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Abstract. Metglass MG2705M foils of about 17µm thickness were irradiated at 90 K by
130 MeV28Si ions, up to a fluence of 1.154× 1016 ions cm−2. The surface modifications induced
by irradiation have been examined by scanning electron microscopy (SEM) and scanning tunnelling
microscopy (STM). It has been observed that smoothing of the sample surface is evident in both
SEM and STM micrographs. The SEM pictures show a decrease in the heights of the ‘hills’ and
filling up of the ‘valleys’ on micrometre length scales. The STM pictures, on the other hand, show
smoothing of scratchlike surface disorders at nanometre length scales. However, the electronic
energy lossSe, of 5.75 keV nm−1, does not lead to detectable track diameters, in agreement with
the existing results. The observations have been attributed to a large electronic energy deposition
due to high fluence, and a subsequent local shear relaxation of the near surface atoms. The theory
of shear flow mechanism has been extended further to explain the results.

1. Introduction

Fast heavy ions lose their energy primarily in the form of inelastic collisions (electronic energy
loss,Se) with the atoms in the first few micrometres of the target. As a result, these atoms are
set into motion, even at very low irradiation temperatures. In amorphous solids, this leads to
anisotropic plastic deformation if the sample thickness is much less compared to the projected
range (Rp) of the ions. This ion beam induced plastic deformation (IBID) is identified as
increase in sample dimensions perpendicular to the beam, and shrinking of sample dimensions
parallel to the beam, at practically constant volume [1–4]. Besides these dimensional changes,
the plastic flow phenomenon is also responsible for the modification of the irradiated surface.

The energy transferred through the inelastic collision process, from the fast heavy ions
to the target atoms, results in rearrangement of the latter. The average electronic energy loss
varies approximately as the square root of the ion energy [5]. Evidently, the maximum transfer
of energy takes place at the surface of the target. This transferred energy excites the near
surface atoms. Subsequent relaxations of these excited atoms result in their rearrangement
and hence in the modification of the surface without detectable mass loss. BesidesSe, and
the irradiation temperatureTi , these modifications have been found to be dependent upon two
parameters, namely, the fluence of the ion beam (φt), and the angle of incidenceθ of the beam
with respect to thez-axis (the axis perpendicular to the sample length and width) [6].
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It is known that for normal incidence of the fast heavy ion beam (θ = 0◦), surface
smoothing results for lower fluences (up to 1014 Xe ions cm−2) [6]. This smoothing process
dominates forθ < 15◦ (off-normal incidences). Forθ > 20◦, first the smoothing reduces to
smaller length scales, then appearance of regular undulations takes over at higher fluences.
The wavelengths of these undulations have been found to be independent of the type of ion,
their incidence angle, starting surface topography of the target and the irradiation temperature.
At still higher fluences (about 1015 ions cm−2), surface roughening takes place [6]. Thus,
there are three steps of surface modification already known: smoothing, wave-formation and
roughening. These fluence and incidence angle dependent surface modifications have been
successfully accounted for by the ion beam induced shear flow mechanism [6, 7]. However,
Clicheet al have considered the momentum transfer driven directional mass transport process
to be responsible for this effect [8].

Earlier studies have been confined mainly to the large electronic energy loss effects
and therefore, the effects of higher fluences (φt > 1015 ions cm−2) with smaller electronic
energy loss have not been analysed. This was so mainly because of the limitations imposed
by the available instruments. For example, a typical laser profilometer has a step height
resolution around 20 nm. Hence, a step height less than 20 nm as a result of smoothing
(φt = 1015 ions cm−2, θ < 15◦) is not detectable. Similarly, for the roughening (φt >

1015 ions cm−2, θ > 20◦), amplitude spikes larger than 50µm have been observed, and the
laser profilometer fails in such cases [6]. Scanning electron microscopy (SEM) and scanning
tunnelling microscopy (STM) together provide an efficient method to observe these types of
surface modification.

In this paper SEM and STM results of 130 MeV28Si (charge state +9) ion irradiated
metallic glass, MG2705M (Co69B12Si12Fe4Mo2Ni) are presented together for the first time.
TheSe value in this experiment was 5.75 keV nm−1 [9]. Higher values of electronic energy
loss could not be considered because of the limitations of the accelerator. The mathematical
formulation of the shear flow mechanism [6, 7] has been extended in section 3.1 to deal with
a real surface, subjected to a normally incident ion beam.

2. Experiment

2.1. Specimen preparation

Metglass 2705M was procured from Goodfellow Cambridge, UK, in the form of foils of
thickness about 25µm. The TRIM97 code gives a projected range,Rp = 19.15 µm, for
130 MeV 28Si ions in this system [9]. Therefore, the foils were thinned down using the
method of cold rolling, to a thickness of about 17µm, in order to avoid the ion implantation.

2.2. Irradiation procedure

Irradiation of the specimen was carried out at the Material Science Beam line of the Nuclear
Science Centre, New Delhi. The irradiation temperature was maintained around 90 K
throughout the experiment by pouring liquid nitrogen through a stainless steel tube attached
to the copper block upon which the samples were mounted inside the irradiation chamber.

130 MeV28Si ions (charge state +9) beam, with a flux of about 1010 ions cm−2 s−1, was
made incident normally upon the sample surface. The irradiation was continued until a fluence
of 1.154× 1016 ions cm−2 was reached.
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2.3. SEM and STM

Surface morphology of the unirradiated and irradiated specimens was investigated by scanning
electron microscopy (SEM) and scanning tunnelling microscopy (STM). The instrument model
JSM-35CF, supplied by JEOL, Tokyo, was used for SEM. The STM was performed in air using
a NanoScope II apparatus, supplied by Digital Instruments, USA. Both SEM and STM were
carried out at the National Physical Laboratory, New Delhi.

3. Result and discussion

SEM were taken at different magnifications for both the unirradiated and irradiated surfaces
of the MG2705M specimen (figures 1 and 2 respectively). It may be clearly observed that the
narrow and shallow channels are eliminated completely and the wider and deeper channels have
become shallower and narrower after irradiation. The micrographs clearly show a decrease
in the heights of the ‘hills’ and filling up of the ‘valleys’, giving an effect of smoothing to

(a) (b)

Figure 1. SEM pictures of the unirradiated metglass MG2705M.

(a) (b)

Figure 2. SEM pictures of the 130 MeV28Si ion irradiated surface of metglass MG2705M.
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(a)

(b)

Figure 3. (a) STM picture of the unirradiated metglass MG2705M at 10 nm× 10 nm scan area.
(b) STM picture of the 130 MeV28Si ion irradiated surface of metglass MG2705M at 10 nm×10 nm
scan area.

(This figure can be viewed in colour in the electronic version of the article; see
http://www.iop.org)

the irradiated surface, as reported earlier by Guntzmann and Klaumunzer for the Fe40Ni40Bi20

metallic glass and vitreous SiO2 amorphous systems [7].
The STM of the unirradiated and irradiated specimens was carried out in order to

investigate the surface modifications at smaller length scales. STM were taken for 10 nm×
10 nm, 25 nm× 25 nm and 545 nm× 545 nm scan areas. The STM pictures are shown in
figures 3(a) and 4(a) for unirradiated and in figures 3(b) and 4(b) for irradiated specimens.
The bias voltageVb for figures 3(a) and 3(b) was−1115.4 mV, and the setpoint currentIsp
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(a)

(b)

Figure 4. (a) STM picture of the unirradiated metglass MG2705M at 545 nm× 545 nm scan
area. (b) STM picture of the 130 MeV28Si ion irradiated surface of metglass MG2705M at
545 nm× 545 nm scan area.

(This figure can be viewed in colour in the electronic version of the article; see
http://www.iop.org)

was 0.07 nA for figure 3(a), and 0.14 nA for figure 3(b). Similarly,Vb was−1114.8 mV for
figure (a) and−1115.4 mV for figure 4(b). TheIsp was 1.1 nA for figure 4(a) and 1.3 nA for
figure 4(b). It is evident from figure 3(a) and (b) that sharp scratchlike disorders present in
the unirradiated samples have been smoothed after irradiation. A comparison of figure 4(a)
and (b) also shows a surface smoothing due to irradiation, although figure 4(a) needed more
filtration. The scratchlike surface disorders result from the freezing in of surface disorders of
the liquid state when the latter is rapidly quenched to form metallic glasses. All these STM
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pictures show that on the smaller (nanometric) length scales, the smoothing due to heavy ion
irradiation of the sample is observed as a removal or reduction of the sharp scratchlike surface
disorders. However, no sign of track formation was observed in either SEM or STM pictures.
This may be due to the fact that the threshold value ofSe for detectable track formation is
larger [10] than that in the present work.

Recently, Audouardet al [11] have reported the formation of ‘hills’ and ‘hillocks’, in
the GeV ion irradiated Fe85B15 amorphous alloy, investigated by STM. They have attributed
this observation to the high electronic energy loss (Se > 50 keV nm−1) of ions in the
specimen. They did not observe such ‘hills’ and ‘hillocks’ for 750 MeV86Kr irradiation
(Se = 19.3 keV nm−1). In our experiment theSe was 5.75 keV nm−1, and hence the so-called
‘hills’ and ‘hillocks’ are obviously not expected. However, it is not clear from the work of
Audouardet al whether a comparative smoothing/roughening of the 750 MeV86Ar irradiated
surface was observed or not.

3.1. The shear flow mechanism

The observed results could be explained by the shear flow mechanism [7] within the framework
of the viscoelastic model [12, 13]. This model assumes that amorphous systems behave
viscoelastically under swift heavy ion irradiation. Mathematically, this can be represented
by a phenomenological tensor equation [7] as follows:

dε

dt
= 1

2G

d

dt

[
σ − ν

ν + 1
(Trσ)I

]
+ A0φ + k0φ

[
σ − 1

3(Trσ)I
]

(1)

whereG is the shear modulus andν the Poisson number.ε, σ andI represent the tensors of
strain, stress and unity, respectively. Trσ is the trace of tensorσ. The dimension of (k0φ) is
that of fluidity and thusk0 is related to the apparent viscosity(2k0φ)

−1. Thus, equation (1)
combines the effects of elasticity, ion beam induced growth and viscosity together. In an
irradiation experiment we consider only the ion beam induced growth and the viscosity parts,
because they include the fluxφ to give the irradiation induced effects. For stress free samples,
i.e.,σ = 0, equation (1) is reduced to give the strain rate as dε/dt = A0φ. In the most general
case, tensorA0 may be written as [7],

A0 = A(δik − 3uiuk) i, k = x, y, z (2)

whereδik is the Kronecker delta andu (ux, uy, uz) is a unit vector representing the direction
of the beam.

Now we consider a swift heavy ion beam falling normally upon a real surface. There will
be local variations in the direction ofu provided by the roughness of such surface. These
variations may be taken into account by considering two effective tilt angles representing the
direction ofu. If we take the sample surface at thez = 0 plane and assume thatu makes an
angleθ with thez-axis and its projection on thez = 0 plane, i.e.,u sinθ , makes an angleψ
with thex-axis (figure 5), then using equation (2) the tensorA0 can be written as

A0 = A
( 1− 3 sin2 θ cos2ψ 3 sin2 θ sinψ cosψ 3 sinθ cosθ cosψ

3 sin2 θ sinψ cosψ 1− 3 sin2 θ sin2ψ 3 sinθ cosθ sinψ
3 sinθ cosθ cosψ 3 sinθ cosθ sinψ 1− 3 cos2 θ

)
. (3)

According to continuum mechanics, the expression relating strainε to velocityv is given
by

dεik
dt
= 1

2

(
δvi

δk
+
δvk

δi

)
. (4)

The equation of motion reduces to divσ = 0 in quasi-static equilibrium. Also the relations
σ = σ(z) and v = v(z) hold because of symmetry. Therefore,δσxz/δz = δσyz/δz =
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Figure 5. Schematic view of irradiation by a tilted beam.u represents a unit vector along the
beam direction. The sample surface is in thex–y plane. The directions of the components of shear
velocityvx andvy are also shown.

δσzz/δz = 0, and for stress free samples atz = 0, this leads toσzz = σxz = σyz = 0. Using
equations (3) and (4), equation (1) therefore gives the strain rate produced by irradiation as

dε

dt
= Aφ

( 0 3 sin2 θ sinψ cosψ 3 sinθ cosθ cosψ
3 sin2 θ sinψ cosψ 0 3 sinθ cosθ sinψ
3 sinθ cosθ cosψ 3 sinθ cosθ sinψ 0

)
. (5)

It is noteworthy that forψ = 0 equations (3) and (5) reduce to the respective tensor
representations ofA0 and dε/dt , as given by Guntzmannet al [6, 7].

Equating the components of equations (4) and (5) we obtain
dεxy
dt
= 6Aφ sin2 θ sinψ cosψ (6)

dεxz
dt
= 6Aφ sinθ cosθ cosψ (7)

dεyz
dt
= 6Aφ sinθ cosθ sinψ (8)

and(dεxx/dt) = (dεyy/dt) = (dεzz/dt) = 0.
Equations (6) to (8) give the off-diagonal components of the strain rate. For a perfectly

plane surface and normal beam incidence,θ = 0, andψ = 0; and hence these components
of strain rate vanish. This means that no atomic motion is induced for normal irradiation of
a perfectly plane surface. However, no real surface is perfectly plane. The surface disorders
and irregularities of real surfaces provide non-zero values toθ andψ . Thus 0< θ < π/2
and 06 ψ 6 2π give non-vanishing off-diagonal components in equation (5). With these
components, equations (6) to (8) give a net shear flow in thex–y plane, perpendicular to the
beam direction. Evidently, this shear flow leads to surface modification.

From (δvz/δx) = (δvz/δy) = 0 and Tr(ε) = div v = 0, δvz/δz = 0. Therefore,
equations (7) and (8) give the shear flow inx- andy-directions at any instant as

(δvx/δz) = 6Aφ sinθ cosθ cosψ (0< θ < π/2, 06 ψ 6 2π) (9)

and

(δvy/δz) = 6Aφ sinθ cosθ sinψ (0< θ < π/2, 06 ψ 6 2π). (10)
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Equation (9) can be integrated to give the shear velocity in thex-direction as

vx = 6φ sinθ cosθ cosψ
∫ 0

−Rd cosθ
A[Se(z

′)] dz′ (0< θ < π/2, 06 ψ 6 2π) (11)

whereRd is the deformation depth. For normal incidence of the beam, we can use the
approximationRd cosθ = Rp, the projected range of the ions in a thick target. Moreover, the
surface modifications are concerned with the first few layers of the target, i.e.z→ 0. Therefore,
the integral in equation (11) can be approximated asRpAmax , withAmax = A(Se)surf ace. With
this, equation (11) reduces to give the shear velocity in thex-direction as

vx = 6RpAmaxφ sinθ cosθ cosψ (0< θ < π/2, 06 ψ 6 2π). (12)

Similarly, from equation (10),

vy = 6RpAmaxφ sinθ cosθ sinψ (0< θ < π/2, 06 ψ 6 2π). (13)

Integrating with respect to time, these equations give the shifts caused by the shear
velocities in total irradiation timet as

1x = 6RpAmax8 sinθ cosθ cosψ (0< θ < π/2, 06 ψ 6 2π) (14)

1y = 6RpAmax8 sinθ cosθ sinψ (0< θ < π/2, 06 ψ 6 2π) (15)

with8 = φt which is the final dose or fluence of the beam. From equations (14) and (15) it is
evident that the shifts in thex–y plane depend upon the electronic energy lossSe (which enters
through the parameterAmax), fluence8 and the effective tilt anglesθ andψ of the beam.

The deformation yieldA as a function ofSe can be written as [4]

A = 1.16

3e

1 + ν

5− 4ν

βSe

ρC
(16)

whereβ, ρ andC are the thermal expansion coefficient, density and specific heat capacity of
the material respectively. ReplacingAmax in equations (14) and (15) byA from equation (16)
we obtain

1x = 6Rp8
1.16(1 + ν)βSe
3e(5− 4ν)ρC

sinθ cosθ cosψ (0< θ < π/2, 06 ψ 6 2π) (17)

and

1y = 6Rp8
1.16(1 + ν)βSe
3e(5− 4ν)ρC

sinθ cosθ sinψ (0< θ < π/2, 0< ψ < 2π). (18)

Since the effective tilt anglesθ andψ are determined by the roughness of the surface at
any instant of time during irradiation, it is very difficult to determine the values of sine and
cosine of these angles. These angles keep changing during irradiation. Nevertheless, their
contribution to the shift is finite and non-zero after a certain irradiation time and varies with
the roughness of the surface.

3.2. Discussion

Based on the above formulism, smoothing of our samples as observed in SEM and STM can
be explained. As evident from equations (17) and (18), the contribution of effective tilt angle
θ to the shifts is same inx- andy-directions. However, the other tilt angleψ gives different
values to these shifts. For a real surface as shown in figure 6, the shift1x would be larger
than1y. This would lead to a larger mass flow in thex-direction than that in they-direction.
As a result, the ‘channels’ (space between the ‘hills’) would become wider. The height of the
‘hills’ would decrease and the flowing mass would fill the ‘valleys’.
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Figure 6. Schematic view of irradiation of a real (rough) surface by a normally incident beam.n
represents the direction of the normal to the surface. The components of shear velocityvx andvy
are shown by broken lines.

It is clear from equations (17) and (18) that the shifts inx- andy-directions depend upon
the product of the fluence8 and electronic energy lossSe. Hence, to achieve the same level
of surface modification at a smallerSe, higher8 is required. In the present work, the value
of Se was 5.75 keV nm−1 and therefore the smoothing was observed at a fluence two orders
of magnitude higher than that in [6]. It may be concluded that the effects of small electronic
energy loss (∼5 keV nm−1) together with high fluences are nearly the same as those for large
electronic energy loss (∼20 keV nm−1) and comparatively low fluences. The only pronounced
difference between the two situations is the formation of spherical and ellipsoidal inclusions
in the former and continuous tracks in the latter case. The surface modification is not affected
by the shape of inclusions in the bulk. Further work is in progress in order to understand the
tilt angle dependence of shear flow and the resulting surface modifications.
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