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 In the context of light-element mag-
netism, graphene-based sp 2  carbon mate-
rials have been the most studied mate-
rials to date. Although ideal graphene and 
graphite are non-magnetic in nature, the 
presence of point defects (e.g., vacancies [ 2 ]  
and covalent adatoms [ 9–12 ] ) in graphitic 
networks may induce spin polarization 
and lead to the formation of a local mag-
netic moment. Provided that there exists 
long-range magnetic coupling between 
these local moments, collective mag-
netism will then occur. [ 2,10–12 ]  For instance, 
weak high-temperature ferromagnetism 
has been extensively observed in some 
defective graphitic structures, such as 
proton-bombarded highly oriented pyro-
lytic graphite (HOPG), [ 2 ]  and covalently 
functionalized monolayer and/or few-layer 
graphene. [ 10–12 ]  Apart from defect-induced 
magnetism, considerable progress has 

also been made in studying the edge magnetism in zigzag gra-
phene nanoribbons (GNRs). [ 13,16 ]  The key to the emergence of 
edge magnetism are highly localized edge-states that form fl at 
(i.e., dispersionless) bands and give rise to a very high density 
of electronic states around the Fermi energy. [ 17 ]  Spontaneous 
magnetization at the edges could then occur as a consequence 
of on-site Coulomb repulsion. [ 17,18 ]  

 The light element-based magnetism is, of course, not peculiar 
to the pure carbon materials. The isostructural hexagonal boron 
nitride (BN) and the ternary B-C-N systems are also intriguing 
candidates in this aspect. [ 19–31 ]  Early in 2001, there has been a 
theoretical study predicating the existence of magnetic ordering 
in honeycomb heterosheet consisting of C and BN segments with 
the zigzag-shape boundary. [ 23 ]  Later on, a variety of C/BN hetero-
structures, including nanotubes, [ 24,25 ]  nanoribbons, [ 26,27 ]  as well as 
graphene islands embedded in BN sheet and vice versa, [ 28,31 ]  have 
also been theoretically investigated, thereby revealing various sce-
narios of magnetism. However, it is worth noting that the onset 
of magnetism in these heterostructures is sensitively dependent 
on atomic-level control of the geometry and confi guration of C/
BN interface. Such delicate control in theoretical considerations 
is very diffi cult to achieve in reality. An alternative and easier way 
to induce spin polarization in B-C-N systems is the random sub-
stitution of B and/or N atoms in a BN honeycomb lattice with 
C atoms. As predicted by previous theoretical studies, a substitu-
tional C dopant in a BN nanotube [ 29 ]  or sheet [ 30 ]  possesses a net 
magnetic moment of 1 µ B  independent of substitutional site (B 
or N). This suggests the possibility of producing B-C-N derived 
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  1.     Introduction  

 Traditionally the origin of magnetism in solids is associated 
with transition metal elements containing 3d or 4f electrons. 
Over the past decade, however, there has been increasing 
evidence that spontaneous magnetization can also occur in 
metal-free light-element systems that involve only s and p 
electrons. [ 1–13 ]  Importantly, theoretical predictions suggest that 
materials based on sp-elements have high magnitudes of spin-
wave stiffness, [ 14 ]  such that Stoner ferromagnetism with a rela-
tively high Curie temperature, even above room temperature, 
can be expected. [ 15 ]  Novel high temperature magnetic materials 
and nanostructures made of light elements may offer inter-
esting possibilities for potential device applications in spin-
tronics and quantum information processing. 
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magnetic materials through the substitutional C doping of BN 
nanotubes or nanosheets, but there has been no direct experi-
mental evidence thus far. Herein, we report on the bulk-quantity 
synthesis of high-quality C doped BN (B-C-N) nanosheets, and 
the fi rst experimental observations of high-temperature ferro-
magnetism in such B-C-N based ternary light-element materials.  

  2.     Results and Discussion  

 The synthesis of B-C-N nanosheets was achieved through 
a multi-step process. The key procedures that involved the 

substitutional incorporation of C dopants into the honeycomb 
lattice of exfoliated BN nanosheets, as illustrated in  Figure    1  a, 
were essentially the same as previously reported by us for the 
synthesis of C doped BN nanotubes. [ 32 ]  The highly exfoliated 
BN nanosheets, that were prepared by the liquid-phase exfo-
liation of high-purity BN powders in N-methyl-2-pyrrolidone 
(NMP), [ 33 ]  were fi rst nonconvalently functionalized in aqueous 
solution by π-stacking of an anionic perylene derivative, namely 
perylene-3,4,9,10-tetracar-boxylic acid tetrapotassium salt 
(PTAS). Then thermal degradation of the grafted PTAS mole-
cules would lead to the generation of tiny graphitic C species 
which can be incorporated into BN nanosheets through a slow 
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 Figure 1.    Synthesis and characterization of B-C-N nanosheets. a) Schematic of synthesis of B-C-N nanosheets. b) Photographs of typical dispersions 
of BN nanosheets in NMP, PTAS functionalized BN nanosheets in aqueous solution, and B-C-N nanosheets in NMP (top, shown left to right). Photo-
graphs of corresponding free-standing fi lms (bottom). c) A typical low magnifi cation TEM image of the B-C-N nanosheets. d,e) HRTEM images of the 
folded edges of several nanosheets with 2, 4 layers respectively. f,g) HRTEM image and associated electron diffraction (ED) pattern revealing typical 
six-fold symmetry of B-C-N nanosheets. h) Low-pass Wiener fi ltering of a section of the image in (f). Inset: intensity analysis along the blue dashed 
line reveals a hexagon width of 0.25 nm. i) Representative EELS spectrum of an individual B-C-N nanosheet. j) XPS spectra of C 1s core levels. The 
spectrum curves (open circles) are deconvoluted by Gaussian fi tting (black solid curves).
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C/BN substitution reaction process at an elevated tempera-
ture (1373 K). Figure  1 b shows the optical photographs of the 
whole processing sequence in a typical experimental run. Due 
to their reduced layer-numbers, the exfoliated BN nanosheets 
can be well-dispersed in NMP (Figure  1 b, top). After the non-
covalent functionalization by PTAS, the presence of plenty of 
surface-attached COO −  functional groups imparted a good 
aqueous solubility to the BN nanosheets (Figure  1 b, top). After 
the fi nal C-doping step, the resultant B-C-N nanosheets were 
no longer water-soluable but still can be well-dispersed in 
NMP (Figure  1 b, top), just similar to the starting pristine BN 
nanosheets. Since these three sequence of nanosheets can form 
stable dispersions in either NMP or in aqueous solution, they 
can further form good solid fi lms via the vacuum fi ltration 
the correponding dispersions aginst a polytetrafl uoroethylene 
(PTFE) membrane (Figure  1 b, botttom). This synthetic method 
can yield bulk quantities of B-C-N nanosheets (typically, tens of 
mg) that were suitable for SQUID-VSM magnetometry. Note 
that extreme care must be taken to use highest purity solvents 
(content of magnetic impurities <1 ppm) so as to avoid any 
metallic magnetic contamination to the samples.  

 Figure  1 c shows a typical transmission electron microscopy 
(TEM) image of B-C-N nanosheets with lateral sizes of a few 
micrometers. Most of the B-C-N nanosheets consisted of a few 
layers (Figure  1 d,e), with the layer number typically in the range 
of ≈2–5. It has been reported that C atoms substituting for B or 
N atoms was energetically favorable [ 29,30,34 ]  and resulted in low 
distortion in the BN lattice, [ 35 ]  which was verifi ed by high reso-
lution TEM (HRTEM) results (Figure  1 f,h) and associated elec-
tron diffraction (ED) patterns (Figure  1 g). Figure  1 h shows sec-
tions of the images in Figure  1 f, after low-pass Wiener fi ltering 
was performed. Intensity analysis (inset of Figure  1 h) along the 
blue dashed line reveals a hexagon width of 0.25 nm, deducing 
the spacing between two atoms to be ≈0.143 nm, close to the 
B-N bond length of 0.144 nm. 

 The elemental compositions of the as-synthesized B-C-N 
nanosheets were carefully investigated using electron energy 
loss spectroscopy (EELS). Figure  1 i displayed the core-loss 
K-edges of B, C, and N located at 188, 284, and 401 eV, respec-
tively. The sharply defi ned 1s → π* and 1s → δ* transition fea-
tures of the B and N K-edges are characteristics of honeycomb 
sp 2 -bonding BN networks. The C K-edge, though being weaker, 
also show discernible π* peak as well as δ* band, indicating 
that C atoms are in the same sp 2 -hybridized state as their BN 
counterparts and have been successfully incorporated into the 
BN lattice. The extracted atomic C/B+C+N ratios were 8% for 
B-C-N nanosheets. Because different B-C-N nanosheets had 
different layers, and C doping only happened in the outmost 
sheets of host BN, the extent of C doping varied among B-C-N 
nanosheets with different layers (see Figure S2, Supporting 
Information). That is, thin sheets had high C doping concen-
tration while thick sheets had low C concentration. Here it 
is worth noting that the heating-rate of the thermal degrada-
tion was a crucial factor that sensitively affected the substi-
tutional C doping process of BN nanosheets. Actually, there 
was a subtle competition between the formation of C-islands 
on BN surfaces and the real substitutional incorporation of C 
dopants into BN lattice in the thermal degradation process, 
and we had carefully optimized the heating-rate so as to get a 

control over the subtle competition. [ 32 ]  A well-controlled, slow-
rate temperature increase (≈1–2 K min –1 ) can result in the 
degradation-generated C species that were tiny enough and 
thus chemically active enough to be successfully doped into 
the host BN lattice. On the other hand, when the heating-rate 
was increased (such as 10 K min –1 ), much larger C fragments 
were generated which were hardly incorporated into the BN lat-
tice and may form C-islands on BN surfaces. In our previous 
work, the substitution of C for B and N atoms in the BN honey-
comb lattice had been demonstrated through spatially resolved 
EELS analyses and electrical measurements. Substitutional C 
doping transformed BN nanotubes from electrical insulators 
to semiconductors, inferring that the synthetic method used 
in our present work was reliable for incorporating C dopants 
into BN lattice. [ 32 ]  In addition, this synthetic method had been 
developed by Wei et al. and they incorporated C atoms of 
organic molecules into the lattice of BN nanotubes [ 36 ]  and BN 
nanosheets [ 37 ]  via in situ electron-beam irradiation of the func-
tionalized nanotubes or nanosheets in a TEM. Furthermore, 
Krivanek et al. had clearly distinguished individual C atom, 
that bonded with B and N atoms, in BN lattice using annular 
dark-fi eld electron microscopy. [ 35 ]  These works proved that the 
formation of substitutionally C-doped BN nanosheets through 
the random substitution of B and/or N atoms with separated 
C atoms was possible and feasible. In our present study, Cru-
cial evidence for the substitutional incorporation of C dopants 
into the lattice of the BN nanosheets was provided by the X-ray 
photoelectron spectroscopy (XPS, Figure  1 j and Figure S3, Sup-
porting Information). As shown in Figure  1 j, from the curve-
fi tted XPS spectra of C 1s core-level electrons, the existence of 
a signifi cant amount of B-C and C-N bonds which rival that 
of the C-C bonds can be clearly identifi ed, suggesting that the 
constituent B, C, and N elements have a real ternary bonding 
nature within the honeycomb lattice. It should be mentioned 
here that no magnetic impurities was detected by EELS and 
XPS in the B-C-N nanosheets. Nonetheless, we employed 
inductively coupled plasma-mass spectrometry (ICP-MS) to 
crosscheck this result, and found no d or f impurities above a 
detection limit of 10 ppm. 

 Static magnetization had been fruitfully exploited to probe 
the magnetic response of B-C-N nanosheets. Since the orien-
tation of the B-C-N nanosheets in our samples was random, 
the detected magnetization signals of the samples were an 
average of B-C-N nanosheets over all possible orientations, 
and we didn’t observe a difference in the response for different 
orientations of applied magnetic fi eld H.  Figure    2  a shows the 
Zero-fi eld-cooled (ZFC) and fi eld-cooled (FC) temperature 
dependent magnetization (M-T) curves of the BN powders and 
B-C-N nanosheets in the temperature ranging from 5 to 300 K. 
Pristine, that is, undoped, BN powders were diamagnetic with 
a susceptibility of ≈ –5.5 × 10 −7  e.m.u. g −1  Oe −1  (Figure  2 a). 
With C doping, B-C-N nanosheets developed distinct ferromag-
netic signal. The ferromagnetic behavior was also confi rmed 
by isothermal magnetization versus applied magnetic fi eld 
(M-H) measurements (Figure  2 b,c). Ferromagnetic hysteresis 
from the B-C-N nanosheets was clearly apparent, with satura-
tion of magnetization occurring at 8.87 × 10 −3  e.m.u. g −1  and 
a coercivity of 145 Oe at 300 K, which was comparable to the 
reported behavior of defective HOPG. [ 8 ]  The magnetization of 
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B-C-N nanosheets was practically temperature independent, at 
least up to 400 K (Figure  2 d). Saturation magnetization values 
differed by less than 10% between 2 K and 400 K, indicating 
that the Curie temperature (T c ) of the B-C-N nanosheets must 
be higher than 400 K. After our initial discovery, we synthesized 
batch of samples and found this ferromagnetic behavior was 
repeatable and stable.  

 In addition to the magnetic response described, two other 
magnetic features imposed on the ferromagnetic signals of 
the B-C-N nanosheets had been observed. One was a small 
but fi nite paramagnetic upturn as the temperature decreased 
to 15 K (Figure  2 a). A paramagnetic upturn at low tempera-
ture was also exhibited in C-based materials. [ 7,9,38,39 ]  Sepioni 
et al. suggested that this behavior in graphene was related to 
a small number of unpassivated or unreconstructed point 
defects and zigzag edges. [ 7 ]  The second was the divergence 
between the ZFC and FC curves starting around 250 K. Such 
magnetic anomaly was found when aitiferromagnetic correla-
tions competed with ferromagnetic interactions. This result 
was similar to that obtained for graphene, [ 16,40,41 ]  somewhat 
like spin glass behavior in frustrated system. Though the origin 
remained unclear, a coexistence of ferromagnetism and anti-
ferromagnetism was well accepted for a biparticle system. [ 42 ]  
These two magnetic features were also detected in diamagnetic 
background of BN powders but somewhat weaker than those 
in B-C-N nanosheets. As pointed out above, point defects may 
affect the magnetic properties of BN, and it was plausible that 
in the process of C doping a number of defects were created 
(due to long time sonication), thus the contribution of defects 
to ferromagnetism observed in B-C-N nanosheets should be 
carefully taken into account. However, it was hard to estimate 

the contribution of defects to magnetism in B-C-N nanosheets 
directly. Since PTAS functionalized BN nanosheets had the 
same sonication process as the B-C-N nanosheets, the number 
of point defects between them was speculated to be on the 
same order, and we had measured the magnetic properties 
of the former. The magnetization of PTAS functionalized BN 
nanosheets was enhanced in comparison with BN powders 
(Figure S4, Supporting Information); however, they were still 
diamagnetic, indicating that the observed ferromagnetism was 
related to C doping rather than defects. 

 An important evidence we had against metal impurity effect 
was that neither BN powders nor PTAS functionalized BN 
nanosheets exhibited ferromagnetic signal (Figure  2  and Figure 
S4, Supporting Information). Furthermore, the measured con-
tent of magnetic metal impurities in B-C-N nanosheets was 
below 10 ppm, which was not suffi cient to produce the ferro-
magnetic signal shown in Figure  2 . These results excluded the 
possibility that the ferromagnetism of B-C-N samples was due 
to magnetic impurities. To confi rm that C was the source of 
the ferromagnetism, an oxidation treatment was employed to 
remove C dopants in B-C-N nanosheets. It has been reported 
that B-C-N sheets can be effi ciently transformed to BN sheets 
by an oxidation process at 923 K because C domains in the 
B-C-N sheets started to undergo oxidation in air at 823 K while 
oxidation of the BN layers in air began only at 1073 K. [ 43 ]  An 
important result for us was that C dopants in B-C-N nanosheets 
could be eliminated selectively through an oxidation process 
at 923 K. One can fi nd that burned in the O 2  atmosphere for 
5 minutes, the B-C-N nanosheets were still ferromagnetic, 
while burning for 15 minutes can reduce the long-range 
magnetic order enormously ( Figure    3  a). As we increased the 
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 Figure 2.    Ferromagnetism due to C doping. a) ZFC and FC temperature dependent magnetization curves of the B-C-N nanosheets and BN powders. 
b) Magnetization loops for B-C-N nanosheets at 5 K. c) Magnetization loops for B-C-N nanosheets at 300 K (the magnetization values were obtained 
after subtraction of a linear background contribution). d) Magnetization loops for B-C-N nanosheets measured at 2 to 400 K. Inset: Magnifi ed loops 
for B-C-N nanosheets as shown in (d).
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duration of burning in O 2  up to 30 minutes, the samples were 
turned from a ferromagnetic state to a diamagnetic state as that 
of pure BN. To gain further insight, Figure  3 b plots the satura-
tion magnetization and coercive fi eld as a function of burning 
time. It was clear that saturation magnetization and coercive 
fi eld gradually decreased with increasing the burning time. 
This evidence obviously proved that the ferromagnetism in 
B-C-N nanosheets merely originated from C doping: getting rid 
of C dopants could degrade magnetic moments, and could even 
destroy the ferromagnetic ordering completely.  

 As aforementioned, prior to our present experimental work, 
there have been some theoretical studies predicting that a C 
atom doping in a BN nantoube [ 29 ]  or a 2D sheet [ 30 ]  can induce 
spontaneous polarization. These theoretical studies gave a 
consistent picture that the C atom substitution for either 
B or N atom could form bonds with its three nearest neigh-
bours, leaving one electron unpaired, and the spin polariza-
tion resulted from the unpaired electron of the C atom. We 
employed the SIESTA code [ 44 ]  implementing fi rst-principles 
calculations to reproduce this process. Our calculations for 
one C dopant doping in a BN supercell consisting of 4 × 4 × 1 
unit cells (Figure S5a, Supporting Information) confi rmed that 
C substituting for either B or N atom resulted in an emergence 
of a fl at band near the Fermi level, which split into two branches 
(Figure S5c,d, Supporting Information), leading to a spon-
taneous polarization with a local magnetic moment of 1.0 µ B  
(Table S1, Supporting Information). The spin polarization was 
favoured by about 0.1 eV with respect to non-spin-polarized 
states in each case (Table S1, Supporting Information), which 
suggested that the spin polarization should be stable well above 
room temperature. To fi nd out the origin of the spin polariza-
tion, we show the isosurface plot (ρ = 1.2 × 10 −3  e/Å 3 ) of the 
spin polarization density (difference in densities of majority 
and minority spins) in real space for a C dopant substitution 
for a B atom ( Figure    4  a, the pictures were generated using the 
XCrySDen program. [ 45 ] ) It was evident that the spin polariza-
tion density was localized around the C dopant and originated 
from it. This strong localization of the C dopant states leaded 
to the spin polarized ground state. Spontaneous polarization 
occurred when the relative gain in exchange interaction was 
larger than the penalty in kinetic energy. [ 42 ]  As the fl at band 
induced high density of localized electronic states around 
Fermi level, the penalty in kinetic energy would be infi nitely 
small. Thus the fl at band underwent spin polarization at any 

electron-electron repulsion and leaded to the formation of local 
magnetic moment in B-C-N system. These results were qualita-
tively the same as the fl at band magnetism obtained in zigzag 
graphene nanoribbons [ 13,17 ]  and C/BN heterostructures. [ 24,26 ]   

 Of course, existence of local magnetic moments did not 
necessarily lead to collective magnetism, which resulted from 
magnetic moments coupling. It was found that vacancy defect 
states in BN were far more extended than the strongly local-
ized 3d or 4f electrons of magnetic ions. [ 22 ]  Figure  4 b clearly 
shows the extension of the C dopant states in BN. This duality 
of the C dopant states, which was also observed in nitrophenyl 
functionalized graphene, [ 46 ]  opened up the possibility of long 
range magnetic couplings in the B-C-N system. To simulate 
the couplings between different magnetic moments, we dou-
bled the size of the supercell and two C dopants were put in 
the supercell. Our calculation referred to the situation of two 
C dopants distributed over the two sublattices, and to the situa-
tion when C dopants belonged to sublattice B (or N) only. In the 
fi rst situation, two C dopants substituted one B atom and one 
N atom. According to the Lieb’s theorem, [ 47 ]  the total spin S of 
the bipartite lattice equaled to |N A  − N B |/2, where (N A  − N B ) was 
the sublattice imbalance of atom numbers in bipartite lattice. 
In this situation, Lieb's theorem predicted that the total mag-
netic moment would be zero. This result was confi rmed by our 
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 Figure 3.    Effect of C elimination on ferromagnetism of B-C-N nanosheets. a) 5 K magnetization loops of as-synthesized B-C-N nanosheets and B-C-N 
nanosheets burned at 923 K in O 2  for 5 min, 15 min, and 30 min respectively. b) Saturation magnetization and coercive fi eld corresponding to (a).

 Figure 4.    Isosurface charge density plot of the spin polarization states 
with a B atom substituted by a C dopant in (a) the supercell consisting 
of 4 × 4 × 1 unit cells (ρ = 1.2 × 10 −3  e/Å 3 ), showing the localized nature 
of C dopant states. b) Supercell consisting of 8 × 4 × 1 unit cells (ρ = 
1.2 × 10 −4  e/ Å 3 ), showing both the localized nature and the extended tails 
of the C dopant states.
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theoretical results. For the second situation, when C dopants 
populated only B sublattice ( Figure    5  a, the fi rst C dopant sub-
stituted B 0  and was fi xed there, the second C dopant substi-
tuted B 7  to B 1  respectively), two stable magnetic structures were 
obtained: one was ferromagnetic, the other antiferromagnetic. 
In the ferromagnetic case (Figure  5 b), most of the spin polar-
ized states localized around the C dopants and leaded to the 
formation of local magnetic moment while the slowly decaying 
tail of the C dopant states (green circle) mediated the long-
range magnetic coupling between the two moments. However, 
the total magnetic moment was partially suppressed and only 
0.04 µ B  in this case. The departure from the expected value of 
2 µ B  may because when C dopants were close, their interaction 
was strong and the coupling broadened the majority spin and 
the minority spin band widths, causing a charge transfer from the 
majority spin state to the minority spin state, thus reducing 
the magnetic moment (Figure  5 d). The situation alternated as 
the distance between two C dopants decreased and the system 

would be more stable in the antiferromagnetic phase, due to 
the broaden of the dopant band equal to spin split, caused by 
the larger degree of overlap between the unpaired electrons 
(with a separation of about 0.44 nm, Figure  5 c). The sensi-
tivity of the exchange coupling to the distance between two 
magnetic moments had also been reported for defective C 60 . [ 48 ]  
Our results indicated that the coupling between these C dopant 
induced local moments was fairly long-ranged with a moment 
separation of ≈0.6 nm. The exchange coupling between two 
local moments would vanish if the separation between defects 
was too long (the second C substituted B 7  – B 4 ). While the C 
dopant substituted B 1 , because of the higher probability of 
formation of a covalent bond between the C dopants, the spin 
polarization disappeared. Our theoretical calculations above 
show that the spin moments induced by C doping can be 
(anti)ferromagnetically coupled to exhibit long-range magnetic 
ordering. The same results were calculated for N sublattice.  

 First principle calculations showed that the energy required 
for a C atom to substitute a B atom was lower than to substi-
tute a N atom in BN system. [ 30,34 ]  That is, more B atoms were 
substituted in the case of C doping. These results allowed us 
to conclude that the magnetic moment induced by C doants 
in sublattice B was larger than the one induced in sublattice 
N, thus playing a crucial role in producing ferromagnetism in 
system. Furthermore, we have quantitatively analyzed the mag-
netization signal to get the magnetic moment per C dopant. 
Different B-C-N samples had different layers and different C 
concentration. Since the most found C concentrations of our 
samples were that less than 10% (Figure  1 i and Figure S2, Sup-
porting Information), we choose the concentration of 5% to be 
the representative. With a C/B+C+N ratio of 5%, the number of 
C dopants per unit mass, was given by N C  = (1/M r )N A  × 5% = 
1.21 × 10 21  dopants/g, where M r  was relative molecular weight 
of BN (24.82) and N A  was Avogadro's constant (6.02 × 10 23 ). The 
value of the 2 K saturation magnetization of B-C-N nanosheets 
was M = 9.73 × 10 −3  emu g –1 , and, thus, the magnetic moment 
per C was given by µ C  = M/N C  ≈ 8.04 × 10 −24  emu ≈ 8.67 × 10 −4  µ B . 
Comparing with our theoretical value of 0.02 µ B  per C dopant, 
only one out of ≈25 C dopants seemed to contribute to the fer-
romagnetism in experiment. The fi rst reason why the mag-
netic moment per C exhibited a lower value than the expected 
was that some C atoms formed islands on the surfaces of BN 
nanosheets rather than substituting B or N atoms in BN lattice. 
Apart from this reason, even for those C dopants substituting 
in BN lattice, the substitutional site (B or N) can also affect 
the total magnetic moment. As mentioned above, when two C 
dopants substituted one B atom and one N atom in a BN super-
cell, the total magnetic moment from these two C dopants was 
calculated to be zero. Therefore, only those C dopants (mainly 
at B site) that had no counterparts on the vicinal site sublattice 
would contribute to total magnetic moment. However, to what 
extent each factor will play a role is still a question that remains 
open to future theoretical and experimental studies in this fi eld.  

  3.     Conclusions  

 To conclude, the success in the synthesis of bulk-quantities 
of graphitic B-C-N nanosheets with high purity enabled us to 
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 Figure 5.    Theoretical analysis of the magnetism in B-C-N system. a) The 
ball-and-stick model of the 8 × 4 × 1 supercell of B-C-N sheet. B atoms 
are indicated by grey balls, C atoms by yellow balls and N atoms by blue 
balls. b,c) Spatial distribution of the spin-polarization density (n maj (r)– 
n min (r)), where n maj  (n min ) is the charge density of the majority (minority) 
spin of the BN with two B atoms substituted by two C dopants (b) for B 0  
and B 3  and (c) for B 0  and B 2 . Unit: e/Å 3 . d) Schematic illustration of the 
ferromagnetic coupling in the B-C-N system. The DOS in the majority 
and minority spin are plotted in blue and brown, respectively. The red 
line represents the Fermi level. The left side is the DOS for two isolated C 
dopants, and the right side denotes the fi nal state after the ferromagnetic 
coupling for the B-C-N system.
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study the possible light-element magnetism in ternary B-C-N 
systems by means of bulk magnetization measurements. For 
the fi rst time we observed the weak high-temperature ferro-
magnetism in such B-C-N based metal-free materials. Careful 
control experiments confi rmed that the observed magnetic 
order should originate from the C dopants rather than from 
possible contamination of extrinsic magnetic impurities. These 
results represent substantial experimental support for the via-
bility of previous theoretical predictions that the substitutional 
C doping of a honeycomb BN lattice can induce spontaneous 
spin polarization and lead to the formation of local magnetic 
moment. The occurrence of collective magnetism is then pos-
sible as a consequence of the (anti)ferromagnetic coupling 
between those local moments, as further revealed by DFT-based 
fi rst-principles calculations in our present work.  

  4.     Experimental Section 
  Materials : Commercially available BN powders (Wako Special Grade) 

were purchased from Wako Ltd.. HNO 3  (99.9999%) and NMP (HPLC 
Grade, 99.5%) were purchased from Alfa Aesar. PTAS was synthesized 
by following the procedures reported in ref.  [ 32 ] . Extreme care was taken 
to use highest purity solvents (content of magnetic impurities <1 ppm) 
and also to avoid any contamination. Furthermore, in order to exclude 
the possible magnetic metal impurities, BN powders were thoroughly 
refl uxed in diluted HNO 3  solution over night and then washed in 
ultrapure water, followed by annealing in NH 3  at 1373 K for 2 h. 

  Liquid Exfoliation of BN Powders : BN nanosheets were prepared by 
exfoliating BN particles in NMP, according to a published procedure. [ 33,49 ]  
Approximately, 500 mg of BN powders in 1000 ml NMP were sonicated 
in a low power sonic bath for 1 hour, resulting in milky white dispersions. 
The resultant dispersions received a mild centrifugation of 3000 rpm for 
30 min. After centrifugation of the dispersions, the supernatant was 
decanted and was then fi ltered against a PTFE membrane (0.45 µm). 
The fi lter cake was dispersed in 50 ml ultrapure water with 30 min of 
sonication and fi ltered again. This process was repeated ten times and 
the fi nal fi lter cake was redispersed in 300 ml ultrapure water (Figure  1 b, 
upper left corner). 

  Synthesis of B-C-N Nanosheets : Similar to procedure used for synthesis 
of C doped BN nanotubes, [ 32 ]  300 mg of the PTAS were dispersed into 
BN nanosheets aqueous solution and the mixture was sonicated in a 
low power sonic bath for 10 h. The dispersions were fi ltered onto a PTFE 
membrane (0.2 µm), and we can get pink color powders (Figure  1 b). 
Subsequently, the obtained powders were dried under vacuum at 373 K 
for 12 h. The dried powders were sealed into an evacuated (<10 −6  Torr) 
quartz ampoule with a diameter of ≈10 mm. Then the ampoule was 
heated to 1373 K in a muffl e furnace with a controlled heating rate of 
2 K min –1 , and isothermally held at this temperature for 2 h. After the 
ampoule cooled to room temperature, it was broken to take out the 
B-C-N samples. It can be shown that the original pink color of PTAS-BN 
nanosheets were changed to a grey color (Figure  1 b) after this vacuum-
annealing treatment process, which indicated the formation of the 
B-C-N nanosheets. 

  Structural Characterization and Magnetic Measurements : Transmission 
electron microscopy (TEM) imaging and electron energy loss 
spectroscopy (EELS) measurements were performed at 200 KV in a 
JEOL-2010F fi eld-emission type high-resolution TEM equipped with 
a Gatan 666 parallel collection electron energy loss spectrometer. 
The microstructure and compositional analysis were studied by the 
Hitachi S4800 SEM machine with energy dispersive X-ray spectrum 
(EDX) facilities. XPS (Thermo Scientifi c Escalab 250) was carried out 
using monochromatic aluminum K X-rays. XPS data were analysed 
with the XPS-peak software. The magnetic impurity elements (such 
as Fe, Co, Ni or Mn) of all the samples are below 10 ppm measured 

by ICP spectrometry (ICP-MS, X Series 2, Thermo).The magnetization 
measurements were performed using a commercial SQUID-vibrating 
sample magnetometer (Quantum Design (QD) Inc., USA, model 
S-VSM). Because the magnetization signals of the samples were rather 
small we have checked the background signal from the sample holder in 
the VSM. The background signal was negligible in comparison with the 
sample response. 

  Computational Methods : All calculations were carried out within 
the SIESTA package, [ 44 ]  using the Ceperley-Alder (CA) of local density 
approximation (LDA) for the exchange correlation energy. Single k-point 
and 20 × 20 × 1 Monkhorst-Pack k-point grid were used in the structural 
optimizations and energy calculations, respectively. The energy 
convergence down to 10 −4  hartree was guaranteed when the energy 
cutoff of 150 hartree was chosen in the energy calculations. A vacuum 
region of 39.9 Å was added along the direction normal to the sheet plane 
to avoid the interaction between periodic images of supercells. All the 
considered geometries were left to fully relax so that residual forces 
could become smaller than 0.01 eV/Å.  
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