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We present a comprehensive study of the structural, magnetic, and magnetotransport properties of Mn-Si
films synthesized on a 4H-SiC(0001) wafer by an annealing method. Magnetic- and fluorescence-extended
x-ray-absorption fine-structure measurements reveal that the sample comprises two uncoupled magnetic
phases: one is the top synthesized Mn-Si layer, which displays a Curie temperature around 300 K and magnetic
anisotropy; the other one is Mn atoms, which solely incorporate on the interstitial site in the 4H-SiC lattice in
the interface and show superparamagnetismlike behavior with a blocking temperature below 2 K. The mag-
netoresistance (MR) exhibits an interesting temperature- and field-dependent behavior. At temperatures above
100 K, the sample only exhibits a positive MR. At temperatures below 100 K, a negative MR prevails.
Interestingly, at intermediate temperature of 100 K, with increasing magnetic field, a sign inversion of the MR
from negative to positive is observed. The possible origin of the positive and negative MR is discussed.
Furthermore, we found that the Hall effect is dominated by an anomalous Hall effect (AHE) due to side jumps
at temperatures between 2 K and 100 K. However, at temperatures higher than 100 K, the AHE cannot be
described with either a skew scattering or side jumps mechanism.
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I. INTRODUCTION

New materials that exhibit both room-temperature ferro-
magnetism and semiconducting properties are necessary for
spintronic  devices. Diluted magnetic semiconductors
(DMSs), in which magnetic atoms are randomly substituted
for the semiconductor atoms, are expected to be the most
promising candidates to meet this requirement.!> Since the
discovery of a ferromagnetic order in Mn-doped InAs in
1992 by Ohno et al.,> many other ferromagnetic DMSs have
been discovered, mostly III-V and II-V types.!* Recently, a
Curie temperature (7,.) up to 173 K has been achieved in
Mn-doped GaAs and intense efforts have been made to reach
a T, higher than room temperature.’>~® On the other hand, it is
highly desired that ferromagnetic DMSs be fabricated with
the most widely used conventional elemental semiconductors
(i.e., Si and Ge) by appropriate doping with transition metal
ions such as Mn. Spintronic devices based on conventional
elemental semiconductors are believed to be significant due
to the mature processing technology in modern electronics.
Therefore, there have been many attempts to fabricate new
materials such as Mn-doped Si and Ge as ferromagnetic
DMSs®!0 and, mostly in recent years, to try different ways to
grow ferromagnetic Mn,Si;_, or Mn,Ge,;_, thin films on Si or
Ge semiconductors by molecular beam epitaxy with a poten-
tial use in spintronics.''1

Silicon carbide (SiC) is known to be one of the most
useful semiconductors for electronic device applications, be-
cause it has a higher electric breakdown field and larger band
gap than Si. Surprisingly, compared with the large amount of
attempts to grow crystalline ferromagnetic Mn,Si,_, thin
films on Si substrates, there have been very few attempts to
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grow ferromagnetic layers on SiC substrates, although such
ferromagnetic/semiconductor structures have great potential
for future electronic and optoelectronic devices.!®!” Fortu-
nately, interest in exploring SiC-based ferromagnetic DMSs
has been reinforced and some prior works have been carried
out both experimentally and theoretically.'®! The initial aim
of our work is to synthesize and investigate SiC:Mn films as
other candidates for SiC-based DMSs. In our preliminary
studies,”® we have synthesized Mn-Si-related compounds on
a 4H-SiC homoepitaxial wafer by using an annealing
method. It has been found that synthesized Mn-Si films
showed a T, of 300 K, although x-ray diffraction (XRD) and
selected-area diffraction (SAD) measurements suggested that
paramagnetic tetragonal MnsSi, was dominant.?! As the ori-
gin of room-temperature ferromagnetism, it is suggested that
a small amount of carbon atoms incorporated into the para-
magnetic MnsSi, host and induced the ferromagnetic order
in Mnssiz.zo

Carbon-induced room-temperature ferromagnetic order in
paramagnetic MnsSi, is reminiscent of the ferromagnetic or-
der reported by Takeuchi et al.?? in annealed Mn/C/Si triple
layers and by Nakatani et al.?} in annealed C/Mn/C/Si mul-
tilayers prepared by sequential deposition on Si. In these
triple layers or multilayers, some unknown intermediate
complex phases were considered to be formed at the inter-
faces since neither the Mn/Si nor Mn/C bilayers support
ferromagnetism above room temperature. More recently,
Siigers et al.’*? reported that MnsSi;C, films prepared by
magnetron sputtering at Si(001) substrates have a T, of
325 K in contrast to antiferromagnetic MnsSis. The origin of
the ferromagnetism was explained as the effect of the aniso-
tropic modification of the local structure around the manga-
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nese (Mn) sites by carbon (C) atoms. These results strongly
suggest that carbon-incorporated Mn-Si might be one of the
most promising candidates for novel spintronic materials due
to its full compatibility with the mainstream of Si technol-
ogy.

However, to realize the potential of these carbon-
incorporated Mn-Si films for spintronic devices, it is essen-
tial to explore their magnetic and transport properties and
their interface structure between ferromagnetic layers and
semiconductor surfaces. In this paper we present a compre-
hensive study of ferromagnetism and electrical transport in
carbon-incorporated MnsSi, films synthesized on wurtzite
4H-SiC(0001) substrates by an annealing method. In addi-
tion, fluorescence-extended x-ray absorption fine-structure
(EXAFS) measurements were performed to elucidate the re-
lationship between the local structures around Mn atoms and
the magnetic and transport properties.

II. EXPERIMENTAL ASPECTS

The 4H-SiC homoepitaxial wafer used as a substrate has a
5-um SiC epitaxial layer on a 4H-SiC(0001) substrate off-

oriented 8° towards (1120).26 The SiC epitaxial layer shows
n-type conduction, and the carrier density was evaluated to
be ~1X 10 cm™. The typical size of the substrates is
10 mm X 10 mm. Growth of Mn was carried out in an
ultrahigh-vacuum (UHV) multichamber molecular-beam ep-
itaxy system (Eiko Engineering Ltd.). Before Mn growth, the
SiC substrate was thermally cleaned at 1000 °C for 10 min
to remove the thin oxide layer on the surface. Then Mn with
a thickness of 50 nm was deposited on the clean 4H-SiC
substrates using a Knudsen cell in the growth chamber. We
have investigated the growth of full epitaxial Mn films on the
4H-SiC(0001), using substrate temperatures as low as
300 °C. In the growth of Mn films, we found that the best
crystalline quality was achieved at a substrate temperature of
300 °C.?" Then the substrate temperature was kept at 300 °C
during Mn deposition. The growth rate was set to 20 nm/h.
The Mn cell temperature was kept at 800 °C during growth.
After Mn deposition, in situ annealing was performed at
1000 °C for 3 min to diffuse the Mn atoms into the SiC
homoepitaxial layer.

The structural properties of the sample were investigated
by ex situ XRD with Cu K« radiation. The cross-sectional
transmission electron microscope (TEM) images indicated
that a synthesized layer about 100 nm thick is found to have
been obtained for the sample.”’ Also the TEM SAD results
suggested that MnsSi, is dominant in all samples.?® Note that
from our TEM and XRD data, we could not identify addi-
tional Mn-Si cluster phases, which possibly formed in our
structures. The EXAFS measurements were performed at
beamline BL12C at the Photon Factory in Tsukuba with a
Si(111) double-crystal monochromator and a bent cylindrical
mirror using synchrotron radiation from the 2.5-GeV storage
ring. The EXAFS spectra were measured in the fluorescence-
detection mode. The intensity of incident x-ray beam was
monitored by a nitrogen-filled ionization chamber, while the
x-ray fluorescence signal was detected by an array of 19
elements of Ge solid-state detectors. All EXAFS measure-
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FIG. 1. (Color online) Magnetization hysteresis loops of synthe-
sized film measured at various temperatures. The inset shows an
expanded region of the loop obtained at 2 and 50 K, respectively.

ments were performed at 70 K in order to reduce thermal
vibration.

The magnetization measurements up to 380 K were done
in a Quantum Design superconducting quantum interference
device (SQUID) magnetometer. All data presented here were
collected for the diamagnetic background of the substrate
according to the following procedure: We measured the mag-
netization of the respective sample up to the highest mag-
netic field available (5 T). At this high field, the diamagnetic
contribution from SiC dominates the signal. A linear fit
yields the slope of the signal at high fields, which in all cases
was virtually identical to that of bare SiC substrates. A
straight line with the slope determined from the fit was then
subtracted from the raw data. Prior to measuring the tem-
perature dependence of the magnetization, the sample was
first cooled from room temperature to 2 K either under a
saturation field of 20 kOe [field cooled (FC)] or at zero field
[zero-field cooled (ZFC)]. In the case of ZFC measurements
the sample is demagnetized under an oscillatory magnetic
field at room temperature before cooling it down to 2 K. The
magnetotransport measurements were performed at various
temperatures between 2 and 300 K using a physical property
measurement system (PPMS).

III. RESULTS AND DISCUSSION
A. Magnetization

Figure 1 shows the magnetization loops obtained at tem-
peratures of 2, 50, 100, 200, and 300 K, respectively. The
magnetic field was applied along the film plane. At all tem-
peratures, the magnetization saturates at high magnetic fields
and exhibits a hysteresis at lower fields. These two features
indicate ferromagnetic behavior. When examined closely it is
clear that the shape of the hysteresis loop at 2 K is different
from the rest. The lower-right inset of Fig. 1 shows an ex-
panded region of the hysteresis loop obtained at 2 and 50 K,
respectively. The loop obtained at 2 K appears to be a super-
position of two loops with different coercive fields (H,) and
remanent magnetization (M,), indicating that there might be
two uncoupled magnetic phases present in the sample, one of
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FIG. 2. (Color online) Temperature-dependent ZFC and FC
magnetization under a magnetic field of 100 Oe.

which has a very low transition temperature below 2 K,
while the other one exhibits ferromagnetism up to room tem-
perature.

Figure 2 shows the temperature dependence of FC and
ZFC magnetization under a magnetic field of 100 Oe. It is
clear from this figure that the FC and ZFC curves are quali-
tatively similar. The two curves remain separated throughout
the entire temperature range 2—300 K, while they coincide at
around 300 K. The separation between the FC and ZFC
curves indicates a hysteretic behavior, which is consistent
with our observation shown in Fig. 1. The two curves coin-
cide at the Curie temperature 7., when the hysteresis disap-
pears. Clearly, T, is around 300 K for the sample. Since the
applied field was only 100 Oe for the measurement of the
magnetization, the FC curve is expected to qualitatively rep-
resent the temperature dependence for M,. The second steep
increase of magnetization at 2 K in the FC curve is consis-
tent with our observation of an abnormal magnetic loop to be
around that temperature, indicating that two magnetic phases
may coexist in the system.

We also measured the saturation magnetization (M) as a
function of temperature over the range 2—380 K, as shown
in Fig. 3. As a result, we found that the temperature depen-
dence of magnetization in saturation could be described,
within a reasonable limit and at low temperature (2—100 K),
by the Bloch formula M (T)=M(0)(1-bT*?), where M (0)
and the spin-wave parameter b depend on the film thickness.
As is shown in the inset of Fig. 3, fitting the data to this
formula yields the best fit for a b value of 1.25+0.31
X 10~ K=¥2. The magnetization shows a T%> dependence at
low temperature. At temperatures above 100 K, however, we
found that the M, deviates from the 7°> dependence and
becomes linear with 72. That is, M,(7) can be expressed
empirically as a function of temperature as M (T)=M(0)[ 1
—(T/T,)*]"2. This fit gives a ferromagnetic transition tem-
perature 7,=300 K, as shown in Fig. 3. This calculated 7, is
well consistent with the experimental one obtained from the
temperature-dependent magnetization curve. This kind of
progressive change of the character of magnetism from lo-
calized moments (Heisenberg type) and collective spin exci-
tations at low temperature (the magnetization varies as 7°%)
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FIG. 3. Temperature-dependent saturation magnetization M.
The inset shows the data of M as a function of 7% for T<<100 K.
The solid line in the inset graph is a linear fit to the data, demon-
strating the 7%/> dependence of magnetization for this low-T range.
At T>100 K, the data can be fitted by M(T)=M,0)[1
—(T/T,)*]"* with T,=300 K.

to itinerant at high temperatures (the magnetization varies
more as 7%) was previously observed for many Heusler al-
loys, such as NiMnSb,28 NizFeGa,29 and C02MnSi.30 The
transition was interpreted as a result of individual Stoner
excitations forbidden at low temperatures due to the half
metal gap between the Fermi energy and the bottom of the
spin-down band.

Figure 4 shows the magnetic field dependence of “in-
plane” (H)) and “out-of-plane” (H,) magnetization (M-H
curves) measured at 2 K. The hysteresis loops clearly show
magnetic anisotropy. However, in order to determine the
easiest axis of our Mn-Si film, angle-dependent magnetiza-
tion measurements are needed. Nevertheless, at this stage,
we can claim that the in-plane magnetization is easier than
the out-of-plane one. The magnetization of the film is there-
fore dominated by the shape anisotropy. In this case, the
saturation magnetization M =165 emu/cm?, remnant mag-
netization M,=65 emu/cm?, and coercivity H,=3.9 kOe for

200

T=2K

In-plane
out-of-plane
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FIG. 4. (Color online) Magnetic hysteresis loops with the mag-
netic field applied parallel and perpendicular to the sample plane.
Measurements were made at 2 K.
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FIG. 5. (Color online) Magnetic hysteresis loops of samples
before and after etching. The magnetic field was applied perpen-
dicular to the sample plane. The inset shows the loop at small mag-
netic fields.

the in-plane loop, whereas M,=43 emu/cm® and H,
=3.7 kOe for the out-of-plane loop. For a single-domain
film, the magnetostatic energy density contains contributions
from the demagnetizing field, uniaxial anisotropy, and Zee-
man energy. From the in-plane saturation field (H,) and the
relation K=mH,/2V," where V is the magnetic volume of
the film and m; is its measured saturation moment, we find
the uniaxial anisotropy constant K=2.66X 10° J/m?.

In the following, we will discuss briefly the magnetism
near the interface. For this study, the thickness of the top
synthesized Mn;Si, layer was reduced gradually by chemical
etching. The etchant is dilute hydrochloric acid (~10%). In
Fig. 5, we show the magnetization loops obtained at 2 K for
samples before and after etching. Very interestingly, when
the top synthesized MnsSi, layer was removed completely
(named the etched sample hereafter), the etched sample
shows a superparmagnetismlike behavior; that is, both M,
and H, reduce to zero (see the inset of Fig. 5). It means that
the blocking temperature is lower than 2 K. Based on this
simple decomposition and previous magnetic measurements,
we propose that there are two uncoupled magnetic phases in
our sample: one is the top synthesized layer—namely,
carbon-incorporated intermetallic compound MnsSi,—which
displays a T, around 300 K; the other one is an unknown
superparamagnetismlike phase with a blocking temperature
below 2 K.

B. Extended x-ray-absorption fine-structure studies

In order to investigate the interface geometric structures,
we have performed the fluorescence EXAFS measurements.
Figure 6(a) shows the Mn K-edge k*(k) EXAFS oscillation
for the as-grown and etched samples. It is found that the
feature of each EXAFS oscillation is different in the range of
higher wave number. In Fig. 6(b), we also show the theoret-
ical calculated Mn K-edge EXAFS oscillation function
k>x(k) spectra for MnsSi, and cubic Mn under different mix-
ture ratios. Apart from differences in the range k>8 A~! the
experimental spectrum of the as-grown film shows a similar
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FIG. 6. (Color online) Mn K-edge EXAFS oscillation function
k2x(k) spectra for (a) the as-grown and etched samples and (b) the
theoretical calculated Mn K-edge EXAFS oscillation function
k*x(k) spectra for MnsSi, and cubic Mn under different mixture
ratio. The Debye-Waller factor was assumed to be 0.075 A for a
bond length below 4.0 A and to be 0.100 A for a bond length above
4.0 A. The theoretical EXAFS data were generated by FEFFS.

behavior compared to the theoretical calculated MnsSi, spec-
trum, which confirms the presence of the MnsSi, phase in the
film as already deduced from x-ray diffraction and selected-
area diffraction measurements.2’ Moreover, for the cases of
the coexistence of MnsSi, and cubic Mn, all the theoretical
calculated spectra are distinctly different from the experi-
mental one for the whole range of k=2—12 A~".

In general, the Fourier transform allows a separation of
the different configuration shells versus radial distance from
the absorbing atom. In order to analyze the local atomic or-
der in more detail, the EXAFS oscillation function k*y(k)
spectra were Fourier transformed. Figure 7(a) shows the
Fourier-transform Mn K-edge EXAFS spectra for the as-
grown and etched samples. For the as-grown sample, double
peaks were observed at R= 1.6 and 2.2 A, and the position
of the latter peak was close to that of MnsSi, in Fig. 7(b). For
the etched sample, a single peak was observed at R=1.8 A.
From the curve fitting,*? it is found that the EXAFS spectrum
for the as-grown sample is fitted well by supposing the spec-
tra of the etched sample and MnsSi,. It indicates that the
Mn-Si layer, which was removed by etching, forms MnsSi,
mainly, and the Mn atoms incorporated in the interlayer form
the other structure. Therefore, it is imperative to examine the
possible position of these Mn atoms in the 4H-SiC lattice. In
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FIG. 7. (Color online) Fourier transform of Mn K-edge EXAFS
oscillation function k>x(k) spectra for (a) the as-grown and etched
samples and (b) the theoretical calculations of the Fourier transform
of k2x(k) for MnsSi,, the substitutional Mn atom on the C and Si
sites in the 4H-SiC lattice. The Fourier transformation was per-
formed in the k range of 3.0-12.0 A~'. The Debye-Waller factor
was assumed to be 0.075 A for a bond length below 4.0 A and to be
0.100 A for a bond length above 4.0 A. The theoretical EXAFS
data were generated by FEFFS.

Fig. 7(b) we show the theoretically calculated Fourier trans-
form of k*x(k) EXAFS spectra for Mn atoms in various lat-
tice positions including substitutionally on Si and C sites in
the 4H-SiC lattice. Here we should point out that for the
calculated EXAFS data, a reliable result for the second-
coordination shell could not be obtained due to the large
number of different atom sites and therefore scattering paths,
which results in a large number of free parameters. In this
case, therefore, the comparison was performed by restriction
to the first-coordination-shell range R=1.0-3.2 A. Clearly
all the spectra are distinctly different from the experiment
spectrum of the etched sample. Thus, it is considered that the
Mn atoms in the etched sample do not substitute on Si or C
sites in the 4H-SiC lattice.

We now discuss the possibility of Mn atoms incorporated
into the interstitial site in the 4H-SiC lattice. In Fig. 8(a) we
show a schematic illustration of the possible position of Mn
atoms in an interstitial site in the Wurtzite-type crystal struc-
ture of the 4H-SiC lattice. Figure 8(b) show the Fourier
transform of Mn K-edge EXAFS oscillation function k*x(k)
spectra for (i) the etched sample and (ii) theoretical calcula-
tions of the Fourier transform of k2)((k) for the interstitial
Mn atoms in various positions z (0—1.7 A) as shown in Fig.
8(a). As a result, we found that, in the first-coordination-shell
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FIG. 8. (Color online) (a) Wurtzite-type crystal structure of
4H-SiC bulk. A schematic illustration of the possible position of
Mn atoms in an interstitial site in the 4H-SiC lattice. (b) Fourier
transform of Mn K-edge EXAFS oscillation function k%x(k) spectra
for (i) the etched sample and (ii) the theoretical calculations of the
Fourier transform of k2y(k) for the interstitial Mn atoms in various
positions z (0—1.7 A). The Fourier transformation was performed
in the k range of 3.0—12.0 A~'. The Debye-Waller factor was as-
sumed to be 0.075 A for a bond length below 4.0 A and to be
0.100 A for a bond length above 4.0 A. The theoretical EXAFS
data were generated by FEFFS.

range R=1.0-32 A, the experimental spectrum of the
etched sample corresponds well to the theoretical one for z
=0.8 A. Thus, it is considered that the majority of Mn atoms
in the interlayer are incorporated into the interstitial site in
the 4H-SiC lattice.
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FIG. 9. Temperature-dependent zero-field longitudinal resistiv-
ity. The inset (a) shows the resistivity at temperature around 7., and
(b) shows the resistivity at the low-temperature region and the data
are fitted to the 718 law.

Again, the EXAFS analysis revealed that in the synthe-
sized sample two kinds of local structures coexist. One is the
top MnsSi, layer, which is also confirmed by our previous
TEM and x-ray measurements.?’ The other is the isolated Mn
atom in the interlayer between the MnsSi, layer and the SiC
layer. Clearly, the EXAFS result is in fact consistent with our
above-mentioned results of magnetic measurements. More-
over, these isolated Mn atoms are most likely responsible for
the observed superparametismlike behavior in the etched
sample. However, we cannot explain why these isolated Mn
atoms may show the observed superparametismlike behavior,
since our EXAFS data indicate that the Mn atom is an “inert”
interstitial atom in the 4H-SiC lattice rather than participates
in the chemical bonding to Si or C. Therefore, an actual
understanding of the magnetic behavior observed in the
present paper will require detailed ab initio studies, which
are now in progress.

C. Magnetoresistance

Figure 9 shows the temperature dependence of the zero-
field resistivity p,,. The evolution of the resistivity is some-
what complex: the resistivity first decreases slowly with de-
creasing temperature, but shows a kink at 7,.~300 K, at
which point the slope changes sign from positive to negative
as shown inset (a) of Fig. 9; with further decreasing tempera-
ture, a broader local maximum is observed at around 120 K
marked by an arrow in the temperature dependence of the
resistivity. Usually, the presence of a maximum in p,, indi-
cates that the transport in this temperature range is strongly
influenced by scattering effects, but since this broader low-
temperature peak locates far below T, the effect of magnetic
critical scattering is relatively weak. Finally, the resistivity
decreases with decreasing temperature, as shown in inset (b)
of Fig. 9; we found that at the low-temperature region be-
tween 2 K and 50 K, the resistivity curve can be well fitted
by a power law 7% with @=1.98, close to the value 2, which
is commonly observed in ferromagnetic metals.

Magnetoresistance (MR) measurements were carried out
in conduction in-plane (CIP) geometry and with the external
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FIG. 10. (Color online) The magnetoresistance MR=[p(H)
—p(0)]/p(0) as a function of magnetic field measured at 200, 100,
and 50 K, respectively. All data were taken in the magnetic field
perpendicular to the film plane. The positive MR at 200 K and the
negative MR at 50 K can be fitted qualitatively by a(T)H>? and
B(T)H, respectively. The coefficients «(7) and B(T) can be tem-
perature dependent. Interestingly, at an intermediate temperature of
100 K, the MR response can be reproduced by superimposing the
positive and negative MR responses—i.e., MR o a( T)H>?+ B(T)H.

magnetic field applied perpendicular to the film plane. Sig-
nificant MR is observed, and three typical MR curves at
temperatures of 200, 100, and 50 K are plotted in Fig. 10.
The MR was calculated from the resistivity (p,,) with and
without a magnetic field and defined as MR=[p,,(0)
—p(H)]/p(0). The value of MR at a temperature of
200 K, though small, is positive. It shows that the MR re-
sponse has a simple relation with external magnetic fields
(H) and can be described by MR o a(T)H*?, where a(T) is a
coefficient, which could be temperature dependent. However,
at a temperature of 50 K, the signal of the MR is negative
and follows a linear dependence on magnetic field with no
evidence of saturation. That is, the relation between MR and
magnetic field can be described by MR o B(T)H, where B(T)
is a coefficient, which could be temperature dependent. On
the other hand, the structure of the MR at an intermediate
temperature of 100 K appears to be composed of a sharp
center negative MR feature (at low field) and out wings (at
higher fields) reflecting a positive MR contribution to the
total MR. Interestingly, we found that the relation between
MR and magnetic field can be qualitatively described by
MR « o(T)H*?+ B(T)H. This means that the MR response at
100 K can be reproduced as a sum of two components—i.e.,
positive MR at 200 K and negative MR at 50 K.

In Fig. 11, we display the temperature dependence of the
MR under different magnetic fields. Despite the structure of
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FIG. 11. (Color online) Temperature-dependent magnetoresis-
tance at different applied magnetic fields.

the MR, we found that at temperatures below 100 K, which
is close to the local maximum in the resistivity curve shown
in Fig. 9, the MR is negative. At temperatures higher than
100 K, a positive MR prevails. Phenomenologically, such
kinds of temperature dependence, with a changed sign of the
MR at a given temperature, could arise only from different
temperature dependences of the positive and negative com-
ponents to the total MR signal. Below the critical tempera-
ture of 100 K, the negative signal dominates over the posi-
tive signal, whereas above this temperature the positive
signal dominates over the negative one.

The question arises as to the origin of the positive and
negative components in our system. First we will discuss the
possible origin of the positive MR. Usually, a positive MR is
understood in terms of the Lorentz contribution to resistivity
in the presence of magnetic field.>* The magnitude of the
positive MR induced by Lorentz force is proportional to the
square of the magnetic field. However, as shown in Fig.
10(a), we found that the positive MR response is approxi-
mately proportional to H>'? rather than H?. Furthermore, van
Gorkom et al.** found that the positive MR induced by Lor-
entz force is strong at low temperatures and high magnetic
fields, but it becomes smaller at higher temperatures. The
positive MR ratio in Fig. 10(a) is much higher than that
measured by van Gorkom et al.3* We can therefore conclude
that the positive MR induced by Lorentz force is too small to
account for the MR variation in our sample. Another possible
positive MR effect arises from quantum corrections
(electron-electron interaction and weak localization effects)
to the Boltzmann conductivity, as discussed by Sawicki et
al.®» in CdMnSe and Shapira et al.’® for CdMnTe, or local-
ization of holes on Mn impurities giving rise to an exponen-
tial dependence of the positive MR on the magnetic field.
However, we can also rule out such a scenario because posi-
tive MR due to quantum corrections occurs more often at
very low temperatures (usually below 5 K) and shows an
exponential dependence versus H. (The positive MR in our
sample is the H*?> dependence and occurs at temperatures
higher than 100 K.) Finally, the possibility of spin-dependent
scattering can be ruled out in the present case because the
sign of the MR would be negative in the case of spin-
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FIG. 12. Magnetoresistance (a) and magnetic hysteresis loop (b)
measured at 50 K.

dependent scattering. The observation of anomalous positive
MR at high temperatures is, therefore, quite intriguing, and
there is a need to explore other mechanisms to explain this
finding.

Now we turn to explore the origin of the negative MR in
our sample. In polaronic systems, one would expect the MR
to be negative as the magnetic field aligns the polarons and
thereby reduces the exchange barrier for activated hopping.
Previously, negative MR results from spin-dependent scatter-
ing, which are typically observed in giant magnetoresistance
materials, such as Fe/Cr multilayers.?” Recently, Perkarek et
al.?® found that the iron-based nanoclusters in (In,Ga)As will
show a negative MR contribution (3.2% at 5 K in 0.5 T) to a
positive MR background. A small negative MR was also ob-
served in granular MnAs:GaAs samples by Akinaga et al.®®
and attributed to spin-dependent scattering between MnAs
clusters. In analogy with the above-mentioned magnetic
metal/semiconductor multilayers and magnetic metal granu-
lar films, we expect that a spin-dependent scattering exists in
our system. In Fig. 12, we show the MR curve measured at
50 K and corresponding hysteresis loop at the low-field re-
gion. A one-to-one correspondence can be clearly seen be-
tween these two curves, and this coincidence supports our
assignment of the origin of the negative MR due to spin-
dependent scattering. Furthermore, it is worth mentioning
that, unlike the magnetization, the negative MR cannot be
saturated and is nearly linear up to 5 T. A plausible explana-
tion for the unsaturated negative MR is that the synthesized
Mn-Si layer is a somewhat magnetically inhomogeneous me-
dium containing nonaligned magnetic clusters on a micro-
scopic scale. Upon increasing the magnetic field, these ul-
trafine magnetic clusters gradually align their magnetic
moments with the external magnetic field, leading to a de-
crease in the spin-dependent resistance of the sample.

It is also noteworthy that a new MR mechanism for clus-
tered inhomogeneities or embedded ferromagnetic nanoclus-
ters in a nonmagnetic matrix has recently been proposed by
Schmidt et al.** This mechanism emphasizes fluctuations in
the magnitude and orientation of the magnetization of nano-
clusters. A magnetic field suppresses these fluctuations and
thereby reduces the probability that a trapped hole hops from
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FIG. 13. (Color online) Field-dependent Hall resistivity p,, as a
function of magnetic field H (H L thin film) at various temperatures.

one magnetic polaron site to another. Meanwhile, the mag-
netic field also reduces the polaron barrier; hence, both posi-
tive and negative MR effects could be observed by weighting
disorder and occupation effects as a function of temperature
and magnetic field. This interpretation is qualitatively con-
sistent with the observed MR in this work, if the interstitial
Mn atoms can be considered as highly conducting inclusions
in a 4H-SiC semiconducting matrix in the interface. At this
point, however, it is not clear why and how the
ferromagnetic-superparamagnetic interface can influence the
signal of total MR, since direct measurement of transport
properties is impossible due to the very high resistivity in the
etched sample. Nevertheless, a crossover of magnetoresis-
tance from negative to positive has been recently observed in
a heterojunction composed of (La,Ce)MnQO;/SrTiO; (Ref.
41) and also in (La,Ce)MnO;/SiTiO5/(La,Ca)MnO; tun-
neling junctions.*> These results reveal that the
ferromagnetic-nonmagnetic interface plays a key role in un-
derstanding the remarkable MR variations.

D. Anomalous Hall effect

The Hall resistivity (p,,) in ferromagnetic metals can be
commonly expressed as p,,=RoB+RsuoM,* where R, and
Ry are the ordinary and anomalous Hall coefficients, respec-
tively, B is the magnetic field, and M is the magnetization.
The first term (R,B) denotes the ordinary Hall effect (OHE),
and the second term (RguyM) denotes the anomalous Hall
effect (AHE). The AHE is proportional to M and convention-
ally originates from an asymmetric scattering process involv-
ing a spin-orbit interaction. The effect of the OHE usually
appears in higher fields, while the measured Hall resisitivity
is dominated by the AHE in lower fields. In Fig. 13, we show
the results of the Hall resistivity p,, as a function of magnetic
field H (H Lthin film) at various temperatures. Unlike in
nonmagnetic metals, the p,, curves at low temperatures show
a clearly nonlinear dependence on the magnetic filed, thus
indicating that the measured Hall resistivity is dominated by
the AHE in our sample. Furthermore, the p,, curves in the
high-magnetic-field region have a negative slope due to the
OHE, which indicates n-type conduction.
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Since p,, is dominated by of the AHE in low fields, there-
fore the OHE contribution to the total Hall effect can be
generally neglected. As a result we may reliably identify the
AHE at each temperature from the intercept of the p,, curve
to zero field by assuming the OHE to be nearly temperature
independent. Figure 14(a) shows the AHE resistivity
(RguoM) at H=0 as a function of temperature. We should
point out that, as an example, we use a negative value of
RgsuoM, but the picture will be quantitatively the same for
the positive one because only the signal is of concern here
and p,, curves are completely symmetric with respect to the
magnetic fields (see Fig. 13). Very interestingly, RguoM has
an unusual temperature-dependent behavior; that is, with in-
creasing temperature, Rgu,M becomes more negative, reach-
ing a minimum at about 100 K, after which it increases and
eventually reaches zero at 300 K. Clearly, this temperature-
dependent behavior cannot be understood using the tradi-
tional AHE theory,*? which is predicted to be proportional to
the magnetization and therefore should decrease monoto-
nously with increasing temperature, reaching zero at 7,. Re-
cently, Fang et al.** found that the AHE of metallic StRuO;
shows a nonmonotonous temperature dependence that even
includes a sign change. We noted that a quite similar result is
also observed in another sample synthesized by the carbon-
ization technique, and a detailed comparison between experi-
ments and theory will be given in a forthcoming paper.
Moreover, the unusual temperature-dependent RguoM is
reminiscent of a sign change observed in the temperature-
dependent MR as shown in Fig. 11. Remarkably, the point
where the AHE attains its minimum value is where MR
—0: at the crossover from negative to positive character.
Because of the strong correlation between AHE and MR, it
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may be necessary in theory to treat both MR and AHE on an
equal footing.

In the classical model of the AHE for ferromagnetic met-
als, Ry is given by Rg=ap,,+bp>,* where p,, is the longi-
tudinal resistivity and a are b are constants. The linear term
in p,, is attributed to asymmetric skew scattering of charge
carriers, a process which derives from the classical Boltz-
mann equation. On the other hand, the quadratic term in p,,
is attributed to asymmetric side jumps, which are a purely
quantum scattering process. In Fig. 14(b) we plot Rg as a
function of the resistivity square. We observe a discontinuity
in Rg vs p at around 100 K. At low temperature (2—100 K),
we can linear fit Rg by Rs=bP§x- This means that the mea-
sured Hall effect is dominated by an AHE due to side jumps
at temperatures between 2 K and 100 K. On the other hand,
at temperatures higher than 100 K, the Ry cannot be fit with
either a skew scattering or side jump mechanism. Recently, it
was reported that the AHE of manganites, which are
strongly electron-correlated metals whose resistivity is domi-
nated by magnetic disorder, cannot be fitted with either a
skew scattering or side jump mechanism; however, the data
were fitted quite well with new theoretical predictions that
took into consideration the particular transport properties of
these compounds.*® Nevertheless, a quantitative analysis of
AHE will be difficult because even the band structure of
Mns;Si, is still unclear at present. However, this experimen-
tally identified temperature-dependent behavior would stimu-
late theoretical challenges to understand the band structure
and AHE.

IV. CONCLUSION

We have studied the structural, magnetic, and magne-
totransport properties of Mn-Si films synthesized on a
4H-SiC(0001) wafer, using fluorescence-extended x-ray-
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absorption fine-structure techniques and magnetization mea-
surements. The observed room-temperature ferromagnetic
behaviors are intrinsic properties of carbon-incorporated
Mns;Si,, not coming from precipitates of other Mn-Si com-
pounds. In the interlayer—i.e., between the top MnsSi, layer
and SiC substrate—mostly Mn atoms are incorporated on the
interstitial site in the SiC lattice and show a superparamag-
netismlike behavior with a blocking temperature below 2 K.
The magnetoresistance exhibits an interesting temperature-
and magnetic-field-dependent behavior. At temperatures
above 100 K, the sample only exhibits a positive MR. At
temperatures below 100 K, a strong negative MR is ob-
served. Since the positive MR induced by Lorentz force is
too small to account for the MR variation in our sample, at
this stage, we cannot explain the origin of the positive MR.
On the other hand, the negative MR is mainly attributed to
local magnetic disorder, undetectable magnetic clusters, and
heterogeneity. Therefore, the origin of the negative MR is
attributed to the spin-dependent scattering. We have also
measured the Hall effect as a function of temperature and
magnetic field. We found that the anomalous Hall effect can
be described by a side jump mechanism at temperatures be-
tween 2 K and 100 K. Detailed theoretical studies are called
for to explain the interface superparamagnetismlike proper-
ties and the intertwined relationship of the AHE and MR.
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