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a b s t r a c t

Carbon was doped into Cr:AlN films. Microstructure analysis demonstrated that the Cr atom kept at AlN
lattice when carbon content was lower. The doped carbon atoms formed graphite phases and C–N clus-
ters dispersing in the films, which influenced the electric and magnetic properties significantly. When the
resistivity was around 105–107 � cm under an alternating current (AC) frequency of 210 Hz, it increased

3
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lectronic transport

with increasing carbon content, and when the resistivity was around 10 � cm under a higher AC fre-
quency of 800 kHz, it decreased with increasing carbon content. The magnetisms for the carbon-doped
samples are stronger than those of samples without carbon doping. The atomic magnetic moment (AMM)
of the sample with a carbon content of 2.3 at.% was the highest (0.4�B/Cr). It was proposed that atomic
migration of carbon might have occurred under high AC frequency. The formation of C–N compounds
could consume part of the available nitrogen and then increased the density of N vacancy in the Cr:AlN

for c
emiconductors lattice, which is favorable

. Introduction

Dilute doping into wide band-gap semiconductors has been
ntensively investigated in the past 15 years because it produces
umerous novel properties and possible applications, such as mate-
ials used in spintronics and nonvolatile storage [1–3]. These novel
roperties are significantly and extensively sensitive to various
efects. Doping can induce defects like atom substitution, inter-
titial atom, vacancy, cluster and deformation. It should be careful
hen distinguishing the defects states, their formation mecha-
isms and effect on the properties. It is necessary to combine many
haracteristic methods for detailed analysis and determination.
urthermore, scientists are attempting new doping new materi-
ls to introduce various defects, produce new phenomena and
nhance properties. Normally, in oxides and nitride compounds
sed in spintronics, the local magnetic ordering relates to the 3d
nd 4f transition metals, which bring local moments into the solid.
hese local moments couple with each other to realize macroscopic
agnetism. However, nonmagnetic materials including carbon are
urrently used to generate spin polarization [4].
Carbon is a typical polymorphic material. Graphene and car-

on nanotubes have been intensively and extensively studied and
arbon doping into a semiconductor has attracted much atten-

∗ Corresponding author. Fax: +86 10 62771160.
E-mail address: zengfei@mail.tsinghua.edu.cn (F. Zeng).
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oupling among bound magnetic polarons (BMP).
© 2010 Elsevier B.V. All rights reserved.

tion recently. Yuan et al. obtained a two-dimensional hole gas in
carbon-doped (1 0 0) GaAs/Al0.4Ga0.6As square quantum well and
they were able to enhance effective g-factor as well [5]. Lim et al.
fabricated nano-carbon doped MgB2 bulks materials and improved
the critical current density (Jc) under a high magnetic field [6].
Kwak et al. predicted that the carbon dopants can become mag-
netic under confinement in ZnO nanocrystals and nanowires [7].
Herng et al. obtained p-type magnetic ZnO using ion implantation
[8]. Due to the polymorphism of carbon in these semiconductors,
the modulation mechanisms of these properties, including carriers,
local moment, and transport behaviors under magnetic field, vary
significantly. Based on this, it is deserved to study extensively the
effects of carbon on more semiconductors.

Wurtzite AlN is a wide-gap semiconductor with a high melt-
ing point and high thermal conductivity, which are advantages for
high power devices. Cr-doped AlN has been found having high mag-
netic Curie temperature which is favorable for spintronics [9] and
high piezoelectric response which is favorable for surface acoustic
waves devices [10]. In this paper, we attempted to introduce car-
bon dopant into Cr:AlN and study its effect on electric and magnetic
properties. After carbon doping, it was found that the conductivity
varied greatly under different alternating current (AC) frequencies
and that the magnetism was enhanced obviously.
2. Experimental details

The carbon and chromium co-doped AlN films were prepared using DC reactive
sputtering method. The target was aluminum plate on which small graphite and

dx.doi.org/10.1016/j.jallcom.2010.09.052
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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hromium strips were placed. The compositions of C and Cr were modulated by mod-
fying the amount of the strips. The base pressure was 4 × 10−5 Pa. The substrate was
i(1 1 1) and the substrate temperature was 250 ◦C. During the deposition process,
he partial pressure of nitrogen and argon were kept at 0.3 and 0.5 Pa, respectively.
he deposition rate was about 5 nm/min. The total thickness was kept at about
00 nm.

The contents of Cr and C were determined using inductively coupled plasma-
tomic emission spectroscopy (ICP-AES) using Shimadzu ICPS-7510. The content of
r was monitored to be about 7.4 at.%, and that of C was 0, 2.3, 3.2 and 4.7 at.%. The
tructures were characterized by X-ray diffraction (XRD), Raman spectroscopy, and
r, N and C K-edge X-ray absorption near edge structure (XANES). The large-angle
nd low-angle XRD measurements were performed on Rigaku D/max-rB equipment.
aman scattering experiments were performed at room temperature in backscat-
ering and close-to-90◦ configuration using Micro-Raman spectroscopy (RM 2000,
einishaw). An Ar+ laser of 514.5 nm was used as an excitation source. The resolution
f the Raman shift is 1 cm−1. The XANES spectra were measured in the fluorescence
ode using synchrotron radiation at the beam-line U7C of National Synchrotron

adiation Facility (NSRF). The magnetic property was characterized at room temper-
ture using a vibrating sample magnetometer (VSM) with a resolution of 10−7 emu,
hich is integrated in the physical property–measurement system (PPMS) of Quan-

um Design cooperation. The monolayer samples, as well as Al–AlN–Al capacitor
tructures, with a top electrode consisting of a 0.3 mm Al disk, were also prepared
o measure the resistivity at an AC frequency range of 200 Hz to 1 MHz.

. Results and discussions

.1. Microstructures

The Cr:AlN films without carbon had a wurtzite structure with
n apparent (0 0 2) texture (Fig. 1). Such structure was maintained
fter a small amount (up to 3.2 at.%) of carbon was doped. The
alue of lattice constant c, which was calculated from the XRD spec-

ra, is 4.99 ´̊A for the sample without carbon, and it was 5.01 ´̊A and

.06 ´̊A for the samples with 2.3 and 3.2 at.% of carbon, respectively.
he intensity of the (0 0 2) peak dropped dramatically for the two
ater samples. For the sample with 4.7 at.% of carbon, the diffrac-
ion pattern of AlN was unclear. These features indicated that the
pecimen doped with carbon content lower than 3.2 at.% induced
ensile stress perpendicular to the film plane and then elongated

he lattice constant c. The direction perpendicular to the film plan is
ractically unconstrained, which might be one reason for the strain
bserved along the c direction. There was no arching or cracking
ccurred, which might be due to the limited thickness of 200 nm
nd good adhesion on the substrate with high temperature.

ig. 2. Variation of the Cr K-edge XANES. (a) Experimental results for various carbon cont
f an Al atom in the second nearest neighbor by a Cr atom; (b3) substitution of an N atom
he second nearest neighbor by a C atom.
Fig. 1. XRD spectra of Cr-doped AlN films with the carbon content labeled beside
every curve.

The neighboring atomic environments were important and
were studied using XANES spectra (Figs. 2–4). Since the samples
were still wurtzite structures when the carbon content was lower
than 3.2 at.%, the atomic environments around the Cr atom was
first considered in order to examine if the positions of the Cr atoms
were modulated by carbon doping. The Cr K-edge XANES spectra
and some instances which are simulated using FEFF8 code [11,12]
are presented in Fig. 2. Characteristic peaks were labeled as A, B, C
and D.
The features of Fig. 2(a1) for the sample without carbon are
consistent with our previous study [13,14]. As discussed in Refs.
[13,14], peak A in Fig. 2(a1) was due to the transition from Cr
1s electron to Al 3d–O 4p hybridized states occurring in low

ent; (b) simulated spectra using FEFF8 code (b1) no carbon doped; (b2) substitution
in the first nearest neighbor by a carbon atom; (b4) substitution of an Al atom in
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ig. 3. Variation of the N K-edge XANES with the carbon content labeled beside
very curve.

ymmetry ligand fields such as the tetrahedral ligand field [15,16].
n the N K-edge XANES spectra (Fig. 3), besides the characteristic
eaks of wurtzite structure above the photon energy of 400 eV, a

ow intensity peak appears at 397 eV (peak A in Fig. 3) which was
ot presented in pure AlN sample [17]. It corresponded to the split
g and t2g spin-up and spin-down states of Cr hybridized with N 2p
tates. Characteristic peaks A in both the Cr K-edge XANES spectra
nd the N K-edge XANES spectra demonstrated that the Cr atom
as in the center of a tetrahedron while the N atoms were at the

orners. The site of N might be vacancy or substituted by C atom.
ince Fig. 2(a2) and (a3) had similar features with that of Fig. 2(a1),
he Cr atoms were regarded principally to have dissolved into the
lN matrix and substituted the Al atoms. However, the formation of
r carbide could not be excluded because Fig. 2(a2) also resembled
ome spectra of the Cr carbides [18–20].

Consequently, the C K-edge XANES spectra (Fig. 4) and the
aman spectra (Fig. 5) were examined to confirm this hypothesis.
omparing the results in Fig. 4 with many carbon-transition metal

lms [21], no apparent features of carbide species were found.
here were two characteristic peaks in the region with Raman shift
ower than 1000 cm−1 (Fig. 5). The first was at around 200 cm−1

nd the second was at around 580–590 cm−1. The two Raman

ig. 4. Variation of C K-edge XANES with the carbon content labeled beside every
urve.
Fig. 5. Variation of Raman shift (cm−1) with the carbon content labeled beside every
curve.

peaks were much lower than those of pure AlN (about 248.6 and
657.4 cm−1). They corresponded to E2(low) and E2(high) models,
which were excited by the electric field perpendicular to the c axis
[22]. These two values are consistent with the results of Kaindl et
al. [23] which were due to Cr doping. This further demonstrated
that the Cr atoms located in the AlN crystal lattice. Additionally,
the stress and deficiency of N or Cr could move the Raman shifts
[23–25]. Chen et al. have demonstrated that a tensile stress would
induce Raman spectra blue-shifted for c-axis texture films [23].
Bernard et al. have showed that N vacancy is another factor for
increase of Raman shift [25]. In Table 1, peaks A and B in Fig. 5
move a little toward higher values when carbon was doped. The
movements were small and apparent features of Cr carbide were
not observed in Fig. 4 so that the consumption of Cr atoms by the
doped carbon was not considered. These small movements should
come from tensile stress along c-axis, which was also reflected by

the increase of lattice constant c (Fig. 1), or N vacancy in the films
doped by carbon.

Although the environment of the Cr atom was principally deter-
mined from previous discussion, it should have been modified to

Table 1
Comparison of peaks A, B and C in Raman spectroscopy (Fig. 5).

Content of carbon

0 2.3 at.% 3.2 at.% 4.7 at.%

Peak A
Intensity 6376 10987 8682 9170
Raman shift (cm−1) 199.43 192.69 205.2 200.4

Peak B
Intensity 7834 11111 10145 8763
Raman shift (cm−1) 578.45 580.38 592.88 589

Peak C
Intensity 5360
Raman shift (cm−1) 1470
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Table 2
Comparison of peak A and peak B in the Cr K-edge XANES (Fig. 2(a)).

Content of carbon

0 2.3 at.% 3.2 at.% 4.7 at.%

Peak A
Intensity 0.236819 0.278747 0.28679 0.19028
Photon energy (eV) 5987.68 5988.03 5987.14 5988.36
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of C3N4 [28], were formed during the deposition process.
In Fig. 6, N and C K-edge XANES spectra were further simulated

using FEFF8 code. Fig. 6(a) shows N K-edge XANES spectra, includ-
ing AlN and Cr:AlN. For Cr:AlN, one Cr atom substituted one Al atom

Table 3
Comparison of peaks A, B and C in the C K-edge XANES (Fig. 4).

Content of carbon

2.3 at.% 3.2 at.% 4.7 at.%

Peak A
Intensity 0.293 0.612 1.059
Photon energy (eV) 284.4 285 284.8

Peak B
Peak B
Intensity 1.1517
Photon energy (eV) 6005.21

ome extent by the doped carbon. Variations of the characteris-
ic peaks in Fig. 2(a) are listed in Table 2. Modification for the Cr
nvironment could be observed in three ways. The first was the
ubstitution of neighboring atom around Cr atom by another atom.
imulations in Fig. 2(b) considered several substitutions. Fig. 2(b1)
as a typical simulation of the Cr K-edge XANES pattern of Cr:AlN
ithout considering any defects, such as substitution and vacancy.

t was consistent with the main features of Fig. 2(a1). The experi-
ental and simulated spectra were also consisted with the features

f Cr-XANES spectra in other studies on the Cr-doped AlN and GaN
26,27]. Unlike studies by Hashimoto et al. [27], in our experiment,
t did not find formation of CrN though the Cr content was high
ecause the pre-edge A and main peak B, which correspond to the Cr
s core state to the 3d-like state and 4p-like state [27], were clearly.
step (around 5994 eV, as shown in Fig. 2(a)), which corresponds

o the transitions from Cr 1s state to anti-bonding state originated
rom hybridizing between Cr 4s state and N 2s state with the partial

ixing of N 2p state [27], was also discernable. Combining results
f ours and Refs. [26,27], we determined that no evident CrN was
ormed at least for the samples with C content lower than 4.7 at.%.
ig. 2(b2) showed the simulation of substituting an Al atom by a Cr
tom in the second nearest neighbor of the Cr absorption center.
eak A moved to a lower photon energy and the intensity of peak C
ncreased. These features were more different from Fig. 2(a1). This
lso occurred in the simulation shown in Fig. 2(b3), where an N
tom was substituted by a C atom in the first nearest neighbor of
he Cr absorption center. These two results (Fig. 2(b2) and (b3))
ndicate that the tetrahedrons with Cr in the center were isolated
rom each other and that it was unlikely for the carbon to substi-
ute the N atom at the corner of the Cr–N tetrahedrons. Thus, the
r–C bond was unlikely to appear in the first neighbor of the Cr
toms. Furthermore, substitution of an Al atom by a C atom in the
econd nearest neighbor of the Cr absorption center was simulated
n Fig. 2(b4). The positions and relative intensity of peaks A, B, C, D

ere similar to Fig. 2(a1) and (b1). This indicated that the carbon
tom could appear in the Al position near the Cr–N tetrahedron
r at some position relative far from the Cr atom. Besides, Cr or C
toms in the interstitial positions were also simulated. The results
ound that the features of pre-edge and the main peaks were much
ifferent from the experimental results.

The second way was the deformation of the Cr–N tetrahedron.
n Table 2, the relative intensity between peak A and B in Fig. 2(a)

ere compared. The intensity of peak A increased slightly until
he carbon content reaches to 4.7 at.%. Based on the discussion of
he XRD spectra, a tensile stress was apparently induced when the
arbon was lower than 3.2 at.%. Stress could also deform the N tetra-
edron surrounding the Cr atom, lowering the symmetry of the

igand field. Consequently, it enhanced the probability of the 1s to
d transition, and then the intensity of peak A in Fig. 2(a2) and (a3).

owever, this deformation could not be infinite. When the carbon
ontent increased to 4.7 at.%, the disorder was so intensive that the
bsorption resonance was weakened very much (Fig. 2(a4)).

The third way was the introduction of more N vacancies. In our
xperiments, the substrate temperature was 250 ◦C which was not
.13102 1.11029 1.19206

.79 6005.33 6007.22

sufficient to form a good C–N crystal. Since the sputtering process
was far from equilibrium, many C–N bonds with sp1, sp2, or sp3

hybrids could be formed. The doped carbon consumed part of nitro-
gen to form C–N compounds, and then leave more N vacancies in
the AlN lattice.Apart from the influence on the atomic environ-
ment of the Cr atom, the state of carbon was another important
point should be understood in depth. Fig. 4 shows the C K-edge
XANES spectra with various carbon contents. Three characteristic
peaks were found around 284.5 eV (peak A), 288.4 eV (peak B) and
293.2 eV (peak C). Their relative intensities and positions are listed
in Table 3. Peaks A and C in Fig. 4 should correspond to the �* and
�* exciton peaks, respectively [21,28–30]. They were caused by the
1s → 2p electron transitions, including 1s → �* and 1s → �* transi-
tions which normally appear in the graphite phase [31]. The peaks
between peaks A and C should be due to the carbon–nitrogen com-
pounds [21,28]. These results indicate that the samples used in this
study contained a graphite phase. When the doping content of car-
bon was low, the fraction of the graphite phase was very low. For
example, for the sample with a carbon content of 2.3 at.%, peak C
was weak (in Fig. 4) and the contribution of the graphite phase to
the Raman shift was not discernible (Fig. 5). When the carbon con-
tent increased to 4.7 at.%, the peak C increased (Fig. 4), and a broad
Raman peak around 1470 cm−1, which is due to the resonant model
of the carbon ring in the graphite [32,33], was observed (Fig. 5).

Aside from the graphite phase of the samples, the carbon atoms
had other states. Several works have discussed this issue [21,28,34].
The main feature of ours is that peak B rose more sharply and had
much higher intensity than peaks A and C (Fig. 5). The ratios of
peak B to peak A were 6.05, 3.21 and 2.31 for the samples doped
by carbon. The ratios of peak B to peak C were 1.64, 1.30 and 1.27.
There was a shoulder around the 286 eV slightly lower than peak
B. These features were much different from the carbidic species
and the modified environment of carbon by the mixed transition
metals [21]. The features of peak B were consistent with the results
of Moreau et al. in both experimental and theoretical modulation
[28]. Therefore, the C–N compounds, which were mainly composed
Intensity 1.773 1.966 2.45
Photon energy (eV) 288.4 288.4 288.4

Peak C
Intensity 1.081 1.514 1.923
Photon energy (eV) 293.2 293.2 293.2
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and the clusters, which greatly increased the resistivity. When the
current (or voltage) was in the high AC frequency range, the mass
transfer of carbon, driven by the electric field would occur through
the defects, such as the above-mentioned interface. This was
Fig. 6. Simulation of (a) N K-edge XANES spectra for AlN and Cr:AlN; (b) C K-

n the first neighboring of N atom, while for AlN, no Cr atom was
dded. One can see that when N vacancy was considered, the oscil-
ation strengths of peaks B, C and D labeled in Fig. 3 decreased for
oth AlN and Cr:AlN. The spectrum adding simulation curves of AlN
nd Cr:AlN together is principally consistent with the experimen-
al result. The missing of pre-edge around 396 eV might be solved
y using other first-principal methods. Fig. 6(b) shows the simula-
ions of graphite and lamellar C3N4 with AB stacking suggested by

oreau et al. [28]. The characteristic peaks around 284 and 288 eV
ere presented. However, we did not get totally consistent spec-

rum with the experimental result when we attempted to add the
imulation curves of graphite and lamellar C3N4 together. One rea-
on might be that the C–N compounds in our experiments were not
otally reacted outcome. Yu et al. have obtained C3N4 compounds
sing ion beam sputtering, similar to our magnetron sputtering
35]. At the same time, they showed that the outcome was not
otally reacted. Another reason might be that more precise struc-
ure model and calculation methods are needed. When the carbon
ontent increased, defects, disorder and fraction of dopant phases
ncreased also. This induced broadening of the N and C K-edge
ANES spectra and also brought difficulty for simulation. We there-

ore concluded the existence of graphite and C–N compounds, in
hich the fine structures need to be further studied. These dopants
ould influence the electric and magnetic properties greatly.

.2. Electric and magnetic properties

Fig. 7 shows the resistivity measured under an alternating cur-
ent (AC) frequency of 210 Hz and 800 kHz. The resistivity at 210 Hz
as higher than 105 � cm, while the resistivity at 800 kHz was in

he order of 103 � cm. The resistivity increased with increasing
arbon content under AC frequency of 210 Hz, while it decreased
ith increasing carbon content under AC frequency of 800 kHz. The

esistivity at 800 kHz does not decrease with carbon content mono-

onically. This error might be due to the contact resistance induced
y preparing electrodes. Every sample was measured in high fre-
uency at least 10 times in turn. During the measurement process,
he electrodes were stuck firmly and the measured data fluctuated
ithin 8%. Therefore, we believed the error induced by contact was
ANES spectra for graphite and lamellar C3N4 phase with AB stacking model.

too low to influence resistivity trend. Known from above discussion,
the graphite and C–N phases were formed during the deposition
process. Normally, the resistivity should decrease with increasing
carbon content under a low AC frequency because the graphite is a
good conductor. However, the experimental results contradict the
conventional speculation. Another feature shown in Fig. 7 was the
apparent decrease of resistivity when the AC frequency increased
to 800 kHz. These suggest the graphite and C–N phases clusters dis-
persed in the films. These clusters caused stress to the Cr:AlN crystal
lattice because of the lattice mismatch among them. When the cur-
rent (or voltage) was in some low AC frequency range, the electrons
underwent much more scattering at the interface between Cr:AlN
Fig. 7. Variation of resistivity with the C content.
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[
[13] B. Fan, F. Zeng, C. Chen, Y.C. Yang, P.Y. Yang, F. Pan, J. Appl. Phys. 106 (2009)
ig. 8. Variation of AMM with the C content with the carbon content labeled beside
very curve.

imilar to one of the mechanisms for nonvolatile memory device
3], in which the electrode atoms entered the semiconductor and
rrived to the opposite electrode. Also similar effect is electric
igration in semiconductor. In these two effects, mass transporta-

ion normally occurs along large crystal defects, such as large crystal
oundary, and is driven under high power density. For our exper-

ments, the power density in 810 Hz is high, so the carbon mass
ransfer works well in this high frequency.

Fig. 8 shows the magnetic hystersis loops of all samples. The
agnetizations were normalized to the atomic magnetic moment

AMM) of a Cr atom. The apparent hystersis loops proved that
he materials were ferromagnetic. The AMM was about 0.1�B/Cr
or the sample without carbon doping, while for the sample with
arbon content of 2.3 at.%, it was about 0.4�B/Cr, which might
ot be the highest because precise carbon content slightly lower
r higher than 2.3 at.% was hard to be controlled using sputter-
ng method. The magnetisms of the samples doped by carbon

ere stronger than that of the sample without carbon doping.
ncreasing the carbon content did not further increase the AMM.
n the contrary, the magnetism weakened for the samples with
arbon content of 3.2 and 4.7 at.%. AlN is a semiconductor with
ide band gap. Its magnetic mechanism relates to its conductivity

fter doping [2,36,37]. Since the resistivities of our samples under
ow AC frequency were about 105–107 � cm, which demonstrated
emiconductor–insulator behavior, the bound magnetic polaron
BMP) model was the preferred mechanism of ferromagnetism, in
hich charged defects trap the electrons surrounding them [2,38].

he trapped electron couples with the magnetic ions within its
lectron cloud, forming a magnetic ordering entity which is called
BMP. The scope of the BMP is much larger than a single mag-

etic ion. Thus, a magnetic polaron has more chances of overlapping
nd interacting with an adjacent BMP to realize magnetic ordering
39,40].

According to BMP theory, the magnetism in semiconductor was
xpected to be very sensitive to both stress and defects. Normally
tress would induce crystal deformation, which weakened the
ounded effect for BMPs by crystal field. Defects included dopants,
ither anion or cation vacancies and interstitials. Experimental and
heoretic studies have shown that ferromagnetism can occur or be
trengthened when either anion or cation is introduced [41–46].

ormally cation vacancy is difficult to form, but can be stabilized
nder some special constructions [44]. The usually observed anion
acancy can mediate long-ranged coupling among BMPs [41]. How-
ver, too many defects will increase the disorder intensively, which

[

[

mpounds 509 (2011) 440–446 445

will enhance spin scattering and weaken magnetism. The influ-
ences of defect types and amount are reflected in our samples.
When the carbon content was small, the introduced stress and
N vacancy strengthened strong p–d interaction and long-ranged
coupling among local magnetic moments, and then enhanced the
AMM quickly. This was shown for the sample with C content of
2.3 at.%. However, increasing carbon content is not favorable for
percolation of magnetic moment, because long-ranged correlation
of magnetic moments will be interrupted due to too many defect
phases Therefore, when carbon content increased further, mag-
netism weakening was observed for higher carbon content of 3.2
and 4.7 at.%. According to above analysis, there are should be a max-
imum value of AMM accompanying with variation of C content.
However, due to the difficulty in controlling more precise C con-
tent in the preparation process, we did not obtained the maximum
value and we will try to perform more study to determine variation
of magnetism with subtle C doping.

4. Conclusions

Carbon dopant was introduced into the Cr:AlN films.
Microstructure analysis demonstrated that when the carbon
content was lower than 3.2 at.%, the position of the Cr atom was
not significantly affected. The doped carbon atoms formed the
graphite phase and the C–N compounds dispersed in the films.
The doped carbon influenced the electric and magnetic properties
mainly in two aspects. One is that dispersed clusters favored the
strengthening of electron scattering so that they enhanced the
resistivity under low AC frequency. Atomic migration of carbon
might occur under a high AC frequency. Another is that the
increased N vacancy and stress brought by the clusters favored
coupling among the BMPs and then enhanced the AMM. On the
other aspect, too many carbon doping will enhance the disorder
and then weaken the magnetic coupling.
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