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1. Introduction

Tailoring the properties of functional materials at atomic scale,
these days is an ultimate research goal in material science. In this
context, layer-by-layer growth is the most desirable method to
fabricate structures with atomic precision, artificially. Ability to
control thin film growth, layer-by-layer, has advanced our
understandings of physics and physical phenomena like Giant
Magneto Resistance (GMR) in two-dimensional systems. This is
reported for magnetic metallic combinations like Fe/Cr, Co/Cu, Fe/
Mo, W/Fe [1–6], which found a tremendous impact in GMR and
magnetic data storage. However, in these systems interface quality
plays a decisive role to achieve optimum performance of GMR
applications [7,8].

Swift heavy ions (SHI) lose their energy via inelastic collisions
and lead to electronic excitation in target material. This electronic
energy loss found to induce various modifications including
creation of defects, intermixing and alloy formation [9–12].
Material modification using SHI has been studied in metals [9]
as well as in insulators [13]. Particularly in metals, where damage
creation occurs when electronic energy loss exceeds a certain
threshold value [14]. Effects of SHI, different in bulk and thin films
[15,16], have been explained using two models, thermal spike
model [17] and ion-explosion model [18]. Electron mediated
sputtering yield is enhance in Au films and is dependent on film

thickness [19]. Recently we have reported nearly immiscible stable
superlattice MLS in W/Ni [20]. Application of W based immiscible
multilayer structure is promising for technological applications
[20,21].

Therefore we report here effect of swift heavy ion irradiation on
Fe/W multilayer structure to study, its stability under SHI. Such
studies are expected to throw light on the mechanism of material
modification due to electronic energy loss.

2. Experimental

Fe/W multilayers with five bilayer structure of [Fe(20 Å)/
W(10 Å)] and [Fe(20 Å)/W(30 Å)] on silicon [1 0 0] substrate
were deposited employing ion-beam sputtering at base pressure
of 1 � 10�7 Torr and during deposition the pressure was
maintained at 4 � 10�4 Torr [22]. Here after MLS [Fe(20 Å)/
W(10 Å)]5BL and [Fe(20 Å)/W(30 Å)]5BL on silicon will be referred
as FeW10 and FeW30. The coated substrates were cut into
10 mm � 10 mm pieces and subjected to 120 MeV Au9+ ions
irradiated at room temperature up to fluence of 4 � 1013 ions/
cm2. Irradiation was performed using 15UD Pelletron accelerator
at IUAC, New Delhi.

Pristine and irradiated MLS were characterized through X-ray
reflectivity (XRR) and wide-angle X-ray diffraction (WAXD) using
u–2u diffractometer configured in symmetrical Bragg–Brentano
geometry mounted on a rotating anode (Cu-Ka) X-ray generator.
For detail microstructural characterization, cross-sectional TEM
(X-TEM) studies were carried out, using Tecnai-G2-20 TEM
operating at 200 kV. X-TEM samples were prepared following
the standard technique [20]. Final thinning of the sample was done
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Present study reports effect of swift heavy ion irradiation on structural and magnetic properties of

sputtered Fe/W multilayer structures (MLS) having bilayer compositions of [Fe(20 Å)/W(10 Å)]5BL and

[Fe(20 Å)/W(30 Å)]5BL. These MLS are irradiated by 120 MeV Au9+ ions up to fluence of 4 � 1013 ions/cm2.

X-ray reflectivity (XRR), wide-angle X-ray diffraction (WAXD), cross-sectional transmission electron

microscopy (X-TEM) and magneto optical Kerr effect (MOKE) techniques are used for structural and

magnetic characterization of pristine and irradiated MLS. Analysis of XRR data using Parratt’s formalism

shows a significant increase in W/Fe interface roughness. WAXD and X-TEM studies reveals that intra-

layer microstructure of Fe-layers in MLS becomes nano-crystalline on irradiation. MOKE study shows

increase in coercivity at higher fluence, which may be due to increase in surface and interface roughness

after recrystallization of Fe-layers.
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using Ar ion-beam polishing at 3 kV/20 mA at grazing incidence of
38. Magnetic behaviors of the MLS were studied at each stage of
irradiation using magneto optical Kerr effect (MOKE). MOKE
measurements were performed in longitudinal mode, using He–Ne
laser source of 6328 Å wavelengths.

3. Results

3.1. X-ray reflectivity study

Fig. 1a and b shows a comparative XRR pattern of pristine as
well as SHI irradiated Fe/W multilayers. From the comparative plot
one can clearly see the presence of Bragg peaks and kissig fringes,
which indicate a good quality of deposited MLS. These XRR
patterns were fitted using Parratt’s formalism to estimate layer
thickness and interface roughness [23]. Refined fit parameters are
listed in Table 1. The presence of Bragg peaks up to second order in
the irradiated MLS; signify that SHI is not destroying the structural
arrangement of multilayer. The structure is remains intact after
SHI. Normally these types of feature direct us that the systems are
immiscible. So on the basis of observed XRR data clearly shows that
the deposited Fe/W system is immiscible on subjected to SHI [5].
Refined parameters from Table 1 indicate that there is an increase

in interface roughness as a function of irradiation fluence from
�5 Å to �9 Å.

Further, it can be noted, that there is a shift in Bragg peak
position in irradiated MLS with respect to pristine samples. The
observed shift is mainly due to variation of layer thicknesses in
different regions (10 mm � 10 mm) of large substrate
(50 mm � 50 mm) used for deposition.

Fig. 1. X-ray reflectivity patterns of the pristine and irradiated multilayer structure

of (a) FeW10 and (b) FeW30. The XRR patterns corresponding to different fluences

are shifted for clarity.

Table 1
The values of fit parameters, like layer thickness and interface roughness of FeW10

and FeW30 obtained using ‘‘Parratt’s formalism’’.

Sample name/irradiated dose Layer thickness

(Å)

Interface

roughness (Å)

W Fe W Fe

FeW10

Pristine 10 20 4 5

5�1012 ions/cm2 8 19 5 5

4�1013 ions/cm2 9 18 7 9

FeW30

Pristine 31 19 5 5

5�1012 ions/cm2 30 17 5.5 5

4�1013 ions/cm2 29 16 8 9.5

Fig. 2. Wide-angle X-ray diffraction patterns of pristine as well as irradiated (a)

FeW10 and (b) FeW30 multilayer structures. The patterns corresponding to different

irradiation doses are shifted for clarity.
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Fig. 3. Cross-sectional TEM micrographs of (a) pristine and (c) 4 � 1013 ions/cm2

irradiated FeW10 multilayers. The corresponding SAD patterns are shown in (b) and

(d) respectively. (a) The black and white strips correspond to W- and Fe-layers

respectively. Inset shows the corresponding low-angle SAD patterns. The

micrograph in (c) shows irradiation-induced nano-crystallization of each Fe-

layer without any intermixing of W and Fe. In the SAD pattern (b) shows the

polycrystalline growth of Fe/W MLS. The continuous and broad diffraction rings of

the SAD in (d) reveal the random aggregation of nano-crystalline Fe.

Fig. 4. Cross-sectional TEM micrographs of (a) pristine and (c) 4 � 1013 ions/cm2

irradiated FeW30 multilayers. The corresponding SAD patterns are shown in (b) and

(d) respectively. Left Inset and right inset shows the corresponding low-angle SAD

and dark field patterns respectively. The micrograph in (c) shows irradiation-

induced nano-crystallization of Fe-layers. SAD pattern of (b) shows the intense

(1 1 0) reflection indicate [1 1 0] textured growth of the W-layers. This textured is

not perfect throughout the multilayers as the presence of W(2 0 0), W(2 1 1),

W(2 2 0), W(3 2 1) and W(4 0 0) grain orientation too. The continuous and broad

diffraction ring of Fe along with [1 1 0] textured structure of the W in the SAD in (d)

reveal the random aggregation of nano-crystalline Fe.
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3.2. Wide-angle X-ray diffraction study

WAXD patterns of pristine and irradiated FeW10 MLS (Fig. 2a)
indicate weak diffraction maxima of Fe(1 1 0), which nearly
vanishes after irradiation up to fluence of 4 � 1013 ions/cm2. This
suggest that there is a decrease in structural order of Fe-layers in
FeW10 MLS or system is moving towards more nano-crystalization
or there is an increase nano-crytallization in Fe-layers. However,
the absence of diffraction peak due to W in pristine MLS suggests
that W-layers are either amorphous or nano-crystalline with very
weak diffracted intensity.

In the case of pristine and irradiated FeW30 MLS (Fig. 2b)
indicate Peak at 41.278 adjacent to W(1 1 0) peak. Superlattice
peak appearing in WAXD pattern may be correlated with textured
growth of W along [1 1 0] direction. In addition, superlattice
growth of W along [1 1 0] is not affected due to irradiation up to
higher fluence of 4 � 1013 ions/cm2. The absence or very weak
diffraction peak due to Fe suggests amorphous or nano-crystalline
growth of Fe-layers in FeW30 MLS [5]. The position of the
diffraction peaks do not exactly correspond to the positions already
known for thick films or bulk materials published in ICDD
database, that may be due to reduce third dimension of thin films.

3.3. Transmission electron microscopy study

X-TEM investigations were carried out in imaging and selected
area diffraction (SAD) modes on pristine and 4 � 1013 ions/cm2

irradiated samples of FeW10 and FeW30 MLS.
X-TEM micrograph in (Fig. 3a) alternate black and white layers

(Z-contrast of W and Fe) occurring periodically at �30 Å [21,22].
One can see the presence of intense Bragg spots (inset of Fig. 3a) of
low-angle SAD indicative of coherence in pristine MLS. Similar
microstructural and low-angle SAD (inset of Fig. 4a) features can be
seen for the pristine FeW30 MLS with a periodicity of �50 Å
(Fig. 4a). These micrographs show growth of Fe- and W-layers with
rough interface, similar to XRR see Table 1. SAD taken from FeW10

MLS is shown in Fig. 3b. Continuous diffraction rings in Fig. 3b
shows a polycrystalline growth of Fe and W grains in correspond-
ing layers. Unlike FeW10 MLS, SAD (Fig. 4b) taken from FeW30

shows the presence of discontinuous diffraction rings with rather
intense spots which is due to textured growth of W(1 1 0) layers.
To further confirm this texturing, dark field (DF) image was (right
inset in Fig. 4a) taken from (1 1 0) spot of W (A) (Fig. 4b) indicates
columnar textured growth of W(1 1 0), similar kind of textured
behavior also observed in WAXD patterns. However, this texturing
of W-layers is not perfect throughout, due to the presence of feeble
rings of W(2 0 0), W(2 1 1), W(2 2 0), W(3 2 1) and W(4 0 0). Thus,
polycrystalline structure can be inferred from a strong textured
inside and partly random grain orientation outside of columns.

Microstructural and diffraction data (Figs. 3c and 4c) corre-
sponding to irradiated samples show different features as
compared to pristine samples. Although interfaces are intact for
both MLS, intra-layer contrast of Fe-layers has changed to nano-
crystalline aggregate after irradiation. Recrystallization of MLS has
caused coarsening of Fe-layers, which in turn further increases
interface roughness [20,21]. This increased interface roughnesses
were already being cleared from fitting of XRR data as shown in
Table 1. Black and white Z-contrast still seen even in irradiated MLS
depicts that SHI has been able to cause coarsening of grains in Fe-
layers. As already proposed by WAXD, X-TEM investigation further
conformed that the Fe/W interface is still unmixed. Occurrence of
continuous but broad diffraction ring of Fe(1 1 0) (Fig. 3d) exhibits
nano-crystalline aggregate of Fe-layers. Unchanged SAD pattern of
W with nano-crystalline Fe-ring after SHI is shown in Fig. 4d.
Pristine W-layers remain be unaffected because melting point of W
is very large 3695 K [24].

3.4. MOKE study

The hysteresis loops were recorded at room temperature by
measuring the Kerr rotation (MOKE) with the field applied in the
plane of the sample. The MOKE pattern is shown in Figs. 5 and 6.

MOKE measurements on pristine and irradiated FeW10 (Fig. 5a)
and FeW30 (Fig. 6a) represent a well-defined saturation as a
function of applied field. Coercive fields (Hc) of 82Oe (FeW10) and
132Oe (FeW30) are determined for pristine MLS. MOKE data for
MLS irradiated at 5 � 1012 ions/cm2 fluence (Figs. 5b and 6b)
shows Hc of 59Oe (FeW10) and 42Oe (FeW30). For MLS irradiated to
4 � 1013 ions/cm2 (Figs. 5c and 6c) corresponding Hc are 68Oe
(FeW10) and 101Oe (FeW30) as estimated from MOKE hysteresis
loops. In both the two MLS of FeW10 and FeW30, it has been

Fig. 5. Shows the hysteresis loops of (a) pristine (b) 5 � 1012 ions/cm2 and (c)

4 � 1013 ions/cm2 FeW10 MLS samples.
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observed that Hc values decreases first and increases later, as a
function of irradiation dose.

4. Discussions

XRR, WAXD, X-TEM and MOKE results of W/Fe MLS of FeW10

and FeW30 indicate difference in interlayer and intra-layer mixing
effects of 120 MeV Au9+ ions. This has been supported by cross-
sectional TEM micrographs of irradiated MLS.

In a given target SHI losses its energy mainly through two
processes, namely electronic (Se) and nuclear (Sn) losses. Swift
heavy ions, such as 120 MeV Au9+ losses most of its energy through
electronic excitation process. Using SRIM [25] we could calculate Se

for W/Fe MLS to be 40.4 KeV/nm Se for W and 34 KeV/nm for Fe.
Similarly, calculated Sn found to be 1.04 KeV/nm for W and
0.6 KeV/nm for Fe. The consequence of large energy density
deposition in material has been described by Coulomb explosion
and Thermal spike models. The Coulomb explosion in present case
is ruled out due to extremely high plasmon frequency of metallic
systems where the electron returns back to the ion core before the
occurrence of explosion. Typical Coulomb explosion time being
10�14 s and the plasmon frequency being 1015 Hz. In the frame-
work of thermal spike model, the energy of electronic subsystem is
transferred to the lattice subsystem via electron–phonon coupling
[26–28]. These are described by two coupled differential equa-
tions, incorporating specific heat and thermal conductivity of the
electronic and lattice subsystems [28,29]. Recently Gupta et al. [29]
reported computer simulation of temperature rise of a thermal
spike generated with the same 120 MeV Au9+ ions at room
temperature in Fe bulk. They have shown that the Fe undergoes
transiently molten state for a radius of 2 nm. Plot of temperature
rise in W bulk is shown in Fig. 7. The calculation is performed
considering the physical parameters of the bulk metal. W still not
reach molten state due to large difference between the spike
temperature and its melting point. It is evident that Fe undergoes
molten state transiently whereas the spike temperature in W does
not reach the molten state. The fact that Fe goes to molten state
transiently, it may either mix with the material adjacent to it or it
will reorganize itself minimizing its energy during recrystalliza-
tion. It is known that the, heat of mixing of W and Fe is 0 kJ/mole
[30,5], therefore no intermixing will take place in Fe/W multilayer
during ion irradiation. Therefore no mixing takes place and Fe
reorganizes itself as nano-crystallites as shown in X-TEM
micrograph of Figs. 3c and 4c.

Irradiations does affect the magnetic properties of MLS. In our
case, at a lower fluence the nature of the loop becomes
magnetically soft as clearly seen from the decreasing trends in
coercivity (Figs. 5b and 6b) [31]. A decrease in coercivity is mainly
due to decrease in grain size. This decrease in grain size make the
Fe-layers magnetically soft yielding to a lower coercivity. However
there is no clear signature of decrease in grain size was detected in
WAXD pattern. But MOKE is a very sensitive tool for determining
the magnetic properties of the thin films. It will give information of
particular area where laser beam is falling. The MOKE information
is highly accurate for a particular local area. The small change in

Fig. 7. The evolution of lattice temperature with time in 120 MeV Au ion irradiated

on W calculated by the thermal spike model. Tm is the melting temperature of the

metals.

Fig. 6. Show the hysteresis loops of (a) pristine (b) 5 � 1012 ions/cm2 and (c)

4 � 1013 ions/cm2 FeW30 MLS samples.
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grain size observed in MOKE may not be observable in WAXD.
Hence on irradiation very fine grains were developed, which is
below the detection limit of WAXD in this case (as peak is already
broad and peak height to background ratio is not large), but it is
giving a clear signature in MOKE measurements [31,32]. Hysteresis
loop corresponding to higher fluence shows increasing trend of Hc

as compared to lower dose irradiated MLS. Here the dominating
factor is roughness, i.e., interlayer roughness as well as roughness
of individual layer [33–35]. The change in interlayer roughness can
be directly compared from Table 1. From Table 1 it is clearly
indicated that there is no significant change in roughness for
pristine and 5 � 1012 ions/cm2 irradiated MLS, but a drastic change
was observed on comparing pristine and higher dose sample. This
increased roughness of both the MLS was also confirmed thorough
X-TEM micrographs. It is well establish in MOKE measurement
that surface and interface roughness will increase the coercivity.
Irradiation also effect the grain size of the system at higher dose
system stabilized in nano-crystalline structures, but the dominant
factor for reducing coercivity is roughness only. In the bright field
image of both MLS, the top layer is Fe, so after irradiation one can
clearly identify more rough surface due to recrysatllization in
Fe-layers.

5. Conclusion

Based on above-described structural, microstructural and
MOKE studies on pristine and swift heavy ion irradiated Fe/W
multilayer structures, the following conclusions have been drawn.
Irradiation causes recrystallization of individual Fe-layers, i.e.,
reduces the correlation length (reduces particle size). Whereas due
to immiscible nature of Fe/W multilayer structure, the interface
have been found remains intact after irradiation. TEM results do
confirm occurrence of nano-crystalline microstructure of indivi-
dual Fe-layers of swift heavy ion irradiated Fe/W multilayer. MOKE
study shows, increase in coercivity at higher fluence due to
increased in surface and interface roughness after recrystallization
in Fe-layers.
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