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Abstract

Semiconducting (mostly p-doped) single crystals of the 6H-polytype of
«-SiC(0001) were implanted with ’Fe ions with a nominal dose of 1.0 x
10'%, 2.0 x 10', 3.0 x 10" or 2.0 x 107 cm™? (high-dose sample p-
hd) at 100 or 200 keV ion energy in order to produce diluted magnetic
semiconductors (DMSs). After implantation all samples (except p-hd) were
subject to rapid thermal annealing at 1000 °C for 2 min. The structure was
investigated by x-ray diffraction, high-resolution cross-sectional transmission
electron microscopy and sputter-Auger depth profiling. The magnetic properties
were obtained from superconducting quantum interference device (SQUID)
magnetometry and 3'Fe conversion electron Mossbauer spectroscopy (CEMS)
at room temperature (RT) and 4.2 K. Our combined results obtained by several
techniques prove unambiguously that ferromagnetism in °’Fe-implanted SiC for
Fe concentrations above 3% originates mostly from epitaxial superparamagnetic
Fe;Si (and possibly a small fraction of Fe nanoparticles) in the SiC matrix. We
find a wide range of blocking temperatures, 75, which start from 400 K for a
dose of 2.0 x 10'® cm™2, and shift downwards to ~220 K for 3.0 x 10 cm~2.
For the lowest dose of 1.0 x 10'® ecm™2 at 200 keV, we find evidence of
ferromagnetism below 20 K via weak magnetic hyperfine interaction. Our
measurements suggest that for a maximum Fe concentration in the range of
1-3%, which corresponds to this lowest Fe dose, the possibility exists to obtain
a DMS in Fe-implanted SiC, prepared at lower or equal implantation doses.

1. Introduction

Exploiting the spin in addition to the charge of the electron provides new functionality to
microelectronic devices. In order to produce magnetic materials with highly spin polarized
electrons, many efforts have concentrated on preparing diluted magnetic semiconductors
(DMSs) in which transition metal atoms are introduced into the semiconducting host lattice [1].
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The high spin polarization is caused by the exchange interaction between the sp band
electrons and the d electrons associated with the localized moment of the transition metal
(e.g. Mn*") resulting in extremely large Zeeman splittings of the electronic levels. They
are promising candidates for efficient spin injection into semiconducting materials in order to
fabricate spin-FETs (field effect transistors) and related devices [2]. For example, attempts at
electrical and optical spin injection have been made involving GaMnAs, GaMnN, ZnMnSe and
CdMnTe [3-9]. The most striking advantage of these materials, in favour of ferromagnetic
metal contacts, is the absence of the resistivity mismatch problem [10] which has to be
overcome in the case of metal contacts either by tunnelling barriers or highly doped Schottky
barriers [11-19]. Recently, successful spin injection at room temperature (RT) from an
epitaxially grown FesSi layer onto GaAs was demonstrated [20]. This is an example of a
Heusler-like alloy (Fe,FeSi) ferromagnet and a possible half-metal (still not confirmed), which
is a favourable case for spin injection. The experiments in [20] yielded a transport spin
polarization of P = 45% by the Andreev reflection method.

For practical applications DMSs with Curie temperatures 7¢ above RT are needed. The
problem is to incorporate as much of the transition metal atom into the host matrix as is
necessary to obtain ferromagnetism at and above RT. While for II-VI semiconductors doping
is not problematic, the solubility limit of III-V semiconductors for the doping materials is
rather low. One possible route to overcome this problem is to work far from equilibrium and
use low-temperature molecular beam epitaxy (MBE). In this way one of the first III-V DMSs,
InMnAs, which exhibited a very low T¢ was grown in 1989 [21]. The first DMS based on
GaAs was grown by Ohno [22] in 1996, and at this time T¢ was limited to 60 K. To the best
of our knowledge, the current record is 159 K [23], which is still far below RT. After the
work by Dietl er al [24], which emphasized the importance of hole-mediated ferromagnetism
and predicted high Curie temperatures for wide band gap semiconductors like GaN or ZnO,
many experimentalists focused their work on these or similar compounds [25-28]. As for
GaN, Sasaki et al [29] found Curie temperatures above 740 K for 3% Mn doping of GaN
which was produced by MBE on Al,03;. EXAFS (extended x-ray absorption fine structure)
and RBS (Rutherford backscattering) studies showed that the Mn was substituting for the
Ga sites and was distributed uniformly. Kuwabara et al [30] used Fe as well as Mn, both at
2% doping level, again for GaN on Al,Os3, but identified Fe clusters by electron microscopy
and superparamagnetic behaviour by superconducting quantum interference device (SQUID)
magnetometry. For Mn, the electron microscope showed a homogeneous matrix and the
magnetic behaviour was paramagnetic. Finally, Ploog ef al [31] produced GaMnN on 4H-
SiC by MBE and observed no precipitates for 7.6% Mn, but found an insulating spin glass
behaviour below 10 K. For 13.7% Mn, manganese-rich clusters were formed and the behaviour
above RT was ferromagnetic.

Little attention has been paid so far to the wide band gap semiconductor silicon carbide
(gap energy E, = 3.0 eV for 6H-SiC modification) despite its potential for high-power and
high-temperature electronics and its excellent transport properties and dopability. A theoretical
study [32] showed that Cr and Mn in 3C-SiC produce a ferromagnetic solid solution at both
the Si and C sites, but with different magnetic moments. Fe behaves differently, for in 3C-
SiC it remains paramagnetic, but Fe on the Si site within the 6H-SiC modification leads to
ferromagnetic ordering at low concentrations (2%) with a magnetic moment of 2.76 up per Fe
atom [32]. This behaviour is confirmed theoretically in another work [33], which deals with the
cubic 3C-SiC modification, but performs calculations for all the transition metals from Sc to
Zn. Considering the problem of compound formation, an XAS (x-ray absorption spectroscopy)
study on ion-implanted SiC with Fe, Ti or Co with concentrations of 10% over a depth of
50-60 nm at the K-edge of the implanted ion indicated that Co forms CoSi, whereas for iron
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Table 1. The first column specifies the sample labels for both n- and p-type samples. Second
column: >’Fe dose. Third column: maximum ’Fe concentration in the depth profile. Fourth
column: implantation energy E. Fifth column: observed blocking temperature Tg.

57Fe dose Max. 37Fe conc. E Ts
Sampleno  (10'°cm™2)  (at.%) keV) (K)
pl,nl 0.55 1.1 100 —
p2, n2 1.0 2.1 100 —
p3,n3 2.0 4.6 100 p3: >400
p-hd 20 27.6 100 —
p4, n4 1.0 1.2 200 n4, p4: ~20
pS, n5 3.0 3.8 200 pS: ~220

Fe clusters and FeSi coexist, and Ti forms TiC [34]. Theodoropoulou et al [35, 36] used ion
implantation of Mn, Fe and Ni ions and achieved T¢ values of 270 K for 5 at.% implanted 6H-
SiC samples, excluding the Ni implantation which resulted in paramagnetism. 3 at.% doping
levels led to paramagnetic behaviour in all cases. No secondary phases could be detected
in both cases by selected area diffraction pattern (SADP) analysis and transmission electron
microscopy (TEM) [35, 36].

The present work reports on the structural and magnetic investigations of 3’ Fe-implanted
6H-SiC wafers, mostly p-type. 3'Fe conversion electron Massbauer spectroscopy (CEMS) [37]
was employed for the study of the local environment of the 3’Fe nucleus in the SiC matrix.
By the hyperfine interactions of the >’Fe nucleus with its surroundings one obtains valuable
information about its local symmetry and about both the charge and the magnetic state of the
Fe atom [38]. The CEMS measurements were correlated with structural investigations by x-
ray diffraction (XRD) analysis, depth-selective Auger electron spectroscopy (AES), TEM and
superconducting quantum interference device (SQUID) magnetometry. It will be shown that
the formation of the compound Fe3Si is the main reason for ferromagnetic properties of the
Fe-implanted SiC.

2. Experimental details

Polished and clean single crystals of the 6H-polytype of «-SiC with (0001) orientations
(obtained from Cree Corp., USA) were implanted at energies of 100 or 200 keV with a high-
current implanter model DANFYS 1090 from Danfysk (Jyllinge, Denmark). All crystals were
of the same size of 10x 10 mm?”. The implanted area was the same for all samples. The substrate
temperature during implantation was held at 350 °C in order to minimize amorphization. Four
different doses of 3’Fe and two implantation energies were employed, as indicated in table 1,
with the notation ‘n’ for n-type and ‘p’ for p-type samples. One p-type sample was implanted
with a particularly high dose of 2 x 10'7 ions cm ™2 (sample p-hd) (hd: high dose). In the present
paper we are dealing mostly with the properties of the p-type samples (p &~ 3.2 x 10'® cm™3).
The *’Fe-concentration depth profile was measured by sputter-AES on n-type samples only,
because we think that the Fe-implantation profile is not affected by the type of doping. All
measurements, except SQUID and TEM, were carried out directly after implantation and after
rapid thermal annealing (RTA). RTA was performed under Ar atmosphere at 1000 °C for 2 min,
using a halogen lamp. Throughout the paper, when we mention annealing, we mean always
RTA. Both SQUID and TEM measurements were performed only on the annealed samples. The
depth profile of the >"Fe atoms was determined by the sputter-Auger method with a Microlab

310F from Fisons. Sputtering was done with 3 keV Ar ions, a current density of 1 A mm~2,
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and sputtering rates of about 0.3 nms~!. X-ray diffraction patterns were recorded in 626

geometry with the PW1349/30 model from Philips. For CEMS at RT, a homemade He-CH,
proportional counter was used, with the sample mounted inside. The 4.2 K CEM spectra
were obtained with a channeltron electron detector placed, together with the sample, in the
inner chamber of a liquid-He bath cryostat. A Mossbauer drive system operating in constant
acceleration mode with conventional electronics and a >’ Co source (embedded in a Rh matrix)
were employed. The 14.4 keV y-radiation was at perpendicular incidence with respect to the
sample plane. The CEM spectra were least-squares fitted using the NORMOS program package
developed by Brand [39]. All isomer shifts are given relative to «-Fe at RT.

3. Results and discussion

3.1. X-ray analysis, transmission electron microscopy (TEM)

0-260 x-ray diffraction (XRD) scans for the as-implanted and annealed (RTA) samples were
performed over an angular range of 20°-120°. The as-implanted samples showed no extra
peaks compared to a non-implanted piece of SiC from the same batch, which we used as a
reference (figure 1(a)). After annealing, two samples exhibited a broad extra peak, at 44.81°
(sample p3) and 45.03° (sample p5), with a FWHM of more than 2°, which is identified as
the (220) reflection of the Fe;Si crystal structure (figure 1(b)). The as-implanted high-dose
sample, p-hd, showed reflections at 45.26° and 100.52°, which were indexed as the (220) and
(440) reflections of FesSi (figure 1(c)). Here, the FWHM of the (220) peak is three times
smaller than the width of the (220) peak for the low-dose implanted samples. The (220) and
(440) peaks are fundamental reflections of the Fe;Si structure (h 4+ k + [ = 4n, n non-zero
integer) [40]. We would like to mention that the Bragg peaks observed here also might originate
from bcc Fe, since the lattice parameter of Fe;Si is about twice as large as that of bce Fe.
However, the small positive isomer shift values observed at RT in the Mdssbauer spectra (see
section D) indicates the predominant presence of Fe;Si rather than «-Fe. The superlattice
reflections due to the D05 structure of chemically ordered FesSi (values &, k, [ are all odd) are
absent. Also the superlattice reflections for the B2 structure of FesSi (all values #, k, [ even
and h + k 4+ 1 = 4n + 2, n integer including zero) are missing. Applying the Debye—Scherrer
formula for the relation between the particle size and the FWHM one obtains average particle
diameters of the Fe;Si phase of 3.3, 3.4 and 12.1 nm for samples p3, p5 and p-hd, respectively.
The occurrence of only one type of reflection provides evidence for an epitaxial relationship of
the Fe3 Si nanoclusters with the SiC matrix, i.e. the Fe;Si lattice is coherent with the SiC lattice.
Furthermore, the samples with the smallest particle sizes have slightly larger lattice parameters
than bulk Fe;Si with a value of 0.566 nm [41], namely 0.570 nm for p3 and 0.572 nm for p5.
Cross-sectional TEM micrographs of sample p3 (after thermal annealing), with an
implantation dose of 2 x 10'® cm~2, are shown in figure 2. The overview in figure 2(a) exhibits
three different regions. Starting from the surface (at the top of figure 2(a)) one observes the
implanted region up to a depth of ~100 nm, which has its maximum >’Fe concentration at a
depth of ~40 nm below the sample surface (figure 3(a)). The crystallinity of this region is
clearly visible. The following range, starting at a depth of ~100 nm (dark contrast) apparently
is amorphous, and, finally, one arrives at the crystalline underlying substrate. The inset in
figure 2(a) shows a magnification of the crystalline region, and one can observe a distribution
of small (upper part of the inset) and large (lower part of the inset) clusters. The contrast was
inverted in order to obtain a better visibility. The high-resolution picture (figure 2(b)), taken
from a depth of about 50 nm below the surface, clearly displays small crystalline clusters of
average sizes smaller than 5 nm, which are epitaxially embedded in the SiC substrate. The



The origin of ferromagnetism in silicon carbide 9885

- T

N .
> o <

g8 ) @ 8 g
o B < o
o w =
17 Q )

@ Reference

log (count rate)

SiC

1 1 1
40 44 48
2 O (degrees)

W
N
(]
o

log (count rate)

[ SiC (101)

32 36 40 44 48

(©

SiC (600) K,, |

log (count rate)

40 60 80 100 120
2 ® (degrees)

Figure 1. (a) 6-20 x-ray diffraction scans of as-implanted samples p1, p2, p3, p4, pS (‘Reference’
depicts a non-implanted SiC wafer), (b) samples after RTA at 1000°C for 2 min under Ar
atmosphere, (c) as-implanted high-dose sample p-hd (Cu Ko radiation).

evaluated lattice parameters of these particles ranged from 0.204-0.210 nm. These values can
be compared with a-Fe in (110) orientation (0.2027 nm), y-Fe in (111) orientation (0.2072 nm)
or Fe;Si in (220) orientation (0.2001 nm). The possible formation of the carbide Fe;C can be
excluded due to the different lattice parameter [42].

3.2. Sputter-Auger depth profiling

In order to study the distribution of the >’Fe atoms in the SiC matrix after both implantation
and RTA, we employed the sputter-AES method. Typical depth profiles obtained are presented
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Figure 2. Cross-sectional TEM micrographs of sample p3, implanted with 2 x 10'° 57Fe ions cm™2,

after RTA. (a) Overview with the sample surface at the top of the picture. Three main regions are
visible: the first region to a depth of about 100 nm includes the maximum ion concentration and
shows a recrystallized region; the second (dark) part consists of amorphous material; the third part is
the underlying substrate which remained crystalline. The inset (inverted contrast) shows a magnified
region with a typical depth dependence of the size distribution of nanocrystalline grains. (b) High-
resolution micrograph in a depth of 40-50 nm. Small, epitaxial grains of 50 A diameter are visible.

in figure 3. Only the n-type samples have been investigated. The general observation was
that in all samples, except for sample n2, the concentration profile after annealing was shifted
towards the sample surface (figure 3) with respect to the as-implanted case. This shift was
found to be nearly independent of implantation dose and energy and had a mean value of
20 nm. The maximum ’Fe concentration and the width of the implantation profiles are only
slightly reduced after annealing (estimated from fitting Gaussians to the data). Regarding
the diffusion coefficients of different dopants in SiC, which are several orders of magnitude
lower than in Si [43], the diffusion of larger atoms in SiC is nearly negligible. Smaller atoms
migrate mainly via the interstitial mechanism, while larger atoms diffuse via silicon or carbon
vacancies. Since the covalent radius of iron is 0.117 nm and that of silicon is 0.111 nm the
most probable mechanism for diffusion of Fe in SiC is by silicon vacancies which are produced
during implantation. A model proposed for boron diffusion in SiC [44] describes the migration
of the boron atoms via the kick-out mechanism (a substitutional boron is kicked out from
the lattice site by interstitial silicon resulting in interstitial boron). This mechanism is also
observed in silicon and is thought to apply also in the case of Fe diffusion. In the irradiated
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Figure 3. Depth profiles of >’Fe concentrations for (a) sample n3 (2 x 10'¢ ions cm =2, 100 keV) and
(b) sample n5 (3 x 10'® ions cm™2, 200 keV). Full circles: directly after implantation. Asterisks:
after rapid thermal annealing (RTA).

region the distribution of carbon and silicon interstitials is disturbed and, due to the heavier
mass of silicon, excess silicon is accumulated in the region closer to the surface. By annealing,
these interstitials become highly mobile and enhance the diffusion of Fe towards the surface,
which is an explanation for the observed shift of our implantation profiles. Since the measured
Si concentration (not shown) in the implanted regions was reduced more strongly than the
measured carbon concentration (not shown) already before the annealing, this provides an
additional argument for the conclusion that iron preferably substitutes for Si from the beginning
(as-implanted state) which is also consistent with the different formation energies of Si-site and
C-site doping [45].

3.3. Magnetometry

As-implanted samples have not yet been investigated by SQUID magnetometry. Here we
concentrate on the samples after RTA. In order to estimate the magnetic ordering temperatures
of our samples, 7T-dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetization
curves were taken on samples n4, p3 and p5 after RTA. The results are shown in figures 4(a),
(b), (c), respectively. For the SQUID measurements samples of the same size were used. The
implanted regions had almost the same surface area for all samples. The hysteresis loops shown
in figure 5 were obtained after subtraction of the linear background from the non-implanted SiC
substrate. Samples n4, p3 and p5 were zero-field cooled from 400 K to 30 K, 20 K and 5 K
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Figure 4. Temperature dependence of the zero-field-cooled (ZFC, full squares) and field-cooled
(FC, open circles) magnetization curves for samples n4 (a), p3 (b) and p5 (c) after RTA. A field of
2000 Oe was applied in the sample plane for cooling and measurement.

respectively. The ZFC and FC magnetization measurements were performed in an external
field of 2000 Oe by heating the samples up to 400 K (ZFC) followed by recooling to the same
temperature (FC). The ZFC-FC curves of sample n4 (figure 4(a)) are overlapping, even at the
lowest temperature. Taking into account the vanishing coercive field at the low temperature of
20 K (figure 5(al)) one can conclude that sample n4 consists of tiny superparamagnetic particles
above their blocking temperature, T, which lies at ~20 K or below. Figure 5(a2) shows the
hysteresis loop for sample p4 at 20 K. No convincing coercive field can be claimed because of
the weakness of the signal and large scatter of the data points. This demonstrates that sample p4
also consists of tiny superparamagnetic particles with 7z < 20 K, similar to sample n4. Both
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Figure 5. Magnetic hysteresis loops taken at low temperatures ((al), (a2), (b1), (c1), (d1)) and at
300 K ((b2), (c2), (d2)) for samples n4, p4, p3, p5 and p-hd, respectively. (All measurements were
done after RTA.)

magnetization curves in figures 5(al) and (a2) are S-shaped, which is also a typical sign of
superparamagnetism. Since there is no splitting of the ZFC-FC curves, observed in figure 4(a),
one has further information about missing long-range ferromagnetic order in sample n4 for
T > 30K.

By contrast, the FC—ZFC branches in figure 4(b) for sample p3 are observed to diverge.
One can notice that even at 400 K their difference is non-zero (the error bars are of smaller size
than the symbols), and, consequently, 75 > 400 K. This agrees with results of figures 5(bl)
and (b2), where the hysteresis loops at 5 and 300 K, respectively, of sample p3 exhibit
measurable coercive fields (Hc & 42 Oe at 5 K and 69 Oe at 300 K). This means that there are
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larger particles in sample p3 which are below their blocking temperature. The conclusion is
that we have a large particle size distribution in sample p3, as can also be seen from TEM (see
inset in figure 2(a)). The larger particles behave ferromagnetically below ~400 K. For sample
pS, the apparent intersection of the two magnetization curves occurs at about 75 ~ 220 K
(figure 4(c)). This is due to a presumed sharper particle size distribution and smaller particles
than in sample p3. The value of 75 = 220 K agrees with the result of figures 5(c1) and (c2),
where a hysteresis loop and a coercive field of Hc ~ 198 Oe is observed at 5 K, but not at
300 K, which is well above Tz ~ 220 K. Regarding the magnetization loops of the high-dose
sample p-hd at 20 and 300 K (figures 5(d1) and (d2)), one observes at 20 K and even at RT a
pronounced hysteresis with a large coercive field (Hc = 408 Oe at 20 K and Hc = 236 Oe at
RT). In connection with the x-ray diffraction pattern of this sample (figure 1(c)) it is very likely
that here there are no small grains, but rather an extended coherent phase of Fes;Si has formed.
This assumption is supported by the sharpness of the Fe;Si diffraction peaks in the XRD pattern
of sample p-hd (figure 1(c)) as compared to the very broad Fe;Si peaks for samples p3 and p5
(figure 1(b)). The implication for sample p-hd is that its hysteresis loops originate from domain
wall motion and pinning, whereas for samples p3 and p5 the hysteresis observed at low T
reflects the finite magnetic anisotropy constant of blocked single-domain superparamagnetic
particles. Apart from these conclusions one may also notice the outwardly concave behaviour
and the non-saturation behaviour of the ZFC-FC magnetization at low temperature (figures 4(b)
and (c)) which is different from the usual behaviour of superparamagnetic nanoparticles [46].
Assuming that, apart from the obvious FesSi contribution to the sample magnetization, a second
contribution plays a role, which arises from the local exchange coupling of small Fe;Si clusters
(and presumably of the iron atoms on substitutional Si lattice sites) via the charge carriers of
the SiC matrix, the observed magnetization shapes are reasonable, since DMS systems (as we
deliberately assume also in our case) always exhibit a non-mean-field-like 7-dependence of
the magnetization [47, 48]. The missing convex part of sample p3 (figure 4(b)) may result
from the fact that its 7¢ lies much above 400 K (the maximum attainable temperature for the
magnetometer). The exact form of the magnetization curves depends on the density ratio of the
holes to the local moment density (Fe atoms), and whether the carriers are non-degenerate
(isolating systems) or degenerate (metallic systems) [47, 48]. Since we did not perform
electrical measurements on our samples, we cannot distinguish between these two cases.

3.4. Mossbauer spectroscopy (CEMS)

3.4.1. Implantation dose >2 x 10" ions cm™. CEM spectra obtained on as-implanted or

annealed samples p3 and p5S in perpendicular geometry at RT and in zero external field are
shown in figure 6. Figure 7 exhibits the CEM spectra of sample p4 at 4.2 K. The corresponding
Mossbauer spectral parameters for all samples are presented in table 2. Since there was no
obvious magnetic hyperfine splitting at RT (except for sample p-hd, as seen in figure 8(a)), a
distribution P (QS) of quadrupole-split doublets was used to fit the data in figure 6. In order
to obtain a good fitting a linear correlation between quadrupole splitting QS and isomer shift
6 had to be assumed, as is often the case in disordered solids [49]. The fitting procedure
reflects the already introduced feature that our samples are composed of a size distribution
of superparamagnetic particles. Depending on the size and composition of a certain particle,
the 3’Fe atoms in the outer shell of a particle perceive different symmetries and numbers of
neighbours of Si, C, or Fe atoms. This leads to a distribution of quadrupole splittings and
isomer shifts originating from the particle shell. The net result is an asymmetric doublet.
Thus the extracted distributions of quadrupole splittings, P(QS), are broad and are extending
from zero to rather high values of ~2.5 mm s~!. This broad QS range reflects the structural
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Figure 6. Conversion electron Mossbauer (CEM) spectra measured at room temperature on samples
p3 and p5, implanted with 2 x 10'® and 3 x 10'® jons cm™2, respectively. (al), (bl) As-implanted
state. (a2), (b2) After RTA. (b3) After RTA, with an applied field of 1.25 T. The spectra were least-
squares fitted with a distribution of quadrupole splittings, P(QS), and, for (b3), with both P(QS)
and a magnetic hyperfine field distribution P (Bys), as shown on the right-hand side.

inhomogeneity observed by TEM in figure 2(a). Further the >’Fe concentration profile (figure 3)
results in a distribution of local neighbourhoods of Fe atoms (also in the core of the particles),
which in addition to the effect of the particle size distribution contributes to the distribution
P(QS). The P(QS) results at RT for our as-implanted samples are almost the same as in the
work of McHargue and Horton [51, 52], although the samples in [48] and [49] were implanted
at RT (our samples were held at an elevated temperature of 350 °C during implantation) and no
annealing procedure was applied afterwards.

One can notice in table 2 that the average isomer shift (6) of all samples at RT is positive
and relatively small (about 0.12-0.13 mm s~'). This value suggests the existence of the
metallic Fe¥ state as in FesSi [57]. On the other hand, Fe'! or Fe' valence states, both in
low-spin states, with S = 0 for Fe' or § = 1/2 for Fe', also show similarly small isomer
shifts (S is the total spin angular momentum of the Fe atom) [50]. The average quadrupole
splittings of (QS) = 1.0-1.2 mm s~' show nearly no or only weak temperature dependence
(see table 2), which is typical for metallic Fe® systems or for the low-spin Fe'' state. The Fe!
state in its t§, configuration has no intrinsic valence contribution to the electric field gradient
(EFG) and shows a nearly temperature-independent quadrupole splitting only due to the lattice
contribution to the EFG. On the other hand, the tj, configuration of low-spin Fe' shows
appreciable thermal population of closely spaced low-lying excited electronic levels when the
neighbourhood is slightly distorted from cubic symmetry, and, therefore, a strong temperature
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at RT with an applied field of 1.25 T. The spectra were least-squares fitted with a distribution of
quadrupole splittings P (QS), right-hand side. (f) Comparison of P(QS) for sample p4 (after RTA)
at RT in zero applied field (long dashed curve), at RT with an applied field of 1.25 T (short dashed
curve), and at 4.2 K in zero applied field (full curve).

dependence of the quadrupole splitting would appear [50]. Implanting with higher doses or
annealing the samples results in a reduction of the quadrupole splittings (figures 6(a2), (b2)
and table 2); the isomer shifts, however, are not affected by the annealing. This indicates that
the symmetry around the Fe atoms is higher after annealing, but the charge state remains the
same. As a conclusion we can say from the isomer shift and the weak 7 -dependence of (QS)
that the most probable valence state in our samples is that of the metallic Fe’ state.

The asymmetry in the line intensity of the quadrupole-split spectra, which we ascribe to
a correlation of QS and § and which is observed before and after annealing, could possibly be
due to crystallographic texture, which may cause a preferred direction of the main component,
V.., of the electric field gradient (EFG tensor). In order to check for texture effects, we
have performed angular dependent CEMS experiments at RT for the annealed sample p5 (not
shown here) and used two broad Lorentzian lines for fitting the doublet. In this experiment
no change was observed in the intensity ratio of the left line to the right line of the doublet
for different angles of incidence of the gamma-ray with respect to the sample plane (90°, 70°,
50°, 30°). Therefore the effect of texture can be excluded, and the V,, directions are randomly
oriented. Since we observe a blocking temperature of 220 K for sample p5 (see figure 4(c)),
which is below the Curie temperature 7¢ of the individual particles, we can conclude that the
doublet at RT originates from superparamagnetic Fe atoms which are located in the core of
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Table 2. Mossbauer spectral parameters at room temperature (RT) and at 4.2 K obtained by least-
squares fitting the CEM spectra of samples p1, p2, p3, p4 and p5 with a distribution of quadrupole-
split doublets. In case of samples p3 and p5 at 4.2 K, where magnetically split sextets in addition to
a central quadrupole doublet appear, the Mossbauer parameters given here refer to the quadrupole
doublet only. () = average isomer shift relative to «-Fe at room temperature, (QS) = average
quadrupole splitting. (RTA = rapid thermal annealing).

pl p2 p3 p4 p5

T = RT, as implanted

(8) (mm s~ 0.12(3) 0.12(4) 0.13(3) 0.12(3) 0.13(3)
(QS) (mms~!)y  1.254(6) 1.175(8)  1.060(4) 1.233(6)  1.069(6)

T = 4.2 K, as implanted

(8) (mms™1) — — 023(4)  021(2)  0.24(3)
(QS) (mms~') — — 1.1108)  1.229(8)  1.118(6)
T = RT, RTA

(8) (mms~!) 0.13(6) 0.14(5) 0.15(4) 0.15(7) 0.15(5)
(QS) (mms~!)  1.129(9)  0.934(9) 0.876(6)  1.01(1) 0.848(7)

T =4.2K,RTA

(8) (mms1) — — — 0253) —
(QS) mms™") — — — L1y —

superparamagnetic Fe;Si particles with varying composition and possibly a distorted lattice
and/or in the outer (lattice-distorted) shell of such Fe;Si particles, sensing a less symmetric
(non-cubic) local environment and a spatial distribution of surroundings (indicated by the line
broadening). We cannot exclude that a small fraction of superparamagnetic (lattice-distorted)
bee-Fe particles also contribute to P(QS). By rotating the sample relative to the y-ray
direction the apparent intensity ratio of the two lines of the doublet is not changing because
the distribution P (QS) itself effectively remains the same.

A direct proof of the superparamagnetism in sample pS is given in figure 6(b3).
Figure 6(b3) shows the CEM spectrum of sample p5 at RT after RTA, with an applied field
Byppr of 1.25 T. It was fitted with two spectral components: a quadrupole distribution P(QS)
for the central asymmetric quadrupole split feature, and an effective magnetic hyperfine field
distribution P (Bys) for the wings at higher velocities. Since the maxima (observed in P (Byg))
are located at effective hyperfine fields of 10.8 and 18.8 T, which are clearly larger than the
applied field, this result definitely proves that at RT a certain fraction of 3’Fe atoms in sample p5
(30%, according to the relative spectral area of P (Byy)) is located in larger superparamagnetic
particles whose superparamagnetic relaxation is slowed down or blocked by the applied field.
(The magnetization of the residual fraction of °’Fe atoms (70%) in smaller particles still
fluctuates rapidly within the Mossbauer timescale resulting in the central quadrupole doublet.)
Because they are small single-domain particles their magnetic easy axes orientations are
separated by a magnetic anisotropy barrier U. Superparamagnetic relaxation occurs when
the barrier U can be overcome by thermal energy, and when the associated relaxation time
is much faster than the Larmor precession period of the °’Fe nuclear moment, resulting in the
central quadrupole doublet. The applied magnetic field prevents the thermal relaxation of the
particle magnetization above their anisotropy barriers and effectively pushes 73 for the larger
particles above RT. Therefore, sample p5 is clearly in the superparamagnetic state at RT and
zero external field. This supports our SQUID result for sample pS which indicates 7 = 220 K.
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Figure 8. CEM spectra of those samples after RTA which show a magnetic hyperfine splitting:
sample p-hd at RT (a), and samples p5 (b) and p3 (c) at 4.2 K. The least-squares fits were performed
with ten subspectra: a central asymmetric quadrupole doublet (Dbl) for a non-magnetic phase, and
nine magnetically-split sextets (DO, D, A1-A7) for atomically disordered Fe3 Si.

3.4.2. Implantation dose 1 x 10"® ions cm™>.  For samples p4 and n4, according to figures 1(a)

and (b), no Fe3Si nanoparticles were detectable by XRD. Further, similar hysteresis loops were
observed at 20 K for sample p4 (figure 5(a2)) and sample n4 (figure 5(al)). One should notice
that both samples, p4 and n4, had the same low dose of 1 x 10'° 57Fe cm~2 at 200 ke V. Clearly,
both samples (after RTA) are not ferromagnetic but superparamagnetic at 20 K, according to the
SQUID magnetization observed in figures 5(al) and (a2). Zero-field CEM spectra of sample
p4, after implantation (figures 7(a) and (b)) and after RTA (figures 7(c) and (d)), do not show a
resolved magnetic hyperfine splitting, even at 4.2 K (figures 7(b) and (c)), but an apparent broad
distribution P(QS) of quadrupole splittings. Further, an applied magnetic field Bypp of 1.25 T
with sample p4 at RT did not produce a visible magnetic splitting (figure 7(e)) that would hint
to superparamagnetism, contrary to sample p5 (figure 6(b3)). This proves that sample p4 (after
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RTA) is paramagnetic at RT. However, the quadrupole distribution P (QS) of sample p4 at 4.2 K
exhibits distinct features (shoulders) (figures 7(b) and (c), right-hand side) which are absent at
RT (figures 7(a) and (d)), and are not found for samples p3 and p5 at RT (figure 6). Furthermore,
there is a slightly larger increase of the average quadrupole splitting (QS) of 0.11 mm s~' by
cooling sample p4 (RTA) from RT to 4.2 K (table 2), as compared to the other samples. Both
observations could be an indication for the presence of a small magnetic hyperfine splitting due
to magnetic ordering, in addition to the stronger electric quadrupole interaction, in sample p4
at 4.2 K after RTA. In the following we will discuss this aspect further.

In figure 7(f) we compare the apparent distribution of quadrupole splittings, P(QS), of
sample p4 (after RTA) at RT and 4.2 K in zero external field, and at RT in an applied field
of 1.25 T. In comparison to P(QS) in zero field at RT, the probability P(QS) in zero field
at 4.2 K shows a drastic increase at low and high QS values. This is also reflected in the
increase of the corresponding distribution width (FWHM) from AQS = 0.84 mm s~! at RT
to AQS = 1.65 mm s~ at 4.2 K. While the increase of P(QS) at high QS values could be
explained by the usual increase of quadrupole splittings by lowering the temperature (though
small in the metallic Fe” and Fe! state, as mentioned before), the strong increase at low QS
values (including QS ~ 0 mm s~!) cannot be understood by this mechanism, because this
would mean a reduction of QS for some of the Fe species at low 7', which is not physically
sound. Therefore, another mechanism must be responsible for the P(QS) increase at low QS
values combined with the P(QS) increase at high QS values, if T is reduced to 4.2 K. The
only reasonable explanation of this effect is the development of a weak magnetic hyperfine
interaction at 4.2 K, combined with the existing larger quadrupole interaction. It is well known
for 37Fe that the lines of a quadrupole-split doublet broaden under the action of a weak magnetic
field (external or hyperfine field) due to the fact that the additional Mdssbauer lines resulting
from the weak Zeeman interaction involved cannot be resolved [53]. This is what is observed in
the spectrum of sample p4 (RTA) at RT and the corresponding P (QS) distribution (figure 7(e)),
when a weak field of 1.25 T is applied: the doublet lines are broadened as compared to the
zero-field case (figure 7(d)), and the dip near zero velocity between the two doublet peaks
almost disappears. As a consequence, as is observed in figure 7(f), the probability P(QS) at
B,ppi = 1.25 T increases at low and high QS values as compared to the zero-field case, leading
to a drastic broadening of P(QS) towards a width AQS of 1.7 mm s~'. Now we compare
the two distributions P (QS) for sample p4 (RTA) at 4.2 K in zero external field and at RT
in Byp = 1.25 T (figure 7(f)). One can notice that the distributions are rather similar and,
in particular, their widths AQS of 1.65 mm s~! are nearly equal, except in the higher QS
region, where additional weak oscillations of P (QS) appear in the 4.2 K case. From the overall
similarity of these two distributions P (QS) we infer that the effect on P (QS) of cooling sample
p4 (RTA) to 4.2 K is nearly the same as applying a field of 1.25 T to this sample at RT. This
means that the hyperfine magnetic field, By, that acts on the "Fe nuclei at 4.2 K in addition
to the (nearly T -independent) electric quadrupole interaction, is of similar magnitude as the
external field (1.25 T). Now, since we have evidence for the existence of a small hyperfine
magnetic field in sample p4 (RTA) at 4.2 K, we conclude that magnetic ordering exists in
sample p4 (RTA) at 4.2 K. The weakness of the hyperfine field (of the order of 1-1.5 T)
can be due to a very small Fe atomic moment and/or a low magnetic ordering temperature
in this sample. The superparamagnetic-type S-shaped magnetization curve observed at 20 K
(figure 5(a2)) suggests that the intrinsic magnetic ordering temperature of sample p4 (RTA) is
above 20-30 K. We like to emphasize again that no secondary phase formation (precipitates)
could be detected by XRD on sample p4 in the as-implanted state and after RTA (figure 1).
Therefore our combined structural and magnetic investigations provide strong evidence that
sample p4 (RTA) is a real dilute magnetic semiconductor (DMS), though with a low magnetic
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ordering temperature (above 20-30 K) and a small magnetic hyperfine field (~1 T) at 4.2 K.
Similarly the excess width in P(QS) of SAQS A~ 0.6 mm s~!, which is observed in figures 7(a)
and (b) for sample p4 in the as-implanted state by cooling from RT (AQS ~ 1.6 mms~ ) to
42 K (AQS ~ 2.2 mms~!), also may be interpreted as originating from a small hyperfine
magnetic field (of the order of ~1-1.5 T) due to magnetic ordering at 4.2 K in this DMS. Due
to the complexity of the mixed hyperfine interactions at 4.2 K it is difficult to derive definite
Mossbauer parameters (by simulation of CEM spectra), since no single-valued solutions for all
the hyperfine parameters exist [53].

In conclusion we may claim that there is evidence for sample p4 being a real diluted
magnetic semiconductor, for which Fe;Si precipitation does not play a role as evidenced by
XRD. High-resolution TEM measurements will be performed in the future to definitely exclude
second-phase precipitations.

3.4.3. Detection of Fe3Si. The RT CEM spectrum of the as-implanted high-dose sample p-hd
is shown in figure 8(a), together with the 4.2 K CEM spectra of the annealed samples p5 and p3
(figures 8(b) and (c), respectively). All spectra show magnetic hyperfine splittings and a central
doublet feature. The spectra were suitably fitted with one central paramagnetic doublet (Dbl)
and nine sextets with Lorentzian lines (D0, D, A1-A7). According to the identification of the
cubic Fe;Si phase by our XRD measurements on these samples, the sextets were assigned to
>TFe atoms residing in different sublattices of metallic Fe3Si with a certain number of silicon
and iron nearest neighbours. However, it has to be mentioned that sextet DO (which has a small
relative area of 0—6%) can simultaneously be assigned to metallic a-Fe. In x-ray diffraction
the (110) a-Fe peak lies nearly at the same angular position as the (220) FesSi reflection,
and the TEM results also do not exclude metallic Fe. We like to emphasize that although the
measurement statistics for sample p3 (figure 8(c)) are rather modest, we applied the fits for
all samples in accordance with the hyperfine parameters of the various Fe;Si sextets, and no
inconsistency was observed.

Between a silicon content of 12.5 and 31 at.% the ordered DO structure may be
formed [54, 55] in Fe-Si alloys. In the perfectly chemically ordered case this phase exhibits
only two iron sites. The corners of the cubic lattice are designated as site A. The body-centred
sites are designated as site D. One half of the D sites is regularly occupied with Fe and the
other half with Si atoms. An iron atom on the D-site has eight Fe nearest neighbours and six
Si next-nearest neighbours. An iron atom on the A-site has four Fe and four Si as nearest
neighbours and six Fe as next-nearest neighbours. Mossbauer spectra of the ideal D05 structure
at RT exhibit two magnetically split sextets with a hyperfine field of By = 20.0 T for site
A and Bps = 30.9 T for site D [56]. The local magnetic moments of the iron atoms on the
A and D sites are 1.07 up and 2.23 up, respectively [57]. In the following discussion we
use a certain notation for specifying the lattice sites: A, (n = 1,2, ...,7) represents an iron
atom in the A sublattice with n silicon atoms as nearest neighbours, DO represents an iron
atom in the D sublattice having zero Si nearest neighbours and zero Si next-nearest neighbours,
iron designated as D has zero Si nearest neighbours, but 1-6 silicon atoms as next-nearest
neighbours. This gives a total of nine magnetically split sextets. Our model is similar to that
of Rixecker et al [55]. The CEM spectra in figure 8 were fitted with this model. The fitting
of these spectra required the use of all sextets (DO, D, A1-A7), with the exception of DO
and A6 for sample p-hd at RT (figure 8(a)), and of AS for both samples p5 and p3 at 4.2 K
(figures 8(b), (c)). In addition to these sextets two broad Lorentzian lines for an asymmetric
central paramagnetic quadrupole doublet (Dbl) had to be fitted to the spectra in figure 8. The
Mossbauer spectral parameters obtained from figure 8 are given in table 3. It is problematic
to achieve an unambiguous fit for the central part of the spectra, since the relative spectral
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Table 3. Mossbauer spectral parameters of sample p-hd at RT and of samples p3 and p5 after
RTA, measured at 4.2 K. The parameters were obtained from figure 8 by least-squares fitting of
ten subspectra to the CEM spectrum of each sample. § = isomer shift relative to «-Fe at RT,
QS = quadrupole splitting of the doublet, By = hyperfine magnetic field, I' = full linewidth at
half maximum, area = relative spectral area (relative intensity).

Subspectrum  § (mm s7h QS (mm s7) By () I (mms™!)  Area (%)
Sample p-hd, as implanted, 7 = RT
Dbl 0.16(1) 0.89(7) — 0.67(2) 33(4)
DO 0.01 — 33.0 0.65(1) 0.0
D 0.11 — 31.0 0.65(1) 6.3(5)
Al 0.13 — 28.17(6)  0.65(1) 16.9(4)
A2 0.16 — 23.92(5) 0.65(1) 17.2(2)
A3 0.19 — 18.8(1) 0.65(1) 9.6(7)
A4 0.22 — 15.7(6) 0.65(1) 2.7(7)
A5 0.25 — 11.0(1) 0.65(1) 9.1(4)
A6 0.28 — 6.6(9) 0.65(1) 0o(1)
A7 0.31 — 2(1) 0.65(1) 5(3)
Sample p5, annealed, T = 4.2 K
Dbl 0.25(3) 0.79(3) — 0.89(3) 40(4)
DO 0.11 — 34.0 0.36 4.6(6)
D 0.21 — 32.0 0.36 5.3(6)
Al 0.24 — 28(1) 0.36 5.1(6)
A2 0.26 — 24.9(1) 0.36 6.8(5)
A3 0.31 — 21.03(6) 0.36 14.1(6)
A4 0.34 — 17.0(2) 0.36 4.3(6)
A5 0.36 — 13.0 0.36 0.0
A6 0.39 — 6.7(1) 0.36 12.5
A7 0.41 — 3.6(2) 0.36 7(3)
Sample p3, annealed, T = 4.2 K
Dbl 0.25 0.86(2) — 0.99(4) 62(3)
DO 0.11 — 34.0 0.36 6(1)
D 0.21 — 32.0 0.36 4(1)
Al 0.24 — 28.2(2) 0.36 4(1)
A2 0.26 — 24.8(2) 0.36 6(1)
A3 0.31 — 21.0(1) 0.36 11(1)
A4 0.34 — 18(1) 0.36 (1)
AS 0.36 — 13.2 0.36 0.0
A6 0.39 — 6.8 0.36 4(2)
A7 0.41 — 3.6 0.36 1(2)

contribution of the doublet (Dbl) is not known in advance, and the sextets with small hyperfine
fields (like A6 and A7) overlap with the doublet in this region. Since there is more >’Fe in
samples p3, pS and p-hd (in this order), at least the trend of the decreasing relative spectral area
(relative intensity) of the doublet seems reasonable because one may expect a higher amount
of the Fe;Si phase with increasing implantation dose (and, consequently, a smaller amount
of relaxing superparamagnetic Fe;Si or Fe particles, causing the doublet). Referring to [55]
one may use a binomial distribution in order to calculate the probabilities for a specific iron
environment, depending on the silicon content. The comparison with our data yielded no
definite agreement of the measured relative spectral areas of the sextets with the calculated
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probabilities of Fe environments for a specific silicon content. This is not surprising, since
the Fe concentration is distributed inhomogeneously over the depth in our samples. However,
since we had to use nearly all sextets DO, D, A1-A7 to obtain a good fitting one comes to
the conclusion that the disordered B2 phase of Fes;Si was created in our samples. It is a
characteristic feature of the B2 phase that all of these sextets occur independent of the specific
silicon content. If we had an ordered D05 phase, sextets A5—A8 would be missing for a silicon
content of less than 25 at.%, and sextets AO—A3 would be missing for a silicon content of more
than 25 at.%. This is certainly not the case here.

4. Conclusions

Mostly p-type 6H-SiC(0001) substrates were implanted with different doses of >’Fe at 100 keV
or 200 keV beam energy. Rapid thermal annealing (RTA) causes a shift of the >'Fe
concentration-depth profile towards the sample surface, which is explained via the kick-out
mechanism (initially proposed for the diffusion of boron in Si and SiC). Mossbauer (CEM)
spectra at RT and 4.2 K, taken on the as-implanted samples, exhibit asymmetric quadrupole-
split doublets with isomer shifts typical for the metallic Fe state (Fe” state) or for the low-spin
Fe'" valence state. The high-dose implanted sample p-hd (2 x 107 ecm™2, 100 keV) showed a
magnetic hyperfine splitting typical for the FesSi phase, even at RT. For a dose >2 x 10'® cm™2
and after RTA, XRD and TEM confirmed the formation of Fe;Si nanoclusters with a large
distribution of particle sizes up to ~5 nm, which maintain an epitaxial relationship with the
SiC matrix. Apart from Fe3Si (and possibly a small fraction of metallic Fe) no additional phase
segregations (e.g. of iron carbides or ternary compounds) were detected. Superparamagnetic
blocking temperatures were estimated via FC-ZFC magnetization curves, and confirmed by
hysteresis loops, with the highest 7T (~400 K) and the most dispersed particle size distribution
obtained for a dose of 2 x 10'® cm™ at 100 keV. For higher doses Tp drops (e.g., 220 K
for 3 x 10'% cm~2 at 200 keV) and the particle size distribution is more uniform. The high-
dose implanted sample is not assumed to be superparamagnetic, but rather a ferromagnetic
Fe;Si phase. The low-temperature CEM spectra taken on annealed samples containing Fe;Si
nanoparticles prove that the atomically disordered B2 phase of Fes;Si (and possibly a small
fraction of metallic Fe) is responsible for superparamagnetism in this ion-implanted system.
For the lowest dose (1 x 10'® cm~2 at 200 keV) the low-temperature CEM spectra (at 4.2 K)
provide strong evidence for the presence of a small hyperfine magnetic field, presumably
due to magnetic ordering. For this lowest dose Tg was found to be lower than ~20 K,
however, no precipitates were detectable by XRD. We suggest that for a possible DMS system,
consisting of Fe-implanted SiC, the maximum Fe concentration has to be kept in the range of
1-3 at.% in order to prevent second phase segregations. A different annealing procedure (lower
temperatures) might be a second possibility for producing a DMS.
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