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Abstract

The access to X-rays of third generation synchrotron radiation sources enables studies of dynamics in metallic

systems in grazing incidence geometry. Combining grazing incidence reflection of X-rays with nuclear resonant scat-

tering of synchrotron radiation allows depth-selective investigations of hyperfine parameters and diffusion phenomena

of iron and iron compounds. The unique feature of this method is its sensitivity to near-surface motions of atoms and

not exclusively to the atoms on the surface. The depth sensitivity can be varied between about two and more than 10

nm. A 300 nm thick 57Fe sample grown by molecular beam epitaxy on a cleaved MgO(0 0 1) substrate was investigated.

The diffusion coefficient of iron in the near-surface layer (thickness about 2 nm) is almost two orders of magnitude

larger than in bulk bcc iron at the same temperature. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nuclear resonant scattering (NRS) has become
an established technique for studying diffusion
on an atomistic scale. The power of the technique
was predicted by the theoretical work of Smirnov
and Kohn [1,2] and demonstrated by several ex-
periments [3–8]. These works used the technique
of nuclear forward scattering and nuclear Bragg
scattering which enabled them to investigate the

diffusion mechanism in bulky material. For ex-
tending this method to surface sensitivity we have
combined the techniques of NRS and grazing
incidence reflections, the latter being an estab-
lished technique in X-ray and neutron scattering
for studying the structure and dynamics of thin
films.

It has been proven that NRS in grazing inci-
dence geometry provides depth selectivity for hyper-
fine spectroscopy [9–11]. We will exploit this depth
selectivity to investigate diffusion phenomena in
near-surface regions of metallic films of iron. Ex-
periments of this kind became feasible with the
advent of third generation synchrotron radiation
sources.
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1.1. Diffusion investigations by nuclear resonant
scattering of synchrotron radiation

NRS with synchrotron radiation and M€oossbauer
spectroscopy are related microscopic techniques
for the determination of hyperfine parameters and
dynamical properties on an atomistic scale. They
measure directly in the time and energy domain,
respectively. In NRS the synchrotron radiation
pulse creates a coherent collective nuclear state in
the sample which may be perturbed or destroyed
by diffusion. This leads to an accelerated decay of
the resonantly scattered intensity (delayed inten-
sity) with respect to an undisturbed scattering
process [1,2]. The delayed intensity is proportional
to the intermediate scattering function IðQ; tÞ [2]
which becomes a simple exponential function in
the limit of a thin sample:

IðQ; tÞ ¼ exp
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where Q is the outgoing wave vector, li are jump
vectors between lattice sites, s is the residence time
on a lattice site and N is the number of nearest-
neighbour lattice sites. The accelerated decay is not
only determined by s but also by the orientation of
the crystal axes and the jump vector, respectively,
relative to the outgoing wave vector Q.

1.2. Iron on MgO(0 0 1)

For a first feasibility study we have chosen a 57Fe
layer on a (0 0 1)-MgO substrate. The advantages
are as follows:

• The growing mode (layer by layer), the struc-
ture of Fe on MgO (bcc), the influence of the
MgO substrate on the iron structure and the sur-
face relaxation in the first one up to three layers
are well known [12–15].

• The surface of this sample grown by molecu-
lar beam epitaxy (MBE) is well defined also at
higher temperatures.

• The system is simple, it consists only of iron
atoms which give the best performance in NRS
studies. Parasitic effects like sample decomposi-

tion, alloying or segregation cannot take place
and the measured delayed intensity is high.

• The atomic jump diffusion process in bulk iron
is well studied and accepted to be a NN-jump
process [16].

2. Experimental

2.1. Sample preparation

The sample was grown by MBE and charac-
terised in situ by low energy electron diffraction
and Auger electron spectroscopy under UHV
conditions. Detailed preparation conditions and
sample characterisation techniques are published
earlier [17]. The substrate was a MgO(0 0 1) pol-
ished single crystal. The iron grows with the [0 0 1]
normal direction parallel to the [0 0 1] one of the
MgO substrate. The small lattice mismatch along
the [1 1 0] direction of MgO (aMgO ðRTÞ ¼ 4:211
�AA) with lattices of bcc-Fe(0 0 1) (aFe ðRTÞ ¼ 2:866
�AA) causes a 45� rotation of the iron unit cell rela-
tive to the MgO cell. The experimentally deter-
mined thickness during the MBE growth was 300
nm. The evaluation of the Kiessig X-ray reflectiv-
ity beats of synchrotron radiation yielded an iron
layer thickness of 270 nm. Additional investiga-
tions were done by conversion electron M€oossbauer
spectroscopy (CEMS) showing the typical value of
the magnetic hyperfine field in a-iron.

2.2. Experimental set-up

The measurements were performed at the nu-
clear resonance station ID22N at the ESRF. The
synchrotron radiation was monochromized to an
energy bandwidth of 6 meV and focussed vertically
to 120 lm. The storage ring was operated in 16
bunch mode providing successive X-ray pulses
with 176 ns separation. Avalanche photo diodes
with a 100 lm vertical collimator served as fast
detectors. Details may be found in Ref. [18].

The sample was measured in a furnace mounted
on a goniometer head permitting to orient the sam-
ple relative to the synchrotron beam. Special at-
tention was devoted to the determination of the
incidence angle of the synchrotron radiation.
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An accuracy of about 0.05 mrad was achieved.
The zero position was checked after each temper-
ature step.

The furnace with beryllium windows was resis-
tively heated by a Mo wire in a constant-voltage
mode. The temperature was stabilized better than
1 K using a thermocouple touching the tantalum
sample holder. Below the Curie temperature (Tc ¼
1043 K) the sensor was calibrated against the
sample temperature measuring the known temper-
ature dependence of the magnetic hyperfine field in
a-iron.

The vacuum was about 10�8 mbar, nevertheless,
from CEMS measurements no surface oxidation
was found after the measurement only a slight
distribution of the magnetic field due to mixing of
iron and Mg from the substrate. A contamination
of the order of 4 at.% Mo from the Mo heater was
found by micro-beam fluorescence spectroscopy.

2.3. High temperature measurements

The measurements were performed at an inci-
dence angle of h ¼ 1:66 mrad. The maximum de-
layed intensity has been found at an angle h ¼ 3:41
mrad close to the critical angle of total reflection
[9]. However, in order to improve the surface
sensitivity the incidence angle of 1.66 mrad was
chosen in the presented measurements. Spectra
were recorded within the temperature range RT to
1230 K. The paramagnetic spectra above Tc show
an accelerated intensity decay due to fast diffusion
of the iron atoms. In order to determine the di-
rection of the jump vectors the dependence on the
angle /, which is the angle between the in plane
iron [1 1 0] direction and the synchrotron radiation
beam (Fig. 1), has been measured for values of 38�,
43�, 53�, and 58�.

3. Results

Fits to the delayed intensity spectra were per-
formed using the EFFINO routine written by
Spiering et al. [19]. It was impossible to achieve
satisfying fits assuming only one iron layer. This
model does not describe properly the curvature of
the experimental spectrum (see dashed line in Fig. 2

inset). This was achieved using a two-layer model
(see Fig. 3 inset). The upper layer is a 2 nm thick
near-surface layer with measurable diffusion, the
rest is bulk iron without a noticeable diffusion. The
attempts to fit the thickness of the near-surface
layer led at all three temperatures and for all ori-
entations of the sample to the same value. As
shown in Eq. (1) the accelerated intensity decay
depends on the relative orientation of the jump

Fig. 1. Sketch of the scattering geometry. h is the angle of in-

cidence and / is the angle between the [1 1 0] direction of the

iron layer and the projection of the outgoing wave vector of the

synchrotron radiation to the (0 0 1) plane of the iron layer.

Fig. 2. Angular dependence of the intensity decay at 1200 K

and an angle of incidence of h ¼ 1:66 mrad. The dashed line is

calculated for a 2D square-lattice jump diffusion mechanism in

the a-iron (0 0 1) plane. The solid line is calculated for NN

jumps on a bcc lattice in bulk a-iron. The inset shows the de-

layed intensity for various temperatures ((�): 1090 K; (�): 1200

K; (M): 1230 K) and an angle of incidence of h ¼ 1:66 mrad.

The dashed line is an incorrect fit using the single iron layer

model.
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vectors and the outgoing wave vector Q. Rotating
the sample around the [0 0 1]-axis in the total re-
flection geometry and neglecting the small inci-
dence angle h ¼ 1:66 mrad, is equivalent to a
rotation of the outgoing wave vector in the (0 0 1)
plane of iron. The position of the outgoing wave
vector Q is defined by the rotation angle / between
the [1 1 0] direction of iron and Q (Fig. 1). The
delayed intensity decay for various temperatures
and the same incidence angle h ¼ 1:66 mrad is
shown in Fig. 2 (inset) together with the angular
dependence of the accelerated decay at 1200 K
(Fig. 2). Surprisingly the best match to the exper-
imental points was achieved with a 2D square-
lattice diffusion model in the (0 0 1) iron planes
with the jump length equal to aFe (dashed line).
The solid line calculated according to the NN
jump diffusion mechanism in bulk bcc a-iron [16].
An other possible jump diffusion mechanism,
which we cannot exclude, is a NNN jump diffusion
mechanism in a bcc lattice. The reason is the in-
sensitivity of the grazing incidence method to
jumps perpendicular to outgoing wave vector Q,
which is nearly parallel to the sample surface (see
the phase factor in Eq. (1)).

The diffusion coefficients have been calculated
according to the above described model from the
accelerated intensity decay measured at various
temperatures as presented in the inset of Fig. 2.

The diffusion coefficients in the near-surface 2 nm
layer are shown in an Arrhenius plot of Fig. 3 in
comparison with bulk diffusion coefficients from
different tracer measurements [20]. The diffusion
in the near-surface layer is almost two orders of
magnitude faster than that in the bulk material and
the activation energy determined from the slope of
the Arrhenius plot is about 450 meV. In bulk iron
a phase transformation from a-iron (bcc) to the c-
iron (fcc) phase takes place at 1184 K. At this
temperature the change of iron structure causes a
drastic decrease of the diffusion coefficient. In our
measurements this step is not visible, thus we think
that the bcc structure is stabilised by the MgO
substrate or Mo impurities.
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