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Depth dependence of iron diffusion in Fe;Si studied with nuclear resonant scattering
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The access to x-rays of third generation synchrotron radiation sources enables studies of dynamics in
metallic systems. The nuclear resonant scattering (NRS) method provides information about elementary atomic
jumps. When used in grazing incidence geometry, the sensitivity of the NRS method can be tuned to the
surface region. This makes the method especially useful for thin film investigations. Contrary to other surface
sensitive methods this technique is not only limited to the surface itself: it allows to retrieve the depth profile
of diffusivity from the surface down to the bulk region of the measured sample. Fe-Si intermetallic films with
a DO0; structure and close to the stoichiometric Fe;Si composition have been prepared on an MgO (100)
substrate. The NRS measurements in grazing incidence geometry yielded maximum iron diffusivity at the
surface and diminishing continuously with the depth. The depth and temperature dependence have been

measured and compared with the bulk values.
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I. INTRODUCTION

The intermetallic Fe;Si phase is of technical interest due
to the wide range of its potential applications connected
mainly with its magnetic properties. The combination of
magnetic and semiconducting material opens up a new path-
way in the development of semiconductor devices utilizing
the spin of the carrier.! Fe;Si is just important as a part of a
ferromagnet-semiconductor hybrid structure. From the view-
point of the spintronic device structures, it is highly desirable
to explore epitaxial ferromagnet/semiconductor heterostruc-
tures that possess a rather perfect interface structure as well
as high thermal stability.

Recently, numerous studies of epitaxial growth and long-
range order of Fe;Si on GaAs (Refs. 2—4) or of Fe;Si hybrid
structures on Si(111) surface® have been performed searching
for alternative materials of better thermal stability and im-
proved interface quality as desirable for spintronic applica-
tions. It is well known that the high-temperature behavior of
bulk metals and alloy films is determined by the diffusion of
atoms.® Even more important is the role of diffusion in the
growth and the stability of thin films. In order to successfully
finalize an important step toward the integration of magne-
tism into microelectronics by the successful growth of high-
quality epitaxial ferromagnetic films on semiconductor sub-
strates it is, therefore, very important to investigate processes
taking place in the near-surface regions of thin films.

It has been recently demonstrated that the Fe;Si films are
thermally stable to ex sifu annealing at least up to 670 K,’
due to other studies to at least 1170 K.® These properties
make Fe;Si a very good alternative to elemental ferromag-
nets.

Fe-rich Fe;Si is known for very fast diffusion of Fe. The
Fe diffusion is strongly composition dependent and reaches
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its maximum at the stoichiometry. The bulk Fe;Si system
was extensively studied using quasielastic Mossbauer
spectroscopy,’ tracer diffusion method,'® and nuclear reso-
nant scattering (NRS) (Ref. 11) of synchrotron radiation.

The very large asymmetry in the diffusivity of the major
(Fe) and the minor (Si) component indicates that iron diffu-
sion takes place via nearest-neighbor (NN) jumps between
the Fe sublattices.'?> The major role in diffusion play thermal
vacancies, which are the main defects in this system.13’14 The
concentration of antisite atoms increases with higher Si
content.!> From Ref. 16 it is known that the deviations in Si
content in both directions from the stoichiometric composi-
tion decrease the diffusivity. Randl et al.'”7 showed that the
vibrational density of phonon states cannot be responsible
for the pronounced change of the iron diffusivity with com-
position. A consistent set of diffusion coefficients was ob-
tained from the tracer experiments'®!? and from Mossbauer
and NRS methods.”!! As shown by Sepiol et al.'! and Thiess
et al.'® the diffusion of iron atoms in Fe;Si is very fast and
can be observed by NRS just above the Curie temperature
T-=823 K." Extending the NRS method with the grazing
incidence geometry yields information not only about the
bulk sample, but also about the depth dependence of the
diffusion coefficient. Since this geometry was successfully
applied by Sladecek et al.? in Fe film on MgO substrate, we
used it to investigate diffusion of iron in Fe;Si.

II. SAMPLE PREPARATION

The D05 phase is a cubic structure consisting of four in-
terpenetrating fcc sublattices, usually labeled «;, a5, 7y, and
B. Three of them («,, a,, and 7y) are occupied by iron atoms
and the S sublattice is occupied by silicon atoms. Each sub-
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FIG. 1. (Color online) The CEMS spectra of the sample. The
stoichiometry of the sample is 77% of Fe and 23% of Si. The solid
line is the fit to the data, three components (Lorentzian sextets)
result from Zeeman components of iron atoms on a, on 7y, and D
sites. D sites are « sites but with additional iron atom on the S
sublattice in the NN shell—compare sextets corresponding to low-
est (around 21 T), highest (31 T), and medium (25 T) magnetic
fields, respectively.

lattice is shifted from the neighbor sublattice by 1/4 lattice
constant in the diagonal direction. Crystals of Fe;Si are very
well ordered!” up to the melting point 7,,,= 1493 K. Diffusion
of iron atoms in Fe;Si is one of the fastest of all known
intermetallic phases. Former Mossbauer and NRS experi-
ments on Fe;Si bulk samples®!?! revealed diffusion mecha-
nism of iron facilitating the present measurements of thin
film surfaces.

One of the main difficulties encountered throughout the
studies of iron silicide films are rather challenging sample
preparation procedures. Whereas production of e-FeSi or
FeSi, phases is well documented,””* Fe;Si thin films are
especially difficult in preparation. Ordered iron silicide films
were prepared on an MgO(001) substrate by molecular beam
epitaxy (MBE). The thickness of the MgO substrate was
0.5 mm. The samples were prepared under UHV conditions
by layer-by-layer deposition of iron and silicon layers in the
proportion close to the ordered D05 structure of Fe;Si (3:1).
The deposition was done at =470 K. The reflectivity mea-
surement revealed only thickness oscillations from a homo-
geneous Fe-Si layer.

The sample was transported in inert atmosphere to the
synchrotron and loaded via a glove-bag into a load-lock sys-
tem of an UHV chamber. (For a detailed description of the
chamber see Ref. 25.)

The sample was characterized by conversion electron
Mossbauer spectroscopy (CEMS) and x-ray diffraction
(XRD) before and after the NRS experiment. Stoichiometry
of the film could be determined directly from CEMS spectra
yielding 77(1)% of Fe and 23(1)% of Si.?®?” The measured
spectrum and the appropriate fit is shown in Fig. 1.

XRD measurements (see Fig. 2) confirmed the well or-
dered intermetallic phase with the (001) axis perpendicular
to the surface. In order to check the in-plane thin layer qual-
ity a grazing incidence diffraction (GID) measurement has
been performed. The sample was well in-plane ordered [see
Fig. 2(b)]. [100] and [010] lattice directions were parallel to

[110] and [110] directions of the MgO substrate, respec-
tively. From the width of the GID peak we estimate domains
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FIG. 2. (Color online) (a) X-ray diffraction spectrum from
Fe,Si,; measured in the specular geometry (the y axis shows val-
ues up to 100 counts). (b) The GID intensity from the (110) lattice
planes perpendicular to the sample surface.

with the mean dimension over 200 nm. Thus the sample will
be further regarded as a single crystal. The sample thickness
measured by x-ray reflectivity was 15+1 nm.

III. EXPERIMENT
A. Measurements

NRS in the time domain can be used for measurement of
atomic jumps as was theoretically shown by Smirnov and
Kohn.”®? The NRS method exploits the excitation of iron
atoms into a high-energy state. The response of the sample is
measured by fast electronics (APD detectors). The spectrum
consists of two parts. The first part comes from photons scat-
tered by electrons (ps time scale). The second part are pho-
tons re-emitted after resonant absorption providing informa-
tion about dynamics in the sample. Combination with the
grazing incidence geometry shows an enhancement of the
surface sensitivity of the method and enables studies of dif-
fusion in bulk and in near-surface regions.

The thermal treatment of the sample was realized by
means of resistivity heating in a Mo-sample holder. The sub-
strate was a 10 X 10 mm polished MgO crystal. The tempera-
ture of the Mo holder was controlled by a thermocouple at-
tached to its surface. In order to estimate the temperature
offset between the surface of the Mo holder and the surface
of the Fe-Si layer, the layer temperature was calibrated by
the magnetic transition (ferromagnetic-paramagnetic) of the
Fe;Si film [7,=823 K (Ref. 19)]. The ferromagnetic-
paramagnetic transition was clearly visible in the forward
scattering intensity as a sharp intensity drop (increase), when
changing temperature below (above) Curie temperature, re-
spectively.
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FIG. 3. (Color online) NRS spectra for two different incidence
angles at T=873 K: (a) a=2.47 mrad, (b) «=3.70 mrad and at T
=923 K: (¢) @=2.47 mrad, (d) =3.70 mrad. The solid lines rep-
resent best fits with the model where the boundary between the bulk
layer and the adjacent near-surface layer lies at 3.5 nm. The dashed
(red) lines represent best fits achieved with the bulk model (constant
diffusion along sample depth).

NRS investigations were performed at the ID18 beamline
at ESRF in Grenoble operating in 16-bunch timing mode in
the standard setup for grazing incidence geometry.’® The ver-
tical dimension of the beam was 150 um. The sample was
kept under UHV conditions in a chamber dedicated for graz-
ing incidence investigation and mounted on a two circle go-
niometer during measurements.

To avoid a very demanding interpretation of the beat pat-
tern in the NRS spectra resulting from magnetic hyperfine
interactions,’! the diffusion investigations have been carried
out above the Curie temperature of Fe;Si. The NRS measure-
ments were performed in grazing incidence geometry at sev-
eral temperatures above 7 and at two different incidence
angles (2.47 and 3.70 mrad). Enhanced diffusion in the
sample results in an acceleration of the re-emitted
intensity,'>*3233 which allows us to extract information
about diffusion from the NRS spectra.

B. Data evaluation

The measured spectra were evaluated with the EFFINO
software.’* The theoretical background of the forward and
grazing incidence geometry for both energy and time domain
spectra offered by the program can be found in Ref. 35. The
software has been chosen for fitting because it allows imple-
menting several distinct iron sites within one layer, which is
necessary for the used model. Thanks to a combination of
EFFINO and scripts written by the author we could realize
depth profiles by preparing appropriate input files. None of
the available fitting routines can otherwise attain this goal. It
turned out impossible to fit the data with only one 15 nm
thick Fe;Si bulk layer (see dashed lines in Fig. 3) and also
with enhanced diffusion limited to the sample surface only.
Thus the sample was modelled as a layered structure contain-
ing 11 layers. The topmost ten layers modelled the near-
surface part of the sample. The eleventh layer was a bulk
layer. This is an extension of the model used by Sladecek et
al.,”® where the sample is described by two layers only with
a stepped diffusivity profile on the boundary between the
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near-surface region and the bulk. The use of more layers
allows one to model a smooth diffusivity profile from top to
bulk. The depth profiles were realized by means of the
Fermi-like function f(d)=1/[1+exp(d—d,)/o?], where d de-
notes the sample depth and d,, and o define the position and
the shape of the profile. This model is chosen as a natural
extension of the “two-layer model.” In contrast to the one- or
two-layer models this one fits successfully the measured data
and—what is also important—it describes the sample in a
more realistic way. In each layer parameters such as Lamb-
Mossbauer factor or diffusion coefficient can be set indepen-
dently. Such an approach allows to identify different diffu-
sion coefficients at different sample depths which leads to a
diffusion-depth profile. The bulk diffusion model of iron in
Fe;Si of Sepiol et al.”!!3¢ with two distinct iron sites (o and
v) with different weights was chosen for the fitting. Ab initio
calculations using first principle density-functional theory on
the D05 Fe;Si system have been performed recently.” These
calculations completely confirmed the a-7y jump model.%3¢
The calculated activation energies for the diffusion of Fe
show much smaller values for the jumps along (111) direc-
tion. The activation energy for this process is only 0.59 eV
compared to 2.42 eV for jumps along (100) (a;—a,
jumps),>” and is in perfect agreement with the
experiment.”3*3 The enhanced diffusivity in the near-
surface region of the film was necessary in order to get sat-
isfying fits. All spectra measured at the same temperature
were fitted simultaneously with constant total thickness of
the sample, whereas the boundary between the near-surface
region and the bulk part of the film was allowed to move.
Each spectrum has assigned particular incidence angle and
intensity. Only these two parameters are not shared between
the spectra at given temperature.

The one- or two-layer structures could be immediately
classified as false models for iron diffusion near the Fe;Si
surface. An exponential dependence of the diffusivity was
tested without success. Probably this function is too steep
and the contribution of the surface to the spectrum is under-
estimated. The Fermi-like model is an “intelligent guess”
providing, in our opinion, good estimation of the depth de-
pendence of iron diffusivity. We can not claim, however, that
the Fermi-like model is the only possible solution. The NRS
spectra are not sensitive enough to enable distinction be-
tween functions similar to the Fermi-like function.

IV. RESULTS AND DISCUSSION

Typical NRS spectra measured at 873 K and for an inci-
dence angle of (a) a=2.47 mrad and (b) @=3.70 mrad (b)
are shown in Fig. 3. The dashed lines are shown for com-
parison and represent the best fits achieved with constant
diffusion along the sample depth.

The best fit with the measured data was reached with the
interface between the near surface and the bulk lying be-
tween 3 and 3.5 nm depth. The fits show very strong diffu-
sion depth dependence in the near-surface region. The diffu-
sion depth profiles for three measured temperatures are
presented in Fig. 4.

The measurements show depth dependence of the diffu-
sivity in the whole measured range. The diffusivity in the

054306-3



KMIEC et al.
1x 1012 -
923K

8§x 10713 ¢ 2)
= ex103 ¢
T
£
A 4x10B — 873K

-13 |
2% 10 83K
100 ' ' T
0 1 2 3 4
Depth (nm)
T (K)
900 850
T T

1x 10712
=z
E
A

1x1013

1.08 1:12 1.16 1.2
1000/T (1/K)

FIG. 4. (Color online) Diffusion-depth profiles for three mea-
sured temperatures. The vertical line denotes the assumed boundary
between the near-surface and the bulk region (a). Arrhenius plot of
the diffusivity in the near-surface layer at three measured tempera-
tures. The activation energy is E4=1.30+0.12 eV and the pre-
exponential factor is Dy=~2X 107> m?s~! (b).

top-most part of the thin film is faster than in the bulk and
decreases slowly reaching the values of bulk at approxi-
mately 3 to 3.5 nm. The diffusivity increases with tempera-
ture [see Fig. 4(b)], the activation energy for the near-surface
layer is about 1.30 eV, and the pre-exponential factor D,
=2X 107> m?s~!. The activation energy near the sample sur-
face is lower than the corresponding value extrapolated from
tracer data of Gude and Mehrer! for the composition of
Fe;;Siy; E4,=~1.77 eV. The pre-exponential factor is in good
agreement with that of the tracer bulk sample. The reduction
of the activation energy for diffusion in the near-surface
layer was also observed in pure a-iron measured by Sladecek
et al.®

An enhanced diffusivity in the uppermost atomic layers of
a-Fe’¥ indicates that this effect is not connected with the
alloy disorder on the sample surface. From the high-
temperature measurements of Starke et al.® it is known that
the uppermost layer of the D05 phase is modified, but this
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reversible reconstruction process concerns only the first layer
which has a nearly negligible impact on the NRS spectrum.
One shall note that the penetration depth of the synchrotron
radiation, i.e., the thickness where the amplitude of the elec-
tric field decays to a fraction of 1/e, is much larger than a
few monolayers. For example, the penetration depths for
Fe;;Si,; are 2.3 and 5.8 nm for incidence angles of 2.47 and
3.70 mrad, respectively.

There is no other experimental method which can mea-
sure diffusion close to the surface. Methods such as inelastic
helium atom scattering®® (HAS) or scanning tunneling mi-
croscopy (STM) are limited to the uppermost surface layer
only and are not able to look deeper into the sample. On the
other hand theoretical ab initio calculations are limited to a
small number of atoms (=100), which in some cases may be
enough for surface calculations, but not for depth profiles
reaching from surface to bulk. A different approach, the
Green function method, can simulate more atomic layers and
can be useful for depth calculations providing some pure
metals atomic relaxation of 20-30 layers (=~ few nm).*’

V. CONCLUSIONS

Diffusivity measurements in near stoichiometric Fe;Si
films were performed by means of nuclear resonant scatter-
ing in grazing incidence geometry. The measurements show
a depth and temperature dependence of iron diffusion in
Fe;;Si,5. The experiment revealed enhanced diffusivity in the
near-surface region decreasing with the sample depth. The
boundary between regions of enhanced surface diffusion and
bulk diffusion lies approximately at 3.5 nm. The bulk diffu-
sion values are in good agreement with tracer data. We con-
clude that for depth diffusion studies in thin film, depth pro-
filing grazing incidence geometry NRS appears to be an
effective tool.
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