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Magnetic and structural properties of epitaxial c-FeSi films grown on MgO(100)
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Conversion electron Mossbauer spectroscopy (CEMS) and superconducting quantum interference device
(SQUID) magnetometry have been applied to study the metastable iron monosilicide phase (c-FeSi) with
the B2 (or CsCl) lattice structure synthesized by molecular beam epitaxy (MBE). Thin films of nomi-
nal composition of c-FeSi( g5 were grown by codeposition of 57Fe and Si onto MgO(100) carrying a thin Fe or
Cr buffer layer. X-ray diffraction was performed to determine the structure and epitaxial relationship of the
c-FeSi(g5(100) films. The B2 structure was observed after different thermal annealing steps. The lattice pa-
rameter perpendicular to the film plane was found to be 2.77(5) A in each case. The CEM spectra at room
temperature could be decomposed into two components: (i) a weakly quadrupole-split doublet assigned to
nonmagnetic stoichiometric c-FeSi, and (ii) a weakly ferromagnetic component characterized by a distribution
of hyperfine magnetic fields, P(Byy), assigned to a fraction of nonstoichiometric c-FeSi, with excess Fe. CEMS
and SQUID magnetometry demonstrate the occurrence of magnetic ordering effects with decreasing tempera-
ture down to 4.2 K. Our results reveal that, contrary to expectation, the stoichiometric c-FeSi phase is para-
magnetic at room temperature and ferromagnetically ordered below ~30 K, while c-FeSi, is ferromagnetic at
and below 300 K. At 5 K we find small ground-state Fe atomic magnetic moments ug, of (0.10£0.02) up for
c-FeSi and (0.13+0.03) wp for c-FeSi,. These small moments are reflected in the observed small hyperfine

magnetic fields of 2~4 T in the ground state.
DOI: 10.1103/PhysRevB.73.214423

I. INTRODUCTION

During the last several years, iron silicides have attracted
increasing interest from the fundamental as well as the tech-
nological points of view. One of the most relevant features of
these materials is that, in addition to bulk phases,1 metastable
phases can be stabilized through epitaxial growth on a suit-
able substrate. The enhanced stability of metastable phases is
mainly due to their better lattice matching with the substrate,
giving it an advantage over the bulk stable phase because of
the favorable interface contribution to the total energy.’
These phases exhibit interesting properties not found in the
bulk compounds. Moreover, metastable epitaxial phases have
the basic interest of being crystallographically simpler than
the bulk phases. They often represent ideal phases prior to
instability driven deformations. The c-FeSi phase, which is
considered to be nonmagnetic at room temperature (RT),3

has the B2 (or CsCl) structure with space group Pm3m, i.e.,
a simple-cubic lattice with a basis of Fe at the origin and Si
at (1/2 1/2 1/2). Both atoms are coordinated with eight near-
est neighbors.® The corresponding stable bulk phase, e-FeSi,
of this material is simple cubic and has P2,3(T*) space-
group symmetry.°

Previously, the successful synthesis of metastable c-FeSi
by molecular beam epitaxy (MBE) on both Si(111) (Ref. 7)
and MgO(100) substrates® was reported. c-FeSi formation
after ion implantation was observed by Reuther.”! Further-
more, the c-FeSi phase has been observed in MBE-grown
Fe/FeSi/Fe sandwiches.!!™!3 Such structures are attracting
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interest due to strong antiferromagnetic coupling through the
c-FeSi interlayer, which is of significance for applica-
tions in magnetoelectronics. Croonenborghs et al.'' have
studied the interlayer exchange coupling in MBE-grown
Fe/c-Fe( 5,Sij 50/ Fe trilayers. Both the bilinear and the bi-
quadratic coupling coefficient increase strongly with de-
creasing temperature down to ~70 K, but, surprisingly, then
slightly decrease again. This behavior was explained within
the framework of Slonczewski’s loose spin model,'* assum-
ing a temperature-dependent concentration of paramagnetic
entities.!! Below ~100 K, the fractional loose spin concen-
tration was found to decrease on cooling, but the reason for
this behavior was left open.!!

In this paper, we present a detailed study of the hitherto
unknown low-temperature magnetic properties of metastable
c-FeSi thin films grown on MgO(100) by MBE. *’Fe con-
version electron Mossbauer spectroscopy (CEMS) was per-
formed between RT and 4.2 K in order to investigate struc-
tural and magnetic properties on an atomistic scale.
Mossbauer spectroscopy is a powerful method for the study
of local magnetic interactions as well as local structure and
symmetry via magnetic and electric hyperfine (hf)
interactions.'> Because of the high sensitivity of the Moss-
bauer spectra with respect to the atomic and electronic sur-
roundings of the 3’Fe probe nucleus, this method is very
useful for the analysis of metallurgical phases. Complemen-
tary results from x-ray diffraction (XRD) and super-
conducting quantum interference device (SQUID) magne-
tometry studies are also presented. Our combined Mossbauer
spectroscopical and SQUID results prove that, contrary
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to expectation, the stoichiometric c-FeSi phase in the thin
film develops ferromagnetism with a weak atomic moment
and a small hyperfine magnetic field at low temperature. Our
results suggest that the nonmonotonic temperature depen-
dence of the bilinear and biquadratic coupling coefficients in
Fe/c-FeSi/Fe trilayers, as observed in Ref. 11, is caused by
the ferromagnetic behavior of the c-FeSi phase at low tem-
perature.

II. EXPERIMENTAL

The c-FeSi phase was synthesized in a MBE system. The
MgO(100)-substrate surface was first cleaned by using iso-
propanol and then [after insertion into the ultrahigh vacuum
(UHV) system] by heating at 630 °C for 1 h to remove sur-
face contaminants. The base pressure was 5X 107" mbar.
Two different samples were prepared. For sample 1, a 30 A
thick Fe buffer layer of natural isotopical composition was
grown at 200 °C on MgO first, before growing a 135 A thick
>"FeSiy g5 layer (nominally c->"Fes,Siy 4 With 4 at. % ex-
cess Fe) at RT by co-deposition of °>’Fe and Si. The pressure
during growth was 5 X 10~ mbar. The deposition rates were
0.02 A/s (°'Fe) and 0.029 A/s (Si). For sample 2, a 30 A
thick Cr buffer layer was grown at 200 °C on MgO followed
by a 150 A thick >’FeSiygs layer grown at RT by co-
deposition of °'Fe and Si. The deposition rates were 0.1 A/s
(°"Fe) and 0.145 A/s (Si). Subsequently, sample 2 was an-
nealed in UHV at 250 °C for 20 min. Finally, the samples
were covered with a 50 A thick Si layer (sample 1) and a
50 A thick Cr layer (sample 2) for protection. High-purity
materials (natural Fe: 99.9985 at. %, 3TFe: 99.95 at. %, Cr:
99.999 at. %) were evaporated from resistively heated
Knudsen cells, while Si (99.999 at. %) was evaporated from
an electron gun. The deposition rates of *'Fe (of 95% isoto-
pical enrichment) and Si and the film thicknesses were mea-
sured by two independent calibrated quartz crystal oscilla-
tors. The composition given for the samples is the nominal
composition as determined by the quartz crystal oscillators.
As we have shown in prior work, the formation of a nearly
undistorted stoichiometric c-FeSi phase after annealing is fa-
vored by excess Fe in the FeSi film, and is delayed by excess
Si.!'® The samples were investigated ex situ after annealing
for 20 min in UHV in different stages up to 250 °C (sample
1) and 310 °C (sample 2).

Mossbauer CEM spectra were measured at RT by mount-
ing the sample in a He/CHy-proportional counter, and by
using a 3Co source (Rh matrix). Low-temperature CEM
spectra were obtained by using a channeltron electron detec-
tor placed, together with the sample, in the inner evacuated
chamber of a liquid-He bath cryostat. The incident 7y radia-
tion was perpendicular to the sample surface. For the least-
squares fitting of the CEM spectra, the NORMOS com-
puter program by Brand'” was used, which is based on the
histogram method by Hesse and Rubartsch.!® ®-20 x-ray
diffraction (XRD) was performed ex situ at RT and 113 K by
using a Cu anode and a graphite monochromator (Ag,
=1.54178 A). Magnetic measurements were performed us-
ing a commercial SQUID (superconducting quantum inter-
ference device) magnetometer (Quantum Design MPMS).
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FIG. 1. ©-20 x-ray diffraction diagram of the 250 °C annealed
nominal c-FeSig g5 film (sample 1) at RT.

The epitaxial growth was checked by RHEED (reflection
high-energy electron diffraction) on a sample that was simi-
lar to sample 2 and prepared under the same conditions as
sample 2, but without a Cr cap layer. This sample was ex-
posed to air during its transfer to the RHEED-UHV chamber,
and RHEED was obtained after cleaning the sample surface
by Ar ion sputtering at 0.5 keV at a sample temperature of
120 °C. After this treatment only Fe and Si (and no O) was
detected by Auger electron spectroscopy.

III1. RESULTS AND DISCUSSION
A. Structural investigations

XRD measurements were performed to determine
the structure and epitaxial relationship of the nominal
c-FeSij g5 films after annealing at 250 °C (sample 1) and
310 °C (sample 2), respectively. The XRD pattern of
sample 1 is shown in Fig. 1. (The XRD pattern of sample
2 looks very similar and is not displayed.) We clearly ob-
serve Bragg-peaks at 32.35° and 67.69° corresponding to the
¢-FeSi(100) and c-FeSi(200) reflections, while at 65.10° the
Fe(200) reflection is visible as a shoulder. The (n00) peaks
are the only observable reflections due to the epitaxial rela-
tion c-FeSi(100)||MgO(100) of the film. A proof of epitaxial
growth is provided by the RHEED reflections taken along
the c-FeSi[010] direction and shown in Fig. 2. RHEED re-
flections were observed also along other azimuthal directions
(not shown). For the c-FeSi film of samples 1 and 2, a value
of 2.77(5) A (at RT) for the lattice spacing perpendicular to
the surface was deduced byXRD. This agrees well with the
value of 2.774 A for c-FeSi films also grown on MgO(100),
as found by Degroote et al.® Degroote et al.® have computed
a theoretical value of 2.785 A for the lattice spacing perpen-
dicular to the surface of c-FeSi g5 with an undistorted cubic
lattice cell. Our perpendicular lattice parameter obtained for
the c-FeSiy g5 film is slightly smaller (2.77 A) than this cal-
culated value. This may be explained by an increase of the
atomic distances in the surface plane of the silicide layer
induced by the lattice mismatch of -3.5% with the
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FIG. 2. RHEED pattern of an uncoated 150 A thick nominal
c-FeSi(g5(100) film taken along the [010] azimuthal direction.
(Electron energy: 10 keV.)

MgO(100) substrate, causing a decrease of the lattice spac-
ing perpendicular to the surface.

Energy dispersive x-ray analysis (EDX) revealed that
the 135 A thick nominal c-FeSi, g5 layer (sample 1) and the
150 A thick nominal c-FeSiygs layer (sample 2) both con-
sist of lateral areas, which are a few microns large of sto-
ichiometric c-FeSi and of nonstoichiometric c-FeSi, with
excess Fe atoms. The Fe concentrations of the more Fe-rich
areas of sample 2 were found to fluctuate betweeen 54 and
60 at. % (= c-FeSi ;5 in the average). In the case of sample
1, the total Fe and Si content (Fe buffer layer+c-FeSiygs
+Si-cap layer) was measured. Therefore, the calculated
Fe concentration of 52 at. % of the more Fe-rich areas in-
side the iron-silicide layer of sample 1 (corresponding to
c-FeSij 9;) may contain a systematic error, as assumptions
had to be made. An independent estimation of the sample
composition was made via the known isomer-shift—vs—Si-
concentration relationship (see Sec. Il B). This yields an Fe
concentration of c-FeSi, in sample 1 of (54+5) at. % Fe.

This lateral inhomogeneity in the sample composition is
reflected also in the Mossbauer spectra by the appearance of
two different subspectra (see Sec. III B). (Throughout the
paper we will give the nominal sample composition.) A de-
viation from the nominal Fe/Si concentration ratio was also
obtained by Degroote et al.® By stoichiometric codeposition
of Fe and Si at RT, these authors grew thin c-FeSi films with
different thicknesses between 90 and 580 A on a 30 A thick
Fe buffer layer on MgO(100). From Rutherford backscatter-
ing spectrometry (RBS), they observed a Fe excess of
~4 at. % (c-""Fe, 5,Siy 46 or FeSiygs) for all silicide layers of
the different samples.

B. Mossbauer spectroscopy

The CEM spectra of the 135 A thick nominal c-FeSi g5
film (sample 1) in the as-grown state and after annealing at
different temperatures are shown in Figs. 3(a)-3(c). The ob-
tained fitting parameters are reported in Table I. All spectra
were least-squares fitted with two spectral components: (i)
one asymmetric quadrupole-split doublet (labeled D1) with
Lorentzian line shape [following the work by Croonenborghs
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FIG. 3. CEM spectra of the nominal c-FeSiggs film (sample 1)
measured at RT in the as-grown state (a) and after annealing
at 200 °C (b) and 250 °C (c). CEM spectra of the nominal
c-FeSig g5 film (sample 2) measured at RT after annealing at 250 °C
(d) and 310 °C (e) are also shown. The spectra were fitted with a
quadrupole doublet D1 and a magnetic hf field distribution, P(Byy),
right-hand side.

et al.,”® we assumed an intensity ratio /I~ >1 for the in-
tensity of the low (/) and high (/-.) energy line of the quad-
rupole doublet D1]; and (ii) a spectral component with a
magnetic hf field distribution, P(By). (A linear correlation
between the hf field, By, and the isomer shift, §, had to be
assumed to obtain a good fit.) With increasing annealing
temperature, the spectral area of doublet D1 increases at the
expense of that of the magnetic hf field distribution P(Byy)
(Figs. 3(a)-3(c) and Table I). After the 250 °C annealing, the
relative spectral area (relative integrated intensity) of doublet
D1 was found to be 79%, as compared to 18% in the as-
grown state.

Figures 3(d) and 3(e) exhibit the CEM spectra of the
150 A thick nominal c-FeSijgs film (sample 2) after anneal-
ing at 250 and 310 °C, respectively. The spectra were again
fitted with a doublet D1 and a component with a magnetic hf
field distribution P(By). Upon annealing from 250 °C up to
310 °C, the relative spectral area of doublet D1 increases at
the expense of that of the magnetic hf field distribution
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TABLE 1. Mossbauer spectral parameters of samples 1 and 2 of nominal composition c-FeSij g5: isomer
shift & and mean isomer shift (6) relative to a-Fe at RT, linewidth I', quadrupole splitting AE,, ratio of the
intensity of the high (/~) and low (/) energy line of the quadrupole doublet, average magnetic hf field (Byy),
and relative spectral area A. T is the measurement temperature and 7, the annealing temperature.

T T, 5 r AE, (&) By A
(©) (K) Subspectrum  (mm/s) (mm/s) (mm/s) [-/I~ (mm/s) (T) (%)
Sample 1
RT As-grown D1 0.26(3) 0.35(5) -0.30 1.0 18
P(Byp) 0.30 026(8) 2.7(1) 82
RT 200 D1 0.28(4) 0.48(9) -0.24(6) 2.4(1) 53
P(Byp) 0.30 027(7) 2.5(1) 47
RT 250 D1 0.26(6) 0.30(2) -0.18(3) 2.3(2) 79
P(By) 0.30 0252) 2.6(3) 21
RT 250 D1 027(3) 0.38(9) -023(1) 2.3(1) 73
(B=0.95T) P(Byy) 0.30 026(3) 1.83) 27
110 250 D1 0.37(1) 0.34(4) -0.17(5) 2.3(3) 68
P(Byy) 0.30 030(5) 2.8(4) 32
42 250 D1 0.45(2) 0.33(8) -026(3) 2.3(1) 16
P(Byy) 0.30 033(2) 5.6(5 84
Sample 2
RT 250 D1 0.28(3) 0.41(8) -0.22(6) 2.4(3) 65
P(Byy) 0.30 025(3) 23(2) 35
RT 310 Dl 0.26(5) 0.33(3) -0.21(1) 2.4(1) 77
P(Byy) 0.30 024(3) 19(3) 23
80 310 Dl 0.38(7) 0.33(2) -0.21(3) 2.4(2) 63
P(Byy) 0.30 036(1) 2.4(2) 37
4.2 310 Dl 0.40(7) 0.33(3) -0.21(1) 2.4(1) 17
P(Bpy) 0.30 0.36(4) 3.8(1) 83

P(Byy) from 65% to 77% [Figs. 3(d) and 3(e) and Table I].
The hf parameters of doublet D1 cannot be assigned to
any known stable Fe-Si phase.!” Upon annealing up to
250 °C (sample 1) and 310 °C (sample 2) the isomer shift of
doublet D1 remains nearly unchanged (Table I). The value of
the isomer shift (0.26 mm/s for both samples) after anneal-
ing corresponds to values reported in the literature for the
metastable c-FeSi phase, which ranges from 0.24 to
0.26 mm/s.%% The point symmetry at the Fe site in the B2
structure is Oy, and therefore, no quadrupole interaction is
expected and a single line should be observed. However, in
the as-grown state as well as in the annealed state no single
line is observed, but instead the doublet D1 with a small
quadrupole splitting [AEy| (of ~0.18 and ~0.21 mm/s at
RT in the annealed state of samples 1 and 2, respectively)
appears. The origin of a quadrupole doublet is the hf splitting
of the first excited >’Fe nuclear energy level induced by an
electric field gradient (EFG) at the site of the >TFe nucleus.
An EFG can only occur at a site with lower than cubic sym-
metry. Therefore, the quadrupole splitting of the D1 doublet
is related to a small local tetragonal distortion induced
by lattice strain due to the lattice mismatch of —3.5% with
the MgO(100) substrate, as recently observed by Croonen-
borghs et al.?’ They found that in the case of (001) oriented
growth the principal axis of the EFG (V.,) is parallel to the

[001] direction with a negative sign of the principal value
V., of the EFG, corresponding to a negative sign of AE,
:%eQVZZ (Q=quadrupole moment of the S"Fe nucleus in
the excited state). The negative sign of the quadrupole
splitting AE, in c-FeSi (Table I) has been inferred by
measuring the angular dependence of the intensity ratio,
1,/1,, of the two transitions I, (m=+1/2— +3/2) and I,
(m=%1/2—=%1/2) of the quadrupole doublet for our
sample 1 (not shown). For the intensity ratio of the low-
energy (I,=I_) to the high-energy (I,=I-~) Mdssbauer line,
we obtained values of 2.33 (for #=0) and 0.92 (for 6=60),
where 6 is the angle between the film normal direction and
the incident y-ray direction. These values are consistent with
V..<0 and a preferred direction of V_, perpendicular to the
film plane.?? Our result confirms the earlier findings of Ref.
20.

Moreover, a general tendency for strain relaxation with
increasing layer thickness was observed.?’ Because of our
thicker c-FeSi films, the RT values of the quadrupole split-
ting [AE;=-0.18 mm/s (sample 1 after annealing at
250 °C) and AE,=-0.21 mm/s (sample 2 after annealing at
310 °C)] are slightly smaller in magnitude than the corre-
sponding value of —0.26 mm/s obtained by Croonenborghs
et al.®® for a Fe(80 A)/c-""FeSi(30 A)/Fe(40 A) sandwich
grown on MgO(100) by MBE. The proportional constant be-
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tween the tetragonal distortion e;=¢€'—e' and AE, was
given in Ref. 20 as —18.5(9) % /mms~!. Using this value,
we obtain a tetragonal distortion €7 of 3.3% and 3.9% in the
c-FeSij g5 film of our samples 1 and 2, respectively.

CEMS measurements at RT on Fe,y,_,Si, layers per-
formed by Elsukov et al. (crystalline layers),?! Marchal et
al? and Mangin and Marchal®® (amorphous layers),
Miyazaki et al?* (0=x=22.7: crystalline, 28.4=x=41:
amorphous) revealed a correlation between isomer shift and
Si concentration, which is summarized in Fig. 4(a); addition-
ally, a data point for the isomer shift of e-FeSi obtained by
Fanciulli et al.® is plotted. It follows from this correlation
that an isomer shift of 0.26(6) mm/s (as for doublet D1 of
samples 1 and 2, Table I) corresponds to a Fe content of
~50 at. %. Thus, doublet D1 represents the stoichiometric
c-FeSi phase. Correspondingly, the Fe content of the nonsto-
ichiometric c-FeSi, phase [represented by the mag-
netic hf field distribution P(By;) with (8)=0.25(2) mm/s
(sample 1) and (8)=0.24(3) mm/s (sample 2)] was
found to be ~ (54x5) at % (=c-FeSijgs, sample 1) and
~ (57+5) at % (=c-FeSig s, sample 2), being in agreement
with the EDX results within error bars.

The origin of the magnetic hf field distribution, P(By),
representing the nonstoichiometric c-FeSi, phase is attrib-
uted to the fact that thin Fe,y,_,Si, films are ferromagnetic at
RT for 0=x<50. Figure 4(b) exhibits the correlation be-
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FIG. 5. CEM spectra of the 250 °C annealed nominal
c-FeSiygs film (sample 1) measured at RT, 110 and 4.2 K. The
spectra were fitted with an asymmetrical doublet D1 and a compo-
nent with a magnetic hf field distribution, P(Byy), right-hand side.
Note the different velocity scales in (a) and (b) as compared to (c).
The apparent width of the measured feature increases upon cooling.

tween the average magnetic hf field, (B, at the >'Fe
nucleus and the Si concentration for thin Fe;(,_,Si, layers at
RT. The solid line results from a calculated statistical model
for bee Fe-Si alloys as described in Ref. 3. Also shown are
values determined by various experimental techniques
[Berling et al.:> MOKE (magneto-optic Kerr effect) and
XMCD (x-ray magnetic circular dichroism), as well as
Stearns® and Elsukov et al.:?! transmission Mossbauer spec-
troscopy). The local magnetic moments up, of the Fe atoms
measured by Berling et al.®> were converted into By, values
by using the well-known conversion factor of 15 T/up for
bee-Fe alloys.?® The hf field distribution reveals an average
magnetic hf field, (Byy), of 2.6 T for c-FeSiy g5 (sample 1)
and 1.9 T for c-FeSijy;5 (sample 2), both at RT (Table I),
which agrees with the statistical model [Fig. 4(b)]. There-
fore, it can be concluded that the Fe atoms of the nonsto-
ichiometric c-FeSi, phase have a small magnetic moment
and are magnetically ordered at RT.

The CEM spectra of the nominal c-FeSi g5 film (sample
1) after 250 °C annealing, measured at RT, 110 and 4.2 K,
are shown in Fig. 5. Again, the spectra were fitted with an
asymmetric quadrupole doublet (D1) and a magnetic hf field
distribution, P(Bys). With decreasing temperature, the rela-
tive spectral area A of doublet D1 decreases from 79% at RT
to 16% at 4.2 K, while the spectral area of the magnetic hf
field distribution P(Byy) increases correspondingly from 21%
at RT to 84% at 4.2 K (Table I and Fig. 5). A similar effect
upon cooling is observed for the nominal c-FeSijgs film
(sample 2) after 310 °C annealing. The corresponding spec-
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FIG. 6. CEM spectra of the 310 °C annealed nominal
c-FeSig g5 film (sample 2) measured at RT, 80 and 4.2 K. The spec-
tra were fitted with an asymmetrical doublet D1 and a component
with a magnetic hf field distribution, P(Byy), right-hand side. The
apparent width of the measured feature increases upon cooling.

tra measured at RT, 80 and 4.2 K are presented in Fig. 6. The
spectral area of doublet D1 decreases from 77% at RT to
17% at 4.2 K, while the area of the magnetic hf field distri-
bution P(Byy) increases correspondingly from 23% at RT to
83% at 4.2 K. Simultaneously, the apparent line width of the
measured spectra [full width at half maximum (FWHM)] is
observed to increase on cooling [Fig. 7(a)].

Concerning our Mossbauer analysis, the crucial question
is whether our assumption of a magnetic hf field distribution
P(Byy) for one of the spectral components is justified, and
whether the overall apparent broadening of the CEM spectra
upon cooling [as observed in Figs. 5, 6, and 7(a)] is of mag-
netic origin (as we claim). Our Mossbauer analysis thus far
implies that the decrease of the relative spectral area (or in-
tegrated relative intensity) of doublet D1 (Table I) and the
corresponding increase of the relative spectral area of the
component with hf field distribution, P(B;), upon cooling is
related to a transformation of c-FeSi from a nonmagnetic
state (doublet D1) to a magnetic state [related to P(Byy)]
upon lowering the temperature. Increasing electrical quadru-
pole interactions might also contribute to the observed appar-
ent line broadening upon cooling. This could be caused, for
instance, by increasing inhomogeneous lattice distortions
with decreasing temperature. Therefore, low-temperature
XRD measurements in ®-20 geometry at 113 K were per-
formed to determine possible changes of the lattice param-
eter. The apparent line broadening was already remarkable at
113 K as compared to the width at RT (Figs. 5-7). The XRD
patterns measured at RT and 113 K of the 250 °C annealed
nominal c-FeSijgs film (sample 1) are shown in Fig. 8. At
RT, the c-FeSi(100) Bragg peak is located at 20=32.33°,
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FIG. 7. Apparent full width at half maximum (FWHM) of the
CEM spectrum (a), average magnetic hf field (B (b), and relative
spectral area of the magnetic spectral component P(Byy) (c) of the
310 °C annealed nominal c-FeSig g5 film (sample 2) as a function of
the measurement temperature. The dashed curve (full-drawn curve)
in (b) is a least-squares fit with a Brillouin function (J =%) of the
data points above 28 K (below 28 K). The fits result in T
~410 K (for nonstoichiometric c-FeSi,) and T-=~28 K (for sto-
ichiometric c-FeSi) in sample 2. The straight lines in (c) are least-
squares fits to the data points.

while at 113 K the same peak is located at 20 =32.28°. This
small shift is due to thermal expansion effects. Moreover,
both Bragg peaks exhibit the same linewidth. Thus, we con-
clude that anomalous inhomogeneous lattice distortions upon
cooling are absent, and, consequently, that negligible anoma-
lous quadrupole-interaction effects due to inhomogeneous
lattice distortions occur in our samples upon decreasing the
temperature.
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FIG. 8. ©-20 x-ray diffraction diagram of the 250 °C annealed
nominal c-FeSij g5 film (sample 1) measured at RT (upper diagram)
and 113 K (lower diagram). For a better representation, the upper
diagram is shifted to higher count-rate values.

A noticeable increase of the quadrupole splitting with de-
creasing temperature could also be caused by electronic
band-structure effects, as previously observed for e-FeSi,?’
for which a maximum quadrupole splitting of AE,
=0.75 mm/s was measured at 4.2 K. A tentative fit (not
shown) of the 4.2 K spectrum of sample 1 (250 °C an-
nealed) with a quadrupole distribution P(AE) resulted in a
large average quadrupole splitting of (AE;)=0.97 mm/s,
and a tail of the distribution extending up to AE, values of
~4 mm/s. However, such values are unphysically large for
metallic systems, such as c-FeSi.

Thus, we are led to the conclusion that the observed line
broadening during cooling cannot be attributed to electronic
band-structure effects or to structural changes causing in-
creased electric quadrupole interaction, but have to be related
to magnetic ordering effects. In order to obtain further infor-
mation on the latter aspect, additional CEMS measurements
were performed at RT in an external magnetic field B of
0.95 T applied in the film plane. The obtained CEM spec-
trum of sample 1 (250 °C annealed) is shown in Fig. 9. This
spectrum was also fitted with an asymmetric doublet (D1)
and a magnetic hf field distribution P(By). The external
magnetic field of 0.95 T causes only a small line broadening
of doublet D1, while the average magnetic hf field (B} of
the nonstoichiometric c-FeSi, phase decreases by a value
being nearly equal to the external applied field (Table I).
Obviously, the nonstoichiometric c-FeSi, phase is ferromag-
netic at RT and its Fe moments align nearly parallel to the
B, direction, while the stoichiometric c-FeSi phase is dia-
or paramagnetic at RT.

Figure 7(b) shows the temperature dependence of the av-
erage magnetic hf field, (B, determined from the distribu-
tion P(By). Between RT and ~30 K (By;) rises only slightly
upon cooling, while below ~30 K down to 4.2 K a remark-
able anomalous increase is observed. A similar behavior ap-
pears in the 7 dependence of the apparent spectral linewidth
[Fig. 7(a)]. The unusual (B, (T) behavior in Fig. 7(b) is
explained by the presence of the two phases, the nonstoichio-
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FIG. 9. CEM spectra of the 250 °C annealed nominal
c-FeSij g5 film (sample 1) measured at RT without (Bg,=0 T) and
within an external magnetic field B.,,=0.95 T applied in the film
plane. The spectra were fitted with an asymmetric doublet D1 and a
magnetic hf field distribution, P(Byy), right-hand side.

metric c-FeSi, phase and the stoichiometric c-FeSi phase, in
sample 2 (and similarly in sample 1). According to Table I,
the c-FeSi, phase is ferromagnetic at RT with a hf field
of (By=2.6 T (sample 1) or 1.9 T (sample 2), while the
c-FeSi phase (doublet D1) is diamagnetic or paramagnetic at
RT (diamagnetism can be excluded because of reasons given
below). (By) of the c-FeSi, phase increases slightly between
RT and ~30 K because of increasing magnetic order by low-
ering T. The drastic increase of (B below ~30 K is due to
the onset and increase of magnetic order of the stoichio-
metric c-FeSi phase upon cooling. It should be mentioned
that this is the 7" range, where the relative spectral area of
doublet D1 decreases strongly on behalf of the spectral area
of the component described by P(Byy). This is demonstrated
in Fig. 7(c) for the case of sample 2. At 4.2 K, the CEM
spectra are described essentially by only one hf distribution
P(By) because of the smallness of the magnetic hf fields and
the limited spectral resolution. In other words, at low tem-
peratures, =30 K, the hf distribution P(By) averages over
the magnetically ordered states of both phases, c-FeSi, and
c-FeSi. It is obvious from the 4.2 K CEM spectra in Figs. 5
and 6 [and from Fig. 7(c) and Table I] that a small fraction of
Fe atoms in the c-FeSi phase remains nonmagnetic even at
4.2 K, since a weak D1 doublet still persists, according to
Figs. 5 and 6. This might be caused by small concentration
inhomogeneities or defects in the films.

A similar effect upon cooling was also observed by De-
koster et al.'> They prepared a 620 A thick c-FeSi film on
Si(111) by stoichiometric coevaporating of Fe and Si at RT.
Because of the larger film thickness the Mdssbauer spectrum
in Ref. 12 exhibits a single line and not a quadrupole
doublet. Cooling to 85 K did not alter the spectral shape.
However, by further reducing the temperature down to 4.2 K
in addition to the single line component, a broad spectral
component was observed. Dekoster et al.'? attributed this
observation to the onset of magnetic ordering in the c-FeSi
layer. Analysis of the magnetic spectral component in Ref.
12 resulted in an average magnetic hf field of (B
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FIG. 10. In-plane magnetization curves (after subtraction of
the diamagnetic background from the substrate), measured at
RT and 5 K (a), and saturation magnetization Mg as a function of
the measurement temperature (b), of the 310 °C annealed nominal
c-FeSij g5 film (sample 2). The dashed curve (full-drawn curve) in
(b) is a least-squares fit with a Brillouin function (s =%) of the data
points above 28 K (below 28 K). The fits result in T =405 K (for
nonstoichiometric c-FeSi,) and T-=~28 K (for stoichiometric
c-FeSi) in sample 2.

=4.9(1) T. This is in fair agreement with our corresponding
values[(By;)=5.6(5) T for sample 1 and (B,;=3.8(1) T for
sample 2].

The data points plotted in Fig. 7(b) in the temperature
range between RT and 28 K were fitted with a Brillouin
function with J=%, resulting in a Curie temperature 7.
~410 K for the nonstoichiometric c-FeSi, phase. For this
phase, an average saturation hf field of 2.2 T can be esti-
mated by extrapolating to 7=0 K in Fig. 7(b). In the T range
below 28 K, the data points were fitted with the sum of
two Brillouin functions with J =% (with fitted para-
meters 7-=410 K for the nonstoichiometric c-FeSi, phase,
and T-=28 K for the stoichiometric c-FeSi phase). Thus, the
magnetic ordering temperature 7. of the stoichiometric
c-FeSi phase is ~28 K. The observation of magnetic order-
ing at low temperature constitutes indirect evidence that the
stoichiometric c-FeSi in this thin film architecture is in a
paramagnetic, rather than diamagnetic state.

C. Magnetometry

Complementary magnetic measurements were performed
in order to prove magnetic ordering of the stoichiometric
c-FeSi phase. Figure 10(a) shows typical magnetization
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curves of sample 2 (310 °C annealed) measured at RT and
5 K with the external field applied in the sample plane. The
hysteresis loops observed in Fig. 10 prove that sample 2 is
ferromagnetic at RT and at 5 K. The coercivity was found to
be ~105 mT at RT and ~135 mT at 5 K. The temperature
dependence of the saturation magnetization My shown in
Fig. 10(b) is remarkably similar to the T dependence of the
average magnetic hf field, (B [Fig. 7(b)]. The data points
plotted in Fig. 10(a) in the temperature range between RT
and 28 K were fitted with a Brillouin function with J=%,
resulting in a Curie temperature 7-=405 K for the nonsto-
ichiometric c-FeSi, phase. This value is in very good agree-
ment with T-=410 K obtained from Fig. 7(b). In the tem-
perature range below 28 K, the data points were fitted with
the sum of two Brillouin functions with J =%, yielding T,
=405 K for the nonstoichiometric c-FeSi,, and T-=28 K for
the stoichiometric c-FeSi. Thus, our results prove that sto-
ichiometric c-FeSi is paramagnetic at RT and becomes fer-
romagnetically ordered below ~28 K.

As the film surface area, the film thickness and the nomi-
nal Fe concentration [(54+3) at. % ] are known for sample
2, it is straightforward to calculate the average Fe atomic
moment, {up.) (averaged over all Fe atoms, magnetic and
nonmagnetic, in sample 2), from the My(7T) data in Fig.
10(b). The result is given on the right-hand-side vertical
scale in Fig. 10(b). The (ug.) values are relatively small: for
instance, 0.067 up at 40 K and at 0 K (extrapolated) for the
c-FeSi, phase, and 0.098 up at 5 K (for c-FeSi+c-FeSi,).
Mossbauer spectroscopy shows via the spectral area of the
P(Byy) contribution that only 50.5% of all Fe atoms in the
sample are magnetically ordered at 40 K [Fig. 7(c)], the rest
being paramagnetic. This allows one to calculate the Fe
atomic moment in the magnetically ordered c-FeSi, phase,
Mre(c-FeSi,), to be (0.13+£0.03) up at 40 K and at T=0 K
(extrapolated). A similar calculation for 7=5 K, where ac-
cording to the Mossbauer spectral area of Table I and Fig.
7(c) 83.3% of all Fe atoms in sample 2 are magnetically
ordered (with the rest being paramagnetic), provides a value
of (0.12+0.03) up for the Fe atomic moment, wup.(c-FeSi
+c-FeSi,) at 5 K, averaged over the magnetically ordered
fractions of both phases, c-FeSi and c-FeSi,.

In order to determine the Fe atomic moment of stoichio-
metric c-FeSi at 5 K, one has to know the fractions of mag-
netically ordered Fe atoms in c-FeSi and in c-FeSi,, both at
5 K, separately. This is achieved via Fig. 7(c), where the
observed linear 7 dependence of the Mossbauer spectral
area A of magnetically ordered c-FeSi, is extrapolated to
T=5 K. This gives a value A=52.6% for c-FeSi, at 5 K, i.e.,
52.6% of all Fe atoms belong to magnetically ordered
c-FeSi, at 5 K. Hence, according to Fig. 7(c), 83.3%
—52.6% =30.7% of all Fe atoms belong to magnetic sto-
ichiometric c-FeSi at 5 K. [The remainder (16.7% of all Fe
atoms) is paramagnetic at 5 K]. Using these fractions
of magnetically ordered Fe atoms, we obtain a value
Mre(c-FeSi)=(0.10+£0.02) wpz for stoichiometric c-FeSi
and  up.(c-FeSi,)=(0.13+0.03) u;z for nonstoichiometric
c-FeSi,, both at 5 K. These values can be regarded as the
ground-state Fe magnetic moments (7=0 K); obviously,
these values are relatively small and of the order of 0.1 up.
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This result, obtained from magnetometry, is qualitatively
supported by the relatively small value of the observed hy-
perfine magnetic field, By, of 3.8 T in sample 2 at 4.2 K
[Table I and Fig. 7(b)]. By using the known conversion fac-
tor of ~15 T/ uy for Fe alloys,?® the hyperfine field provides
a rough estimate of the Fe atomic moment of ~0.25 up at
4.2 K (or in the ground state) for c-FeSi+c-FeSi,. This value
is of the same order of magnitude as ug. determined from
magnetometry.

As mentioned above, Croonenborghs et al.!' found in
MBE-grown Fe/c-Fe 5,Sij 50/ Fe trilayers a strong increase
of the bilinear coupling coefficient with decreasing tempera-
ture from RT down to ~70 K, and a slight decrease on fur-
ther cooling. Because of the ferromagnetic ordering of the
stoichiometric c-FeSi phase upon cooling, one would expect
at low temperature no antiferromagnetic interlayer coupling
in Fe/FeSi multilayers at all. Gareev et al.,”® who have stud-
ied the interlayer exchange coupling in MBE-grown
Fe/Fe,_.Si,/Fe trilayers, found that Fe 5¢Sij 44 spacers also
show antiferromagnetic interlayer coupling at low tempera-
ture. Similar to the observations of Croonenborghs et al. Mt
the bilinear coupling coefficient strongly increases with de-
creasing temperature and levels off below 80 K in Ref. 29.
From literature®> and our SQUID measurement of sample 2
[Fig. 10(a)], it is known that Feg 5¢Sig44 films are ferromag-
netic at RT. The iron-silicide layer of sample 2 shows a small
average magnetic hf field at 4.2 K of ~3.8 T, and ferromag-
netism with a small magneticmoment per Fe atom of the
order of 0.1 up at 5 K. It appears that such small values of
the Fe magnetic moments can only reduce and not destroy
the antiferromagnetic interlayer coupling in Fe/FeSi multi-
layers at low temperature. This is supported by studies
of Gareev et al.?’® who found that Fe,_,Si, spacers with a
lower Si content of x~ 0.36 [equivalent to a higher Fe con-
tent (1-x) of 0.64], which results in larger Fe magnetic
moments,’ are necessary to fully destroy antiferromagnetic
interlayer coupling and to obtain ferromagnetic coupling.

We conclude that it is the observed weak ferromagnetism
of c-FeSi at low temperature that leads to the reported de-
crease of the bilinear and biquadratic coupling coefficients in
Fe/c-FeSi/Fe trilayers at low temperatures.'" The present
results could explain why in Ref. 11 “part of the paramag-
netic entities become ineffective in mediating the biquadratic
coupling between the ferromagnetic layers” at low tempera-
tures, namely, because these “loose spins” order ferromag-
netically.

IV. CONCLUSIONS

We have successfully synthesized metastable c-FeSi
by MBE. Nominal “’FeSiygs films (Fe excess of 15%)
were grown by MBE on MgO(100) with a Fe buffer layer
(sample 1) or a Cr buffer layer (sample 2). The formation of
the c-FeSi phase upon isochronal annealing was observed by
CEMS after annealing at 250 °C (sample 1) and 310 °C
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(sample 2), respectively. X-ray diffraction confirmed the B2
structure of the c-FeSi phase formed in both samples after
annealing. For the lattice spacing perpendicular to the sur-
face, a value of 2.77(5) A at RT for both samples was de-
duced. At RT, the CEM spectra of the nominal c-FeSigs
films were fitted with two spectral contributions: (i) a doublet
DI representing the nonmagnetic stoichiometric c-FeSi
phase, and (ii) a component with a magnetic hf field distri-
bution, P(By), characterizing the nonstoichiometric c-FeSi,
phase. This interpretation is supported by EDX results, dem-
onstrating the formation of lateral areas with both, stoichio-
metric c-FeSi (B2 structure) and nonstoichiometric c-FeSi,
with excess Fe (B2 structure). With decreasing temperature
down to 4.2 K, the relative spectral area of the component
with the P(By,) distribution increases remarkably at the ex-
pense of doublet D1 due to magnetic ordering. The consid-
erable increase of the average hf field observed upon cooling
below 28 K can be attributed to magnetic ordering effects of
the stoichiometric c-FeSi phase. The conclusions drawn from
the Mossbauer results are supported by SQUID magnetom-
etry. Our results prove that both Fe-Si phases are ferromag-
netically ordered below 28 K. The Curie temperature was
found to be T-=405 K for the nonstoichiometric c-FeSi,
phase and 7~-=28 K for the stoichiometric c-FeSi phase. The
observed relatively small saturation hf fields of ~2—4 T re-
veal rather weak atomic Fe magnetic moments of the order
of ~0.1-0.3 up. The combination of magnetometry and
Mossbauer spectroscopy allows one to determine the ground
state magnetic moments per Fe atom to be up.(c-FeSi)
=(0.10£0.02) up and pp.(c-FeSi,)=(0.13+0.03) pg. The
ferromagnetic ordering of small Fe moments in c-FeSi and
c-FeSi, observed here is very likely the reason for the reduc-
tion of the antiferromagnetic interlayer exchange coupling at
low T in Fe/c-FeSi/Fe trilayers reported recently.!!

It is a challenge for theory to confirm the observed small
local Fe magnetic moment in c-FeSi in the ground state by
spin-resolved electronic band-structure calculations. It is
known from theory that c-FeSi exhibits a pronounced peak
in the electronic density of states just above the Fermi en-
ergy, Ep.?*3! Structural changes and confinement effects in
thin c-FeSi films might modify the electronic properties to-
ward weak ferromagnetism. In fact, the appearance of Fe
magnetic moments at Fe-terminated surfaces of c-FeSi has
been theoretically predicted recently by Profeta et al.** Fur-
ther theoretical work is required to understand the weak fer-
romagnetism observed in c-FeSi thin films.
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