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Low-temperature diffusion of Fe in Pt/56Fe/57Fe thin films (grown onMgO (100) substrate) was investigated be-
tween 703 K and 813 K using secondary neutral mass spectrometry. The activation energy of the effective inter-
diffusion coefficients, evaluated by the “centre-gradient” method, is 1.53 ± 0.25 eV reflecting a strong
contribution from grain boundaries. This is also supported by the observed deep penetrations of Pt into the
56Fe layer, from which the grain boundary diffusion coefficients for Pt in Fe were also estimated and 1.45 ±
0.25 eV activation energy was obtained. A simple model, including the effect of grain boundaries to the overall
intermixing at the original sharp interfaces in nanocrystalline films, is developed. This predicts that at short an-
nealing times the grain boundary diffusion dominates, and bulk diffusion coefficients can be determined only in
long time limit. At intermediate annealing times, when the grain boundaries are saturated but the bulk diffusion
is still negligible, there are no changes in the composition profiles. This yields good qualitative agreement with
the experimental data and offers explanation for the time and temperature dependence of the interdiffusion co-
efficients obtained in similar systems.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The knowledge of diffusion in nanostructures at low temperatures is
very important for understanding their thermal stability and many
materials properties [1–3]. Besides bulk diffusion, structural defects (tri-
ple junctions, grain boundaries or dislocations) – as diffusion short
circuits− can also provide important contribution to anymaterial rear-
rangement like grain growth and structural relaxation. Thus, even if the
considerations are restricted to purematerials, themechanisms of grain
growth, relaxation and defect annihilation at low temperatures can only
be understood on the basis of the understanding of the role of these
different contributions. Furthermore, the minimum volume diffusion
penetration length (equal to 2

ffiffiffiffiffiffiffiffiffi
DV t

p
, where DV is the bulk diffusion co-

efficient and t is the annealing time), determined by classical (like radio-
tracer) methods is usually not less than 10–20 nm, which can be larger
or in the same order of magnitude as the grain size. More recently pub-
lications on diffusion in isotope bi- or multilayered systems indicated
that it is possible to investigate, with the use of sophisticated techniques
like neutron reflectivity in isotope multilayers [4] or nuclear resonant
scattering of synchrotron radiation [5], diffusion intermixing even on
bulk diffusion lengths in the order of 0.5-1 nm. At these penetration
Katona).
distances, in epitaxial structures or in stable nanostructures with grain
sizes several times larger than the bulk penetration distance, it would
be expected the grain boundary contributions can be excluded. This
would mean that the effective diffusion coefficients correspond to
bulk diffusion. As we will see below these investigations [4,5], although
provided very interesting results, raised also questions related to the
surprisingly low activation energy and time dependence of the effective
diffusion coefficients. Thus, in this communication, on the basis of ex-
periments carried out by depth profiling on 56Fe/57Fe thin films,we pro-
vide a simplemodel for the interpretation of the timedependence of the
effective diffusion coefficients obtained at fixed temperatures.

Self-diffusion of iron in the bulk has been studied widely and there
are reliable experimental data over awide temperature range [6–12]. Ac-
cording to the selected data collection [13], the activation energy, Q, is
2.92 eV in the 783-1017 K temperature range in the bulk Fe (α - phase).

Several papers describe Fe self-diffusion experiments in thin films
(e.g. FeN0.7, FeZr, FePt) using secondary ion mass-spectrometry (SIMS),
as well as grazing-incidence nuclear resonant scattering of synchrotron
radiation [5,14–16]. For example, in Ref. [5] self-diffusion of Fe in
Pt(2 nm)/57FePt (2 nm)/FePt(3 nm)10 multilayers on (001) MgO sub-
strate at low temperatures (773 K and 873K)was studied. The annealing
times were between 60 and 120 minutes and the Fe diffusivities were
found in the range of 10−22 -10−24 m2 s−1. The activation energy was
(1.65 ± 0.29) eV. Such a small value would suggest a significant contri-
bution from grain boundary diffusion. However, in the discussion of
Ref. [5] the authors argued, that real low temperature bulk diffusion

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2015.04.069&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2015.04.069
mailto:gabor.katona@science.unideb.hu
http://dx.doi.org/10.1016/j.tsf.2015.04.069
http://www.sciencedirect.com/science/journal/00406090
www.elsevier.com/locate/tsf


Table 1
Composition of Samples.

Sample 56Fe-rich 57Fe-rich

Isotope at % at%

54Fe 5.84 0
56Fe 91.68 3.14
57Fe 2.17 94.7
58Fe 0.31 2.16
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was observed with a highly correlated mechanism in the chemically or-
dered FePt phase. Nevertheless, as it was mentioned in the discussions,
contributions from grain boundaries could not be fully excluded.

In addition, it was demonstrated in Ref. [4] that Fe self-diffusion can
be investigated in 57Fe(7 nm)/natFe(3 nm)15 multilayers at low temper-
atures using neutron reflectivity experiments. Chakravarty et al. [4]
argued that they could diminish the grain boundary contributions
since no significant grain growth during heat treatments was observed.
It was concluded that, according to the Harrison’s classification [17], B-
type diffusion regime was implemented in which both the bulk and
grain-boundary diffusion contribute to the intermixing. Interestingly, a
remarkable time dependence of the effective diffusivities was observed
and after very long annealing times the diffusivities, obtained above
673 K, were in good agreement with those measured in the bulk of
single crystals. On the other hand, the activation energy deduced from
the data obtained at short (20 min) annealing times was about 1 eV.
Chakravarty et al. [4] concluded that due to the small bulk diffusion
lengths (~1 nm), the role of grain boundaries could be neglected
and point defect annealing processes at around the initial interfaces
can explain the observed time dependence of the effective diffusion
coefficient.

Simultaneous determination of bulk and grain-boundary (GB) self-
diffusion coefficients of Fe in polycrystalline films has been described
[18] in 56Fe/57Fe bilayers. The average film thicknesses were about
100 nm. The samples were annealed at 443 K and 463 K for 5 and
18 min in order to determine Fe self-diffusion. Calculations of the
bulk, Dv and grain-boundary, Dgb self-diffusion coefficients of iron
were based on SIMS data: the values were Dv ~ 10−21 m2 s−1 and
Dgb ~ 10−17 m2 s−1, respectively.

The above examples illustrate that the details on the contribution of
different diffusion mechanisms to the overall intermixing are not well-
understood in nanosystems if the bulk diffusion distance is in the order
of 0.5-5 nm. In modern methods, based e.g. on neutron reflectivity in
isotope multilayers4 or nuclear resonant scattering of synchrotron
radiation [5] it is possible to investigate diffusion intermixing even on
bulk diffusion lengths in the order of 1 nm. On the other hand these,
or similar methods are usually based on the determination of the aver-
age decay of an initially sharp interface. Thus it is a relevant general
question: do grain boundaries (if present) contribute to this intermixing
on the above mentioned very short distances? If yes, what is the contri-
bution of GBs to the effective diffusion coefficients? We address
this question in this communication via investigation of diffusion
intermixing in 56Fe/57Fe isotope bilayer using depth profiling by a Sec-
ondary Neutral Mass Spectrometer (SNMS), which provides a very
good depth resolution and even about 1-2 nm [19–22] can be reached.
Additionally, we interpret our results by means of a model calculation
in a bilayer structure having GBs perpendicular to the interface.

The role of oxidation in modifying diffusion in thin films has been
discussed by several authors [23–25], and on the basis of these works
one can suppose that the enhanced diffusion along GBs of the 57Fe/56Fe
layer may be due to the influence of the oxidation process of 57Fe on
the outer surface, which creates an additional driving force for diffusion.

Thus, the grain boundary diffusion and oxidation are two factors
that can have a significant effect on the rate of the self-diffusion in
thin films with nanometer dimensions and can lead to serious difficul-
ties in the interpretation of data obtained. Our primary aim was to in-
vestigate Fe self-diffusion in epitaxial thin films Pt/56Fe/57Fe on the
(100) surface of MgO crystals. Epitaxially grown films were chosen
since we wanted to diminish the effect of GBs. Furthermore, Pt cap
layer was deposited on the top surface in order to eliminate the oxida-
tion process although an interaction between the Pt and Fe is expected
since intermetallic phases can be formed. Thus the 56Fe layerwas select-
ed to be much thicker than the 57Fe layer. In the evaluation of the mea-
sured composition profiles after interdiffusion, thewell-known ’centre-
gradient’- or the Hall-Morabito ‘middle of the gradient’ - method [26,
27] was used.
2. Experimental details

The Pt/56Fe/57Fe on MgO(100) films were prepared as follows: 56Fe
and 57Fe layers were sequentially deposited bymolecular beam epitaxy
and the upper layer of Pt was produced by magnetron sputtering. The
vacuum in the chamber was 10−8 Pa. For the preparation of the 56Fe-
rich and 57Fe-rich films the following iron targets were used: i) target
with natural abundance of 56Fe (91.68 at%) and ii) target with 57Fe
(94.7 at%). Composition of the samples is presented in Table 1. The com-
position of 57Fe was determined by mass spectrometry method.

To confirm the epitaxial growth of the layers, the structurewas inves-
tigated by X-ray diffraction using a Bruker D8 diffractometer with CuKα
radiation. Diffraction datawere collected using a θ-2θ scanmode. The re-
sults are given in Fig. 1. These data show that only the (200) peaks of Fe
are present indicating that the film has a texture with orientation per-
pendicular to the substrate surface. The structure was also investigated
by X-ray diffraction in a grazing incidence geometry using a Siemens
D5000 diffractometer with CuKα radiation. A parallel beamwas provided
by an X-raymirror. Diffraction data were collected with a constant angle
of the incident beam, 3°, using a 2θ scan mode. These data show, as ex-
pected, one peak of Fe for the (200) spacingwhen the substrate is appro-
priately oriented. The data, collected for different orientations, indicate
the good quality of the film with the expected orientation.

The thicknesses of the layers were determined by X-ray reflection
(Fig. 2) using a Philips PW3830 diffractometer with CuKα radiation
and a graphite monochromator in front of the detector. Two calibration
samples of 56Fe and 57Fe have been prepared andmeasured byX-ray re-
flectivity in order to determine the deposition rate. This allowed the es-
timation of the thickness of 56Fe and 57Fe films from the separation of
the fringes [28]. The difference between the critical angle θc and the
fringe labeled as θPt allows us to determine the thickness of Pt layer.
The calculated thicknesses of the Pt and combined 56Fe and 57Fe layers
were 12±1 nm and 90.0±0.4 nm, respectively. Given that the rates of
deposition for 56Fe and 57Fe were determined from the calibration sam-
ples we deduce that the thicknesses of the Pt, 56Fe and 57Fe layers are
12 nm, 65 nm and 25 nm respectively.

Diffusion experiments were made on pieces cut from the as received
samples providing identical films for annealing at several different tem-
peratures. The composition-depth profiles of the samples were deter-
mined by Secondary neutral mass spectrometry, SNMS (type INA-X
from SPECS GmbH, Germany). Low-pressure Ar+ plasma was used as
both bombarding ion source and post-ionization medium. Ar+ ions
were directed to the sample surface by applying a negative voltage to
the sample. The diameter of the sputtering area was fixed as 3 mm. Con-
centration of elementswas calculated using relative sensitivity factors as-
suming a linear dependence of the corrected intensities on compositions.

The annealing timewas 900 s at each temperature to allow compar-
ison with the results of Chakravarty [4] and Vasylyev [18]. During this
time, the diffusion became observable at 773 K and complete
intermixing was found at 873 K. Two additional temperatures (813 K
and 843 K), were selected in order to determine the activation energy.

3. Results

Experimental data obtained from the SNMS depth profiles, i.e. the
composition versus sputtering time curves, are shown in Fig. 3. It can



Fig. 1. X-ray diffraction pattern for the Pt/56Fe/57Fe as-deposited sample. The grazing inci-
dence X-ray diffraction pattern is shown in the inset.
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be seen that after heat treatments both iron isotopes have segregated on
the free surface of Pt. Furthermore, with increasing temperature the
intermixing between the Pt and 56Fe becomes more obvious at the
place of the intial Pt layer. The high average composition of Fe in the
centre of Pt layer, as seen in Fig. 3(e), corresponds to the 1:3 Fe/Pt
ratio. Note that not only the 56Fe penetrates into the Pt layer, but the
57Fe penetration is also clearly visible. At the same time the Pt also pen-
etrates into the 56Fe layer. The Pt concentration gradually decreases
from the Pt/56Fe interface indicating that during the applied heat treat-
ments the 56Fe layer was thick enough not to be saturated by Pt leading
to negligible penetration of Pt into the 57Fe layer.

It can also be seen in Fig. 3 that,with increasing temperature, there is
an increasing intermixing between the isotope layers and the slope of
the composition profile became less steep. At 873 K 57Fe and 56Fe
atoms are homogeneously distributed throughout the entire thickness
of the system. Interestingly the highest Pt concentration of about
20 at.% was observed just below the near surface region.

The effective Fe interdiffusion coefficient, D, describing the inter-
mixing between the two layers at short annealing times, can be deter-
mined from the composition profiles obtained at the 56Fe/57Fe interface
by the so-called Hall-Morabito [26,27] or “centre-gradient” [29] method.
Thismethod takes into account the initial broadening of the profile of the
as-deposited sample. Thiswidening of the initial profile can be explained
by different reasons: i) roughness of the initial interface, ii) intermixing
already during the deposition process, iii) instrumental effects. Thus,
the composition profile obtained after heat treatments can be considered
as the convolution of the initial profile and the profile created by the dif-
fusional intermixing process itself [29]. If the intermixing is described by
only one composition independent effective diffusion coefficient, then
the composition profile (arising from the diffusional intermixing) has
the form of a complementary error function as

c
c0

¼ 1
2
erfc

x

2
ffiffiffiffiffiffi
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p
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; ð1Þ

where c0 is the initial concentration at the interface, x is the distance
from this interface and t is the annealing time. As it was discussed by
Hall and Morabito [25] if the initial (in our case mainly instrumental)
broadening of the profile can also be described approximately by an
erfc function near the interface, than the interdiffusion coefficient can
be calculated from the following formula:

D ¼ 1
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where Go and GT are the concentration gradients at the original interface
for the as- deposited and the annealed specimens, respectively. For the
calculation of the concentration gradients the sputtering time scale was
converted to depth scale assuming constant sputtering rate, 0.56 nm/s,
estimated from the position of the 77 nm thick (Pt + 56Fe) layer at
138 s [see Fig. 3(a)].

The values of the effective self-diffusion coefficients for Fe atoms,
calculated from Eq. (2), are shown in Table 2 and in Fig. 4. It should be
noted, that the presence of Pt at the Fe GBs (see later) means, that the
contribution of GB diffusion to the overall intermixing is not pure Fe
GB diffusion in pure Fe but Fe GB diffusion along Pt containing Fe GBs.
However, as it is shown later the Fe self-diffusion along GBs is approxi-
mately equal to the GB diffusion of Pt in Fe, thus we assumed that prac-
tically the Fe self-diffusion was measured. The uncertainty of the
diffusivities has been approximated from the uncertainty of the concen-
tration gradients. A linear dependence is seen in the Arrhenius plot,
with (1.53± 0.25) eV activation energy. The values for the diffusion co-
efficients lie in the range between data for the bulk diffusion in single
crystals [6,8,9] and grain boundary diffusion in polycrystalline α-Fe
[11]. This is a strong indication that, although we intended to produce
epitaxial films free of grain boundaries, there should exists some short
circuits in our samples. Indeed, in accordance with the results of Ref.
[4] (where columnar boundaries were present with a grain size of
about 15 nm), it can be seen in Fig. 5 that there are tilt boundaries in
our samples as well, and the grain size can be estimated to be between
10 and 30nm. Thus it can be concluded that although in our case the de-
position technique was different, columnar grains, all oriented parallel
with the preferred orientation dictated by the MgO (100) substrate,
have been formed too (see Fig. 5). This explains whywe obtained a sig-
nificant penetration of Pt into the Fe layer: indeed this should be ex-
plained by GB diffusion of Pt into the Fe. Plotting the logarithm of the
Pt composition versus x2, if we are in the C-type regime of grain bound-
ary diffusion (i.e. when the atomic transport is restricted to GBs and
bulk diffusion penetrations are negligible), straight line should be ob-
tained [31]. From the slopes of these plots the Pt grain boundary diffu-
sion coefficients can be estimated (Fig. 6). Their values are also
included in Table 2.

It is important to note that in Fig. 3 similar penetration of 57Fe into
the 56Fe layer is observed as for the Pt penetrations, see e.g. Fig. 3(c).
Thus even the determination of the Fe grain boundary diffusion coeffi-
cients would be possible. However, the 56Fe/57Fe interface lies at much
deeper position from the initial interface as compared to the Pt/56Fe in-
terface. It is necessary to take into account that during the SNMS depth
profiling the shape of the crater created gradually deviates from the
ideal cylindrical profile. Especially the bottom of the crater becomes
progressively less flat causing an experimental smearing of depth pro-
file even with a chemically or isotopically sharp interface. Thus the
Pt/56Fe interface is much sharper than the 56Fe/57Fe interface even in
the as received state as seen in Fig. 3(a). As a second consequence the
determination of the position of the 56Fe/57Fe boundary and thus a
plot similar to that of Pt penetration in Fig. 6 would have higher
uncertainty, and a similar systematic evaluation of the profiles of
grain boundary penetration of 57Fe into the 56Fe was not possible.
Nevertheless from the 57Fe composition distribution measured at
773 K - after subtracting the initial 57Fe level, assuming again pure
C-type regime and using similar plotting as in Fig. 6 - an order of
magnitude estimate gives: Dgb

Fe → Fe = 1 × 10-19 m2 s-1.This corre-
sponds approximately to the Pt grain boundary diffusion coefficient
at this temperature.

In the light of the above values obtained for the diffusion coefficients
and activation energies we can conclude that these represent primarily
atomic transport along tilt GBs. Estimating the bulk penetration depth
for 900 s from the data of Lübbehausen and Mehrer [8] one obtains
1.7 nm at 843 K and 0.02 nm at 703 K, respectively. This indicates that
the Pt diffusion into Fe is certainly in the C-type regime of GB diffusion
(the value of 2

ffiffiffiffiffiffiffiffi
Dv t

p
is less than the grain boundary thickness,

δ=0.5 nm) at the two lowest temperatures, and in a transition region
between B- and C-type regimes for the other two.



Table 2
Calculated diffusion coefficients for Fe interdiffusion and Pt grain boundary diffusion (sec-
ond values for Pt diffusion coefficients were obtained after corrections: see the text).

T [K] DFe [m2 s−1] Dgb
Pt → Fe, m2 s−1 (GB) δ

2
ffiffiffiffiffiffi
Dvt

p Dapp/Dtru

calculated
values

values after correction

703 7.6 × 10−22 6.4 × 10−20 6.4 × 10−20 31.2 1
773 4.1 × 10−21 1.4 × 10−19 1.6 × 10−19 5.88 0.9
813 5.9 × 10−21 2.8 × 10−19 5.6 × 10−19 0.94 0.5
843 2.3 × 10−20 6.0 × 10−19 2.4 × 10−18 0.3 0.25

Fig. 2. X-ray reflectivity from as received Pt/56Fe/57Fe on the MgO (100) substrate. The
measurements were carried out by CuKα radiation.
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In the B-type regimeboth theGB and bulk diffusion contribute to the
diffusion and from this the GB triple product, δ s Dgb can be determined
(s is the segregation factor), if DV is known [31]. Between the two re-
gimes there is a (several orders of magnitude) wide transition regime
a

c

e

Fig. 3. Concentration distributions of the components in the Pt/56Fe/57Fethin film s
in the annealing time. Both the GB diffusion coefficients, Dgb, and triple
products, determined from this transition regime, contain systematic
errors. According to Szabo et al. [32] (see Fig. 1 in Ref. [32]) these errors
are the function of theα=δs/2(DV) parameter. Assuming that the segre-
gation coefficient of Pt is unity, at α=δ/2(DVt)=0.3, corresponding to
the value of α belonging to 843 K, the grain boundary diffusion coeffi-
cient is underestimated by a factor of 2. At 813 K (α=0.94) and 773 K
(α=6) this correction factor is about 1.7 and 1.1 respectively (shown
in the last column of Table 2). Using these corrections the Arrhenius
plot gives (1.45 ± 0.25) eV activation energy (see the corrected values
in Table 2. as well as Fig. 4).
b

d

f

ystem. (a) before and (b-f) after annealing at different temperatures for 900 s.



Fig. 4. Arrhenius plot for: 1. effective interdiffusion coefficients for Fe (present work); 2.
grain-boundary diffusion coefficients for Pt into Fe layer (present work); 3. & 4. self-diffu-
sivities in nanocrystalline Fe after 20min and 230 h of annealing respectively (the arrows
indicate upper limits) [4]; 5.volume diffusion in single crystals [8]; 6. Fe self-diffusion in
Pt(2 nm)/57FePt (2 nm)/FePt(3 nm)10 multilayers system [5]; 7. α-iron self-diffusion
along dislocations [30]; 8. C-type grain-boundary diffusion in nanocrystalline Fe with an
unstable nanostructure [10]; 9. C-type grain-boundary diffusion in the coarse-grained Fe
[11]; 10. grain-boundary self-diffusivities in nano-crystalline Fe [12].

Fig. 6. Penetration profiles for Pt into the Fe layer: logarithm of the concentration versus
the square of the distance from the boundary.
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Finally it is worth mentioning the formation of the near surface
intermixed region (with approximate composition of FePt3: see
Fig. 3(e)), in the place of the original Pt layer instead at the original
Pt/56Fe interface. The formation of this inside the original Pt layer can
be interpreted by the so-called grain boundary diffusion induced solid
state reaction [33]. Furthermore, the observed minimum of the 56Fe
composition in Fig. 3(e) can be interpreted as rapid segregation of iron
at the free surface: the saturation of the surface layer and the fast
grain boundary diffusion initiate the formation of the new phase in
the near surface region.

4. Discussion

The structure of our films is similar to the structure of the isotope
multilayer used in Ref. [4], where columnar grains of about 10 to
20 nm diameter were observed. The only small difference was that in
their case no significant texture was present, while in our case the
film was strongly textured in the (200) direction being perpendicular
to the substrate surface. This is why we identified the GBs in Fig. 6 as
Fig. 5. Bright field TEM picture of the sample after annealing at 523 K for 15 min. the bot-
tom (darker) part is the Pt layer. Arrows point some of the tilt boundaries oriented per-
pendicular to the substrate.
tilt boundaries. Since thefilm structure is quite similar, if the Pt penetra-
tion profiles would not be observed, onewould agreewith the interpre-
tation given in Ref. [4] for short annealing times: the relatively high
effective diffusion coefficients, as compared to the extrapolated bulk
values, are the result of the effect of extra defects created during the de-
position process in the vicinity of the interfaces. In addition it was as-
sumed in Ref. [4] that the contribution of grain boundary transport
was not dominating and could be neglected. In contrast to this, our Pt
penetration profiles clearly indicated a direct GB penetration into the
56Fe layer and the activation energy of Pt grain boundary diffusion coef-
ficients was nearly the same as the activation energy of the effective Fe
self-diffusion. This indicates that in our case the GB transport in the ef-
fective Fe self-diffusion cannot be neglected.

Thus, we conclude that the Pt penetration profiles provide direct ev-
idence that there is also a considerable simultaneous transport along
Fig. 7. Scheme of the two-dimensional model of an A/B nanocrystalline diffusion pair. H is
the thicknesses of the films, L is the distance between the grain boundaries of δ thick. The
interface is situated at x= 0.The shaded area corresponds to the unit cell used in the cal-
culations (see also the text).



Fig. 8.Different stages of composition distributions obtained at increasing annealing times
during diffusion intermixing in an A/B binary nanostructure shown in Fig. 7 (see also the
text).
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GBs. The GBs can have also a time dependent influence on the effective
diffusivities obtained by techniques sensitive to the change of the slope
of the composition profiles at the position of the initial interface. These
techniques are e.g. the neutron reflectivity [4], nuclear resonant scatter-
ing of synchrotron radiation [5] or SNMS used by us (via the centre-
gradient method) for measuring Fe self-diffusion.

In order to make the above conclusions more solid, let us consider a
qualitative model of parallel grain-boundaries, perpendicular to the
original interface with spacing of a few nanometers (Fig. 7). It is expect-
ed that thematerial present in the GBs can also have a detectable contri-
bution to the slope of the average concentration profile at the position of
the initial interface, if the grain boundary fraction is larger than 5-10%. In
addition, this contribution can be time dependent because at different
annealing times the ratio of the areas filled by direct bulk as well as
grain boundary diffusion can change (Fig. 8). Accordingly, the effective
diffusion coefficient can have different contributions from the above
two mechanisms at different annealing times. At short times (Stage I
in Fig. 8) the effect of the material present in the GBs is dominating. At
intermediate times, the composition in the GBs becomes homogeneous
(Stage II in Fig. 8), there are still no bulk penetrations. Thus in this stage
there will be practically no changes with increasing annealing time in
the slope of the composition, averaged over the planes parallel with
the initial interface. Finally at longer annealing times, when the bulk
penetration distance is larger than the grain boundary width, δ, the
bulk diffusion will be the dominating mechanism determining the
slope (Stage III in Fig. 8). Obviously this picture can be refined according
to the more complex defect structure of interfaces. For example, the
presence of a dislocation network, perpendicular to interface can addi-
tionally be taken into account supposing an intermediate diffusivity be-
tween that in the bulk and that in GBs. Nevertheless, the qualitative
picture remains the same.

In order to confirm the above qualitative conclusions we have
carried outmodel calculations on the change of the slope of the compo-
sition profiles as a function of annealing time.We supposed a nanocrys-
talline A/B bilayer film (shown schematically in Fig. 7) with regularly
spaced GBs. The GBs were separated by the distance L and they were
perpendicular to the plane of the film and to the interface as well. It
was supposed that in the individual thin films both the volume and
grain boundary diffusion coefficients were concentration independent
and the corresponding coefficients were the same in both layers. This
last assumption is indeed fulfilled in our samples for Fe diffusion.

The GBs are considered as 3D slabs (slab width δ=0.5 nm), their
depth is determined by the sample lateral dimension in direction z,
(perpendicular to x-y plane in the Fig. 7). In the following calculations
this dimension can be chosen arbitrarily, we take this distance to be
unity. During mixing the following diffusion processes take place in B-
side: i) volume diffusion along x-direction: A atoms enter directly
from the interface into the grains of the B layer by volume diffusion;
ii) GB diffusion along x-axis: by means of grain boundary transport A
atoms fill the GBs of the B film; iii) volume diffusion of A atoms from
the GBs into the bulk along the y-axis: GBs become a source of A atoms.

The concentration evolution obeys the following equations:

∂c
∂t

¼ DV
∂2 c
∂x2

þ ∂2 c
∂y2

 !
ð3aÞ

∂cgb
∂t

¼ Dgb
∂2 cgb
∂x2

þ 2DV

δ
∂c
∂y

����
y¼δ=2

ð3bÞ

The Eq. (3a) describes the volume diffusion in the grain, the Eq. (3b)
gives the time evolution of the concentration in the boundary slab [31,
34]. Because of the regularly spaced GBs, the diffusion problem should
be solved for the unit cell, (unit cell dimensions: H × (L/2 + δ/2) × 1)
shown as the shaded area in the Fig. 7. The chosen unit cell composed
of a half-grain (L/2 × H) and a ‘half’ grain boundary, is an appropriate
one because the grain boundaries are symmetrical sources of material,
i.e. the concentration profiles in the neighbouring grains should have a
mirror symmetry (Fig. 8, stage III). It is worth to mention that in the
model calculations it has no influence whether the GBs are continuous
along the whole thickness or not, because of the unit cell for the calcu-
lation (shaded area on Fig. 7).

The following initial and boundary conditionswere applied: initially
the layers were mutually free from the atoms of the other layers. At the
interface, c(x=0, t) = 0.5 a constant concentration, c = 0.5 was main-
tained. At the topmost surface and at the substrate/film interface we
supposed zero flux conditions:

∂c x; tð Þ
∂x

����
x¼−H

¼ 0;
∂c x; tð Þ

∂x

����
x¼H

¼ 0 ð4Þ

The plane in themiddle of a grain (parallel to the GB slab at y= L/2)
should be the mirror plane of the concentration distribution, and here
the concentration should have a minimum, i.e. the zero flux condition
can be assumed here as well:

∂c
∂y

����
y¼L=2

¼ 0

The partial differential equation system can be solved by themethod
of finite differences, using explicit [35] or the alternating direction im-
plicit [34] (ADI) schemes.

In the present calculationsweused a two-dimensional grid, covering
the unit cell, the grid size in both x and y directions, wasΔx=Δy= δ/2.
The following input parameters were used: the volume diffusion coeffi-
cient, (DV = 1 × 10-26 m2s-1), the grain boundary diffusion coefficient
(Dgb = 1 × 10-19 m2s-1), the grain size, (L = 5 nm) and the thickness
of the layers (H = 10 nm).

Since experimentally usually the average concentration versus
depth profiles can be mapped, the calculated concentrations in the
grid points c(t, iΔx, jΔy) at a given time (t), should be averaged
over the grid points which are located along the line parallel to the
original interface (i = const.). By means of such lateral averaging
(along y-axis) we get the average concentration in a section at a
given depth (x, measured from the interface) and having the thick-
ness of Δx.

The time evolution of the average concentration profiles, as a func-
tion of the depth (x) are shown in Fig. 9a. In accordance with Fig. 8,
the following 3 stages can be distinguished:

i) stage I: 0≤t≤ H2

4Dgb
there is an intensive grain boundary diffusion

(where the upper limit was obtained from the GB penetration
equal to H: H = 2(Dgbt)1/2), causing a time dependent initial
slope at the original interface (see also Table 3, at 5s ≤ t ≤ 500s);
if t≈ H2

Dgb
GBs become saturated, because of the boundary condi-

tions specified at ±H(Eq. (4)).



a b

Fig. 9. Time evolution of the concentration calculated numerically in a nanocrystalline bilayer film in the region of -5 nm b 0 b 5 nm; as for the input parameters see the text. The concen-
tration as a function of the distancemeasured from the interface is plotted in (a) for the ideal case. In order to simulate the finite depth resolution of an experimental method, the profiles
were also smoothed using a 5-point moving average procedure in (b). The annealing times are shown in the inset, as for the slopes and diffusion coefficients, see also Table 3.
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ii) stage II: in the time interval determined by the relation
H2

Dgb
≤t≤ δ2

2Dv
, the average concentration profiles remain practically

unchanged, since the grain boundary concentrations are con-
stant, the concentrations in the grain, even in the first section
(at x= 0.5 nm) remains very small because of the negligible vol-
ume diffusion. Therefore the average concentration in a section
will be determined by the concentration in the GBs (see
Table 3, at t = 5×103-1×105s). Supposing 5-10% GB fraction,
the average concentration is well detectable experimentally.

iii) stage III: if t≥ δ2
2Dv

is fulfilled, the concentrations inside the grain
grid points become comparable with the concentrations in the
GBs, so the average concentration in the sections is determined
by the volume diffusion (see Table 3, at t≥1×105 s).

Essentially, in the above classification stage I and stage II correspond
to the Harrison’s C-regime, stage III corresponds to the B kinetic regime.

The maximum bulk penetration length in our case was less than
2 nm (Table 3); i.e. the finite thickness of the film (reflection from the
outer surfaces) has no effect on the slopes. Therefore the thickness of
the film would play a role only if the bulk penetration length is compa-
rable toH i.e. at small values ofH, comparable with the bulk penetration
length (b2 nm).

In order to demonstrate the effect of the non-ideal depth resolu-
tion of the experimental profiling techniques, we additionally
smoothed the calculated concentration data using a 5-point moving
average procedure (Fig. 9(b) and Table 3). This averaging procedure
Table 3
The diffusion parameters evaluated from the calculated profiles shown in Fig. 9. The parameter
are the apparent diffusion coefficients, without (Fig. 9a) and with averaging (Fig. 9b), while D’r
Dgb = 1 × 10-19 m2s-1, δ=0.5 nm, L = 5 nm, H = 10 nm).

Annealing time [s] 2
ffiffiffiffiffiffiffiffi
Dvt

p
[nm] Parameters determined from

calculated profile

G [1/nm] Did [

5 4.5 × 10-4 0.944 1.8 ×
50 1.4 × 10-3 0.921 1.9 ×
500 4.5 × 10-3 0.912 1.9 ×
5 × 103 1.4 × 10-2 0.909 1.9 ×
2 × 104 2.8 × 10-2 0.908 4.8 ×
5 × 104 4.5 × 10-2 0.907 1.9 ×
1 × 105 6.3 × 10-2 0.905 9.7 ×
5 × 105 1.4 × 10-1 0.888 2.0 ×
1 × 106 2.0 × 10-1 0.867 1.1 ×
5 × 106 4.5 × 10-1 0.731 2.9 ×
1 × 107 6.3 × 10-1 0.609 2.1 ×
5 × 107 1.4 0.270 2.2 ×
takes place along the x-axis and it smoothes the data by replacing
each data point with the average of the 5 neighbouring points. The
slopes of such “smoothed” profiles at the interface become smaller;
consequently, the evaluated diffusion coefficients are higher, indi-
cating that the evaluated diffusion coefficients may also depend on
the experimental method. Thus Fig. 9a and b represent curves pro-
vided by a device with ‘ideal’ as well as with ‘real’ (smoothed)
depth resolution, respectively. In stage I, until the condition
2×√DVt b bδ is fulfilled (C-type kinetic regime), the gradual satura-
tion of GBs takes place. The diffusion coefficients were evaluated
from the slopes of the ‘ideal’ as well as ‘real’ profiles, using Eq. (2)
and supposing a step-like initial profile G0

−2 ≈ 0, i.e. the D = (1/
G2)(1/4πt) relation was used for the calculation of the apparent dif-
fusion coefficients (denoted in Table 3 as Did, Dreal, respectively). It
can be seen from Table 3 that the deduced coefficients at short an-
nealing times have almost the same orders of magnitude as the
input GB diffusion coefficient. Having increased the bulk penetration
depth, (moving to the B-type kinetic regime) the apparent diffusion
coefficients become closer and closer to the input value of the vol-
ume diffusion coefficient. The stage II, can be considered as a transi-
tion regime.

In order to separate the competing effects we can also treat the pro-
files as a result of a two-step annealing process. The first step is charac-
terized by the parameters t1, G1, (parameters of the previous ‘parent’
profile) and the second step with t2, G2 parameters (parameters of the
actual profile). On the basis of Eq. (2) the diffusion coefficients can be
evaluated from the slopes calculated at x = 0, applying the above
G is the initial slope of the profiles in the neighbourhood of the interface,Did aswell asDreal

eal were obtained from Eq. (5): see also the text. (Input parameters: DV =1 × 10-26 m2s-1,

the Parameters determined from the smoothed profile

m2/s] G [1/nm] Dreal [m2/s] D’real [m2/s]

10-20 0.392 1.0 × 10-19 -
10-21 0.375 1.1 × 10-20 1.1 × 10-21

10-22 0.366 1.2 × 10-21 6.3 × 10-23

10-23 0.364 1.2 × 10-22 1.5 × 10-24

10-24 0.364 3.0 × 10-23 0
10-24 0.364 1.2 × 10-23 0
10-25 0.363 6.0 × 10-24 3.3 × 10-26

10-25 0.362 1.2 × 10-24 1.3 × 10-26

10-25 0.361 6.1 × 10-25 6.7 × 10-27

10-26 0.348 1.3 × 10-25 1.2 × 10-26

10-26 0.330 7.3 × 10-26 1.5 × 10-26

10-26 0.216 3.4 × 10-26 2.4 × 10-26
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multistep annealing procedure:

D0 ¼ 1

G2
2

−
1

G2
1

 !
1

4πðt2−t1ð Þ ð5Þ

In Table 3 the values of D’real, were calculated from the smoothed
profiles (shown in Fig. 9b), using Eq. (5).

The time dependence of the D’ (Fig. 10) shows that in real experi-
ments one can get reliable volume diffusion data only if the condition
2
ffiffiffiffiffiffiffiffi
Dv t

p
Nδ is strictly fulfilled. On the other hand, if we use Eq. (5) to eval-

uate the diffusivity from the smoothed profiles (Fig. 9b), we can even
underestimate thediffusion coefficients, since there could exist a certain
annealing time interval in which there is no change in the slope,
resulting near zero value for D’real (see the last column in Table 3 at
5 × 105 s time). This corresponds to the situationwhen the composition
distribution in the GB’s became practically homogeneous but still there
was no penetration to the bulk.

In order to check that the time dependence of the diffusion coeffi-
cient indeed behaves similarly as predicted from the above model we
applied an additional heat treatment on the sample annealed at 773 K.
After 9000 s it was obtained that the diffusion coefficient was about
one and half order of magnitude lower (8.61 × 10-23 m2s-1) than the
value shown in Table 2 for this temperature. The point corresponding
to this value is also shown in Fig. 4. Thus the above value is in good
agreement with the model presented above and also correlates with
the results obtained by Chakravarty et al. [4].

As a general conclusion we observe that special attention is need-
ed in these studies if one is to draw unequivocal conclusions as to
the reasons for the low activation energies obtained for diffusion.
We do not dispute that effects mentioned in the interpretation of
the results of previous works [4,5] (i.e. the grain boundary transport
can be neglected, mechanisms of point defect annihilation at the
interface [4] or special strongly correlated diffusion [5]), are present.
However our results indicate that the presence of rapid diffusion
paths in nanofilms – such as triple junctions, grain boundaries or
dislocations – is very important in experiments with very short an-
nealing times and corresponding small diffusion lengths. Care is nec-
essary to separate these effects from other contributions to bulk
diffusion or defect relaxation.
Fig. 10. Time dependence of the effective diffusion coefficients calculated from the profiles
shown in Fig. 9 and given in Table 3 (Dideal - determined from the calculated profiles in
Fig. 9a, Dreal - determined from the smoothed profile (9b) and D’real - calculated from
the smoothed profile using Eq. (5)). The corresponding time intervals of Stages I-III (see
Fig. 8) are also indicated.
5. Conclusions

Self-diffusion of Fe in thin films of Pt/56Fe/57Fe grown onMgO (100)
was studied. Effective self-diffusion coefficients for Fe were determined
in the temperature range703 K to 813 K with an activation energy
1.54 ± 0.25 eV.

Deep penetration of the Pt into the 56Fe layer was also observed,
which indicated the occurrence of GB diffusion. The grain boundary dif-
fusion coefficients of Pt were also determined in the above temperature
range and an activation energy of 1.45±0.25 eV was deduced from the
Pt concentration profiles.

Since in our samples columnar grains of about 10-30 nm diameter
were observed we interpreted our results for Pt diffusion as diffusion
along tilt grain boundaries.

The results demonstrate that the presence of grain boundaries has
an influence on intermixing caused by the Fe self-diffusion–since the ac-
tivation energy of it was very close to the value obtained for Pt grain
boundary diffusion. Model calculations illustrate that in nanostructured
thin film diffusion couples the initial decrease of the sharpness of com-
position profile can be controlled by grain boundary diffusion and only
at much longer annealing times –when the composition profiles in the
grain boundaries have been already almost fully homogenized – the
bulk diffusion controls the intermixing. Thus our results indicate that
the presence of rapid diffusion paths in nanofilms is very important in
experiments with very short annealing times and corresponding small
diffusion lengths. Care is necessary to separate these effects from
other contributions to bulk diffusion or defect relaxation.
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