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Abstract
Weobserved clear ferromagnetic ordering in 6H–SiC crystal bombardedwith zinc ions, and presented
a detailed investigation ofmagnetic properties in this sample. Themagnetization of Zn-implanted
6H–SiC fell and rosewith annealing temperature from500 °C to 1100 °C.Meanwhile, amount of
oxygen penetrated lattices and combinedwith Si-bonds after 1100 °Cannealing. Using ab initio
calculations based on density functional theory, we confirm that Zn ions play a role in the origin of
ferromagnetism, while the localizedmoment ismainly comes fromC2p electrons surrounding the
foreign particle (which is Zn in this work). Silicon vacancies can provide localizedmoment about
2.0 μB/VSi and form stable ferromagnetic interaction at room temperature. Oxygenmay facilitate this
coupling and no need of VC-mediation anymore. The calculations are consistent with experimental
results.We concluded that the danglingC2p bonds are fundamental cause ofmagnetic ordering in
whatevermicrostructures in 6H–SiC crystal. The type of foreign impurities is not crucial factor for the
magnetic origin in such carbon-basedmaterials.

1. Introduction

In thefield of spintronics, many researches obtained significant progresses in the investigation of defect-induced
ferromagnetism (DIM), which referred to as ‘d0-magnetism’ in contrast to traditional ferromagnetism
containing partiallyfilled d or f bands.However,many problems still remain to be resolved.DIMs challenge the
basic understanding of ferromagnetic origin and provide potential for spintronic applications [1, 2]. Thus, they
are continuously attracting research interest. Unexpected ferromagnetismwasfirst discovered in carbon-based
materials, and subsequently was observed from various oxides such asHfO2, TiO2, andZnO [3–5]. The localized
magneticmoments in these oxides were normally considered to be arising from s-p state spin polarization
induced by cationic defects [6, 7].

SiC is a promising spintronicmaterial due to its outstanding properties such as high breakdown field and
thermal conductivity, large saturation drift velocity of carries, and chemical stability [8]. It is also considered as
potentialmaterial for application in quantum information and dilutedmagnetic semiconductors in recent
reports [9–12]. Thus, investigation ofDIMs in SiCwill have great significance onmany fields. Few experiments
on ‘d0-magnetism’ in SiCmaterial have been reported thus far. Even though some progresses were acquired in
research ofmagnetic origin, the experimental results are very different from that in oxide semiconductors. For
non-magnetic doped SiC, the ferromagnetic couplingwas normally attributed to the impurity related defect-
complexes, such as CuSi–VSi inCu-implanted 6H–SiC, or AlSi–VSi in Al-doped 4H–SiC [13, 14].
Ferromagnetismwas also observed in un-doped SiC powder or crystals [15, 16]. Chen et al demonstrated that
the ferromagnetism in neutron-irradiated 6H–SiC arise from complex defects of VC–VSi, while Zhou et al
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observed an apparent drop of saturationmagnetizationwith the formation of these divacancies inNe-implanted
6H–SiC [17, 18]. Therefore, the dependence of ferromagnetism on the type of foreign impurities is under
debate.Weather the particle is vital factor formagnetism in SiCmaterial or not? Zhao et al predicted the silicon
vacancies can induce localizedmoment about 2.0 μB/VSi in 3C–SiC and the nitrogen play a role in reducing the
formation of vacancies [19]. Similar toCu andAl, Zinc as nonmagnetic element has an advantage in excluding
contribution fromuncontrolledmagnetic clusters. In this work, we present a detailed study of 6H–SiC
implantedwith Zn. The necessity of Zinc element formagnetic origin and the relationship between
ferromagnetism and defects was systematically investigated by experiments and theoretical calculations. These
results could promote further understanding ofDIMs in carbon-basedmaterials.

2. Experimental

6H–SiC single crystals (0.35 mm thickness)were obtained commercially from theChinese Academy of Sciences
(Shanghai). Theywere cut into a size of 6×8 mm2 and then carefully decontaminatedwith ultrasonic acetone.
Injection experiment was performed using ion implanter at the BeijingNormalUniversity. Zn-ions at 160 keV
were implanted into the polished surface of 6H–SiC crystals at room temperature to afluence of 1×1017 cm−2.
The processesmaintained a base pressure of 2.2×10−4 Pa and nearby controlled room temperature. X-ray
fluorescence (XRF) spectroscopy only displayed Zn impurity peak after implantation, as shown in figure 1(a).
This indicates the other elements like Fe, Co,Ni, etc inwafers was lower than detection limit of XRF.We did not
detect the trace elements with othermeans, while the diamagnetic curves of rawwafers were confirmed closely.
Average Zn-implanted profile togetherwith vacancies simulated by Stopping andRanges of Ions inMatter
(SRIM) program is shown infigure 1(b).

The irradiated layer was approximately 120 nm range (20–140 nm) and the implanted peak of atomic
concentrations is about 17.2 at% at 80 nm. The red and blue regions represent the content of vacancy defects
caused by implanted ions and recoils. The track directions of Zn-ionswere strongly changed by target lattice
scattering, causing vacancy-related defects during recoiling stronger than that of implantation. The vacancies
distribute from surface into implanted region, and the profile is different from that of Zn-ions. After
implantation, sample was isochronally annealed at different temperatures (from500 °C to 1100 °C) for 5 min in
air. Before and after each annealing step, room-temperaturemagnetic properties weremeasured by vibrating
samplemagnetometer. For comparison, a carbon-irradiated 6H–SiC crystal was also prepared under the
identical conditionswith carbon energy of 80 keV and to afluence of 2×1017 cm−2. The sample structures and
implanted-ions states were characterized byRaman spectroscopy and x-ray photoelectron spectroscopy (XPS),
respectively. Positron annihilation techniquewas used to investigate the defective condition in samples. First-
principles calculations based on density functional theory (DFT)were also employed to verify the experimental
results and to provide further insight in the origin of ferromagnetism in 6H–SiC crystals.

Figure 1. (a)TheZn impurity peak inXRF spectroscopy of implanted 6H–SiC. (b)Depth profiles of injected Zn-ions and caused
vacancy defects simulatedwith SRIM.
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3. Results and discussion

Themagnetic properties of Zn andC-implanted 6H–SiC crystals are displayed infigure 2. The raw 6H–SiC
wafer resulted in a diamagnetic behavior (see inset offigure 2(a)), indicating that the samples did not contain any
magnetic impurities or impurities were insignificant. The diamagnetic background influenceswas subtracted
from themagnetic curves. Room temperature ferromagnetism could be observed in implanted samples, and the
magnetizations were treated tomass normalization for injected layers.

As shown infigure 2(a), the C-implanted 6H–SiC displays obvious hysteresis with coercivity field (HC) of
approximately 75 Oe. The saturationmagnetization (MS) is about 0.24 emu g−1 withmagnetic field increasing
to 300 Oe. C-implantation does not introduce any impurities into SiC. Thewell-defined hysteresis indicates that
the ferromagnetism is attributed to induced defects. This result is consistent with previous reports of neutron or
Ne-implantation experiments [18, 20]. TheMS in Zn-implanted sample is about 2.0 emu g−1 at 1000 Oe, which
is eight times larger than that of C-implanted sample. TheHCwas approximately 160 Oe. As analyzed in SRIM
simulation, the inject-induced defects should be considered to influence themagnetic property in this sample.
However, comparingwithC-implanted sample, there is a remarkable change in both theMS andHC for Zn-
implanted sample, even though thefluence is only half of C ions. Defects alone are unlikely to be the only factor
that influences themagnetic property in Zn-implanted 6H–SiC. It seems that the Zn aswell as other particles
(like Cu or Al)may also play a significant role inmagnetic origin in SiC crystals. Paramagnetic component after
magnetic field greater than 1000 Oemight be attributed to isolatedmoments of ions, which are located in low
concentrated regions as shown infigure 1. Themagnetic behaviors of isochronal annealed Zn-implanted sample
are shown infigure 2(b). The paramagnetic components were subtracted from the curves. Unexpectedly, the
ferromagnetic component first reduces and then increases with annealing process. As shown in the inset, a
reduction of almost 70%of themagnetizationwas observed after the sample annealed at 500 °C.The sample
annealed at 700 °C shows a further reduction of themagnetization. Almost linear response ofM–H curve is
observed, which indicates a paramagnetic behavior. Noteworthy, very different results were obtained after
annealing at temperatures greater than 700 °C.Aweak increase ofmagnetization appears after the sample
annealed at 900 °C. Furthermore, an obvious increase was observed after 1100 °Cannealing.Well-defined
ferromagnetic loopwas retrieved. Lattice recovery or ionsmigration usually occurs after sample annealing in
higher temperature. This annealing behavior ofmagnetization further indicates that the ferromagnetism inZn-
implanted samplemay arise fromdifferent sources.We employed Raman spectroscopy and positron
annihilation technique to investigatemicro-structural changes during annealing and the results are shown in
figure 3.

The Raman spectra weremeasured using a 514.5 nm excitation line from anAr+ ion laser. The folded
transverse optic (FTO)mode of SiCwas observed at 151.1 cm−1, indicating that the samples were 6H
polymorphs [21]. The expectedmodes locate at 766 cm−1=FTO6/6, 789 cm−1=FTO2/6, and
965 cm−1=FLOwere also observed [22]. Raw sample shows sharp peak of FTOmode, indicating a good
crystallinity of 6H–SiC. Induced defects undermined the lattice vibrational structure, leading to the peaks
disappearing after implantation. As the annealing temperature increase, the peaks are retrieved and

Figure 2. (a)Magnetization versusmagnetic field (M–H)measured at 300 K for Zn andC ions implanted 6H–SiC crystals. Raw curve
of 6H–SiC is shown in inset. (b)TheM–H curves and saturatedmoment (the inset) for Zn-implanted sample annealing at different
temperatures.
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subsequently became longer, which is due to the recovery of ordered lattice vibrations. After sample annealing at
1100 °C, broadening peak envelopes appear at range of 1300–1700 cm−1, as shown in the inset. These vibration
modes aremore likely related to the enrichment state of carbons instead of characteristic peaks of 6H–SiC.

The generation and annealing behavior of defects were detected by positron annihilation spectroscopy,
whichwas proved to be an effective tool for detecting the vacancy-defects inmaterials [23]. Due to strong
Coulomb repulsion from the positive ion cores, positrons have a high affinity to be captured by vacancy defects.
Because of the reduced electron density and annihilation rate of those positronswith high-momentum core
electrons at vacancy site, theDoppler broadening of 511 keV annihilation peakwill become narrower than that
of bulk annihilation. TheDoppler broadening of annihilation peakwas characterized by S-parameters, which
defined as a fraction of counts in central area of this peak [24]. Thus, positrons trapped in vacancy defects will
result in an increase in S-parameters. As shown infigure 3(b), comparedwith the raw sample, significant
increase of S-parameters was observed in Zn-implanted SiC crystal. The sample surface usually exhibit high S-
parameters due to the formation of positronium atoms [25]. VSi-related vacancies as dominant positron
trapping defects are heavily caused in implanted layer, and are considered to be responsible for S-parameters
increase. The thickness of defect layer reflected in S–E curve is about 130 nm,which cover thewhole injected
region simulated by SRIM. The Sd-parameter in injected layer is about 0.465, and Sb-parameter in substrate layer
is about 0.44, then Sd/Sb≈1.057–1.05. From a previous point of view, the defects aremainlymono- or
divacancies [26]. Unexpectedly, annealing changes of these defects deviated from the demonstrated results in
Raman spectra. The S-parameters increase after annealing at 800 °Cand then show further rapid increase at an
annealing temperature of 1100 °C, indicating thatmore vacancies weremerged during annealing process. For
the curve after 1100 °Cannealing, the Sd-parameters is about 0.485, and then Sd/Sb≈1.102>1.05. These
results show that a substantial increase of VSimight be caused by defects agglomeration. SomeVSi aremerged
into larger cavity formation.On the other hand, electron paramagnetic resonance spectra reveal that
implantation-induced carbon vacancies are reduced after annealing at 800 °Cand disappeared after annealing at
higher temperature.

The changes of Raman spectra and S–E curves after annealing reflect that recovery of inject-induced lattice
damages, generation and agglomeration of VSi-related defectsmay be simultaneous during annealing process.
However, the cause of VSi increase is not clearly explained in above experiments. XPS spectra detected lot of
oxygen in 1100 °Cannealed sample, which had been etched byAr ions for 90 s to remove surface adsorption and
expose Zn-ions for analysis. The result is shown infigure 4(a). In this result, It is clear that 6H–SiCwas oxidized
after annealing temperature at 1100 °C, and penetrated oxygenmay bondedwith lattice atoms [27].

The binding energy of Zn2p3/2 is located at 1022.0 eV and the energy gap between Zn2p3/2 and 2p1/2 is
23.1 eV, as shown infigure 4(b). After annealing at 1100 °C, the two peaks shift to the left (to 1021.1 eV and
1044 eV, respectively). Since Zn does not shownegative valence and the binding energy of Zn0 is normally less
than that of Zn2+, the Zn-ions in as-implanted sample are not zero valence [28]. Decrease of binding energy
might be due to the deoxidization of Zn-ions [29]. Previous report pointed the difficulty of distinguishing Zn2+

andZn0 states experimentally using Zn2p peak, while auger spectra peaks can do this (the auger peaks of Zn2+

andZn0 are located∼986 eV and∼992 eV, respectively) [30]. As shown in inset, an apophysis was observed at
∼992 eV, while no any hint of auger peakwas observed at nearby∼986 eV (marked by arrow). Therefore, the left

Figure 3.The (a) room temperature Raman spectra and (b) S-parameter as a function of positron implantation energy for Zn-
implanted 6H–SiC sample annealed at different temperatures.
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movement of Zn2p peaks probably due to Zn-ions from the substitutional Si positions into interstitial lattice and
formmetal clusters, instead of combiningwith oxygen to formZn–Obond. TheC1s peak in raw sample locates
at 282.6 eV, corresponding toC–Si bond in 6H–SiC crystal [31]. Figure 4(c) shows the binding energy increase to
283.2 eV after Zn-implantation, indicates aweakened anionic states of carbon in implanted layer [32]. Thismay
be related to dangling bonds of carbons caused by induced-defects. The binding energy slightly increases with
the annealing temperature.Meanwhile, the Si2p peak also shift to the left (increase) from100.2 eV to an
asymmetric peak after annealing at 1100 °C, as shown infigure 4(d). This peak can befitted by twoGaussian
curves. The high binding energy peak (blue dashes) located at 102.6 eV is related to the Si–Obonds. SiC heating
in 1100 °Cwill reacts with oxygen to form SiO2, and theweight of sample increase [27]. Zn ismore easily
oxidized than Si, while no hints of Zn–Obondswere detected. Thismay be because Znmainly distributed in a
thin implanted-layer in the depth about 100 nm in SiC crystal. During annealing, oxygenmore likely to be
contact with Si, while Zn tend to formmetal clusters in their high concentration region.

Following the increase of annealing temperature, Zn-implantation induced damageswere repaired
continuously.Meanwhile, sample was oxidized after heating in higher temperature. Penetrated oxygen
combinedwith Si-atoms to form Si–Obonds, and leave lots of VSi-related clusters in the crystal, which result in
significant increase of S-parameters in S–E curves. On the other hand, Zn-ions from the substitutional Si
positions into interstitial latticesmay also lead to increase of Si-vacancies. The room temperature
ferromagnetism inZn-implanted sample typically arises fromdifferent sources. And their annealing changes of
magnetization can divided into two stages. Firstly, themagnetization declinedwith the temperature increase. In
this stage the ferromagnetism probably relevant to Zn-ions or Zn-related defects. In the following stage the
ferromagnetism should arise fromVSi-related defects. Themagnetization increasemay attributed to oxidization
induceVSi increase after higher temperature annealing. After annealing at 1100 °C, the ferromagnetism did not
retrieved to the initial value of as-implantation. Thismay be because part ofmagneticmoments fromZn-ions
had been irreversibly weakened, since the Zn-clusters were formed during annealing process.

It seems that Zn ions aswell as other nonmagnetic atoms like Cu andAl could introduce ferromagnetism in
SiC crystal. In order to have a completely physical picture on thework, a series offirst-principle calculations

Figure 4.XPS analysis of (a) total spectra from200 to 1200 eV, core level for (b)Zn2p peaks, (c)C1s peaks, (d) Si2p peaks in Zn-
implanted sample annealing at 500 °Cand 1100 °C.
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based onDFTwere performed using theVienna ab initio simulation package [33]. The Perdew–Burke–Ernzerh
potentials were employed, and the general gradient approximationwas used to describe the exchange
correlation energy functional.We built 3×2×2 SiC super-cell with 6H-structure, which contains 48C-atoms
and 48 Si-atoms for the calculation. The cases of oneC/Si vacancy and/or Zn impurity at center of super-cell
werefirstly taken into account for discussion. For the Brillouin-zone sampling, 4×4×4Monkhorst-Pack
k-meshwas used for the structural optimization and static computation process. The planewave cut off energy
was set to 400 eV, and the relaxedHellman–Feynman force on each ionwas less than 0.01 eV Å−1 during the
optimization. Since the defect concentration is 2.1% for supercell contain one vacancy or Zn-atom, we only
relaxed atoms around the defect point during the optimization (ISIF=2). Figure 5 shows the results of density
of electronic states (DOS) for pure and defected 6H–SiC supercell systems.

Perfect Si48C48 supercell infigure 5(a)–(i) display no spin polarization emerging around the Fermi energy
level which is near the top of valence band, thus thematerial shownonmagnetic property. The valence electron
shells of Si atom are 3s23p2. In the structure with a Si taken away, the dangling bonds of C2p electrons are
introduced around the vacancy, and obvious spin-split impurity bands are generated near the top of valence
band, as shown infigure 5(a)–(ii). The totalmagneticmoment value of whole supercell is about 2.0 μB/VSi.We
calculated the atomicmoment of VSi within theWigner–Seitz radius, the value is about 1.0 μB (which is related
to the radius during static process). The results indicate that the localizedmoment arise from carbon dangling
bonds around theVSi (0.26 μB/electron). Differently, the impurity bands caused by carbon vacancy aremainly
located at bottomof conduction band. The Fermi level was shifted to the bottomof conduction band. Although
the totalmoment of Si48C47VC is not zero, it is not localized around the carbon vacancy. The atomicmoment of
VC is only 0.65 μB (less than 40%of totalmoment), which is widely distributed in the nearby silicon and carbon
sites. Since the electronegativity of carbon is higher than that of silicon, the unpaired electrons around carbons
atoms should bemore localized than those around silicon atoms [34]. On the other hand, in relaxation process

Figure 5.The total DOS of: (a) pure Si48C48 andwith Si/Cvacancies; (b) the supercell with substitution/interstitial Zn ion. Inset in (a)
display partial DOS ofC2p around Si vacancies, and the partial DOSs of Zn2p3d/C1s2pwith Zn substitution (ZnSi) are shown in
pattern (c).
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theVCwill display important ‘J–T distortion’, whichwill lead to the disappearance of spin polarization, while
this phenomenonwould not occur inVSi structures [35].Magnetic coupling is relevant to the degree of localized
magneticmoments. Thus, carbon vacancy is hardly introducing obvious ferromagnetism in the SiC system,
which is in good agreement with our experimental discussions.

The Zn atom in SiC supercell has two situations: Zn located at interstitial site of octahedral which consist of
four carbon and four silicon atoms; or the Zn substitute of a Si and nearby four carbon atoms. As shown in the
figure 5(b), interstitial Znmay result in slight expansion of surrounding lattices, while does not introduce
unpaired electrons in the supercell. The Zn3d bands are below the Fermi level about 8 eV, and display
symmetrical spin structure. The totalmagneticmoment of this structure is nearly zero.Differently, the
substitutional Zn2p3d electrons introduced polarized impurity bands near the Fermi level, which is across the
top of valence band. The calculated localized atomicmoment of this supercell is 1.18 μB (maintaining the
Wigner–Seitz radius), which unexpectedly include the contributions of C2p electrons aroundZn atoms, as
shown infigure 5(c). For partial DOSs analysis, we found that themagneticmoment frompolarized Zn2p3d
electrons is 0.158 μB,which only 13%of the total localizedmoment.While the average contribution from
around four carbon atoms is about 0.151 μB/C.These results indicate that themagnetism of SiC sample is
mainly from spin-polarized carbon 2p electrons around interstitial Zn, not fromZn atoms themselves. In
further speculation, the danglingC2p electronsmaybemainly source ofmagnetic ordering in nonmagnetic
doping 6H–SiC crystals,meanwhile the type of foreign impurities (such as Cu, Al, He et al) are not crucial factor
formagnetic origin in such carbon-basedmaterials. This analysis corroborates the results and discussions of our
experiments.

We discussedmagnetic coupling between the vacancy defects. There are three cases ofmagnetic interaction
between silicon/carbon vacancies, as shown infigure 6.We only discuss the nearest-neighbor structures, in
which the distance of VC–VC (VSi–VSi) is 0.309 nm, and theVC–VSi spacing is 0.189 nm.

During full-relaxation process, the supercell withVC–VC structure arise defect-distortion as described in
previous report. The spin polarizations of peripheral electrons disappear and the totalmoment of this supercell
turns into zero. This confirms that the non-localizedmoments of carbon vacancies can not achieve stable
magnetic coupling and introduce ferromagnetism in SiCmaterial. In previous studies, theVSi–VC structure was
consideredmainly source of ferromagnetism in SiC.We introduced this structure and calculated the total
moment of supercell and found to be still about 2.0 μB. The averagemagneticmoment from remained three
carbon atoms is about 0.264 μB/C and the second-adjacent carbons show a small value (about 0.02 μB/C). The
presence of VC has not affected the value and localization degree of themagneticmoment of VSi. Different from
theHe or Al inVSi-related defects, the role of VCmay only be able to reduce formation of silicon vacancies so that
they can be stably present inmaterials.We constructed the nearest-neighbor VSi–VSi structure and calculated
magnetic coupling between them. The carbon between silicon vacancies attributes two parallel spin-polarized
2p electrons, and they are involved in ferromagnetic interactionwith neighbor four C2p electrons. The
schematic diagramof thismagnetic coupling is shown infigure 7. From the perspective of simplemagnetism,
the results indicate that dangling C2p electrons fromVSi-related defects can provide localizedmoment and form
stable ferromagnetic interactionwithout any induced impurity or carbon vacancy. Furthermore, we confirmed

Figure 6.The total DOSs of SiC supercell with different defect-interaction structures.
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that the carbon vacancies in SiCmaterial are not involved inmagnetic performance. This is in linewith
experimental findings.

4. Conclusion

In this workwe investigated themagnetic properties of Zinc-irradiated 6H–SiC by both experimental and
theoretical calculations. The results give strong evidence that the unpairedC2p electrons nearest-neighbor
structure defects are radically responsible for the observed ferromagnetism. In this sample, the ferromagnetic
performance ismainly arising from substitutional zincs and silicon vacancy-related defects. The zincs were
proved not crucial factor for ferromagnetic origin in sample and carbon vacancies are not involved inmagnetic
coupling of silicon vacancies. Interestingly, it has been demonstrated that the localizedmoments of VSi will
disappear when replacing around carbons with silicones, while VCmay exhibitmagnetismwithin graphite
material. This provides valuable speculation that unpairedC2p-induced ferromagnetismmaybe universal in
SiC, graphitic and other carbon-basedmaterials. Our studies givemore insight into comprehending the
phenomena of carbon-basedmaterials and encouraging their future applications in spintronics.
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