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Epitaxially stabilized iron monosilicide films with the CsCl structuresB2-FeSid have been
investigated by conversion electron Mössbauer spectroscopy and x-ray diffraction. A detailed
investigation of the elastic strain in these metastable layers is presented. Using hyperfine interaction
information the tetragonal distortion of the silicide lattice could be quantified for layers as thin as
14 Å. A general tendency for strain relaxation with increasing layer thickness is observed. ©2004
American Institute of Physics. [DOI: 10.1063/1.1768307]

Almost all electronic devices rely on the proper func-
tioning of often quite complex thin film and multilayer struc-
tures. The growth of a film on a substrate is generally asso-
ciated with the build-up of large mechanical stresses.
Consequently, the elastic energy of the system increases ac-
cordingly. Due to its possible detrimental effect on device
performance, experimental investigations of intrinsic film
strain and strain relaxation have a long tradition. Yet, it is
important to realize that current electronic and magneto-
electronic devices consist of multilayers where the individual
layer thickness is only a few atomic layers.1 The stress in
such (sub)nanometer ultrathin films is no longer accessible
via conventional strain analysis techniques such as x-ray dif-
fraction (XRD) or Rutherford backscattering spectroscopy
(RBS).

In this letter we describe an alternative approach to in-
vestigate the epitaxial strain, based on conversion electron
Mössbauer spectroscopy(CEMS). This way a sensitivity
close to the nanometer level can be reached. As an example,
we present a detailed investigation of the epitaxial strain in
metastable iron monosilicide filmssB2-FeSid embedded be-
tween two ferromagnetic iron layers. This system attracts
considerable interest nowadays because of interlayer ex-
change coupling related phenomena.2,3 Using hyperfine inter-
action measurements the tetragonal distortioneT=ei−e' of
the lattice (where ei and e' denote the strain parallel and
perpendicular to the surface, respectively) could be quanti-
fied in silicide layers as thin as 14 Å.

Epitaxial Fes80 Åd / 57FeSi/Fes40 Åd sandwiches are
grown with molecular beam epitaxy on polished MgOs001d
substrates held at 150 °C. The pressure during growth was
below 4310−10 Torr. The iron constituting the ferromag-
netic boundary layers has the natural isotopic composition
whereas for the silicide layers Si is codeposited with isoto-
pically enriched57Fe s95%d. We used calibrated quartz crys-
tal monitors to control the thickness, the deposition rate and
the relative atomic flux. The deposition rates for57Fe and Si
are 0.030 and 0.051 Å/s, respectively. The spacer thickness
was varied from 8 to 165 Å. Finally, the samples were
capped with 45 Å of Au, deposited at room temperature
(RT), to prevent oxidation. Well-defined RHEED patterns are

maintained throughout the whole deposition sequence and
indicate epitaxial growth.

XRD measurements were obtained using CuKa radia-
tion sl=1.5415 Åd. Low angle 2u /v-scans(not shown) on
samples with silicide thicknesses smaller than 30 Å exhibit
clear oscillations up to 2u=16°, indicative for very small
thickness fluctuations. In Fig. 1 a set of CsCl–FeSis001d
Bragg peaks is shown. This diffraction is forbidden for the
Fe layers(bcc structure) and, as a consequence, allows an
accurate experimental determination of the silicide lattice pa-
rameter perpendicular to the surface. For the 165-Å-thick
silicide layer the center of the diffraction peak is at 2u
=32.40s1d°, corresponding to an interplanar distance of
2.763s1dÅ. The crystalline coherence length extracted from
the peak width is around 140 Å. With decreasing film thick-
nesses, the peak position shifts to higher angles, indicating
that the perpendicular lattice parameter decreases. Theoreti-
cal calculations4,5 as well as experimental results on com-
pletely relaxed films6 yield a lattice parameter of 2.77 Å.
This indicates that the silicide layers are strained in tension.
For spacers thinner than 50 Å it becomes impossible to de-
termine the interplanar distance from XRD measurements.

Mössbauer spectroscopy has, due to its high sensitivity
to the atomic and electronic surroundings of the Mössbauer
probe57Fe, been successfully utilized in the study of epitax-
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FIG. 1. 2u /v-scans of the FeSis001d planes in case of a 165-, 90-, 70-, and
50-Å-thick spacer. The different spectra are shifted vertically for clarity. The
dashed line at 32.31° indicates the location of the(001) diffraction for fully
relaxed CsCl–FeSi, whereas the solid lines are Gaussian fits of the data.
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ial phases of the Fe–Si system.7–9 Here it is used to investi-
gate the epitaxial strain in ultrathin iron monosilicide layers
with a metastable CsCl structure. CEMS measurements were
performed at RT using a 12 mCi57Co in a Rh matrix source
that was moved by a constant acceleration drive. The
samples were incorporated as electrodes in a proportional gas
detector. The resulting spectra obtained on a sample with
nominal composition Fes80 Åd / 57FeSis30 Åd /Fes40 Åd at
two values of the angleu between theg direction and the
normal to the sample are shown in Fig. 2. Consistent fits
(solid lines through the data points) include a small compo-
nent(dotted line) with the hyperfine parameters ofa-Fe and
a linewidth of 0.24 mm/s due to the presence of 2.25 at.% of
57Fe nuclei in the natural iron layers. Because of the low
velocity range of the depicted measurements, only two out of
six possible nuclear transitions characteristic for bulk iron
can be observed. We verified that CEMS measurements per-
formed with a higher maximum velocity contain all six reso-
nances and that the relative line intensities are in agreement
with an in-plane orientation of the magnetization of the iron
layers. For the silicide layer only one asymmetric doublet is
taken into account. Due to the selective57Fe enrichment in
the silicide layer, this is the dominating part of the spectrum
(solid line). No fractions of other silicide phases or of inter-
face components were observed. As fitting parameters only
the isomer shiftsdd, the quadrupole splittingsDd, the line-
width sGd, and the intensity ratio of the quadrupole doublet
components are used. The results are collected in Table I.

The CsCl structure is a simple cubic lattice with a basis
of Fe at the origin and Si ats1/2,1/2,1/2d. Due to this

symmetry, no quadrupole interaction is expected and as the
monosilicide phase is nonmagnetic10 a single line spectrum
should be observed. Due to strain-induced symmetry reduc-
tion however, a small electric field gradient(EFG) originates
at the57Fe nucleus. In case of(001) oriented growth its prin-
cipal axissVzzd is parallel to thef001g direction. In general,
for a thin single-crystalline sample with a well-defined direc-
tion of the EFG, the ratio of the intensity of the two transi-
tions I1/2→ I3/2s;Ipd and I1/2→ I1/2s;Isd of a quadrupole
doublet is angular dependent. If the asymmetry parameterh
is zero and the Lamb–Mössbauer factor is isotropic, one
has11

Ip

Is

=
3s1 + cos2ud
5 − 3 cos2u

, s1d

where u is the angle between the direction of the exciting
photon and the principal axis of the electric field gradient.
This dependence has been successfully used to characterize
the EFG at the two iron sites in botha-FeSi2 (Ref. 12) and
b-FeSi2.

13 In Fig. 2 the angular dependence of the quadru-
pole components can be clearly identified and is consistent
with an EFG of which the principal axis lies along the nor-
mal to the sample surface. Changing the angleu from 0° to
70°, the ratio of the intensities of the line at higher and lower
energy increases. This indicates a negative sign of the prin-
cipal value of the EFG.11 A similar behavior was found for
all other samples with a spacer thickness larger than or equal
to 14 Å.

Experimentally, for silicide layers thicker than or equal
to 50 Å a linear correlation with a proportionality constant of
−18.5s9d% /smm/sd is obtained between the quadrupole
splitting determined via CEMS and the tetragonal distortion
determined by XRD. Extrapolation of this behavior to the
thin silicide region s,50 Åd, not accessible via XRD or
RBS, is justified by the linear dependence of the quadrupole
splitting with varying strain, as evidenced byab initio calcu-
lations(not shown). Consequently, the extrapolation provides
a straightforward way to determine the tetragonal distortion
of the silicide lattice from the experimentally accessible hy-
perfine interaction parameters. The result is presented in Fig.
3. A clear relaxation process typical for lattice-mismatched
epitaxial systems is identified. For such heterostructures, if
the thickness of the layer is thinner than a critical thickness,
coherent growth with the substrate is achieved. However, if
the film thickness exceeds this critical thickness, the intro-
duction of misfit dislocations near the interface is energeti-
cally favored. The strain relief by these interfacial defects
has been discussed in detail by Matthews and Blakeslee.14

Since, to the best of our knowledge, no information is avail-
able about the nature of the dislocations formed in the
Fe/CsCl-FeSi/Fe system, only a qualitative fit could be ob-

FIG. 2. Room temperature CEMS spectra of
Fes80 Åd / 57FeSis30 Åd /Fes40 Åd at two different anglesu between the in-
comingg-ray direction and the normal to the surface of the sample. The two
subspectra are displayed at the bottom of each spectrum. Due to selective
57Fe enrichment, the dominating contribution(solid line) comes from the
silicide layer.

TABLE I. Hyperfine parameters for the silicide component of the spectra in
Fig. 2. The uncertainties on the last digit are as determined by theNORMOS

analysis program(Ref. 15). The isomer shifts are given relative toa-Fe at
room temperature.

Site Parameter u=0° u=70°

FeSi dsmm/sd 0.31s2d 0.29s2d
Dsmm/sd −0.26s1d −0.25s1d
Gsmm/sd 0.33s1d 0.34s1d

Ip / Is 2.7s1d 0.78s2d
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tained employing their model(solid line in Fig. 3). It can be
estimated from Fig. 3 that coherent growth is not achieved
for monosilicide layers with a thickness down to at least
16 Å.

In conclusion, by combining conversion electron Möss-
bauer spectroscopy and x-ray diffraction, the epitaxial strain
in the silicide layer of Fe/CsCl–57FeSi/Fe sandwiches could
be quantified down to thicknesses as low as 14 Å. A general
tendency for strain relaxation with increasing layer thickness
was observed. The approach introduced is not limited to the
FeSi system, as illustrated here, but can be applied to other
structures as well. We expect it to be also applicable to sys-
tems with a noncubicL10 crystal structure exhibiting a large
perpendicular magnetic anisotropy such as Fe/Au, Fe/Pt,

and Fe/Pd. Here, the anisotropic electronic charge distribu-
tion will be reflected by asymmetrical line positions in the
Zeeman sextet.11
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FIG. 3. Tetragonal distortioneT=ei−e' of the monosilicide as a function of
its thickness. The solid line is a fit using the strain relief mechanism de-
scribed by Matthews and Blakeslee, whereas the dashed line indicates the
thickness limit accessible via XRD.
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