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Fe–Ni based amorphous thin films were prepared by thermal evaporation. These films were
irradiated by 108 MeV Ag8+ ions at room temperature with fluences ranging from 1�1012 to 3
�1013 ions /cm2 using a 15 UD Pelletron accelerator. Glancing angle x-ray diffraction studies
showed that the irradiated films retain their amorphous nature. The topographical evolution of the
films under swift heavy ion �SHI� bombardment was probed using atomic force microscope and it
was noticed that surface roughening was taking place with ion beam irradiation. Magnetic
measurements using a vibrating sample magnetometer showed that the coercivity of the films
increases with an increase in the ion fluence. The observed coercivity changes are correlated with
topographical evolution of the films under SHI irradiation. The ability to modify the magnetic
properties via SHI irradiation could be utilized for applications in thin film magnetism. © 2009
American Institute of Physics. �DOI: 10.1063/1.3075581�

I. INTRODUCTION

Soft magnetic alloys based on Fe–Ni are increasingly
becoming a hot topic of research because of their potential in
finding end uses in fields such as power electronics, sensors,
and actuators.1–5 The magnetic softness of these materials is
attributed to the amorphous microstructure which aids in the
vanishing of their magnetic anisotropies. The high electrical
resistance with respect to its crystalline counterparts makes
them suitable for high frequency applications. The low coer-
civity and high permeability exhibited by these materials
have been successfully explained based on the random an-
isotropy characteristics of the system.6

Metallic alloys with disordered structure are produced
from the liquid state during cooling and are also known as
metallic glasses.7 There are several methods in vogue for the
preparation of amorphous alloys. Here, physical vapor depo-
sition, high energy ball milling, ion beam irradiation, and
melt spinning need special mention. With the advent of these
materials exhibiting excellent soft magnetic properties, thin
films of these materials assume importance from an applica-
tion point of view.

Control of magnetic properties is highly essential in or-
der to obtain miniaturized magnetic devices with improved
performance characteristics. The magnetic properties are
strongly dependent on the microstructure and hence the mag-
netic properties of these materials can be tailored by modi-
fying the microstructure. For example, the variation in the
sputtering rate during the sputter deposition of magnetic thin
films can result in the modification of coercivity.8 Coercivity

of magnetic thin films can also be tailored by depositing
films on seed layers.9 Recently we reported the modification
of the magnetic properties in Fe based nanocrystalline alloys
by thermal annealing.10 In thin magnetic films, the surface
roughness plays an important role in the magnetization re-
versal mechanisms and this in turn determines the coercivity
of the material.11,12

Ion irradiation has been considered as an alternative tool
in modifying the surface properties. An energetic ion that
penetrates a solid loses energy mainly via two independent
processes: �a� electronic excitation and ionization �electronic
energy loss, �dE /dx�e� which are dominant in the high en-
ergy regime �greater than 1 MeV/nucleon� and �b� elastic
collisions with nuclei of the target atoms �nuclear energy loss
�dE /dx�n� which are dominant in the low energy regime. The
ion energy loss per unit path length depends strongly on the
ion velocity. Swift heavy ion �SHI� passes through a solid
with a velocity comparable to the Bohr velocity of electrons
and loses its energy while traversing through the material.
The rapid energy transfer during the inelastic collision results
in a transient excitation of the medium that finally culminates
in the production of point defects, clusters, columnar defects,
and phase transformation along the path of the heavy ion
beam.13–17

The mechanism by which the energy can be deposited is
through two different process, namely, thermal spike and
Coulomb explosion.18–20 In the former the ion beam excites
the electronic system at the local site and electrons transfer
this energy to phonons via electron-phonon coupling result-
ing in an increase in the local temperature. In the latter, ions
create ionization zones during their passage through the ma-
terial. The ionization zone with positive charges may explode
under electrostatic force and induces strain in the material.

Metallic glasses were thought of resistant to irradiation
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induced modifications. This hypothesis was based on the fact
that irradiation induced disorder is easily absorbed in the
heavily disordered structure of an amorphous system. But in
the 1980s it was observed that metallic glasses when sub-
jected to irradiation produced damages.21,22 Glassy alloys
such as Pd80Si20 and Cu50Zr50 when irradiated with high en-
ergy ions were found to be undergoing dimensional changes
perpendicular to the ion beam, whereas the sample shrunk in
dimension parallel to the ion beam. Measurements using
x-ray diffraction �XRD� and electrical resisitivity revealed
that the structural modifications of radiation deformed
samples were small in comparison to the dimensional
changes. This discovery was rather surprising because of the
following: �1� At that time there was a supposition that a
metallic glass, as a completely disordered metal, would be
more radiation resistant than any crystalline metal. �2� In
crystalline materials any radiation induced anisotropic
change in sample dimensions are due to a natural crystallo-
graphic anisotropy. In sharp contrast, dimensional changes in
glassy Pd80Si20 and Cu50Zr50 were introduced by the beam
itself and �3� the number of atoms, which occupied new po-
sitions in order to accommodate the dimensional changes
exceeded by one or two orders of magnitude than the number
of atoms which are displaced via the nuclear energy loss.

Later on, the anisotropic growth in metallic glasses was
experimentally evidenced by many researchers.23,24 Aud-
ouard et al.23 observed that the irradiation of Fe85B15 ribbons
with 850 MeV 207Pb and 350 MeV 238U ions results in the
formation of hillocks and hollows. The formation of hillocks
was attributed to the damage created in individual ion tracks
and hollows were linked to the occurrence of anisotropic
growth phenomenon. Later on, FeBSiC and Fe55Zr45 ribbons
were subjected to investigate the role of linear rate of elec-
tronic excitation �dE /dx�e and temperature on defect creation
and growth process.24 Contrary to the earlier belief that the
effect of SHI on metallic glasses was limited to the aniso-
tropic growth, Dunlop et al.25 in 2003 showed that partial
crystallization of an amorphous alloy �FINEMET� is also
possible by a high level of electronic energy deposition. This
crystallization phenomenon was interpreted in terms of an
irradiation induced pressure wave which allowed a rear-
rangement of the local atomic structure of the alloy. These
findings lead to the conviction that electronic excitation
could induce structural modification in metallic glasses and
also macroscopic variations in the dimensions of irradiated
metallic glass should induce modifications of the topography
of the sample surface.

Fe40Ni38Mo8B14 �METGLAS 2826� is an amorphous al-
loy which shows superior soft magnetic properties.26,27 Since
metallic glass is widely used for sensor applications, thin
film form of this material would be of great interest for in-
tegrating thin film sensors with today’s microelectronics.
This can be realized by depositing thin films of this material
on suitable substrates. Previous attempts for preparing thin
film of this material by thermal evaporation showed that the
composition of the films was rich in Fe and Ni and was
depleted in Mo and B. Further, it was noticed that the mag-
netic properties are strongly dependent on the
microstructure.10

The surface evolution of a thin film under SHI irradia-
tion will be an outcome of a competition between sputtering
induced surface roughening process and the material trans-
port induced smoothening process. The final film morphol-
ogy thus depends on the dominant process. Mayr and
Averback28 observed that the smoothening of a rough amor-
phous film occurred during ion beam irradiation and radia-
tion induced viscous flow was identified as the dominant
surface relaxation mechanism. Mieskes et al.29 observed an
increase in surface roughness in Au, Zr, and Ti when irradi-
ated with 230 MeV Au ions. The increased surface roughness
was attributed to the sputtering induced by SHIs. The mag-
netic properties of thin films are strongly dependent on the
surface/interface roughness and the SHI is an effective tool
in modifying the surface of a material.

Considering the prospects of fabricating thin films based
on Fe–Ni from metallic glass ribbons by simple vacuum
evaporation techniques and the fact that amorphous alloys
are not resistant to irradiation induced damages, a detailed
investigation in probing the surface modification of amor-
phous thin films of Fe–Ni is worthwhile. It was thought that
SHIs would modify the surface structure of these alloys and
will eventually lead to modification of magnetic properties.
Further, the studies related to SHI induced surface modifica-
tions and the intrinsic magnetic properties of thin films are
rather scarce or seldom reported. The impingement of ions
with different fluences on the alloy is bound to produce sys-
tematic microstructural changes and if these changes produce
a pattern, this could effectively be used for tailoring the co-
ercivity of these materials. The in situ method of tailoring
coercivity using SHI is thus an ingenious tool in creating
surface modification which will eventually lead to changes in
the magnetic properties. Atomic force microscopy �AFM� is
a promising tool for such a study on ion bombarded films
where a minimum sample preparation is required. It offers a
good lateral resolution too. The present study was carried out
in order to investigate the effect of SHI irradiation on the
magnetic and surface properties of Fe–Ni based amorphous
alloys. Attempts are made to correlate the observed magnetic
properties with surface evolution.

II. EXPERIMENT

Fe–Ni films with a thickness of 35 nm were deposited
using a composite target having the composition
Fe40Ni38Mo8B14 �METGLAS 2826� onto ultrasonically
cleaned glass substrates employing thermal evaporation tech-
niques. During deposition the base pressure in the chamber
was maintained at 1�10−5 mbar with the help of a diffusion
pump backed with a rotary pump. These samples were irra-
diated by 108 MeV Ag8+ ions at room temperature with dif-
ferent fluences ranging from 1�1012 to 3�1013 ions cm−2

using a 15 UD Pelletron accelerator at Inter University Ac-
celerator Centre, New Delhi, India. A uniform irradiation
over an area of 1�1 cm2 was achieved using a raster scan-
ner. With the computer code SRIM, the nuclear stopping
power �dE /dx�n, the electronic stopping power �dE /dx�e,
and the residual range Rp were calculated as a function of ion
energy. The value of �dE /dx�e is close to 28 keV/nm and is
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greater than the corresponding �dE /dx�n values �1.6 eV/nm�
�Fig. 1�. The projected range of 108 MeV silver ions �Rp

=7 �m� is higher than the film thickness so that the ion
beam traverses through the material thickness and finally
gets deposited in the substrate.

Transmission electron microscopy �TEM� experiments
were carried out in a Joel JEM-2200 FS electron microscope
operated at 200 kV. The films were subjected to XRD at
grazing incidence using Bruker AXS diffractometer. Cu K�
with wavelength of 1.54 Å was employed for XRD measure-
ments at a glancing angle of 2°. The scanning speed was
adjusted to 1°/min. The surface morphology of pristine as
well as irradiated films was examined using an atomic force
microscope �Digital Instruments Nanoscope II�. Room tem-
perature magnetization measurements were carried out using
a vibrating sample magnetometer �VSM� �DMS 1660� with
an external field varying from �3 to +3 kOe.

III. RESULTS

A. Composition of the film

The detailed x-ray photoelectron spectroscopy and en-
ergy dispersive x-ray spectroscopy studies on the pristine
thin films showed that the films had the composition
Fe55Ni45. The details are published elsewhere.10

B. TEM and glancing angle XRD studies

TEM observations were carried out on pristine thin
films. The bright field image of the pristine Fe–Ni thin film is
shown in Fig. 2�a�. The microstructure exhibits a contrast
typical of an amorphous material. The electron diffraction
pattern �Fig. 2�b�� consists of a wide diffraction ring which is
characteristic of an amorphous material. Glancing angle
XRD �GAXRD� studies showed that both pristine and irra-
diated samples are amorphous in nature. The GAXRD pat-
tern of pristine and irradiated films is depicted in Fig. 3. The
amorphous nature of these films is clearly evident from these
studies.

C. AFM studies

The surface topography of pristine and irradiated Fe–Ni
thin films is shown in Fig. 4. It can be observed that there is
a marked difference in the surface morphology of pristine

and irradiated films. The best known parameter in character-
izing the morphology of a surface is the rms roughness
��rms�, which expresses the variation in the height function
h�r , t� over a two-dimensional substrate with linear size L.

�rms=� 1
L2 ��h�r , t�− h̄�t��2, where r is the position vector

and the mean height is given by h̄�t�= 1
L2 �h�r , t�. The rms

roughness was calculated for both pristine as well as irradi-
ated films and was depicted in Fig. 5 as a function of fluence.
It is clear that roughness increases with increase in ion flu-
ence.

D. VSM studies

Figure 6 shows the hysteresis loop for pristine and irra-
diated films measured with the applied field parallel to the
film plane. It can be noticed that the coercivities for pristine
and irradiated films are different. The variation in coercivity
with fluence is plotted and is depicted in Fig. 7. The square-
ness ratios �Mr /Ms� for pristine and samples irradiated with
SHIs at various fluences of 1�1012, 3�1012, and 3
�1013 ions /cm2 are 0.75, 0.67, 0.50, and 0.44. It is clear
that the squareness decreases with increase in the ion fluence.

IV. DISCUSSIONS

GAXRD studies showed that both pristine and irradiated
films are amorphous. It is to be noted that Rizza et al.30

observed a crystallization phenomena in Fe73.5Nb4Cr5Cu1B16

and Fe90Zr7B3 meltspun ribbons. The nonobservance of such
a phenomena in the present case can be due to following
reasons. Ion fluence in the present case ��1013 ions /cm2� is
high so that it may be above a critical fluence. Assuming that
1�Se /Sth�2.7, the ion track radii can be approximated as
Re

2=ln Se.
31 Here Re is the track radius, Se is the electronic

energy loss, and Sth is the threshold energy for track forma-
tion. The approximate value of Re in the present study is
�1.8 nm. Since the estimated track diameter is �3.6 nm,
the 1 cm2 sample will be fully covered with ion tracks at a
fluence of about 1�1013, corresponding to 1 /�Re

2. Therefore
there will be a considerable overlapping of tracks at 3
�1013 ions /cm2. The impinging ions may overlap and
therefore there will be an enhanced probability for reamor-
phization or sputtering of the crystallites formed if any. The

FIG. 1. SRIM simulation for calculating electronic and nuclear energy loss
for 108 MeV Ag8+ ions in Fe–Ni target.

FIG. 2. �a� TEM bright field image of pristine thin films �b� corresponding
electron diffraction pattern.
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chemical composition is different in the present work �rich in
Fe, Ni, and deficient in metalloids �B and Mo��. It has been
previously reported that the local composition plays a major
role in stabilizing or destabilizing the amorphous structure
upon SHI bombardment.30 Also in the previous work the ion
energy was in the GeV regime and linear electronic energy
deposition in the present work is low ��28 keV /nm� when
compared to the previous work ��45 keV /nm�.30 Regard-
less of roughness variation, AFM images show that the lat-
eral size of the surface features increases with ion fluence
and at 3�1013 ions /cm2 the size decreases. Ion beam irra-
diation is known to increase the adatom diffusivity.32 It is
clear from AFM images that the pristine sample itself has
some irregularities on the surface with an average height of
�0.6 nm. The diffusing atoms can be trapped by these ir-
regularities resulting in the accumulation of adatoms. This
results in an increase in the lateral size with ion beam irra-
diation. It is also to be noted that the estimated fluence for
track overlapping is �1�1013 ions /cm2. The reduction in
lateral size at 3�1013 could be due to the fragmentation of
surface structures as a result of multiple ion impacts on the
surface.

The topographical evolution of a solid surface during ion
beam irradiation is governed by the interplay between the
dynamics of surface roughening that occurs due to sputtering
and smoothening induced by material transport during sur-
face diffusion. The increased surface roughness with fluence
implies that the roughening process is predominant here.

The SHI induced roughening of Fe–Ni surfaces is in
accordance with the expectation of an inelastic thermal spike
model. According to this model, during the passage of the
SHI a large amount of energy is deposited in the electronic

system of the solid and is transferred to the atoms by
electron-phonon interaction. The first step in this process is
the electronic excitation and ionization along the track of the
projectile �within less than 10−16 s�. The heat transfer from
electronic to atomic subsystem becomes substantial between
10−14 and 10−12 s depending on the magnitude of the cou-
pling between both subsystems. After about 10−10 s the re-
gion virtually cools down to ambient temperatures.

Temperature of the thermal spikes thus generated de-
pends on �a� the volume in which the energy imparted by the
SHIs diffuses due to the mobility of the hot electron gas and
�b� the strength of the electron-phonon coupling that deter-
mines the efficiency of the transfer of the energy from the
electronic system to the lattice. Depending on the amount of
energy transferred to the atomic system and the attained tem-
perature, specific phase changes can be induced such as tran-
sitions from the solid to liquid phase or liquid to vapor
phase. Surface roughening is assumed to be because of the
evaporation of atoms from a hot surface heated by an inelas-
tic thermal spike. This gives credence to the hypothesis that
SHI induced sputtering plays a predominant role in the sur-
face roughening process of Fe–Ni thin films.

Similar increase in surface roughness with an increase in
ion fluence was also observed by Mieskes et al.29 in gold,
zirconium, and titanium metals. In their work Au, Zr, and Ti
metals irradiated with 230 MeV Au ions exhibited an in-
crease in surface roughness with ion fluence. In the case of
Ti the rms roughness increased from 100 nm to 1 �m range
when the ion fluence was increased from 2�1014 to 1
�1015 ions /cm2. The increased surface roughness was at-
tributed to the SHI induced sputtering and the combined

FIG. 3. �Color online� GAXRD pattern for �a� pristine and irradiated films with fluences of �b� 1�1012, �c� 3�1012, and �d� 3�1013 ions /cm2.
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electronic and nuclear heating effect contributed to the sput-
tering yield and was explained using an extended thermal
spike model.

The observed coercivity changes can be correlated with
the surface evolution of the films with SHI irradiation. It is
known that surface topography only affects the magnetic
properties of the surface region within 10–20 nm depth.33

Hence surface techniques such as magneto-optic Kerr effect
bring about a better correlation between the surface morphol-
ogy and magnetic properties because of their surface
sensitiviy.34 However it is to be noted that the thickness of
the films in the present study is �35 nm and though VSM is
a bulk technique, the hysteresis loop traced by the VSM
represents the surface effects due to the limited thickness of

FIG. 4. �Color online� AFM images for �a� pristine and irradiated films with fluences of �b� 1�1012, �c� 3�1012, and �d� 3�1013 ions /cm2 �x scale
0.2 �m /division, z scale 20 nm/division�.

FIG. 5. Variation in rms roughness with ion fluence.
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the film. The coercive force is a measure of the magnetic
field necessary to reduce the net magnetization of a ferro-
magnetic material from its saturation value in some selected
direction to zero in that direction. The coercivity depends on
the way in which the magnetization changes. There are two
mechanisms by which this occurs: �a� by net magnetization
rotation and �b� by domain wall motion. In soft magnetic
materials the change in magnetization is primarily due to
domain wall motion. Since this is a low energy process when
compared to rotation of the net magnetization, the domain
wall motion is associated with small coercive fields. Also it
should be noted that pinning centers such as dislocations and
grain boundaries are nonexistent in an amorphous alloy. So
the possible mechanism for the increase in coercivity is the
presence of surface pinning states. In the present case the
changes in coercivity are entirely due to the modifications on
the surface of the film and no other mechanisms �for ex-
ample, nanocrystallization by heating effects of ion beams�
are contributing to it. Very small irregularities on the surface
of a film inhibit the passage of a domain wall because the
energy stored within a domain wall surrounding such a re-
gion is smaller than that in an undisturbed domain wall and
consequently the system energy must be increased to enable
the domain wall motion. A possible mechanism involved in
this surface pinning can be as follows. When the magnetiza-

tion within a domain wall intersects the surface, the magne-
tostatic energy is greater for surface regions which are nor-
mal to the domain wall than for those which are not.
Consequently, the wall prefers irregular surface regions and
may be pinned at such locations.35

From AFM images and data it is clear that the surface
roughness increases with increase in ion fluence, and there-
fore more sites will be available for domain wall pinning and
this resulted in an increased coercivity at higher ion fluences
�see Fig. 8�. The increase in the value of coercivity with an
increase in surface roughness is in line with observation of
other researchers.36–38 Li et al.36 studied the magnetization
reversal process of Co film deposited on plasma etched Si
substrates. The increased coercivity was attributed to the
contribution of domain wall pinning in the magnetization
reversal mechanism. Doherty et al.37 observed an increase in
coercivity with increased surface roughness in magnetic
multilayer systems. They explained that roughness caused a
discontinuity in the magnetization at the surface, which in
turn created a self-pinning field due to induced surface or
interface magnetic poles. Swerts et al.38 studied the magne-
tization reversal mechanism and coercivity in 30 nm Fe films
deposited on Ag buffer layers having different surface rough-
nesses. They observed that coercivity increases with an in-
crease in surface roughness and the magnetization reversal
process is influenced by the surface roughness. The increase
in coercivity with an increase in surface roughness found in
the Fe–Ni amorphous alloy is in agreement with the findings
of these researchers. The observed decrease in squareness
with increase in ion fluence is due to the increase in the
in-plane demagnetization factor with an increase in surface
roughness.39 Roughness induced local in-plane magnetic
poles results in nonuniform response of spins to an applied
magnetic field.40 This increases the saturating field for
samples irradiated at higher fluences. Though SHI irradiation
deteriorates the soft magnetic properties of the films, the in-
creased coercivity and reasonable remanence ��0.5� suggest
that a judicial choice of the fluence can alter the magnetic
characteristics which suits novel applications of magnetic
thin films. For example, there is intense interest, for data
storage applications, in patterned magnetic media; in such
media magnetic “contrast” is required at periodic intervals.
This contrast can be obtained by alternate soft and hard mag-
netic regions by subjecting selected areas to SHI irradiation.

FIG. 6. Room temperature hysteresis loops for �a� pristine and irradiated
films at fluences of �b� 1�1012, �c� 3�1012, and �d� 3�1013 ions /cm2.

FIG. 7. Variation in coercivity with ion fluence.

FIG. 8. Variation in coercivity with rms roughness.

033910-6 Thomas et al. J. Appl. Phys. 105, 033910 �2009�

Downloaded 08 Jun 2010 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



Present study demonstrates that SHI is an effective tool in
modifying the surface morphology of a magnetic thin film.
This property can be used for controlling useful magnetic
properties such as coercivity.

V. CONCLUSIONS

In conclusion, it was found that bombardment of 108
MeV Ag8+ ions can result in roughening of Fe–Ni based
amorphous thin film surfaces. The ion irradiation induced
roughening can be due to the sputtering phenomena exhib-
ited as a result of high electronic energy deposition. The
coercivity of these films was found to increase with an in-
crease in ion fluence. The increased coercivity is due to the
increased surface roughness which provides pinning sites for
inhibiting domain wall motion. These results are promising
and can be useful in tailoring the magnetic properties of a
magnetic material in a controlled fashion.
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