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Directional effects of heavy-ion irradiation in Tb/Fe multilayers
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Deposition of a57Fe probe layer at the top of iron layers in Tb/Fe multilayers has allowed us to study locally
the atomic mixing induced by high-energy heavy-ion irradiation at the Tb-on-Fe interface. The structural and
magnetic transformations induced by ion irradiation of the probe layer were investigated by57Fe conversion
electron Mössbauer spectrometry. To study directional effects of the ion beam, we have irradiated a stack of
two pieces of the same multilayer set face to face. No change in the average composition of the mixed
Tb-on-Fe interface was observed when the incident ion direction is changed from a Tb layer to a Fe layer, or
from a Fe layer to a Tb layer.
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I. INTRODUCTION

The total energy loss of an energetic ion penetrating in
solid includes the electronic energy loss (dE/dx)e, resulting
from interactions of the particle with the electronic su
system of the target, and the nuclear energy loss (dE/dx)n ,
due to elastic collisions with the target nuclei. The latter o
is preponderant at low ion velocities, while (dE/dx)e
strongly dominates (dE/dx)n at high ion velocities~>1
MeV/nucleon!.1 For heavy ions, very high rates of electron
energy deposition up to few tens of keV/nm are reach
Such a huge amount of electronic excitations is known
induce on a nanometer scale damage creation, phase t
formation, and amorphous track formation in a wide range
materials, including insulators2 as well as pure metals3 or
metallic compounds.4 However, the transformation of th
electronical energy into atomic motion is quite complex a
the fundamental mechanisms are not well understood u
now. Nanometric multilayered systems, due to the multip
ity of surfaces and interfaces are a useful tool to study
mechanisms of interdiffusion and phase transformation
duced in metallic systems by electronic energy deposition
very strong mixing as a result of electronic excitations w
detected in Ni/Ti bilayers,5 Fe/Si,6 and Tb/Fe multilayers7

~ML’s ! above a (dE/dx)e threshold. In the case of a Ti/Ni/T
trilayer, a strong disymmetry concerning the composition
the mixed layers was observed. The composition of
mixed Ni-on-Ti interface is nearly equiatomic while th
mixed Ti-on-Ni interface is very rich in Ti.8

The aim of this work is to check if the interfacial mixin
produced by the electronic slowing down of swift heavy io
in multilayeredA/B materials is influenced by the relativ
position of theA and B layers with respect to the inciden
beam direction. A direct comparison of ion-beam-mix
PRB 610163-1829/2000/61~1!/12~4!/$15.00
a

e

d.
o
ns-
f

d
to
-
e
-

A
s

f
e

A-on-B andB-on-A interfaces is not appropriate in this ca
because different initial structure of the interfaces is expec
due to atomic size mismatch. The best way is to study wit
monolayer resolution technique a sharp interface irradia
under normal incidence in the two opposite directions. Su
study can be made by conversion electron Mo¨ssbauer spec
trometry ~CEMS! in iron-based multilayers by using a57Fe
probe layer introduced in the near-interface region of
investigated system. Since the Mo¨ssbauer signal of a57Fe
layer is approximately 50 times greater than one of natu
iron, the 57Fe Mössbauer spectrum of the sample would
characteristic of the position of the probe layer. This meth
was applied succesfully to evidence the asymmetry of
interfaces in the Tb/Fe multilayers,9 in agreement with pre-
vious studies on bilayers10 and with in situ resistivity
measurements.11 The Tb-on-Fe interface is sharp, while th
Fe-on-Tb interface is amorphous and diffuse.9 In this paper
we present the CEMS study of heavy-ion irradiation of t
Tb-on-Fe interface in nanometric Tb/Fe multilayers. Dire
tional effects of the ion beam were investigated through
irradiation of a face-to-face set of specimens.

II. EXPERIMENTAL

The ~3.3 nm Fe/0.5 nm57Fe/1.9 nm Tb! multilayers
were grown at 150 K by thermal evaporation of pure
~99.99 at. %!, 57Fe ~99.9 at. %!, and natural Fe~99.99 at. %!
in an ultrahigh vacuum system. The deposition of the
Fe/Tb bilayers was made onto a 150mm thick Si ~111! sub-
strate@Fig. 1~a!#. All the Fe/Tb stack was sandwiched by a
nm thick SiO2 film to avoid contamination and oxidation o
the multilayer. During evaporation, the pressure was k
below 231029 mbar. The deposition rate and film thickne
were monitored by calibrated quartz microbalances loca
12 ©2000 The American Physical Society



a

s
-

ke
c

h-

n
a

be
re
rn
ta
ce

m
e

io

th
di

ot
ro

g

m
fo
m
in
he

p-
-

he
d Si

y-

-
um/

e

gram

ins
ne
-
’’
of

y-
ts
f

wn
ns
e
tion
hy-

an

b

ft,
n the

o

PRB 61 13BRIEF REPORTS
close to the substrate position. The deposition was held
rate of 0.02 nm s21 for Fe and 0.05 nm s21 for Tb. The first
and last Fe layers were only composed of natural iron,
that detection of the Fe/SiO2 interfaces by Mo¨ssbauer spec
trometry was negligible as compared to the57Fe probe layers
signal.

The layered structure and the bilayer period were chec
by grazing x-ray reflectometry. The crystallographic stru
ture of the multilayer was investigated globally by hig
angle x-ray diffraction~XRD! and locally by high-resolution
transmission electron microscopy~HRTEM! using a JEOL
3010 transmission electron microscope. Cross-sectio
views show many small Fe crystals in the metal layers,
expected because the layer thickness of 3.8 nm is beyond
critical crystallization thickness, which is estimated to
about 3.5 nm.12 In contrast, only amorphous structures a
visible in Tb layers and selected-area diffraction patte
show diffuse and broad rings for Tb. Because of the crys
lization within the Fe layers, there is significant interfa
roughness.

Irradiation with heavy ions was performed at room te
perature at the high-energy line IRABAT facility of th
GANIL accelerator~Caen, France!.13 The beam flux was
monitored by the secondary emission produced by the
beam passing through a polarized 2.5mm thick Ta foil, and
calibrated with a Faraday cup. The relative uncertainty of
ion flux is estimated to be 20%. The multilayers were irra
ated under normal incidence with 6 GeV208Pb ions at the
fluenceFt5531012 ions cm22. The beam fluxF was kept
below 33108 ions cm2 s21, so that beam heating does n
exceed a few tens degrees. The projected range, elect
and nuclear stopping powers were calculated using theTRIM

code.14 The values are reported in Table I. Due to the lar
projected range of 6 GeV208Pb ions in Si (Rp5319mm), it
was possible to irradiate a stack of two pieces of the sa
multilayers set face to face in order to compare the trans
mations of the probe layer irradiated with ions coming fro
Tb to Fe layers or from Fe to Tb layers. Before penetrat
the first multilayer, an incoming ion has to cross t

FIG. 1. ~a! Description of the prepared samples with57Fe probe
layer deposited at the top of natural iron layers.~b! Irradiation set-
up: Two pieces of the same multilayer were put face-to-face
irradiated under normal incidence.
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150 mm thick Si top substrate, degrading its energy of a
proximately 3 GeV@Fig. 1~b!#. Then, the beam provides av
erage values of (dE/dx)e inside the multilayers of
;55.6 keV/nm in Fe and;42.3 keV/nm in Tb. It is note-
worthy that both multilayers are entirely traversed by t
beam and that implantation is made deeply into the secon
substrate. Thus, the ratio (dE/dx)e/(dE/dx)n remains very
large and the ion energy is mainly deposited in the multila
ers by electronic excitations.

57Fe conversion electron Mo¨ssbauer spectra were re
corded at room temperature using a homemade heli
methane proportional counter with57Co in a Rhodium ma-
trix as the source. During the Mo¨ssbauer analysis, th
samples were set perpendicular to theg beam. The fitting
procedure used a least-square technique using the histo
method.15 Isomer shifts are given with respect to standarda
iron at 300 K. Direct information about the average Fe-sp
orientation may be provided by comparing the relative li
intensities 3:x:1:1:x:3 of the six Mössbauer lines of a mag
netically split sextet.10 Indeed, the average ‘‘cone-angle
^b& between theg-ray direction and the average direction
the magnetic hyperfine fieldBhf is related to x by x
54 sin2^b&/(11cos2^b&).

III. RESULTS AND DISCUSSION

Each spectrum has been fitted with a distribution of h
perfine fieldP(Bhf) to take into account all the environmen
experienced by the57Fe nuclei, providing average values o
the hyperfine parameters~Table II!. The Mössbauer spectra
of the as-deposited and ion-irradiated multilayers are sho
in Fig. 2 and their corresponding hyperfine field distributio
P(Bhf) are shown in Fig. 3. The Mo¨ssbauer spectrum of th
as-deposited multilayer is composed of the superimposi
of a sharp sextet and a broad magnetic component. The

d

TABLE I. Main characteristics of the slowing down of GeV P
ions in Si, Fe, and Tb targets calculated by theTRIM code~Ref. 14!.

Ion E Target (dE/dx)e (dE/dx)n Rp

~GeV! ~keV/nm! ~keV/nm! (mm)

208Pb 6.032 Si 15.6 8.931022 319
3 Fe 55.6 4.831022 55.9

Tb 42.3 3.731022 79.6

TABLE II. Parameters deduced from the fit of the Mo¨ssbauer
spectra at 300 K for the Fe/57Fe/Tb multilayers irradiated by GeV
Pb ions from Tb to Fe layers (Tb→Fe) and from Fe to Tb layers
(Fe→Tb). ^d&, ^Bhf&, ^b& are, respectively, the mean isomer shi
the mean hyperfine field, and the average cone angle betwee
normal of the sample and the Fe spins direction.Aa-Fe is the relative
fraction of Fe atoms which are in the bcca-Fe phase compared t
all Fe atoms.

Irradiation Fluence ^d& ^Bhf& ^b& Aa-Fe

procedure (ions cm22) (mm s21) ~T! ~deg!

0 20.018 27.2 64 0.59
Tb→Fe 531012 20.032 22.9 89 0.34
Fe→Tb 531012 20.033 22.6 89 0.33
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perfine parameters of the sharp sextet are close to thos
bulk bcc-Fe values (Bhf533 T andd50 mm s21), evidenc-
ing for the crystallization of iron layers, in agreement wi
XRD and HRTEM results. The broad magnetic compon
comes from a distribution of Tb neighbors around Fe nuc
in a disordered structure due to a varying composition at
interface. The relative spectral area of the noncrystalline i
is 41% and the most probable hyperfine field, which defi
the maximum of the distribution, is close to the bcc-Fe val
indicating a sharp interface.

Irradiation of the probe layer with 3 GeV208Pb ions com-
ing from Tb to Fe layers results on the Mo¨ssbauer spectrum
@Fig. 2~b!# in the decrease of thea-Fe sharp sextet spectra
area~Table II! at the increase of the broad component inte
sity, indicating substantial ion-beam-mixing of th
multilayer. The shape of theP(Bhf) distribution reflects the
changes in the microstructure of the interfacial compon

FIG. 2. Room-temperature Mo¨ssbauer spectra of the a
deposited sample~a! and Pb-ion irradiated at the fluence 531012

ion cm22 with ion coming from Tb-to-Fe layers~b! or from Fe-
to-Tb layers~c!.

FIG. 3. Distributions of hyperfine fieldsP(Bhf) for the
Tb-on-57Fe interface: as-deposited (L) and irradiated with Pb ions
coming from Tb-to-Fe layers (s) or from Fe-to-Tb layers (d).
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~Fig. 3!. It shows, regardless of thea-Fe peak centered at 3
T, a bell-like shape structure characteristic of an amorph
alloy, with a maximum centered at 18 T. Furthemore, t
mean isomer shift̂ d& and the mean hyperfine field̂Bhf&
~Table II! evolve towards the values of the amorphous Fe
alloy @^Bhf&518 T and ^d&520.08 mm s21] with the
same nominal Tb composition of the multilayer (XTb
50.19).16,17 Thus, the loss of crystallinity of Fe layers i
associated with the formation of an amorphous FeTb all
indicating a strong atomic mixing and amorphization i
duced at the interface in the vicinity of the ion path.18

Figure 2~c! presents the Mo¨ssbauer spectrum of the57Fe
probe layer irradiated with ions coming from Fe to Tb laye
As previously, the spectrum exhibits a decrease of thea-Fe
relative spectral area and a growth of a broad amorph
component, evidencing for a very efficient atomic mixin
Comparison of the two irradiated spectra@Figs. 2~b! and
2~c!# and corresponding hyperfine parameters~Table II!
shows that~i! There is no visible change in the shape of t
spectra and hyperfine fields distributions~Fig. 3!, indicating
that the structure of the mixed layer and the distribution
57Fe sites in the mixed zones are the same when the direc
of the incident ions is changed.

~ii ! The slight difference in the mean isomer shift^d& and
mean hyperfine field̂Bhf& values for the two irradiation con
figurations~Table II! remains in the limit of accuracy. Sinc
these hyperfine parameters are known to be very sensitiv
the local environment at the57Fe nuclei, the mean compos
tion of the mixed layers is thought to be the same in the t
cases.

The analysis of the Mo¨ssbauer spectra can also give i
formations about the ion-induced magnetic anisotropy mo
fications probed by the variation of the mean Mo¨ssbauer
angle^b&. The two samples show an increase of^b& towards
90°, evidencing for a reorientation of the magnetic anis
ropy towards the film plane. It has been shown that the
ence evolution of̂ b& can be explained by assuming th
mixed regions formed at the interfaces are surrounded
thermally relaxed zones in which the magnetic anisotro
turns into the plane.18 In our case, the variation of the mag
netic anisotropy is not affected by a change of the be
direction.

In a multilayered material, the succession of layers w
different atomic species and with different sensitivities
dense electronic excitations leads to an inhomogene
deposition of energy along the ion path. Our result sho
that the Fe-Tb mixing induced by electronic excitations
not depend on a directional effect of the incident beam
rection. According to Leguayet al.8 irradiation of a Ti/Ni/Ti
trilayer results in a strong dissymetry in the composition
the mixed Ti-on-Ni and Ni-on-Ti interfaces. In their case, t
observed changes would result essentially from the ini
different structural properties of both interfaces.

IV. CONCLUSION

The main conclusion of the paper is thus that the tra
formations of a57Fe probe layer deposited at the Tb-on-
interface do not depend on a directional effect of the incid
ion. More precisely, when the ions travel the Tb-on-Fe int
face from a terbium layer to an iron layer, or reversely fro
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an iron layer to a terbium layer, no measurable change in
structure and the composition of the mixed layer occurs. T
experimental result suggests that the basic mechanism w
allows to convert the energy transferred to the electronic s
system into atomic motion leading to interfacial mixing
independent of the relative position of the different laye
with respect to the incident beam direction.
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