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Transient enhanced diffusion of oxygen in Fe mediated by large electronic excitation
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Contrary to the electronic excitation induced phenomena of desorption and sputtering, we observed incor-
poration of oxygen in a thin Fe film during its irradiation with swift heavy ions. It is observed that the adsorbed
oxygen diffuses in to the Fe film. The incorporation of oxygen and its diffusion in the bulk of the film is a
manifestation of extremely large electronic energy deposition by the incident ions. It is shown that the experi-
mentally observed high diffusivity of oxygen in Fe during irradiation is due to the existence of transient melt
phase of Fe.
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The swift heavy ions~SHI’s! are of interest for materials
modification1–5 due to their capability of imparting larg
electronic excitation to the atoms of the material, and ma
rials characterization by elastic recoil detection analy
~ERDA!.6–8 The energy loss in this energy regime
(.1 MeV/amu) is dominantly via inelastic collisions~elec-
tronic stopping! of ions with the atoms, leading to excitatio
or ionization of atoms, as opposed to the energy loss
dominant elastic collisions~nuclear stopping! in the low en-
ergy regime~a few keV/amu!. Ejection of atomic, molecula
or cluster species from materials under SHI irradiation
phenomenon also known as electronic sputtering, has
tracted a large number of researchers.9–19

In the present work, the diffusion of oxygen adsorbed
the surface of an iron thin film into the film is observed a
investigated. The incorporation of oxygen during ion irrad
tion and its diffusion inside the Fe film is just opposite to t
ion beam induced desorption or sputtering of atoms, clus
and other species observed so far.9–19 High diffusivity of
oxygen under the influence of large electronic excitation
explained on the basis of thermal spike formalism.20–22 It is
proposed that the incident ion produces a molten zone
nanometric size along its path in a typical picosecond ti
~as predicted by the thermal spike model developed for e
tronic stopping power regime! and the diffusion of oxygen
from surface to inside the film takes place during the m
phase.

Diffusion of oxygen across CuO/float glass interface u
der influence of electronic excitation has previously been
served and explained as a diffusion process in transient
phase.23 Ion beam mixing in oxide/oxide system has al
been explained on similar basis.24 In these works, the radiu
and duration of transient molten zone were taken from
existing thermal spike calculations for insulators. In t
present work, the diffusion of adsorbed oxygen in Fe, too
explained on similar basis, but the importance of the pres
work is that the concept of diffusion in transient melt pha
is quantitatively extended to a metal case. Apart from this~i!
theoretical calculations of thermal spike, required for t
purpose, are performed and are a part of the present w
and~ii ! the adsorption of oxygen and its subsequent diffus
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in the film is rather new observation, contrary to the pheno
ena of desorption and sputtering induced by energetic io

There have been several25–27 in-situ measurements o
electrical resistivity during ion irradiation in Fe to show th
sensitive effect of electronic excitation beyond a threshold
dE/dx on the electronic charge transport. We show the tra
port of oxygen atoms in Fe film due to similar effects b
on-line ERDA measurement.

Three separate experiments were performed to ensure
reproducibility of the observed phenomenon. Au ions of 2
243 MeV and I ions of 210 MeV~from the Munich MP
Tandem accelerator! were incident at 10° relative to the su
face (80° to the surface normal! of an about 50 nm thin Fe
film evaporated on Si. The electronic energy loss (Se)
values28 for these ions in Fe are around 46, 47, and 36 ke
nm, respectively. The corresponding values28 for nuclear en-
ergy loss (Sn) are two orders of magnitude smaller. Th
vacuum in the chamber was 831027 mbar. The ion current
was about 0.2 particle nA ~1 particle nA56.2
3109 ions s21) and the beam size was about 0.75 mm2 with
the use of a collimator. The recoils were detected by a p
tion sensitive gaseous ionization detector~having a solid
angle of 5.7 msr! at a scattering angle of 37°. All the signa
(DE,E, position signals and the integrated current from t
sample holder! were stored event by event. The integrat
current counts on the target were calibrated with a second
electron suppressed Faraday cup. The total ion fluence on
samples was about 2 to 431014 ions/cm2. Details of the ex-
perimental setup and the analysis of recorded on-line E
data are available in Refs. 7,8, and references therein.
ion fluence measurement has an uncertainty up to 20%
the relative error between different measurements is less
1%.

The recorded data in each experiment were divided in
to twelve equal bins of the ion fluence. The total count un
the peak corresponding to a bin is such that the statist
error is ;2 –3 %. The two dimensionalDE-E spectra cor-
responding to oxygen recoils were projected onto theE axis
to generate one-dimensional recoil energy spectra of oxyg
Figure 1 shows two such spectra generated for two differ
ion fluences, corresponding to the first and last bins, of 2
MeV Au. Data only for these two bins have been presen
©2003 The American Physical Society06-1
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in the figure for the sake of better clarity. The conversion
recoil energy to depth is obtained by using~i! the kinematics
equations and~ii ! the energy loss values of the incident io
and the oxygen recoils as calculated fromTRIM.28 It is evi-
dent from the figure that the content of oxygen inside iro
and the full width at half maximum~FWHM! of the oxygen
peak, increase with the ion fluence. This increase in FWH
indicates that the oxygen keeps on diffusing in the Fe fi
with fluence. The carbon recoil spectra do not change sig
cantly from the beginning to the end, suggesting that th
has been no hydrocarbon deposition on the beam spot du
ion irradiation. The measurements were repeated with
other sample of Fe/Si, which also show the similar trend
increase in oxygen content into the iron film with ion fl
ence. Similar behavior is observed for the cases of 243 M
Au and 210 MeV I irradiations.

We will now address two basic issues.~i! What is the
origin of the oxygen being incorporated into the Fe film?~ii !
What is the possible mechanism of unusually high diffusiv
of oxygen in iron during irradiation?

The origin of oxygen is attributed to the presence of s
eral monolayers of H2O molecules on the sample surface
high vacuum conditions. At the pressure (831027 mbar) of
the experimental chamber, there are;331014 H2O mol-
ecules, which are the dominant outgassing species from
Al chamber, striking the sample surface per centime
square per second. The arrival rate of ions, on the other h
is only about 331010 ions cm22 s21, four orders of magni-
tude smaller than the H2O impingement rate, for the ion
current of 0.2 pnA. It can, thus, be safely assumed that e
incoming ion encounters a large number of water molecu
on the sample surface. This encounter leads to breakag
water molecules due to large electronic excitation. Inform
tion on the behavior of water under heavy ion irradiation
scarce. However, dissociation cross section of water in
gas phase29 being ;10214 cm2 under irradiation with Xe
beam at 6 MeV/u, it is reasonable to believe this cross se
tion to be much larger when irradiating the water in its liqu

FIG. 1. Recoil spectra of oxygen for 210 MeV Au ions incide
on thin Fe film deposited on Si at two fluences corresponding to
first and last bin for the same incident ion charge. It had a nar
peak in the beginning at a fluence of 2.131013 ions/cm2, which
broadened due to absorption and diffusion of oxygen at a fluenc
2.131014 ions/cm2.
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phase, mainly due to the ionization of water molecules by
d electrons. Consequently, one can assume that there
sufficiently large number of dissociated oxygen available
the sample surface to be incorporated into the film. From
oxygen concentration profile, it is clear that the oxygen pe
gets broadened during the irradiation, indicating the diffus
of oxygen inside the bulk due to irradiation.

We will now discuss the mechanism of diffusion of ox
gen in Fe thin film, subsequent to passage of swift heavy
The measurements of such diffusion using the inputs fr
thermal spike model will be a severe test of the model ba
on atomic transport measurement. The first such test20–22 of
the model has been based on the explanation of the anne
and creation of defects beyond certainSe , observed in thein
situ resistivity measurements~electronic transport!. Using an
electron-phonon coupling deduced from electrical resistiv
measurements, Wanget al.20 have shown that the threshol
of damage creation in 10 MeV/u ion irradiated iron, is
around 30 keV/nm, if the observed defect results from
quench of a melt phase. With the same set of parameters
annealing of defects created by nuclear energy loss has
explained,22 taking into account of their activation energ
and corroborating that the defect creation by electronic e
tation results from the appearance of a melt phase. Since
Se values in the present experiment are larger than
threshold for damage creation, latent tracks do exist in
film. We assume that the diffusion of oxygen in Fe tak
place during the transient melt phase and that the diffus
process is not influenced by the ionic nature of diffusi
oxygen. The reason for the latter is that the ionic state di
sion is governed by the existence of an electric field gradie
the generation of which in metallic Fe layer is impossib
Thus, from the fluence dependence of FWHM of the oxyg
peaks, it is possible to determine the diffusion coefficie
and it should correspond to the diffusivity of oxygen imp
rity in molten Fe. Thermal spike model20–22 calculations are
performed for the present ion beam parameters and ta
combinations, to determine the duration and radius of
melt phase.

Let us first go through the sequence of ion transit throu
material, the production of recoils, and the ion induced mo
fication. The typical transit time of such ions across
atomic distance is;10217 s. Therefore, the recoils are gen
erated in a time scale of 10217 s with a probability governed
by Rutherford recoil cross section. Each incident ion loses
energy, dominantly by electronic excitation, during its tran
across the material. Temperature of electronic system rise
a typical time span of 10215 s. It is followed by transfer of
energy from electrons to the target via the electron pho
coupling (;1.4431012 W cm23 K21 for iron!, inducing the
local temperature rise in a very narrow zone~up to a few
thousand K!, limited to the short duration of transient tem
perature spike. The rise and decay of the lattice tempera
is governed by two coupled differential equations.20–22Simu-
lations of the evolution of the lattice temperature with tim
for the three ions have been made and one such set for on
the ions, viz., 210 MeV Au, in Fe, is shown in Fig. 2. For th
temperatures above the melting point the lattice melts,
lowed by fast quenching. The melting of lattice facilitat
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BRIEF REPORTS PHYSICAL REVIEW B68, 153106 ~2003!
atomic motion through this zone and an enhanced diffus
takes place dominantly in each cylindrical melt zone, as
diffusivity in molten state is several orders of magnitu
higher than that in the corresponding solid.

Now we focus on the modifications induced by ions a
their observation through ERDA. Each ion produces an
fective zone of damage within which the modification~dif-
fusion of oxygen in Fe film! is produced. As we are looking
for the oxygen diffusion during the on-line ERDA exper
ment, the first ion generates an oxygen recoil in a time sc
(10217 s) much shorter than the thermal spike tim
(10213–10212 s). Consequently the recoil from this ion do
not provide any information on the modification produced
iron. However, the recoils generated by subsequent ions
ting a zone which has been already irradiated, will prov
the information on the modifications in the lattice. So, af
certain fluencefc , corresponding approximately tod22, the
whole sample surface will be completely irradiated for t
first time. Hered is the track diameter. The subsequent io
will then provide information about (n21) times modifica-
tions in the lattice, wheren is the number of overlaps of ion
fluence (fc) and is given byf f /fc , wheref f is the total
fluence. Therefore, the timet for enhanced diffusion will be
(n21)ts , wherets is the duration of transient melt phase

The diffusion during transient thermal spike follows th
equation

D5~V t
22V0

2!/2t, ~1!

whereV t is the spatial width of oxygen in Fe after diffusio
time t andV0 is the initial spatial width of oxygen in Fe. Fo
the fluencef i , corresponding to the first bin data, diffusio
time t i5(d2f i21)ts . Similarly, for the fluencef f , corre-
sponding to the last bin data, diffusion timet f5(d2f f
21)ts . Therefore diffusion time for the observed changes
depth distribution of oxygen in Fe from fluencef i to fluence
f f can be expressed as

t5d2~f f2f i !ts . ~2!

Thermal spike model calculations predict a track diame
of about 8 nm and melt duration of 1.1 ps for 210 MeV A

FIG. 2. Plot of lattice temperature rise with time obtained w
thermal spike calculation for 210 MeV Au ions in Fe.
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ions incident on Fe film. For this track diameter, the Fe fi
will be completely irradiated for the first time at a fluenc
(fc) of ;1.631012 ions/cm2. One can then say that at th
fluence the oxygen diffusion in Fe took place for a durati
of about 1.1 ps. The FWHM of oxygen peaks are 8.5 nm a
15.0 nm corresponding to the fluence (f i) of 2.1
31013 ions/cm2 ~for the first bin data! and fluence (f f) 2.1
31014 ions/cm2 ~for the tenth bin data!, respectively. There-
fore, Df519.931013 ions/cm2 and thus diffusion coeffi-
cient D using Eqs.~1! and ~2! is 5.631027 m2 s21.

Similarly, the diffusivity of oxygen in Fe is determine
for the experiments with 243 MeV of Au ion and 210 Me
of I ion, where the FWHM of oxygen peak increased fro
18.6 nm to 30.3 nm for fluence from 2.131013 ions/cm2 to
4.631014 ions/cm2 and from 7.5 nm to 13.5 nm for fluenc
from 3.831013 ions/cm2 to 3.831014 ions/cm2, respectively.
The corresponding average diameters of the melt phase
10 and 4.5 nm with the average durations of melt phase
1.32 and 0.75 ps, respectively, as extracted from the ther
spike calculations. The values of diffusivity so obtained a
5.031027 and 1.231026 m2 s21, respectively for the two
cases. Such a high diffusivity of oxygen in Fe is possib
only in the molten phase since the value30–32in solid Fe even
at temperatures close to the melting temperature~1811 K! is
about 10210 m2 s21. The experimental error is up to 40%
taking into account of the error in fluence measurement
the uncertainty in energy loss data used for the conversio
recoil energy to depth scale. The present measured valu
diffusivity of oxygen in molten Fe is in fair agreement wit
other recent ion beam measurements related to diffusio
transient melt phase.23,24 If, on the other hand, one assum
that the diffusion has taken place in the solid state of
during irradiation~for example,;1150 s for the case of 210
MeV Au irradiation!, the diffusivity becomes ;6.4
310220 m2 s21. It should be noticed here that the samp
remains effectively at room temperature in this duration
reported solid state diffusivity of oxygen in Fe,32 scaled
down to room temperature, is;3.4310223 m2 s21, three
orders of magnitude less than the presently estimated s
state diffusivity. This contradicts the assumption that the d
fusion has taken place in the solid state. Moreover, it
been shown for the oxidation of Fe that at room temperat
the oxygen diffusion stops when the oxide layer attain
saturation value of;20 monolayers, which is equivalent t
;6 nm of oxide.33 The present observation of continuous
increasing FWHM of the oxygen peak with ion fluence is
contrast to the saturation behavior in solid state diffusi
Thus, the present experiment supports the existence of t
sient thermal spike leading to melt phase, which results
the enhanced oxygen diffusion.

We report the adsorption and subsequent diffusion of o
gen during swift heavy ion irradiation of Fe/Si, the cause
which is related to a transient temperature spike generate
extremely large electronic energy deposition. It results in
hanced diffusion of oxygen during the transient melt pha
of Fe. The present work is evidence of the existence o
temperature spike along the ion track in Fe, creating a mo
phase for a short duration, during which diffusion of oxyg
is believed to have occurred. The present work opens up
area of investigation of ion beam induced absorption, wh
6-3
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the questions such as threshold for such behavior, de
dence of absorption on the quantitative value of electro
excitation, similar behavior in other materials with good ox
gen affinity, etc., have to be addressed. Present newly
served phenomenon of ion-induced absorption of oxygen
given insight into the ion material interaction.
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