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We have investigated the effects of swift heavy ion irradiation on thermally evaporated 44 nm thick,
amorphous Co77Fe23 thin films on silicon substrates using 100 MeV Ag7+ ions fluences of 1 � 1011 ions/
cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2, and 3 � 1013 ions/cm2. The structural modifications upon
swift heavy irradiation were investigated using glancing angle X-ray diffraction. The surface morpholog-
ical evolution of thin film with irradiation was studied using Atomic Force Microscopy. Power spectral
density analysis was used to correlate the roughness variation with structural modifications investigated
using X-ray diffraction. Magnetic measurements were carried out using vibrating sample magnetometry
and the observed variation in coercivity of the irradiated films is explained on the basis of stress relax-
ation. Magnetic force microscopy images are subjected to analysis using the scanning probe image pro-
cessor software. These results are in agreement with the results obtained using vibrating sample
magnetometry. The magnetic and structural properties are correlated.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

High magnetic moment Co–Fe alloy films are known for their
technological applications such as core material for write elements
in modern recording heads and as under-layers in perpendicular
media [1–3]. The microstructure of these magnetic thin films plays
an important role in determining their magnetic properties, which
in turn depends on parameters such as film thickness, crystallinity,
surface/interface roughness, and composition. In particular, the
variation in surface/interface roughness modifies the magnetic
properties such as magnetic anisotropy, coercivity and magnetic
domain structure. Thermal annealing [4–5] and swift heavy ion
irradiation [6–8] are two effective methods to alter the surface
microstructure and morphology. Gupta et al. reported that energy
deposition by 120 MeV Au ions leads to changes in structural and
magnetic behaviour of Co thin films [9]. Klaumuenzer et al. re-
ported on the plastic deformation of the surface of metallic glasses
due to swift heavy ion irradiation [10]. Generally an incident en-
ergy equivalent to 1 eV in the sample generates a temperature of
�104 K along the ion trajectory [11]. In ion beam irradiation, the
surface topography of the sample is decided by the interplay be-
tween the dynamics of surface roughening due to sputtering and
smoothing due to material transport during surface diffusion. The
competition between these two processes results in the formation
of different surface features. Gupta et al. demonstrated that the
magnetic field assisted ion implantation is an effective method
for the modification of extrinsic magnetic properties of Co–Fe thin
films [12]. In short, SHI irradiation can be employed for the topo-
graphical modification of surfaces and interfaces in the nanometer
scale.

Irradiation results in loss of energy of the ions in the target
material via elastic or inelastic collisions. The process through
which the swift heavy ions lose their energy can be classified as
follows. (i) electronic energy loss [(dE/dx)e] in which the interac-
tion with target electrons occurs via inelastic collisions which leads
to excitation and ionization of target atoms (at energy above
�1 MeV/nucleon), (ii) nuclear energy loss, [(dE/dx)n] in which di-
rect screened Coulomb interaction with target atom nuclei is
responsible for the energy loss and (iii) radiation loss such as
Bremsstrahlung and Cerenkov radiation which is very small and
can be neglected. The nuclear energy loss is dominant at ion ener-
gies below 10 keV/nucleon [13–17]. While irradiating with swift
heavy ions, a large amount of energy is transferred to the lattice
via electron–phonon interactions. The mechanism behind the en-
ergy transfer are well explained using the Coulomb explosion
[18,19] and thermal spike model [20–22]. Normally the term ‘stop-
ping power’ or (dE/dx) is used to describe the energy deposition via
the slowing down of ion in the material. However, (dE/dx) gives the
energy loss per unit length along the particle trajectory, whereas
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the stopping power represents the ability of the material to stop
the heavy ions and is represented by (�1/ddE/dx), where d is the
density of the material. In swift heavy ion–solid interactions, nu-
clear stopping power Sn is negligible compared to electronic stop-
ping power Se. The nuclear interactions result in lattice disorder by
the displacement of atoms from their positions whereas, electronic
collisions lead to negligible deflection of ion trajectory and small
energy loss per interaction. Theoretical calculation of the stopping
power can be done using computer simulation methods such as
the program TRIM/SRIM (Transport of ions in matter, in more re-
cent versions called Stopping and Range of Ions in Matter). SRIM
is a group of programs which calculate the stopping and range of
ions in matter using a binary approximation of ion–atom collisions
[23]. In such programs the simulation of the ion collisions with nu-
clei in the medium is carried out to find the stopping power [11].

In this present work, we report on the changes of the topo-
graphical and magnetic properties in Ag7+ ion irradiated Co77Fe23

alloy films. We have chosen Co–Fe thin films for the irradiation
studies in light of the fact that the magnetic moment for this alloy
is maximum among the 3d ferromagnetic alloys according to the
Slater-Pauling curve [24]. Swift heavy ion irradiation effects on
the amorphous nature and magnetic texture of amorphous CoFe
films have been investigated by MFM/AFM and GXRD studies.
Fig. 1. SRIM simulation for calculating electronic and nuclear energy loss for
100 MeV Ag7+ ions in Co–Fe target.
2. Experimental details

Amorphous Co–Fe thin films were deposited by physical vapor
deposition technique on naturally oxidized Si (100) substrate.
Melt spun ribbon having the composition Co75Fe14Ni4Si5B2 was
used as the composite target for the deposition. The base pressure
in the deposition chamber was maintained at 1 � 10�6 Torr at the
time of deposition. The thickness of the prepared films was mea-
sured using Dektak 3 thickness profiler as 44 nm. The film samples
were mounted on an electrically insulated sample ladder and the
ladder current was integrated to collect and count the charge
pulses via a scalar counter along with the digital current integrator.
100 MeV Ag7+ ions were used to irradiate the Co–Fe films at room
temperature with fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2,
1 � 1013 ions/cm2, and 3 � 1013 ions/cm2 using a 15UD Pelletron
accelerator at Inter University Accelerator Centre, New Delhi, India.
The beam current was maintained at 1.5 pnA (particle nanoam-
pere). This is kept low in order to avoid the heating up of the sam-
ple during irradiation. The beam is raster scanned over an area of
1 � 1 cm2 using a magnetic scanner. The damage caused by the
interaction between the ion beam and target material was calcu-
lated using the SRIM software. The electronic stopping power Se,
nuclear stopping power Sn and the residual range RP of the
100 MeV Ag7+ ions in Co–Fe was calculated using SRIM-2006. The
typical values of Se, Sn and Rp are estimated to be 18.16 eV/Å,
2.95 � 103 eV/Å and 6.33 lm, respectively for Ag7+ ions having en-
ergy 100 MeV in Co77Fe23 thin films. The film thickness is much
less than the projected range, hence the chances of any ion implan-
tation in the Co–Fe film is very remote. In this experiment the en-
tire contribution of radiation effects due to the passage of ions is by
electronic energy loss.

The structural properties of the pristine and irradiated Co–Fe
thin films were studied by GXRD (Bruker Discover D-8) with CuKa
(k = 1.5406 Å) radiation. The surface morphological and magnetic
domain patterns were observed using AFM and MFM techniques
respectively using AFM multimode instrument, having higher res-
olution magnetic force microscopy tips (MESP-HR) (Bruker) with
resonant frequency of 475 kHz. The MFM is carried out at a scan
rate of 0.5 kHz and resolution of 512 pixels. MFM analysis was
used to detect the surface magnetisation present in the film via
the interaction of the magnetic tip with the stray magnetic field
on the sample surface. The quantitative analysis of the AFM images
were done with the help of surface analysis software Nanoscope
7.2 (Vecco Scientific Ltd.) to obtain PSD, roughness and depth anal-
ysis [25]. The MFM images were analyzed also using SPIP software
(version 6.0.6, Image Metrology A/S, Hørsholm, Denmark) to obtain
the angular correlation and texture direction index. Room temper-
ature magnetization measurements were carried out using a VSM
(DMS 1660 VSM) with a magnetic field varying from �13 to
+13 kOe.
3. Results and discussion

The nuclear stopping power, electronic stopping power and
projected range were calculated as a function of ion energy using
SRIM 2006 and are shown in Fig. 1. The simulation is done for
the whole range of energies starting from 0.01 MeV to 10 GeV. Both
Se and Sn increase with increasing energy, reach a maximum value
and then start to decrease. The peak in electronic energy loss is
known as Bragg peak and the stopping power at energies below
the Bragg peak is proportional to the square root of the velocity
of ion (�E1/2). This is given by the LSS theory (Lindhard, Scharff
and Schiøtt) [26]. At higher energies above the Bragg peak, the
stopping power is proportional to (1/E) and Bethe Bloch relation
can be used to corroborate these results [27]. It may be noted that
the electronic energy transfer reaches its maximum values at ener-
gies higher by many orders than the nuclear stopping power
maximum.

The XPS analysis of the as prepared sample confirmed that the
films have a nominal composition of Co77Fe23 (available as supple-
mentary material). Fig. 2 shows the GXRD patterns corresponding
to pristine and irradiated films. The GXRD analysis of the as pre-
pared Co–Fe films shows amorphous nature. The absence of peaks
in irradiated Co–Fe films points absence of short range order in the
film after irradiation. The energy transfer to the film, with SHI irra-
diation locally rearranges the atomic structure of the film main-
taining the amorphicity of the film. This is clearly visible from
the GXRD analysis of the irradiated film.

The surface evolution of the pristine as well as irradiated Co–Fe
thin film samples were visible in AFM images shown in Fig. 3(a–e).
From the AFM image in Fig. 3(a) it can be inferred that the pristine
film surface contains mound-like structures which are considered



Fig. 2. GXRD of Co–Fe thin film (a) pristine and (b) SHI irradiated at fluence 3 � 1013 ions/cm2.

Fig. 3. AFM images of (a) Pristine and Irradiated Co–Fe thin films at fluence (b) 1 � 1011 ions/cm2 (c) 1 � 1012 ions/cm2 (d) 1 � 1013 ions/cm2 (e) 3 � 1013 ions/cm2.
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to be the resultant of the island like growth involved in the vapour
deposition process. Fig. 3(b–e) shows the film surface after irradi-
ation at ion fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2,
1 � 1013 ions/cm2, and 3 � 1013 ions/cm2, respectively.

On close analysis of the AFM images it is clear that ion irradia-
tion alters the surface structures found in the pristine sample. The
irradiated films show damaged mounds and valleys. No track for-
mation in the ion trajectory is visible in the surface analysis using
AFM. As the irradiation dose reaches 3 � 1013 ions/cm2, the surface
show a uniform distribution on all over the scanned area. The root
mean square (rms) roughness (Rrms) of the films can be calculated
using the formula given in Eq. (1) using the standard deviation of
the data obtained from AFM images.

Rrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1 Zn � zð Þ2

N � 1

s
ð1Þ

Here zn represents the height of the nth data, z is equal to the
mean height of zn in AFM topography, and N is the number of
the data points [28]. Dependence of ion fluence on surface rough-
ness of the pristine and SHI irradiated Co–Fe films obtained from
AFM images is shown in Fig. 4(a). The rms roughness of the irradi-
ated film follows a rapid decrease followed by further decrease at
still higher irradiation dosage like 3 � 1013 ions/cm2. Surface
roughness decreases with ion irradiation indicating the smoothen-
ing of the surface upon irradiation. There are many reports on sur-
face smoothing with ion bombardment over a large range of ion
energies �keV to hundreds of MeV [29–34]. Hou et al. in 1990 re-
ported that the electronic excitation and ionization due to irradia-
tion induces rearrangement of atomic ordering and in turn plastic
deformation in metallic glasses [35]. Hysen et al. also observed sur-
face smoothing in ion irradiated Fe–Ni thin films [8]. They ex-
plained the surface smoothening process at lower fluences using
volume diffusion mechanism. At higher fluences they observed
surface roughening because of surface evaporation at elevated
temperatures. Mayr and Averback also reported similar nature of
roughness with irradiation on glassy Zr–Al–Cu films [36] where
radiation induced viscous flow was used to explain the dominant
surface relaxation mechanism.

Interplay between the dynamics of surface roughening due to
sputtering and smoothing due to material transport during surface
diffusion plays an important role in the evolution of surface, during
ion irradiation [30,37–38]. Information regarding the surface mod-
ification mechanisms cannot be completely extracted from the rms



Fig. 4. (a) RMS roughness vs. ion fluence graph and (b) 2D PSD plot of pristine and irradiated films [lines are guide to eye].

Fig. 5. In plane VSM hysteresis loops for the pristine and SHI irradiated Co–Fe films
[inset shows the magnified portion of the centre of hysteresis loop].

Fig. 6. Variation of coercivity with fluence [lines are guide to eye].
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surface roughness data, since it measures the roughness in only
one direction. PSD analysis is an ideal tool for evaluating the sur-
face roughness both in vertical and horizontal direction and also
for determining the dominant process in surface evolution.
Fig. 4(b) represents the log–log plots of PSD calculated for pristine
and irradiated thin films at various fluences.

The roughness of the pristine film was higher compared to that
of irradiated films. In all cases the PSD has two regions, the low fre-
quency part which resembles the uncorrelated white noise and the
high frequency part corresponding to the surface evolution. The
linear decrease in roughness in the higher frequency region can
be modeled using a power law as shown in Eq. (2).

PSD kð Þ / k�c ð2Þ

where k represents the spatial frequency, the exponent is the slope
of the linear part of the PSD curve which is related to the roughness
scaling exponent by the equation a = (c�d)/2 [39]. Here the line
scan dimension d = 2.

According to Herring [40], the values of 1, 2, 3, and 4 represents
four modes of surface transport viz. viscous flow, evaporation–con-
densation, volume diffusion, and surface diffusion, respectively.
The values obtained for the irradiated samples are between 0
and 2, hence the dominant surface transport mechanism seems
to be a combination of viscous flow and evaporation re-condensa-
tion. The dominant surface transport mechanism for the film irra-
diated at fluence 1 � 1011 ions/cm2 is irradiation induced viscous
flow and that explains the rapid surface smoothening observed
at that fluence. As the fluence increases to 1 � 1012 ions/cm2 and
at still higher doses like 1 � 1013 ions/cm2 and 3 � 1013 ions/cm2

the dominant mechanism becomes evaporation–condensation
due to the sputtering occurring in the film during high energy
ion irradiation. The roughness exponent has a value of 1.24, 1.45,
1.29, 1.92, and 1.88, respectively for the as prepared and films irra-
diated at fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 -
ions/cm2 and 3 � 1013 ions/cm2. The values of roughness
exponent point towards the mechanism of surface evolution [33].
The calculated values of roughness exponent of the pristine and
irradiated films clearly explain the surface evolution upon irradia-
tion. Primary smoothening mechanism in the case of crystalline
surfaces is found to be surface diffusion whereas that for amor-
phous surfaces viscous flow dominates [29]. The results obtained
from surface roughness analysis are in agreement with the amor-
phous nature of Co–Fe films concluded from GXRD analysis.

The in-plane hysteresis loops prior to and after irradiation are
reported in Fig. 5. Coercivity is decreasing at lower fluence and
starts to increase at maximum fluence of 3 � 1013 ions/cm2. It is
found that the coercive force of Co–Fe thin films are sensitive to
Ag7+ ion irradiation and show variation with ion fluence (Fig. 6).

The extrinsic magnetic properties like coercivity and remanence
are sensitive to the local structural properties of the films like



Fig. 7. MFM images of (a) Pristine and SHI irradiated CoFe thin films at fluence (b) 1 � 1011 ions/cm2 (c) 1 � 1012 ions/cm2 (d) 1 � 1013 ions/cm2 (e) 3 � 1013 ions/cm2 and (f)
representative angular spectrum using SPIP software.
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strain, grain size, defects etc. The modification of the magnetic
properties of the film after irradiation could be explained on the
basis of stress and damage induced while irradiation. The coerciv-
ity obtained for different fluences decreases at lower fluences up to
1 � 1012 ions/cm2 and afterwards increases drastically. Ion irradia-
tion results in stress relaxation in the films, which in turn reduces
the coercivity at low fluences. The energy transferred to the film
during ion irradiation may alter the local atomic arrangement in
the amorphous system. Along with this rearrangement there is a
chance for increasing the density of the pinning centers for do-
mains at higher fluences which might also be contributing to the
observed increase in coercivity.

Fig. 7(a–e) shows the MFM images and corresponding angular
spectrum of the pristine and irradiated (at various fluences
1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2, and
3 � 1013 ions/cm2) Co–Fe films with scanning size 1 lm � 1 lm.
The colour contrast in the images suggests that the magnetisation
direction lies out of the plane of the film. Distinctive features of
‘dark’ and ‘bright’ stripe magnetic domain structure is observed
in the pristine as well as irradiated samples but the contrast and
domain pattern is clearly visible in the lowest irradiation dose
(1 � 1011 ions/cm2) compared to others.

By using scanning probe image processor (SPIP) (version 6.0.6)
software the angular spectrum of the MFM images and the texture
direction index, Stdi were calculated. Texture direction index is de-
fined as the average amplitude sum divided by the amplitude sum
of the dominating direction. It is a measure of how well the do-
mains are aligned and the Stdi value is always between 0 and 1.
The arrangement of domains can be determined from the value
of Stdi. For well aligned domains Stdi values are close to zero, while
for a more or less isotropic arrangement, Stdi is close to 1. For the
pristine film the measured value of Stdi was 0.202 and for the
Ag7+ irradiated film, he value is 0.224. This difference reveals that
the alignment of the magnetic domains was increased by the Ag-
ion irradiation. This again confirms the results obtained from mag-
netisation analysis.
4. Conclusions

Co–Fe thin films of thickness 44 nm were deposited onto silicon
substrates via vacuum evaporation and subjected to SHI irradiation
at fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2

and 3 � 1013 ions/cm2. The GXRD results revealed that the amor-
phous nature of the pristine film is preserved even after irradiation.
On SHI irradiation the surface roughness decreases with increase in
the irradiation dosage. The roughness exponent of the pristine and
irradiated samples calculated from the PSD suggests that the
mechanism behind the surface smoothening is viscous flow and
evaporation–condensation. The VSM analysis of the pristine and
irradiated samples proved that the SHI irradiation of the Co–Fe
samples resulted in modifications of magnetic properties. Ion irra-
diation results in stress relaxation in the films, which in turn re-
duces the coercivity at low fluences. At a fluence of 3 � 1013 ions/
cm2, the density of the pinning centers increases which results in
the observed increase in coercivity. The texture direction index
was used to explain the realignment of the magnetic domains upon
irradiation. The results obtained from VSM analysis are corrobo-
rated with the results obtained using MFM analysis.
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