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Abstract

Nanometer scale layered systems are well suited to investigate atomic trans-

port processes induced by high-energy electronic excitations in materials, through

the characterization of the interface transformation. In this study, we used the

atom probe technique to determine the distribution of the different elements in a

(amorphous-Fe2Tb 5 nm/hcp-Co 3 nm)20 multilayer before and after irradiation

with Pb ions in the electronic stopping power regime. Atom probe tomography is

based on reconstruction of a small volume of a sharp tip evaporated by field effect. It

has unique capabilities to characterize internal interfaces and layer chemistry with

sub-nanometer scale resolution in three dimensions. Depth composition profiles and

3D element mapping have been determined, evidencing for asymmetric interfaces

in the as-deposited sample, and very efficient Fe-Co intermixing after irradiation at

the fluence 7 × 1012 ion cm−2. Estimation of effective atomic diffusion coefficients
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after irradiation suggests that mixing results from interdiffusion in a molten track

across the interface in agreement with the thermal spike model.

Key words: Ion beam mixing, atom probe tomography, multilayers, swift ion

irradiation

PACS: 61.80.Jh, 68.55.Nq, 68.65.Ac, 42.30.Wb

1 Introduction

Irradiation with energetic ions is known to induce the formation of latent

tracks in a wide range of materials, as the result of the huge energy density

deposited locally along the ion path by electronic excitations. The study of the

effects of swift ion irradiation on multilayered thin film is of growing interest

from both fundamental and practical points of view. For the latter, ion beam

mixing induced at the interfaces has been found as a very efficient tool to

produce new materials and phases, and hence to modify in a control way

the physical properties of the films [1]. From the fundamental point of view,

nanometer scale layered systems are well suited to investigate the mechanisms

allowing to convert high energy electronic excitations into atomic transport,

through the fine scale characterization of the interface reactions [2,3].

For magnetic multilayers, ion irradiation is able to modify the direction of the

perpendicular magnetic anisotropy of Fe/Tb multilayers [4–6], as well as the

giant magneto-resistance of Fe/Cr multilayers [7,8]. Recently, we have found

that the magnetostrictive properties of TbFe/Co multilayers can be greatly
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improved after irradiation with swift ions [9]. In this system, the huge mag-

netostrictive susceptibility obtained by exchange coupling layers of TbFe with

high magnetostriction and Co with high saturation magnetization allows new

applications in the field of Magneto-Electro-Mechanical Systems (MEMS).

The control of these properties by ion irradiation requires a detailed knowl-

edge of local interfacial intermixing. While various techniques can be used

to provide a concentration profile across an interface, only a few advanced

methods of chemical analysis are suitable to obtain a local information at the

nanometer scale. Among them, Secondary Ion Mass Spectroscopy (SIMS) and

Rutherford Backscattering Spectroscopy (RBS), which have been widely used

to study ion beam mixing [3]. Complementary techniques can also be used such

as, conversion electron Mössbauer spectrometry with 0.5 nm thick 57Fe marker

layers, which has been demonstrated to be very efficient to characterize local

ion-induced interface transformation [10,11]. Recently, a combination of x-ray

reflectivity and fluorescence measurements was used to provide quantitative

amount of mixing [12,13]. However, for all the above techniques, information

is averaged over a large surface of the sample (≥ 1 mm2). In this report, we

present a local chemical analysis of ion irradiation effects on TbFe/Co mul-

tilayers by the tomographic atom probe (TAP) technique. The TAP is an

analytical microscope providing quantitative atomic scale 3D elemental map-

ping of chemical species in materials [14]. The technique, using a voltage pulse

to field evaporate atoms from a sharp tip, was preliminary limited to metal-

lic specimens, but the recent use of laser pulsing makes it possible analysis

of poorly conducting materials [15]. The emergence of new focused ion beam

methods has allowed to fabricate atom probe specimens from multilayered

thin films. Analysis of multilayers can then provide a map of the composition

of the layers and their interfaces, at the near atomic scale [16–18].
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In a first part, the basic principle of the technique will be described, including

special procedure to fabricate an atom probe specimen from multilayered thin

films. Then we will present the analysis by TAP of the microstructure of the

as-deposited multilayer and its modification after ion irradiation.

2 The tomographic atom probe

The atom probe is the combination of a field ion microscope, for which surface

atoms are evaporated as ions by field effect, and a time of flight mass spec-

trometer allowing their identification. The specimen is prepared in the shape

of a sharp tip (with apex < 100 nm radius), allowing the generation of a high

electric field (≃ 106 V m−1) at the tip apex by applying a high voltage (≃ 10

kV). By using high voltage (HV) pulses of about 20% of the standing voltage,

ions can be evaporated from the specimen at a well defined time. The flight

time of each evaporated ion can then be measured and used to calculate the

mass-to-charge ratio and thus determine its chemical nature [19,20]. In the 3D

atom probe, the gradually evaporated ions are projected on a two-dimentional

sensitive detector. The analysis proceeds by continued removal and detection

of individual ions, layer-by-layer through the material. The combination of

two-dimensional hit positions and field evaporation sequence is thus used for

the reconstruction of a three-dimensional image of the analyzed volume with

near-atomic resolution.

This instrument provides the highest spatial resolution for a large analyzed

volume, typically 25 nm by 25 nm by 50 nm, as compared to other microanal-

ysis techniques: the depth resolution is better than 0.1 nm and that in lateral

is a few thenths of nanometer, physically limited by ion-optical aberrations.
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Fig. 1. FIB-based method to produce a sharp needle specimen by progressive annular

milling of Si posts [from (a) to (d)].

Another advantage is its quantitavity: the concentration can be simply calcu-

lated from the number of ions of each kind of atoms collected and does not

depend on cross section or ionisation efficiency [21]. Possible sources of errors

in the interpretation of 3D images and local composition include possible mass

overlap between some elements in the mass spectrum, statistical fluctuations

due to sampling errors, preferential evaporation of low field species, and im-

pact overlaps on the detectors [21]. With combination of recent developments

in specimen preparation techniques by focused ion beam (FIB) [22,23] and

TAP, it is possible to analyse thin films and multilayers [18,24]. Atom probe

tomography is then an ideal technique to quantify the degree of atomic inter-

mixing at the interface and within the individual layers because of its high

spatial resolution. Not only does the concentration profile across an interface

can be obtained, but also the morphology and rugosity of this interface.
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3 Experimental

3.1 Deposition and ion irradiation of Tb-Fe/Co multilayers

Multilayers were deposited at room temperature by rf-sputtering of pure Co

and composite TbFe2 targets onto flat-topped cylindrical Si posts that were

prepared by deep reactive ion etching for atom probe analysis, and onto flat Si

wafers for conventional analyses. The multilayers involve twenty repetitions of

(TbFe2 5 nm/Co 3 nm) bilayers, with Co as a starting layer. A 5 nm Ti capping

layer was used for protection against oxidation. X-ray diffraction showed that

Co layers are polycrystalline while FeTb layers are amorphous. Room tem-

perature irradiations of pristine samples (planar and post substrates) were

then performed with 450 MeV Pb ions at the fluence 7×1012 ion cm−2 under

normal incidence at the medium energy line of the GANIL accelerator. The

flux was limited to 3 × 108 ion cm−2 s−1 in order to avoid heating during

irradiation. From srim calculations [25], the values of the electronic (nuclear)

stopping power are 60 (0.27) keV nm−1 for Co and 44 (0.20) keV nm−1 for

FeTb, respectively. Nuclear energy loss has then no significant effect at the

fluence used here, and interfacial reactions are predominantly due to electronic

energy loss. The projected range of the ions being 100 times higher than the

multilayer thickness, they get buried deeply in Si substrate. Therefore the

electronic energy loss can be considered as almost constant throughout the

multilayer.
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3.2 Tip fabrication

The tip preparation procedure is based on annular FIB milling of the samples

deposited onto flat-topped Si posts, as described in details in Refs. [26,27].

A Cr capping layer is deposited prior to the milling in order to limit sample

preparation damage. The posts are removed from the wafer and one of them

is fixed to an ultra fine stainless steel pin with an electrically conducting silver

epoxy. Milling is then performed in sequential concentric circles with a 30 keV

Ga ion beam, sharpening progressively the apex of the sample. At the end

of milling, the apex radius is about 10 nm. An example of an atom probe

specimen produced with the described method is shown in Fig. 1. Gallium

implantation can also damage the sample by producing intermixing of the

layers or amorphization at the top and near the outer hedge of the tip [26].

The range of Ga ions is about 20 nm but it can produce ion beam mixing

due to collision cascades at a distance over 30 nm from the tip surface. To

avoid such effects, we will only present atom probe analysis data of the center

of the multilayers by selecting a reconstruction volume far from the Ga ion

implantation zone.

4 Results and discussion

In order to provide 3D data with an absolute length scale along the depth di-

rection, the bilayer thicknesses of the as-deposited and ion irradiated samples

elaborated on conventional Si substrates were measured by x-ray Reflectome-

try (XRR). The least-square fitting of experimental data has been performed

using SimulReflect software. For the as-deposited sample, the modulation of
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Fig. 2. Experimental and fitted x-ray reflectometry patterns of the (Tb-Fe 5 nm/Co

3 nm) multilayer: asdeposited (a) and irradiated with Pb ions at the fluence 7×1012

ion cm−2 (b).

the intensity above the critical angle is in agreement with the modulation of

composition inside the multilayer [Fig. 2(a)]. It can be seen that for the irra-

diated sample, a modulation of composition still exists in the sample but the

position and width of the peaks have slightly changed, evidencing for a modifi-

cation of the layered structure [Fig. 2(b)]. The average values of the multilayer

period, i.e., the thickness of the Tb-Fe/Co bilayers, deduced from the fit are

7.7 (±0.2) nm and 8.8 (±0.2) nm, respectively, for the as-deposited and ion

irradiated specimens. These values have been used to calibrate precisely the

depth scale of the TAP data.

In Fig. 3 (a), the atomic reconstruction of a middle part of the multilayer is

shown for the as-deposited state. Each elemental dot is the calculated image of

a single atom. Measurements were carried out in an energy-compensated op-

tical tomographic atom probe (ECOTAP) [28], with a vacuum of ≃ 10−10 Pa,

at a pulse rate of 2 kHz and a specimen temperature of 80 K. The number of

collected atoms in this volume is about 105, corresponding to a 32 nm thick

stacking. The results show a well-defined sequence of Co and Tb-Fe layers,
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Fig. 3. 3D reconstruction of the distribution of Fe, Tb and Co atoms (a) and corre-

sponding mass spectrum (b) for the as-deposited Tb-Fe/Co multilayer.

with a thickness ratio of about 0.6, in good agreement with the nominal one.

A precise analysis of the atom distribution evidences for planar interfaces on

the lateral length scale of the measurement. From the mass spectrum plotted

in Fig. 3(b), it can be seen that each peaks are clearly separated, so that the

mass resolution is high enough to provide accurate composition determination.

It should be noted that no significant Ga was detected in this analyzed region,

indicating that the layered structure was not affected by the tip preparation

process.

A higher magnification of the reconstruction of the as-deposited multilayer is

shown in Fig. 4(a). The apparent density inside the FeTb layers is quite homo-

geneous. Some diffusion of Co atoms inside the FeTb layer can be observed. It

should be noted that no atomic planes were observed in the Co layers, despite

their cristallinity evidenced by x-ray diffraction (XRD). Because of the ion tra-

jectory aberrations limiting the lateral resolution, the chance to observe such
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Fig. 4. 3D reconstruction of the distribution of Fe, Tb and Co atoms (a) and corre-

sponding concentration profile (b) in a selected volume of the as-deposited Tb-Fe/Co

multilayer.

atomic planes for strongly textured specimens is very weak if there is a small

misalignment of the analysis direction with respect to the crystallographic

orientation of Co grains.

The orientation of the volume was chosen in order to obtain a composition

profile perpendicular to the plane of the layers, as plotted in Fig. 4(b). The

small lateral dimensions of the volume increase the statistical fluctuations but

minimise the averaging out of fine scale variations, allowing determination of

chemical mixing independant of interface roughness. At both interfaces of the

as-deposited multilayer, an interfacial solid solution between Co, Fe and Tb is

observed. However the width of the intermixed zone is different according to
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Fig. 5. 3D reconstruction of the distribution of Fe, Tb and Co atoms (a) and corre-

sponding concentration profile (b) in a selected volume of the Tb-Fe/Co multilayer

irradiated with Pb ions at the fluence 7 × 1012 ion cm−2.

the position of the interface in the stack. Interface width of 1 (±0.3) nm and 3

(±0.4) nm for the TbFe-on-Co and Co-on-TbFe interfaces, respectively, were

measured on the experimental data. So, cobalt atoms penetrate more deeply

inside the Tb-Fe layers when they are deposited on top of them, rather than

when the Fe and Tb atoms are simultaneously deposited onto the Co layers.

A measurement of the concentration at the center of the Tb-Fe layers yields

33% Tb, 66% Fe, in well agreement with the nominal target composition. The

center of the cobalt layers is quite pure.

The TAP analysis of the multilayer irradiated with Pb ions at the fluence

7 × 1012 is shown in Fig. 5. Element mapping, as well as, concentration pro-
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files of Co and Fe indicate that a quasi-complete intermixing between these

elements has occured during irradiation of the multilayer. The Fe composi-

tion becomes quite homogeneous in the whole part of the irradiated sample,

but a slight modulation of composition still exists for cobalt. In the initially

pure Co, the average composition becomes Co-35(±5)% Fe after irradiation.

Such interdiffusion effects have also strongly modified the composition of the

amorphous Tb-Fe layers, which become layers of a Co-rich Tb-Fe-Co alloy.

Modification of the average width of Tb layers doesn’t exceed 1 nm, indi-

cating that transport of Tb atoms induced by swift heavy ion irradiation is

much lower than that of Fe and Co atoms. We emphasize that, as for the

non-irradiated sample, detection of Ga ions in this selected volume of the Pb

ion-irradiated multilayer is negligeable. The observed intermixing can then be

solely attributed to the effects of swift ion irradiation.

The modification of the layers composition from Tb-Fe/Co to Tb-Fe-Co/Fe-

Co is in agreement with the change of the magnetostrictive properties after

irradiation observed on similar multilayered system [9]. Strong increase of the

saturation magnetization and magnetoelastic coefficient have been evidenced

below a critical fluence φc ≃ 1.6 × 1012 ion cm−2, followed by a saturation

regime for higher fluences. We show here that enhancement of these mag-

netic properties is due to a very efficient mixing between Fe and Co atoms at

the interfaces. In addition, the quasi-complete Fe-Co intermixing obtained at

the fluence 7 × 1012 ion cm−2 agrees with the saturation effects obtained for

fluences above φc. Finally, the remaining layered structure evidenced at the

high studied fluence agrees with the excellent soft magnetic properties of the

irradiated samples.

Mixing at the interface between layers of different materials in the electronic
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Fig. 6. Evolution of the lattice temperature versus time for various radial distances

in bulk Co irradiated with Pb ions at room temperature as calculated using thermal

spike simulations. Tm is the melting temperature of bulk Co.

stopping regime usually occurs above an electronic stopping power threshold.

The thermal spike model has been succesfully employed in oxide ceramics

[29,30], as well as metallic systems [29,31,32], to explain mixing by considering

interdiffusion effects in a molten ion track. The threshold is then related the

electronic energy density which should be high enough to generate a transient

molten phase at both sides of the interface [31,29,33].

Assuming that mixing results from a transient molten phase inside the ion

track, the fluence φc = 1.6 × 1012 ion cm−2 from which saturation effects of

magnetic properties have been observed, corresponds to a complete irradiation

of the whole sample surface for the first time. The subsequent studied fluence

φf = 7× 1012 ion cm−2 would then correspond to n = φf/φc ≃ 4 full overlaps

of tracks. The present φc value is close to that reported in the case of molten

tracks in thin Fe films, implying a similar track diameter [34]. From the ob-

tained modifications of the composition profiles, it is then possible to measure

diffusion length of a specific element from the interface broadening and thus,

to estimate its effective atomic diffusion constant based on the assumption of
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transient thermal mixing. Interface broadening caused by the impact of one

single ion is given by ∆l = 2
√

Dt, where D and t are the diffusion constant and

diffusion time, respectively. The evolution of the bulk Co lattice temperature

with time for different radial distances around the ion path of 450 MeV Pb

ions, as calculated using the thermal spike model [35,36], is shown in Fig. 6.

It can be seen that the temperature of the lattice remains above the melting

temperature for a duration of about tm = 1 ps at a radius of 4 nm. There-

fore, the diffusion time for the observed changes in depth distribution of Co

in Tb-Fe and Fe in Co at the fluence φf is equal to ntm. The obtained effec-

tive diffusion constants of about 10−7 − 10−8 m2s−1 are in agreement with a

diffusion process in liquid phase rather than solid state diffusion. Such results

support the assumption that the strong Fe-Co interdiffusion evidenced at the

interfaces by TAP occurs during mixing in a molten track.

5 Conclusion

Atom probe technique has been used to study the evolution of the interface

morphology and chemical intermixing in a TbFe/Co multilayer irradiated with

400 MeV Pb ions. The 3D element mapping shows that the layered structure

is strongly modified after irradiation at the fluence 7×1012 ion cm2 as the

result of significant Fe-Co interdiffusion at the interfaces between Tb-Fe and

Co layers. The thermal spike model is well suited to explain such strong inter-

difusion at a rather low fluence by assuming enhanced diffusion in a transient

melt phase along the ion trajectory. Work is in progress to analyse samples

irradiated at a fluence close to the critical fluence for first overlapping of the

tracks, in order to study mixing induced in the wake of a nearly single ion. To-
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mographic atom probe is demonstrated to be a very powerful technique to in-

vestigate at the subnanometer scale swift irradiation effects in nanostructured

materials, and more particularly, to study ion beam mixing in multilayers.
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