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Tracks of 30-MeV Cg clusters in Yttrium Iron Garnet Studied by

Scanning Force Microscopy

A.S. El-Said
Nuclear and Radiation Physics Lab., Physics Department, Faculty of Science,

Mansoura University, 35516 Mansoura, Egypt.

Yttrium iron garnet (YsFesO;; or YIG), an amorphizable ferrimagnetic insulator, is probably
the best studied material with respect to track formation and damage morphology. This paper
presents first scanning force microscopy (SFM) of surface damage induced by energetic Ceo
clusters. YIG single crystals were irradiated at normal incidence with 30-MeV Cgp cluster ions
(kinetic energy~0.04 MeV/u) provided by the tandem accelerator of the Institute of Nuclear
Physics in Orsay (IPNO). The SFM topographic images show nano-protrusions on the YIG
surface, where each hillock is generated by one Ceo cluster. The role of stopping power and
deposited energy density is discussed in terms of dimensional analysis of the nanostructures.

Hillocks created by Ce clusters are compared with those produced by monatomic ions.
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1. INTRODUCTION

Track formation in solids using energetic ion particles is of high interest not only due to basic
phenomena concerning ion-solid interaction but also due to promising technological
applications, especially the synthesis of nanostructures using ion beam based methods [1-5].
Fast heavy ions, passing through material, deposit their energy predominantly by inelastic
collisions (electronic energy loss (dE/dx).). In many materials such electronic excitation and
ionizations may finally lead to structural modifications along the trajectories of the projectiles
producing so-called ion tracks [6]. The creation mechanism and the morphology of ion tracks
were studied in many different materials. In the past, the data set on track size, structure, and
(dE/dx) formation threshold has largely increased, in particular for amorphizable materials
such as mica [7-10], SiO, [11] and various spinels [12], as well as for non-amorphizable
materials including radiation resist oxides (UQO,, Al;O3) [13-16], and fluoride ionic crystals
(e.g. LiF, CaF,, BaF; MgF, and LaF3) [17,18]. For this field of research the availability of
several heavy ion accelerator facilities (such as GSI, GANIL, and JAERI) producing light ions
up to very heavy species (e.g. uranium) in the MeV-GeV energy regime was a key issue. It
also should be mentioned that the successful production of MeV cluster ion beam has helped
to improve the understanding of ion-matter interaction processes because the stopping power
(dE/dx). reached with cluster ions even with low Z values (eg. C,, n is number of the
constituents of the cluster) is comparable to, and even higher (in case of high n, eg. n = 60),
than for GeV monatomic heavy ions. In addition, the density of the electronic energy
deposition can reach very high value due to the smaller velocity of the interacting cluster ions.
This energy density criterion was originally suggested by Katz [19], an analytical formula for
the radial dose deposition was proposed by Waligorski et al. [20]. In later studies, the
influence of radial dose or energy density was evidenced and termed velocity effect [21]. It is

based on the fact that the volume in which dE/dx is deposited is larger the higher is the ion



velocity. Therefore, given by the low clusters velocity as well as their large energy loss, track
creation and the accompanied processes such as sputtering are more efficient in comparison to
fast monatomic ions. Cg clusters of several MeV are for instance able to induce ion-tracks in
a Si target [22], whereas track formation has never been observed when using GeV

monatomic heavy ions.

For getting information about the track size and morphology, different techniques including
Rutherford backscattering (RBS), small angle x-ray scattering (SAXS), high resolution
electron microscopy (HREM, TEM) were applied. Although TEM has the advantage of being
able to image ion tracks in the bulk with thickness up to hundred nanometers, the technique is
accompanied by difficulties with respect to sample preparation, image contrast, and track
stability in the electron beam [23]. Scanning force microscopy (SFM), with its ability for
measuring surface nanostructures, overcomes these limitations. In the recent past, SFM has
successfully been applied for studying the surface damage induced by both monatomic heavy
ions, and MeV Cg clusters in CaF; and LaF; as examples of non-amorphizable materials [24].
In this study, yttrium iron garnet (Y3FesO1; or YIG) is selected as a target for investigating the
role of the electronic energy loss and the density of energy deposition. The selection of this
material is motivated by the large data set already existing for tracks created by different ion-
beams [25-27]. Also surface structuring of YIG for possible technological application as a
magnetic insulating material is of interest [28].

2. EXPERIMENT

YIG crystals were grown on 0.5 um thick Gd3GasO;; substrates and had a thickness of 100
um thick and size of 25 mm?. The irradiation with 30 MeV Cg cluster ions was performed at
room temperature, under normal incidence and applying a fluence of approximately 10"

cluster/cm®. The cluster beam was provided by the 10-MV tandem accelerator of the Institute



of Nuclear Physics in Orsay (IPNO). In the first section of the tandem, negative Ceo ions are
accelerated. At the positive high voltage terminal in the center of the accelerator, the negative
Ceo 1ons interact with nitrogen molecules in a stripper cell and become multiply positively
charged Cgo®" ( q < 4) [29]. For this experiment, we used Ceo> " leading to kinetic energy of 30
MeV. The energy loss values and projected ranges of the incident projectiles were calculated
using the SRIM 2006 code [30], assuming that the energy loss for Ce clusters corresponds to
the sum of the energy loss of the constituent single carbon ions of the same velocity (v/c ~

0.01). The validity of this assumption is confirmed by several experiments [31, 32].

The YIG irradiated surfaces were probed by MFP-3D scanning force microscope (Asylum
Research, Santa Barbara, US). This SFM system is placed on a sensitive active anti-vibration
stage and equipped with closed-loop nanopositioning system sensors for the correction of
piezo hysteresis and creep. The measurements have been performed in contact mode at
constant loading force below 10 nN using non-conductive SizNy4 sensors (Veeco Instruments,
France) with cantilevers of force constants of 0.1 N/m. All the measured SFM images were
recorded using MFP-3D IGOR Pro software and processed with the Nanotec Electronica SL

WSxM software (version 4.0 Develop 9.3).
3. RESULTS AND DISCUSIONS

A typical SFM topographic image of YIG surface after irradiation with 30-MeV Cgp is shown
in Fig.1. The image displays hillock-like nanostructures protruding from the surface. The
hillocks shape is circular. The number of hillocks per unit area is in good agreement with the
applied ion fluence, i.e., each hillock is created by an individual cluster impact. The analysis
of the hillock dimensions was performed by recording the diameter and the respective height
of each individual hillock using line profiling. It should be mentioned that for the estimation

of the diameter of the Cego-induced hillocks, the foot point method [24] was applied, whereas



in case of monatomic ions, the diameters were estimated as 2.35 FWHM from the Gaussian
fitting curve of the hillock line profile [33]. The diameters of the hillocks, produced by Ceo,
cover values between 40 and 50 nm, and heights between 5 and 15 nm. The frequency
distribution of the hillock parameters are illustrated in Fig. 2. Compared to track diameters
deduced from a TEM study [26], the diameters of the hillocks are by almost a factor of two
larger. At present, it is not possible to explain this difference because of there are not
sufficient data available to clarify if surface hillocks and tracks in the bulk have in general the
same diameter. In addition, some of the size difference may origin from the fact that the
hillocks could be subjected to a shift of few nanometers due to the finite curvature radius of
the used tips (nominally 4-5 nm). It is also noted that the data obtained for the Ceo-irradiated
surfaces were recorded with a different SFM tip than the results from samples exposed to
monatomic ions. Thus as a matter of consistency, no correction by deconvolution procedure

has been included.

Figure 3 illustrates the correlation between the hillock diameter and height. Hillocks with
larger diameters exhibit a larger height. The correlation coefficient is given by the formula
[33]

_ E(DH) - E(D)E(H)
(Var(D)Var(H))"’

(D

where E represents the mean values and Var denotes the respective variance of the diameter D
and height H. For the Cg irradiation, p is 0.74 close to the correlation coefficient of hillocks
produced by monatomic ions which scatters between 0.8 and 0.9 for energy losses between 28
and 41 keV/nm. Such a pronounced correlation between the diameter and the height has
already been observed earlier in non-amorphizable materials such as CaF, and LaF3 [24, 33],
and has been interpreted as an indication for continuous track morphology. The absence of a

strong dE/dx dependence of the hillock diameter-height correlation can thus be an indication



that the tracks below the sample surface are quasi cylindrical, which would be in agreement
with earlier morphology studies exhibiting homogeneous cylinders above ~20 keV/nm. Figure
4 shows the mean diameter and height of hillocks produced by Cgo clusters and by different
monatomic ions [34] as a function of (dE/dx).. The diameters of the hillocks from monatomic
ions scatter around 20 nm, whereas 30 MeV Cg clusters induce significantly larger hillocks of
mean diameter of 45 nm. In contrast to the size of the hillock diameters, which are possibly
affected by the curvature of the used tip, the hillock height exhibits a clear linear dependence
on (dE/dx).. Extrapolating the fit curve gives a (dE/dx). threshold of (6.1 + 0.9) keV/nm,
which is in fair agreement with estimations of previous studies, where tracks are observed

above 4-5 keV/nm [26, 35].

Earlier high-resolution electron microscopy studies on YIG bombarded with MeV Ceo
clusters, by Dunlop and Jensen, revealed that the tracks produced in the bulk are amorphized
zones [26]. With increasing (dE/dx)., the track morphology evolves from aligned droplets to a
continuous cylinder [35]. In addition, it was seen that the track diameters are constant along
approximately the first 100 nm below the surface (correlated cluster trajectory), whereas at
larger penetration depth, the tracks dissolve because of cluster dissociation. [36]. The
parameters of our irradiation, and the experiments we compare our data to, are summarized in
Table.1. For monatomic ions as well as for Ce clusters, the electronic energy loss is much
higher than the nuclear energy loss. It should be noted also that the projected cluster range
deduced by the SRIM code does not take into account that the coherence length of the Cq

clusters is only around 100 nm before the cluster fragments into smaller constituents [37].

As demonstrated in several studies, the size of the tracks does not only depend on (dE/dx). but
also on the ion velocity, which determines the range of the primary electron cascade and

therefore the density of the deposited energy [21]. The velocity of 30-MeV Cg clusters is



about one order of magnitude lower than that of monatomic ions (Table 1), thus the effect on
hillock formation may be quite pronounced. For a first estimation, the density of the deposited
energy was calculated based on energy dissipation according to thermal spike model concept
[38]. The radius in which the initial energy is deposited is determined from the radial spread
within the electron system and subsequently diffusing into the lattice system. The ion energy
transferred to the electrons is assumed to be concentrated within a cylinder radius R
(corresponding to 66 % of the total electronic energy loss). Via coupling of the electronic and
lattice system (with A being the mean electron-phonon interaction mean free path), the energy
is finally spread to a radius R, = (R% + A* )*’. R, values for different ion velocities were
deduced from Monte Carlo simulations of the radial energy distribution [39]. As A we inserted
5 nm which is a mean value obtained from thermal spike model calculations fitting a large set
of experimental track radii [40, 41]. The energy density € (eV/atom) deposited in the lattice is
then obtained by & = (dE/dx). / N & R,%, where N is the atomic density of YIG. Due to
difficulty to deconvolution of the hillock diameter and the tip size of the SFM, we evaluate
only the evolution of the height as a function of ¢ (Fig. 5). These data follow a ¢ %> law and
exhibit an energy density threshold of &, ~0.7 eV/atom. For YIG, the melting energy is 0.55
eV/atom [42] close to the observed threshold value. It is thus suggested that hillock creation is
directly linked to a process where the deposited energy is sufficiently high to melt the
material.

CONCLUSIONS

In yttrium iron garnet, 30-MeV Cgo clusters create larger surface hillocks than swift
monatomic heavy ions. The electronic energy loss threshold for hillock creation in YIG is (6.1
+ 0.9) keV/nm. The effect of projectile velocity was taken into account by analysing the
hillock size as a function of the deposited energy density ranging from 1.7 to 9.6 eV/atom for

Ni up to Ceo, respectively. The deposited energy density leads to the creation of hillocks above



a threshold of 0.7 eV/atom, which is close to the energy required for melting. This observation
shows the high relevance of thermal spike model for the description of surface hillock

formation in YIG.
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FIGURE CAPTIONS

Table 1. Irradiation parameters and correlation coefficients (p) for YIG irradiated with Cqg
clusters (this study) together with data from an earlier investigation using monatomic
ions [35] and. The energy loss and the projected range were calculated using the

SRIM-2006 code [30].

Fig.1. Topographic SFM image of YIG surface irradiated with 30-MeV Cg clusters of fluence

~10" em™.
Fig.2. Frequency distribution of hillocks diameter and height.

Fig.3. Correlation between diameter, and height of hillocks (top) and dependence of
correlation coefficient on electronic energy loss (bottom) for YIG irradiated with

monatomic [35] and Ce cluster ions.

Fig.4. Diameter and height of hillocks as a function of electronic energy loss for monatomic

[35] and Cgo cluster ions.

Fig.5. Hillock height as a function of deposited energy density.
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Table 1
Energy velocity  (dE/dx). energy density (dE/dx), projected range p
Projectile
MeV) @P=v/ic) (keV/nm) (eV/atom) (keV/nm) (um)
“Ni” 506 0.1303 938 1.7 0.01 473 -
Poe® 870 0.0892 27.8 2.3 0.03 36.5 0.90
Pyo® 477 0.1173 28.6 3.0 0.04 23.6 0.82
%op” 957 0.0994 40.7 3.8 0.08 31.2 0.83
Ceo 30  0.0094 56.3 9.6 1.50 0.7 0.74

D Irradiation at GANIL accelerator.

Fig. 1.
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