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Neutron reflectometry (NR) is an attractive tool for probing self-diffusion on a nanometer-
length scale. The depth resolution available with NR is in the subnanometer range, which is due
to contrast among the isotopes of an element, and NR provides a unique opportunity to probe
self-diffusion in nanometer-range structures. Self-diffusion measurements in FeZr amorphous
and nanocrystalline chemically homogeneous multilayers of type [Fe100-x Zrx /57 Fe100-x Zrx]10,
were performed using neutron reflectivity. On the basis of the results obtained, the self-diffusion
mechanism in nanometer-range structures is discussed in this article.

1. Introduction

Amorphous and nanocrystalline metals and alloys, in
which the tailoring of properties over a wide range by con-
trolling particle size and morphology is possible, are an
important class of materials.[1-4] Many physical properties,
such as structural and magnetic properties, glass-to-crystal
transition, and surface morphology, are strongly influenced
by self-diffusion of the constituents. Further, the long-
standing application of devices based on amorphous and
nanocrystalline alloys is fundamentally controlled by the
self-diffusion process. Therefore, an understanding of the
self-diffusion mechanism is very important from both a sci-
entific as well as technological point of view. To determine
the self-diffusion mechanism, one needs to fabricate struc-
tures with proper isotopic labeling. Further, to probe struc-
tures with isotopic labeling, techniques capable of distin-
guishing contrast among isotopes are required. Mass
spectrometry and radioactive tracer techniques have been
used widely to probe self-diffusion.[5,6] These techniques
essentially use cross sectioning and/or depth profiling to
probe the buried layers. The depth resolution attained with
these techniques is limited to about 5 nm, which poses a
limit to the diffusion lengths that could be probed using
these techniques. To probe self-diffusion lengths below this
limit, a technique with much lower resolution is required.

It is known that the grazing incidence reflection of x-ray
or neutron reflectometry (NR) is a nondestructive way to
probe surfaces and even buried interfaces. The depth reso-
lution available with reflectometry techniques is in the sub-
nanometer-length scale (i.e., as low as 0.1 nm), and it makes
them ideal for probing self-diffusion or interdiffusion in

nanoscale structures. While x-rays are transparent for iso-
topes, neutrons do have significant contrast for many ele-
ments across the periodic table. This allows the use of neu-
trons for probing self-diffusion. Another technique that was
proposed recently makes use of x-rays (synchrotron radia-
tion [SR]) to probe self-diffusion in Mössbauer-active nu-
clei. This technique also is sensitive in the sub-nanometer-
length scale but is limited to Mössbauer-active nuclei. This
technique, which is called the nuclear resonant reflectivity
of SR, uses nuclear resonance from the Mössbauer-active
nuclei (e.g., 57Fe).[7]

In the present work, NR has been used to investigate
self-diffusion in amorphous and nanocrystalline samples of
FeZr. Tailoring the composition of the alloy results in a
variety of structures, and the aim of this work is to observe
the influence of microstructure on self-diffusion process.
This article is organized into four sections. Section 2 gives
a brief introduction of the reflectometry technique with an
emphasis on the methodology for determining self-
diffusion. Section 3 explains the experimental part and
gives details about the techniques used for sample prepara-
tion and measurement in this work. Section 4 presents the
experimental results and describes the associated self-
diffusion mechanism.

2. Neutron Reflectometry as a Probe to
Investigate Self-Diffusion on the Nanometer
Scale

Neutron reflectometry is a well-known technique for
studying thin films and phenomena occurring at interfaces
(for an overview, see Ref 8 and 9). The reflection of neu-
trons from a surface or an interface is similar to that of light
or x-rays. However, there are three distinct differences with
light or x-ray scattering: (a) weak absorption, in which neu-
trons interact with matter weakly and therefore have a
deeper penetration depth compared with x-rays; (b) isotopic
separation in which neutrons are scattered by nuclei while
x-rays are scattered from electrons (an isotope of an element
has different nuclei but the same number of electrons, which
makes different scattering lengths for neutrons among iso-
topes of most of the elements); and (c) magnetic interaction,
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in which neutrons are chargeless spin 1/2 particles (due to
the magnetic moment associated with their spin, they react
equally to the presence of magnetic fields). The nuclear and
magnetic interactions are similar in strength. For this rea-
son, neutrons are an ideal probe for studying magnetic struc-
ture and dynamics.

Of the above-mentioned distinct advantages of neutron
scattering, isotopic separation enables us to probe self-
diffusion, provided that a proper isotopic labeling is incor-
porated. It is surprising to note that, despite substantial po-
tential, NR has not been exploited sufficiently to investigate
self-diffusion in metallic systems. Previous work carried out
using NR is not extensive.[10-13] In principle, self-diffusivity
can be obtained at an interface between two isotopic layers
(e.g., 56Fe/57Fe). However, to enhance intensity, a multiple
stack of such combinations is useful. When stacked in the
form of a periodic multilayer (ML), Bragg peaks would
appear corresponding to the period of the ML when mea-
sured using neutron reflectivity, whereas for x-rays no
Bragg peak is expected due to the absence of contrast be-
tween the isotopes. As a matter of fact, x-ray reflectivity
(XRR) measurements give direct proof that there is indeed
no contrast between the isotopic layers, which is prerequi-
site to measure only self-diffusion.

Figure 1 shows an example of the FeZr/57FeZr ML
coated on an Si (100) substrate. As expected, the x-ray
reflectivity (XRR) pattern (Fig. 1b) shows oscillations cor-
responding to the total thickness of the sample, while NR
gives a Bragg peak (Fig. 1a) at the designed period, and a
total thickness oscillation can also seen. The reflectivity of
the ML can be calculated using the formalism of Parratt[14]

by coherently summing the reflected amplitudes. It is
known that reflectivity drops off as a function of q4 for qqc
due to Fresnel reflectivity, where q is the momentum trans-
fer vector given as q � 4�sin�/� (where � is the incident
angle and � is the wavelength of the radiation) and qc is a
critical value of q, where radiation starts penetrating into the
sample, and below qc incoming radiation is totally reflected
off the surface.[14]

To calculate diffusivity, the intensity at the Bragg peak
should be measured carefully, and this could be achieved by
multiplying the reflectivity data by a factor of q4. Such a
multiplication results in a flat background due to the re-
moval of q4 dependence, making it easier to fit the data to
a suitable function. To enhance diffusion, the ML has to be
annealed at a sufficiently high temperature. As the ML is
annealed, the intensity at the Bragg peak decreases. The
diffusivity can be calculated without taking recourse to a
detailed fitting of the reflectivity pattern, simply from the
differences in the intensity before and after annealing. The
equation for the calculation of diffusivity can be derived in
the following way.

Taking the z direction perpendicular to the surface of the
ML, the concentration of the modulating isotope (e.g., 57Fe)
can be defined as a periodic function of z by the Fourier
series[15]:

C�z� = �
n

Cnexp�iknz�, (Eq 1)

where kn � 2n�/d is the wave number of the nth harmonic,
the period of which is d. After annealing due to interdiffu-
sion, with amplitude decay Cn, annealing temperature T, and
annealing time t, the one-dimensional diffusion equation
can be written as:

Cn = Cn0exp�−kn
2D�T�t�, (Eq 2)

where D(T) is the diffusivity at temperature T. The intensity
at the nth Bragg peak is proportional to the square of am-
plitude Cn and can be written as:

ln�I�t��I�0�� = −8�2 n2 D�T�t�d2, (Eq 3)

where I(0) is the intensity before annealing and I(t) is the
intensity after t at T. The diffusion length Ld is related to
diffusivity through the relation:

Ld = �2D�T�t (Eq 4)

Therefore, by monitoring the intensity at the Bragg peak

Fig. 1 (a) Neutron and (b) x-ray reflectivity of Si/[Fe32Zr68 (9.6
nm)/57Fe32Zr64 (4.8 nm)]10 ML

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 26 No. 5 2005 459



diffusivity and diffusion length can be obtained. Because
atomic diffusion is a thermally activated process, it follows
an Arrhenius-type relation given by:

D = D0 exp�−E�kBT�, (Eq 5)

where E is the activation energy and D0 is the preexponen-
tial factor.

Using Eq 3 to 5, self-diffusion, activation energy, and
preexponential factor can be calculated for an ML by mea-
suring NR as a function of annealing time and temperature.
Due to a depth resolution as low as 0.1 nm, diffusion lengths
as small as a fraction of a nanometer can be measured.

3. Experimental

3.1 Sample Preparation

The samples in this work have been prepared using direct
current (dc)-magnetron sputtering operating at a power of
50 W at room temperature (with no intentional heating) on
Si (100) or float glass substrates. Both Fe and Zr targets
were cosputtered using an Fe + Zr composite target cover-
ing different ratios of Fe and Zr to obtain different compo-
sitions. The composition of the deposited alloy was mea-
sured using x-ray photoelectron spectroscopy. Pure Ar gas
was used as a sputtering gas to deposit the alloy. The sub-
strates were oscillated with respect to the center of the target
to ensure better uniformity of the deposited samples. The
substrates were placed at a distance of about 8 cm from the
target. The pressure during the deposition was on the order
of 4 × 10−3 mbar, while base pressure before the start of
deposition was in the range of 1 × 10−6 mbar. The targets
were presputtered for at least 10 min to remove contamina-
tion that might be absorbed at the surface when exposed to
air. To prepare MLs with isotopic separation, natural Fe +
Zr and 57Fe + Zr targets were sputtered alternatively. The
FeZr samples were also prepared as a function of applied
stress. A stress was applied to understand the diffusion
mechanism. The substrates were mounted on a specially
designed 3-point Si wafer-bending device. The Si wafer was
fixed from both the ends, and by the rotation of an asym-
metric steel roller around the central axis the bending height
of the Si wafer b can be varied between 0 and 5 mm. A
pin-lock system was incorporated so that the release of
bending by itself can be avoided. A compressive stress is
applied to the deposited film when the bending of the Si
wafer was released after deposition (the samples were de-
posited while Si wafer was bent). The stress that is applied
to the Si wafer as a result of the release of bending can be
calculated using the formula of Stoney[16] and following a
discussion with Chen and De Wolfe.[17] The applied stress
� is given by:

� =
YsiT

2

6RTf
(Eq 6)

Where YSi is the biaxial modulus of the silicon substrate and
is equal to: YSi � ESi/(1 − �Si), where ESi is the Young’s

modulus for Si and �Si is Poisson’s ratio for Si. The biaxial
modulus of the silicon substrate is equal to 180.5 GPa. TSi
is the thickness of the substrate, Tf is the thickness of the
film, and R is the radius of curvature. The R value can be
calculated with the known bending length of the wafer a and
the bending height b using the expression R = a2 + b2/2b,
which could be followed from the geometry shown in
Fig. 2.

Using Eq 6, the value of stress can be calculated. The
parameters used in the present case are TS � (300 ± 10)
�m, Tf � 370 nm, and a � 40 mm, and b was varied at 0,
3, and 5 mm. The obtained values of stress for the three
cases are 0, 27, and 46 GPa. The errors in the calculation of
applied stress were on the order of 15 to 20%, taking into
account the uncertainties in the measured physical param-
eters. Samples with different known bending were depos-
ited under similar deposition conditions. After deposition
and the release of bending, the surface profile of the samples
was measured using a profilometer. It was found that the
surface of the samples was flat, and no changes in the sur-
face profile were observed for a sample prepared with or
without bending. This indicated that even after the bending
the substrate gains its original state and the stress is applied
on the deposited ML.

3.2 Measurement Techniques

Deposited samples were characterized for structural and
magnetic properties using grazing incidence x-ray diffrac-
tion (GIXRD) and dc-extraction magnetometry with the
physical properties measurement system. The thickness and
roughness of the film was obtained using XRR. For mea-
surements with x-rays, Cu-K� radiation was used. Because
the thickness of the films lies in the range of a few hundred
nanometers, the GIXRD technique was used to reduce the
background due to diffraction from the substrates. The in-
cident angle was kept fixed just above the critical angle of
the film in asymmetric Bragg-Brentano geometry, so that
the penetration of the incident radiation is limited to the
thickness of the film. Prior to diffusion measurements, the
thermal stability of the deposited MLs was checked by an-

Fig. 2 Schematic diagram of the bent Si wafer used for the
calculation of R
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nealing the samples in a vacuum furnace with a base pres-
sure of about 1 × 10−6 mbar. The GIXRD and XRR mea-
surements were carried out after each annealing to observe
changes in the structure of the samples imposed due to
thermal annealing. The crystallization behavior of the amor-
phous samples was examined using a NETZSCH (Ger-
many, www.netzsch.com) differential scanning calorimeter
equipped with an extremely high-sensitivity � sensor. Such
a sensor was required because of the very small mass of the
samples. Diffusion measurements were carried out using
neutron reflectometry (NR) known as AMOR at the Swiss
Spallation neutron source (SINQ) in Paul Scherrer Institute
(PSI), Switzerland in the time-of-flight (TOF) mode. The
samples were heated using an in situ vacuum furnace that
was specially designed to carry out NR measurements. The
reason for using the TOF mode was the fact that in TOF
mode the sample is fixed at an incident angle and the
changes imposed by in situ thermal annealing can be mea-
sured without physically moving the sample or the detector.

4. Fe Self-Diffusion in Amorphous and
Nanocrystalline FeZr

4.1 Composition Dependence

Fe self-diffusion in chemically homogeneous MLs of
FeZr was measured as a function of composition and ap-
plied compressive stress during deposition. While compres-
sive stress was applied for the sample with about 25% Zr,
the composition dependence of Fe self-diffusion in FeZr
was obtained for all of the samples (except for pure Fe), as
shown in Fig. 3.

As can be seen from Fig. 3, as the amount of Zr (in
atomic percent) is increased, the peak corresponding to
(110) reflection of body-centered cubic (bcc) Fe starts be-
coming broadened. While it shifts to lower angles for Zr �
64 at.%, high-temperature annealing of samples above 64
at.% Zr predominantly produces a Zr-rich Zr3Fe phase, in-
dicating that the amorphous phase produced for Zr-rich

samples corresponds to an intermetallic alloy, Zr3Fe. The
Fe-rich phases are solid solutions of Fe and Zr with a bcc
structure. The crystallization temperature of the amorphous
alloy increases as the Zr content is increased. The annealing
of the samples with Zr < 25 at.% at 373 K resulted in a
mixture of amorphous and nanocrystalline phases. The Fe
self-diffusion measurements for samples with Zr < 25 at.%
were carried out in the metastable nanocomposite phase,
while for the samples with Zr > 25 at.% they were carried
out in the amorphous phase.

As an example, the results of self-diffusion measure-
ments in amorphous Fe36Zr64 are demonstrated here. Figure
4 shows the neutron reflectivity pattern of the MLs before
and after annealing at 573 K for different amounts of time.
As the time of annealing is increased, the intensity at the
Bragg peak gradually decreases. Following Eq 3 and 4,
diffusivity and diffusion length can be obtained.

Figure 5 shows a plot of the square of the diffusion
length as a function of annealing time at different tempera-
tures. It can bee seen from Fig. 5 that at all annealing tem-
peratures the diffusion length initially increases at a faster
rate and that after a certain annealing time the rate becomes
constant. The initial faster increase in the diffusion length
may be associated with the structural relaxation in the sys-
tem. Earlier studies have shown that amorphous alloys ex-
hibit structural relaxation, which is associated with annihi-
lation of the free volume due to thermal annealing. Because
during relaxation the diffusivity is higher, the initial points
are excluded form the fitted line. As expected, relaxation is
faster at higher temperatures. In the well-relaxed state, ln D
and 1/T follow the Arrhenius-type behavior given in Eq 5,
yielding the preexponential factor and activation energy
shown in Fig. 6. Similarly, self-diffusion measurements
have been performed for samples having different amounts
of Zr and in FeZr. While comparable to the activation en-
ergy for bulk diffusion in Fe91Zr9,[18,19] the value of acti-
vation energy in the present case is significantly smaller in
all compositions (Fig. 7). It may be noted that the activation
energy for Fe self-diffusion remains almost constant in the
nanocomposite samples, whereas it increases marginally in

Fig. 3 The GIXRD pattern of FeZr thin films as a function of
varying composition

Fig. 4 The neutron reflectivity pattern of the Si/[Fe36Zr64/
57Fe36Zr64]10 ML measured at 573 K as function of annealing time
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the amorphous phase (Zr � 33 at.%). Further, close to the
equiatomic composition there is a marked increase in the
activation energy, as shown in Fig. 7.

In the case of three-dimensional transition metal/Zr bi-

nary alloys, at low Zr concentrations the structure is rela-
tively loosely packed with Zr atoms filling the low-density
region. As the Zr content is increased, the structure becomes
more rigid. At equiatomic concentrations, a more densely
packed structure with a rigid Zr backbone is obtained, as
observed in CoZr.[6] Therefore, it is expected that diffusiv-
ity would change with increasing Zr content. An increase in
activation energy is directly related to a decrease in diffu-
sivity. As pointed out by Rössler and Teichler,[20] in their
molecular dynamics simulation of an amorphous CoZr alloy
in which the Zr atoms are dragged along with the flow of the
Co atoms with low Zr contents, while at higher Zr contents
the dense Zr substructure impedes Co movements. The na-
ture of Fe diffusion in the present case can be understood in
the same way.

4.2 Effect of Applied Compressive Stress

It is known that the pressure/stress dependence of diffu-
sivity is the key for the determination of the associated
diffusion mechanism.[21] For a case in which diffusion takes
place via defects in thermal equilibrium, one expects an
activation volume on the order of the size of a defect (i.e.,
one atomic volume for a single jump vacancy diffusion).
For a diffusion process without thermally generated defects,
the activation volume should nearly vanish.[22] To get fur-
ther insight into the diffusion mechanism, structures with
different applied stresses were prepared, as discussed in the
previous section. Chemically homogeneous MLs with struc-
tures Si (substrate)/[Fe75Zr25 (25 nm)/57Fe75Zr25 (10 nm)]10
were deposited onto Si (100) substrates, which are bent to
different curvatures, as described in section 3. A release of
bending causes a uniaxial compressive stress in the depos-
ited ML. The self-diffusion of Fe in these MLs has been
studied by annealing all of the MLs together in the tem-
perature range of 373 to 533 K, where a nanocomposite
structure is formed. The decay of the intensity at the Bragg
peak positions was measured as a function of annealing time
and temperature. Figure 8 shows the evolution of diffusion

Fig. 5 The evolution of the square of the diffusion length as a
function of annealing time. Straight-line fits have been obtained
using Eq 4.

Fig. 6 Arrhenius behavior of diffusivity. Straight-line fits have
been obtained using Eq 5.

Fig. 7 Variation in activation energy for the self-diffusion of Fe
as a function of Zr in FeZr
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length at 473 K for the samples prepared using applied
stresses of 0, 27, and 46 GPa. It is interesting to see that for
the sample prepared without any stress, the diffusion length
increased much faster compared with the samples prepared
with an applied stress, indicating that samples prepared with
an applied stress exhibited a more relaxed state compared
with that obtained without an applied stress. It is expected
that structural relaxation would be more dominant for the
sample prepared without an applied stress. The overall mag-
nitude of the diffusion length follows the strength of applied
stress, and the degree of relaxation is proportional.

Similarly, measurements were performed at different
temperatures, and Fig. 9 shows a plot of diffusivities for the
sample at 0, 27, and 46 GPa. The activation energy was
found to increase with an increase in the strength of applied
compressive stress (a steeper slope was observed with an
increase in the applied stress). This result gives a clear
indication that diffusivity for the sample prepared with ap-
plied stress is much slower compared with that prepared
without applied stress. The diffusivity at 413 K shows the
largest variation with applied stress, while at the highest
temperature (533 K) the diffusivity for all of the applied
stress was found to be almost similar. Because in the present
case the stress was applied only in the uniaxial direction, the
activation volume available for diffusion could not be cal-
culated; therefore, direct correlations with the values re-
ported in the literature could not be made as the pressure
applied in those studies was hydrostatic in nature. However,
in the present case, even though the stress is applied in the
uniaxial direction, the effect of applied stress is significant.
An increase in activation energy with an applied stress
clearly indicates the more relaxed state of the alloy when
stress is applied due to the release of bending. Further, at
533 K the fact that the effect of applied stress vanishes and
the diffusivity in all the cases is similar indicates a com-

pensation-type effect that is induced by thermal annealing.
The samples prepared without applied stress are in a highly
stressed state brought on mainly by the deposition process.

An applied stress results in the partial release of these
stresses, which further relaxes at higher temperatures. At a
sufficiently high temperature, the alloy attains a fully re-
laxed state and diffusivities at this point converge. The val-
ues of activation energies, E, and the preexponential factor
D0 for Fe self-diffusion that was obtained in the present case
can be compared with those reported in the literature for
amorphous alloys. It is well known that a correlation be-
tween E (or H) and D0 exists for self-diffusion and impurity
diffusion in conventional and bulk amorphous alloys, and
even for nanocrystalline and crystalline alloys. This rela-
tionship seems to have a universal character because it has
been observed not only for self-diffusion and impurity dif-
fusion in amorphous alloys but also in nanocrystalline and
crystalline alloys, as shown in Fig. 10.[6] The relationship
between E and D0 is known as the isokinetic relation and is
given by[23]:

ln D0 = ln A + E�B (Eq 7)

where A and B are constants. Taking the data point obtained
in the present case (Fig. 10), the values of A and B are
approximately 2 × 10−20 and 0.056, respectively, which are
close to the values obtained for diffusion in amorphous
alloys and for interdiffusion in chemically inhomogeneous
metallic MLs. Following the approach discussed by Shew-
mon,[24] the preexponential factor D0 can be expressed as:

ln D0 = ln�ga2 f�0� + 	S�kB (Eq 8)

where g is a geometry factor, a is the effective jump dis-
tance, v0 is the effective jump attempt frequency, f is a
correlation factor, and 	S is the entropy for diffusion. Using
Eq 7 and 8, the values for the constants A and B can be
written as:

Fig. 8 The evolution of diffusion length as a function of anneal-
ing time and applied stress at 473 K. The solid lines are a guide for
the eye.

Fig. 9 Arrhenius behavior of the diffusivity of samples with
applied stresses of 0, 27, and 46 GPa
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A = ga2 f�0, B = kBE�	S (Eq 9)

With the obtained values of B and E, the entropy term for
the present sample would be in the range of 5 to 10 kB
(Boltzmann constant) (in order of increasing Zr atomic per-
cent), which is significantly smaller compared with the
range of 20 to 50 kB observed for bulk amorphous alloys.
The value of 	S in the range of 5 to 10 kB would roughly
correspond to a group of atoms consisting of 5 to 10 atoms
that participate in the diffusion mechanism. Contrary to the
case in bulk amorphous alloys, where a cluster of 20 to 60
atoms participate in the diffusion mechanism, making it
highly collective in nature, in chemically homogeneous
MLs a smaller number of atoms participate. This means that
diffusion in the chemically homogenous ML is not highly
collective but would involve a relatively small group of
atoms, indicating a much faster diffusion compared with
that of bulk amorphous alloys.

5. Conclusions

It can be seen from the current study that neutron reflec-
tivity is a unique technique with which to probe self-
diffusion in a nanoscale structure with depth resolution in a
subnanometer range. Using proper isotopic labeling, neu-
tron reflectivity can be used in a number of systems to probe
self-diffusion. The results obtained from the current study
show that the Fe self-diffusion mechanism in amorphous
FeZr MLs is not highly collective as observed in the case of
bulk alloy, but involves a rather small group of atoms. The
effect of applied compressive stress results in the partial
relaxation of the FeZr alloy, making the diffusive motion
slower.
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