hard axis was achieved by measuring each sample with its long axis and
sample’s plane parallel to applied field, then measuring again after rotation of the sample axis by
90°.

3. Results

Figures 1. a), b) show easy axis (EA) hysteresis loops and figures 1. c), d) show the hard axis (HA)
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coercive field was only 105

Oe. A similar result is seen on 15 nm film thickness where coercive field of film coated on PVDF
increased to 147 Oe from 108 Oe as measured on Si substrate.

Interestingly, the HA data (Figure 1.c,d) do not indicate any significant variation of the coercive fields
with the substrate roughness for both 15 and 100 nm Co samples. However, the effective magnetic



anisotropy of the films appears to follow the substrate roughness sequence Si — Kapton — PVDF
instead, with the inclination angle of the HA loops for samples on rougher substrates clearly
increasing (Figure 1.c,d). The inclination was determined by measuring an angle between y-axis and
imaginary line running from the origin to magnetic saturation point for each curve. For 100 nm thick
films, we recorded 12°, 11°, 27° angles for Si, Kapton and PVDF respectively. Larger slope values
were found for thinner 15 nm film with 21°, 28°, 35° angles for the same substrates. This indicates
that the observed changes are possibly related to a surface induced magnetic anisotropy, as will be
discussed later in the manuscript.

Figure 2 depicts the same hysteresis data for Fe thin films. Coercive field of all films coated on Si and
Kapton, tested in EA orientation, remain broadly unchanged for both 100 nm and 15 nm Fe samples
(see figures 2.a, b). Noteworthy is the behaviour of the coercive field of Fe samples coated onto the
roughest substrate, PVDF. The Easy axis Hard axis
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175 Oe, slightly larger than
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15 nm Fe thin film sample
deposited onto PVDF has a
remarkably larger coercive
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coercive fields of the 15 nm Fe
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Kapton substrates remain
roughly constant at around
122 Oe, as clearly shown in
figure 2.b.
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thin films, the HA

measurements do not show any significant variation of the coercive fields with the substrate
roughness, but they clearly show the effective magnetic anisotropy of the Fe thin films by the
inclination angle of the hysteresis curves. For both 15 nm and 100 nm Fe samples, the slope of the
hysteresis curves increases with the substrate roughness values. The largest slope is observed for the
thinnest 15 nm Fe film, with the inclination angles of the loops being 12° for Si substrate, 16° for
Kapton and 39° angle from the normal for PVDF substrate, respectively.

4. Discussion

Thin films made of Fe and Co, prepared under the same conditions, have each responded differently
to substrate roughness displaying visible and quantifiable changes in their magnetic properties. No
appreciable changes were found in coercivity of Co films based on the film thickness alone (figure 1
and 3a). However, figure 3a indicates a clear enhancement in Hc field values attributed solely to



roughness of the substrate, irrespective of the film thickness. In other words, a substrate with rough
surface (PVDF) was found to promote larger Hc fields, unlike smooth substrate (Si) where the Hc
fields are broadly unchanged.

Inclination of most hysteresis curves in HA column in figure 1, follow the trend of getting more tilted
with the substrate roughness value. Interesting is
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the observed trends are indeed valid, but their
linearity is speculative as we do not have enough data points to conclude this and a non-linear
dependence could occur.

From the results presented above, we see that a certain combination of substrate roughness and
film thickness enhances coercivity in ferromagnetic thin films. We also see a smaller difference in Hc



values in materials having a low R, (Si, Kapton) that scales up with the type of material sputtered. In
this study, the greatest effect was found with 15 nm samples.

To better emphasise these results, coercive fields of 15 nm Co, Fe and NigoFeyo films have been re-
plotted together against substrate roughness values (figure 4a). We see that Co, having the highest
Ku is almost unaffected by the roughness of substrates, whilst the other two materials, Fe and
NigoFe2o, scale well with Ky and appear to be greatly influenced by the roughness values. We believe
this is due to a surface roughness induced magnetic anisotropy as predicted by Lepadatu [14] and
proven experimentally in other studies [15,17,20].

Considering all anisotropy terms involved, the overall magnetic behaviour of a given magnetic thin
film sample is described by an effective magnetic anisotropy, which is made up of the two main
components [23]:

K
Kerr = Ky + r D

where Ky is the volume anisotropy, a material parameter that is thickness independent, and Ks is the
surface anisotropy that has an inverse proportionality dependence to the film thickness [23]. The Ky
value (i.e. Ky in equation (1)) for Co is significantly higher than that for Fe, while the Ky value for
NigoFezo is almost negligible. Hence, according to equation (1), the surface anisotropy plays a major
role in thinner films with lower Ky values, as this term becomes more dominant in the effective
anisotropy of magnetic thin films. This is exactly what we observed in our data for three different
magnetic materials of different magneto-crystalline magnetic anisotropies, coated onto substrates
of different roughness values (see figure 4 a,b).
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Figure 4: Coercive fields of a) - 15 nm and b) - 100 nm thin films of Co, Fe and NiFe coated on Si, Kapton
and PVDF, plotted against substrate average roughness.

The observed results in this study cannot be explained by the grain size variations either, as our data
directly contradicts previous works concentrating on the effect of the grain size on Hc. The coercivity
of polycrystalline ferromagnetic films is well described by the random anisotropy model [24,25] in
which the Hc variation with the grain size displays three regimes. For very small grains the Hc
increases rapidly with the grain size to the power six, for intermediate grain sizes the Hc is constant



and for very large grain sizes corresponding to typically films thicker than 150 nm, the Hc decreases
inverse proportionally with the grain size as [16]. Other possible effects including temperature of
measurement or temperature of sample deposition are ruled out, as all our thin film fabrications and
measurements took place in a temperature-controlled environment. We also made sure the
experiments were carried out in such way that minimizes some other common reasons that could
explain the observed effects, such as shadow deposition [26] and tensile or compressive stress
[27,28]. Within this study, we limited our investigation to atomic force measurement of substrate
roughness and we only focused on samples synthesis, magnetic properties and micromagnetics.
However, an absolute confirmation would require some micro-structural measurements including X-
Ray diffraction to check any possible lattice variations, grain sizes or crystallographic changes. In the
following section, we offer further support of our results and conclusions via micromagnetics
simulations.

5. Micromagnetics simulations

As shown in previous works on NiFe thin films [14,15,17], the effect of topographical surface
roughness is to induce an effective anisotropy term due to modification of the magnetostatic field.
Locally, the induced anisotropy strongly depends on the roughness profile, however when averaged
over the entire sample a uniaxial anisotropy contribution results, with easy axis aligned to the
average roughness texture orientation. The inset in figure 5 shows a surface roughness profile
obtained from an atomic force microscopy scan of a PVDF substrate, where a preferred roughness
texture orientation is observed. Increasing roughness depth results in an increased induced
anisotropy contribution, which leads to increased coercivity values as seen in figure 4a. On the other
hand, the induced anisotropy contribution plays a smaller part for the thicker 100 nm films, since the
induced anisotropy energy density is proportional to the roughness depth to film thickness ratio
[14]. This is in agreement with the experimental observations in figure 4b.

For the NiFe films the change in coercivity with surface roughness depth arises solely due to the
induced anisotropy contribution. With the Fe and Co films however we have the additional
magnetocrystalline anisotropy contribution, where the change in coercivity with roughness depth is
now given by the interaction between the induced anisotropy and the intrinsic magnetocrystalline
anisotropy. In real samples the situation is complicated by the fact the easy axes of the two
anisotropy contributions change relative to one another throughout the sample, partly due to the
local change in the surface roughness texture, as well as due to the polycrystalline structure of the
magnetic thin films. The change in coercivity in figure 4, shown for the effective easy axis direction,
decreases with increasing magnetocrystalline anisotropy strength (Fe and Co). In order to explain
this, we calculate the change in coercivity using a micromagnetics model, which includes a surface
roughness field, with Boris Computational Spintronics software [29].

The effective roughness field is computed from the topographical surface roughness profile shown in
the inset to figure 5 using equation (2):

H(ro)=_|:ZN(r_ro)G(r'ro):|M(ro) (r, eV) (2)

rev



Here N is the demagnetising tensor computed on a fine mesh with a 1 nm computational cellsize —
this mesh is fine enough to reproduce the features of the roughness profile in figure 5. The effective
roughness field H is proportional to the magnetisation M and this is obtained on a coarse
computational mesh with 5 nm cellsize used for coercive field calculations. The function G is given
by:

NV
——-1 rar,eV
G(I’,I’o)= Ny, ° § 3)
-1 rvryeV -V,

where Ny and Ny, are the number of discretisation cells in the coarse and fine meshes, denoted V
and V; respectively [14]. In equation (2), in contrast to the formula given in [14] which only includes
the diagonal tensor elements, we also include the off-diagonal tensor elements for completeness.

The coercive field is computed by relaxing the magnetisation configuration in an applied field using
the Landau-Lifshitz-Gilbert (LLG) equation [30], which includes contributions from the demagnetising
field, uniaxial magnetocrystalline anisotropy field, exchange field, applied field, as well as the
roughness field. The demagnetising field is obtained using the simple Stoner-Wohlfarth model for a
magnetic thin film. We still include the exchange field however, since surface roughness results in a
non-uniformity of magnetisation orientation. In order to analyse the effect of different relative
orientations between the magnetocrystalline anisotropy and roughness anisotropy easy axes, we
simulate the two extreme cases of magnetocrystalline anisotropy easy axis parallel and
perpendicular to the roughness texture orientation, as indicated in figure 5. The results are shown in
figure 5, both for 15 nm and 100 nm thick films, as a function of magnetocrystalline anisotropy
strength and roughness depth.
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Figure 5: Coercive field change as a function of roughness depth and magnetocrystalline anisotropy
strength for a) 15 nm, and b) 100 nm film thickness. The inset shows a surface roughness profile,
indicating the parallel (solid lines) and perpendicular (dashed lines) orientations of the
magnetocrystalline anisotropy easy axis.



For the 15 nm thick films, increasing the roughness depth results in increased coercivity values
irrespective of the relative orientation of the magnetocrystalline anisotropy easy axis to the
roughness texture, although this is most pronounced when it aligns to the roughness texture
orientation. Increasing the magnetocrystalline anisotropy strength decreases this effect as the ratio
of roughness to magnetocrystalline anisotropy energy density decreases. These results are in
agreement with the experimental findings in figure 4a, indicating the reduced change in coercivity
for Fe and Co arises due to increasing magnetocrystalline anisotropy energy density. For 100 nm
thick films we again obtain a good agreement with the experimental findings in figure 4b, showing
significantly reduced change in coercivity with roughness. These results further support the
experimental findings, showing the change in coercivity for different substrates and magnetic
materials can be understood as an induced effective magnetic anisotropy due to surface roughness.
This work is of interest for future studies in which the roughness effect is utilized to propagate
various interface roughness values in complex exchange bias systems. In fact, an increase in the
interface roughness has been already reported to increase the exchange bias field and the coercive
field of CoO/Fe systems [31,32].

6. Conclusion

We have prepared thin films of various thicknesses, using three common ferromagnetic materials -
Fe, Co, NigoFezo, and subjected them to magnetic measurements. The films were sputtered under
identical conditions onto Si, Kapton and PVDF substrates of various roughness, allowing studying the
way roughness of the substrates influences their magnetic properties. We have found that the
substrate roughness, in conjunction with film thickness, is the main contributor in enhancing the
magnetic coercive fields of the films as well as promoting additional magnetic anisotropy. The
roughness effect becomes apparent when the value of substrate’s average roughness is close to
thickness of the film. Under this condition both, magnetic coercivity and anisotropy recorded largest
values.

We further concluded that the type of the magnetic material also plays a significant role in observing
this surface induced roughness effect, due to their different volume magneto-crystalline anisotropy
contributions. NiggFeo permalloy, which has negligible magneto-crystalline anisotropy, has been
mostly influenced by the substrate roughness induced surface anisotropy, Fe with intermediate
magneto-crystalline anisotropy displayed a visible but weaker response, whilst the effect in Co,
which has the largest magneto-crystalline anisotropy, vanished almost completely.

Micromagnetics simulations, which take into account the topographical surface roughness, show the
induced effective magnetic anisotropy arises due to a modification of the magnetostatic field. In
particular, texturing of the roughness profile gives rise to an effective uniaxial anisotropy, which, in
combination with the intrinsic magnetocrystalline anisotropy, explains the experimental findings on
films with different magnetocrystalline anisotropy strength and substrates with different roughness
depth.
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