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Published online: 17 May 2018 © Various synchrotron radiation-based spectroscopic and microscopic techniques are used to elucidate
. the room-temperature ferromagnetism of carbon-doped ZnO-nanowires (ZnO-C:NW) via a mild
: C*ionimplantation method. The photoluminescence and magnetic hysteresis loops reveal that
. the implantation of C reduces the number of intrinsic surface defects and increases the saturated
. magnetization of ZnO-NW. The interstitial implanted C ions constitute the majority of defects in ZnO-
C:NW as confirmed by the X-ray absorption spectroscopic studies. The X-ray magnetic circular dichroism
spectra of O and C K-edge respectively indicate there is a reduction in the number of unpaired/dangling
0 2p bonds in the surface region of ZnO-C:NW and the C 2p-derived states of the implanted Cions
. strongly affect the net spin polarization in the surface and bulk regions of ZnO-C:NW. Furthermore,
. these findings corroborate well with the first-principles calculations of C-implanted ZnO in surface and
. bulk regions, which highlight the stability of implanted C for the suppression and enhancement of the
. ferromagnetism of the ZnO-C:NW in the surface region and bulk phase, respectively.

. Defect-induced room-temperature ferromagnetism (RTFM) in metal oxides has attracted significant attention
© because of their potential application of such oxides in spintronic devices">. RTFM in ZnO, TiO,, In,0; and
. HfO, and Cu,O has been extensively investigated®->. The RTFM-ZnO with its wide band-gap and large exciton
. binding energy, is one of the most promising materials not only for use in industry but also for scientific inter-
© ests®’. However, the identification the defect that critically affects the magnetic properties in a ZnO system and
. the ways such defects facilitate the ferromagnetic coupling are still an open question. Previous investigations have
. suggested that RTFM may arise from lattice defects [viz. O vacancies (V) or Zn interstitials] in pure ZnO thin
film, nanoparticles and nanowires®'°. Magnetic behavior has been observed in defect-containing ZnO single
crystal'!, in which are critical in inducing magnetic ordering'>". Organic molecule capped ZnO-nanoparticles',
. nonmagnetic ion-doped ZnO thin films/nanoparticles' and partially oxidized Zn nanowires!® also exhibit RTFM
. behavior. Even the absorption of some organic molecules by ZnO nanoparticles can induce ferromagnetic behav-
ior'”. The origin of magnetization in ZnO and the role of surface defects's, Vo*'”!%, Zn vacancies (V,)*%, and
other defects in the d° magnetism mechanism remain controversial. This subject has been recently addressed by
Qietal?.
Theoretically, based on density functional theory (DFT) investigations, the origin of magnetism does not
involve from Zn 3d electrons but does involve the unpaired/dangling 2p states of O atoms in the immediate vicin-
- ity of V,,, inducing spin polarization at the top of the valence-band (VB)", and the vacancy-induced magnetism
. preferentially reside on the surface of ZnO?. The strong exchange interaction between O 2p orbitals and the large
. effective masses on top of the VB satisfy the Stoner criterion for spontaneous ferromagnetism, which can be made
easily by acceptor doping at the O sites in ZnO?-%*. However, in our earlier report®, the d° magnetic behavior of
ZnO nanocactuses (ZnO-NC) and nanowires (ZnO-NW) was elucidated by using X-ray-based spectroscopic and
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microscopic measurements, owing to defects in the form of unpaired/dangling O 2p states (originally generated
by V,) that induced a significant local spin moment between the nearest-neighboring (NN) O atoms; this find-
ing is supported by the uneven local spin density that was identified from the partial density of states (PDOSs)
of O 2p states in ZnO using the local density approximation (LDA) and the Hubbard U method. Additionally,
according to the theoretical calculations of Yi et al.?%, doping appropriate elements into ZnO can stabilize cation
vacancies and form holes, which mediate the ferromagnetism. The C-doped ZnO exhibits intrinsic n-type ferro-
magnetic behavior with a Curie temperature that exceeds room-temperature' and provides a novel way to dope
ZnO to form a diluted magnetic semiconductors?”. The DFT calculation also reveals strong magnetic moments
in C-doped ZnO?%, in which O atoms are substituted with, or replaced by, C atoms stabilizing the ferromagne-
tism?. Calculations from first principles indicate that, in contrast, C atoms that substituted at Zn sites (C,,) in
C-doped ZnO, which is thermodynamically more stable than that with C atoms that substituted at O sites (C),
form diatomic carbon-complexes with a magnetic moment of 2 p*. A nanosturctural ZnO sample is an excellent
system for investigating defects-related phenomena owing to the large surface-to-volume ratio and the presence
of various intrinsic defects in the ZnO matrix, such as V,, V, and others. Implanted C atoms in ZnO nanowires
(ZnO-C:NW) provide an ideal opportunity to examine the effect of C implantation on the bonding states and
electronic structures of such NWs, based on an in depth understanding of how the implanted C atoms modify
magnetic behavior in a ZnO host. However, precisely determining whether implanted C atoms preferentially
substitute at either vacancies of V, or Vg sites to form Cy,, or Co, respectively, or just form interstitial defects
(C) in ZnO matrix is difficult, because defect-variations in the surface and bulk regions that are formed by the
implantation of C atoms cause distinct magnetic behaviors in ZnO-C:NW, as mentioned above. To elucidate these
issues, spatially-resolved and element-specific synchrotron-based spectroscopic and microscopic techniques are
required to provide clear information concerning implanted C atoms and the RTFM of ZnO-C:NW.

In this work, 40keV 2C* ions were implanted into ZnO-NW with a fluence of 1.5 x 10'jons/cm? to form
ZnO-C:NW which was examined along with ZnO-NW, respectively. The low implantation energy of 40keV is
selected to avoid any implantation induced defects. X-ray spectroscopic and microscopic techniques were used
to probe the effects of defects that were generated by the implantation of C atoms at specific sites and in par-
ticular regions, with reference to bonding states, electronic structures and magnetic behaviors of ZnO-NW.
Various X-ray techniques that used are the core-level X-ray photoelectron spectroscopy (XPS), X-ray absorp-
tion near-edge structure (XANES), scanning photoelectron microscopy (SPEM), scanning transmission X-ray
microscopy (STXM), and valence-band photoemission spectroscopy (VB-PES). The main advantage of the use of
STXM-XANES herein is its ability to map the chemical states and determine spatially-resolved electronic struc-
tures in a selected region and site of interest, and these are typically extracted using image masks that are applied
to the STXM data®*2. X-ray magnetic circular dichroism (XMCD) measurement and extended X-ray absorption
fine structure (EXAFS) spectroscopy were also performed to support the finding that implanted C atoms pri-
marily form C; defects in ZnO-C:NW, greatly suppressing and enhancing magnetization in the surface and bulk
regions, respectively, relative to those in ZnO-NW. The results of this investigation provide clear evidence that
the various RTFM behaviors between the surface and bulk regions of ZnO-C:NW compared to those of RTFM
behaviors of ZnO-NW, depending on not only the population of unpaired/dangling O 2p-derived states, but also
the population of C 2p-derived states of the interstitial C atoms in the ZnO-C:N'W.

Results and Discussion

Figure 1(a) presents the photoluminescence (PL) spectra and cross-sectional scanning electron microscopic
(SEM) images of ZnO-C:NW and ZnO-NW. These SEM images reveal that the diameters and lengths of nano-
structural ZnO samples are approximately 100 nm and 3 pm*, respectively. Clearly, the ZnO-C:NW exhibits a
more disordered surface morphology than ZnO-NW. The PL spectra include two features- one with a sharp
peak at ~380 nm and another broad feature that is centered at ~540 nm; these are typically attributed to a
near-band-edge transition and a broad emission that is caused by surface-related or grain-boundary defects®*-,
respectively. Although the involvement of various defects such as V%, V% and O antisites*® which can induce
green luminescence in ZnO, is still a matter of debate, Janotti et al.*® reported that, based on DFT and LDA
calculations, the low formation energy of V, is the major source of green luminescence in ZnO. Obviously,
the near-band-edge emission of ZnO-C:NW is shifted to higher wavelengths, owing to the formation of atomic
dislocations and/or structural disorder by the implantation of C atoms in the ZnO matrix**-*. The inset in
Fig. 1(a) shows the magnified view of the broad feature associated with surface-related defects transition within
the range 400-700 nm. Interestingly, the intensity of this feature in ZnO-C:NW is significantly lower than that
of ZnO-NW. Since the emission from surface defects, centered at ~540nm is primarily associated with V, in
ZnO**, the reduction of intensity of the broad emission feature in the PL spectrum, as displayed in Fig. 1(a),
may be caused by the bonding of implanted C atoms to the neighboring unpaired/dangling O 2p states of O
atoms (surface-related defects), forming C-O bonds by either the substitution of C atoms at the Zn-vacancies
or interstitial defects of C;. The population of surface-related defects is therefore reduced (and the number of
unpaired/dangling O 2p bonds or V, is likely reduced) in ZnO-C:NW*. Figure 1(b) plots the room-temperature
magnetic-hysteresis (M-H) curves of both ZnO-C:NW and ZnO-NW. The magnetic field was applied parallel to
the direction of growth of the NW, along the c-axis, as shown in the upper inset in the figure. Figure 1(b) reveals
that the magnetization of ZnO-C:NW is significantly greater than that of ZnO-NW. The lower inset in Fig. 1(b)
clearly reveals the enhanced magnetization in ZnO-C:NW, for which saturation magnetization (M) and coer-
civity of ZnO-C:NW (ZnO-NW) are ~2.7emucm™> (0.3 emucm ) and ~200 Oe (100 Oe), respectively. The M,
for ZnO-C:NW is about ten times that of ZnO-NW, and this effect is attributable to the implanted C atoms in the
ZnO-NW matrix. The above results indicate the surprising reduction of intensity of the broad PL emission pri-
marily caused by surface-related defects and an enhancement of magnetization, based on M-H measurements of
bulk sensitivity of the ZnO-C:NW relative to ZnO-NW. All these findings suggest that the difference between the
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Figure 1. (a) PL spectra and cross-sectional SEM images of ZnO-C:NW and ZnO-NW. Inset shows the
magnified view of PL range of 400-700 nm. (b) Room-temperature M-H curves of ZnO-C:NW and ZnO-NW.
Upper and lower insets present magnetic field applied parallel to growth direction (c-axis) and magnified M-H
loops of ZnO-C:NW and ZnO-NW, respectively, at 300 K.

effects of implanted C atoms in the surface and bulk regions are responsible for the distinctive PL and magnetic
behaviors in the ZnO-C:NW relative to those of ZnO-NW.

Figure S1 in Supplementary Information shows Resonance Rutherford Backscattering Spectrometry
(RRBS)**7 spectra that were recorded at an energy of ~4.27 MeV («-particles), to obtain the elemental ratio
depth profiles in ZnO-C:NW and ZnO-NW for reference, further establishing the distribution of implanted C
atoms in the surface and bulk regions of ZnO nanostructures. Generally, as presented in Fig. S1(b), the C-depth
profile reveals the atomic ratio of C atoms in the 0-400 nm region and most of C atoms are concentrated at the
depth of ~200 nm below the surface, indicating that the implanted C atoms are generally in the bulk region in
ZnO-C:NW. Based on the RRBS measurement shown in the Fig. S1(b), the Zn- and O-depth profiles do not reveal
any significant differences in the atomic distributions of Zn and O in ZnO-C:NW and ZnO-NW, indicating that
C atoms that were implanted in ZnO-NW did not significantly change the atomic structure of the ZnO matrix.

Figure 2(a) displays the Fourier-transformed (FT) spectra of the Zn K-edge EXAFS of ZnO-C:NW and
ZnO-NW, and their corresponding k>x data (lower insets) that were obtained in fluorescence yield mode. As
shown in the upper insets in Fig. 2(a), the angles 6 between the surface normal and the direction of incident X-ray
are selected to obtain the local atomic structure in particular regions, with 6 =80° and 0°, which are typically used
for probing surface and bulk regions (upper insets), respectively. The Zn K-edge FT spectra include two main
features at ~1.8 and 3.1 A, corresponding to the NN Zn-O and Zn-Zn bond distances (without phase correction)
in ZnO nanostructures*®*°. The general line-shape and radial distribution of the FT spectra of the surface and
bulk regions of ZnO-C:NW and ZnO-NW are very similar to each other, with no clear broadened or split features
associated with the NN Zn-O and Zn-Zn bond distances in the FT spectra of ZnO-C:NW, relative to those in the
FT spectra of ZnO-NW. This finding demonstrates that the implanted C atoms in the ZnO-NW matrix do not
substitute the vacancies at Vi, or V, sites to form Zn-C bonds in either the first or second shells around Zn atoms.
Notably, the atomic radii of C, O and Zn atoms are ~0.91, 0.63 and 1.53 A%, so if C atoms replace the vacancies at
Vo or Vy, sites to form Zn-C bonds, whose length differs considerably from those of Zn-O or Zn-Zn, broadened
or split features will be observed in the Zn K-edge FT spectra. Figures S2(a,b) in Supplementary Information pres-
ent the phase and phase derivative analysis®' > to verify the fact that the implanted C atoms do not substitute the
vacancies at either V, or Vy,, sites, interstitial C atoms forming Zn-C bonds in first and second nearest neighbor
Zn atoms in the ZnO matrix. Phase derivative analysis has been performed extensively on distorted structures®,
because it provides accurate information about atoms at various sites with slightly different bond distances, yield-
ing a beating point (k) in EXAFS oscillations. Accordingly, if implanted C atoms actually replaced the vacancies at
either Vi or V, sites to form Zn-C bonds in the first or second shells around Zn atoms, then ky, could be observed
and extracted from the inverse FT spectra of NN Zn-O and Zn-Zn which are displayed in Fig. S2(a). However,
the inverse FT spectra and phase derived analysis of first-shell Zn-O and second-shell Zn-Zn bond lengths in
the surface and bulk regions of ZnO-C:NW and ZnO-NW, as presented in Figs. S2(a,b), yield almost identical
extracted phase functions ¥(k) and phase derivative functions d¥/dk, which do not yield the k;, in EXAFS oscil-
lations of ZnO-C:NW, eliminate the possibility that implanted C atoms substitute either V, or V,, sites to form
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Figure 2. (a) Fourier-transformed k*x data of Zn K-edge EXAFS measurements of ZnO-C:NW and ZnO-NW
from k=3.0to 13.0 A. Upper insets show angles 0 between surface normal and direction of incident X-ray that
are selected to obtain local atomic structure in surface and bulk regions. Lower insets display corresponding k>x
data of Zn K-edge EXAFS oscillations. (b) Two-dimensional atomic structure of ZnO-NW and (c) ZnO-C:NW.

Zn-C bonds at either first or second shells around Zn atoms in ZnO-C:NW. This finding evidently supports the
formation of C; in ZnO-C:NW upon the implantation of C atoms. Additionally, comparing the intensities of the
FT spectra of ZnO-C:NW and ZnO-NW, presented in Fig. 2(a), clearly reveals the large structural disorder or
high Debye-Waller (DW) factors around Zn atoms in ZnO-C:NW; as evidenced by the lower main feature intensi-
ties in the corresponding FT spectra than in those of ZnO-NW, because the implanted C atoms formed interstitial
defects; induced large structural disorder, or increased DW factors. This result is consistent with the slight shift
in the wavelength of emission and the broad near-band-transition in the PL spectrum of ZnO-C:NW, as stated
above in relation to Fig. 1(a). The intensities of the FT spectra of the surface and bulk regions of ZnO-C:NW and
ZnO-NW reveal that intensities of the first two main features of the FT spectra of the surface region (6 =80°)
are much lower than those of the bulk region, primarily because the former contains more defects, causing the
higher structural disorder or DW factors than in the bulk region (6 = 0°). Specifically, the maximum intensity of
the NN Zn-O feature in the FT spectrum of the bulk region of ZnO-C:NW is slightly lower (by ~4%) than that
of ZnO-NW; in contrast, the maximum intensity of the NN Zn-O feature in the FT spectrum of surface region of
ZnO-C:NW is much lower (by ~16%) than that of ZnO-NW. This phenomenon follows from the fact that the NN
Zn-O shell around Zn atoms in the bulk region of ZnO-C:NW has fewer defects (the bulk ZnO matrix is almost
perfect), so the DW factors are smaller and closer to those of ZnO-NW. Moreover, the maximum intensity of the
NN Zn-Zn shell in the FT spectra of the bulk and surface regions of ZnO-C:NW are ~18% and 30% lower than
those of ZnO-NW), respectively, indicating that the increase in DW factors by the implantation of C atoms at the
NN Zn-Zn shell in the surface region exceeds that in the bulk region; a similar result is obtained with respect to
behavior associated with the NN Zn-O shell around the Zn atoms in ZnO-C:NW and ZnO-NW. Based on the Zn
K-edge EXAFS data, the surface region typically exhibits greater structural disorder or larger DW factors than
the bulk region in both ZnO-C:NW and ZnO-NW. Implanted C atoms in the surface of region of ZnO-C:NW
which induced more structural distortion and larger DW factors than those in the bulk region, although many of
the implanted C atoms are distributed in the bulk region, according to RRBS measurements. Based on the EXAFS
results, Fig. 2(b) schematically depicts a two-dimensional atomic structure of ZnO-NW with implanted C atoms,
which primarily form interstitial defects of C; in the resulting ZnO-C:NW. Various intrinsic defects of V,, and V,,
in the surface and bulk regions of ZnO-NW [Fig. 2(b)] and ZnO-C:NW [Fig. 2(c)] are also presented.

Figure 3 presents the core-level XPS spectra of C, O 1s and Zn 3d states along with their fitted bonding states
of ZnO-C:NW and ZnO-NW. Owing to C-contamination at the surface, C 1 s XPS analysis based on the survey
scan of ZnO-NW reveals the feature at ~284.5 eV, as shown in Fig. 3(a)**. Furthermore, the line-shape of the
main feature of the C 1 s state in the XPS spectrum clearly changes upon implantation, becoming broader, imply-
ing C-related chemical states are induced in the surface region by the implantation of C atoms in ZnO-C:NW.
The insets in Fig. 3(a) present the fitted C 1 s XPS spectra of ZnO-C:NW (ZnO-NW), including three features,
which are attributed to C; ~284.6 (284.5) eV, C,~285.9 (285.8) eV and C;~288.4 (287.5) eV, which are typically
associated with C=C, C-O and C=0 bonds>*®, respectively. Notably, the C 1 s XPS spectra of ZnO-C:NW show
that the intensity of feature C, (C-O bond) is significantly greater than that of ZnO-NW, suggesting the modi-
fication of chemical states upon C implantation in the surface region. The main features of the O 1sand Zn 3d
states in the XPS spectra of ZnO-C:NW are shifted to higher binding energies than those of ZnO-NW), as pre-
sented in Fig. 3(b,c). The insets in Fig. 3(b) display the fitted O 1s XPS spectra of ZnO-C:NW (ZnO-NW) with
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Figure 3. Core-level XPS spectra of (a) C 1s, (b) O 1s and (c) Zn 3d states with fitted bonding states of ZnO-
C:NW and ZnO-NW.

two features, O; ~529.9 (529.8) eV and O, ~531.5 (530.8) eV, which are typically attributed to O-Zn bonding
states and adsorbed O species or hydroxyl groups respectively™. The intensity of the O, feature in the O 15 XPS
spectrum is increased and is associated with the C, feature in the C 1s XPS spectrum of ZnO-C:NW, clearly
supporting the fact that C implantation generates more C-O related bonds in the surface region. This enhance-
ment of features C, and O, in the XPS spectra of ZnO-C:NW is caused by the formation of interstitial defects C;
by implanted C atoms, as revealed by the results of the analysis of the Zn K-edge EXAFS above. Therefore, the
formation of C-O bonds is favored, and the number of unpaired/dangling bonds at O sites is reduced, reducing
the surface defects transitions of broad PL feature in ZnO-C:NW, as displayed in Fig. 1(a). The insets in Fig. 3(c)
present the Zn 3d binding state in ZnO-C:NW and ZnO-NW; the Zn 3d binding state in ZnO-C:NW is shifted to
a~1eV higher binding energy and the width of the XPS feature remain almost unchanged from that of ZnO-NW,
suggesting the presence of interstitial C atom around Zn atoms which are in Zn-O bonds, causing the electron of
Zn to be shared with the nearby C atoms, thus increasing energy of the Zn 3d state. Meanwhile, the Zn 3d XPS
spectrum of ZnO-C:NW show similar features of ZnO-NW, indicating the absence of the formation of any con-
siderable number of Zn-C chemical bonds by the implantation of C atoms in ZnO-C:NW, further eliminating the
possibility that implanted C atoms are substituted at V, or V, sites to form Zn-C bonds, which is consistent with
the EXAFS results discussed above. Notably, the surface-sensitive XPS measurements (Fig. 3) typically reflect
bonding states at/near the surface, and the analysis results herein are consistent with the broad PL emission,
but these differ from the bulk-sensitivity experimental M-H curve measurements enhanced magnetization in
ZnO-C:NW, as presented in Fig. 1(b).

Figure 4(a,b) present the O K-edge and Zn L; ,-edge XANES spectra of ZnO-C:NW and ZnO-NW, obtained
in surface-sensitive total electron yield (TEY) mode, respectively. The lower panels display the corresponding
XMCD spectra obtained with the photon helicity of the incident X-rays parallel (%) and antiparallel (1 ™) to the
direction of magnetization. XMCD spectrum is defined as the ratio of (W™ —p~)/(u*+p ™). The general line-shapes
and positions of the features in the O K-edge XANES and XMCD spectra in Fig. 4(a) are consistent with the fea-
tures of ZnO nanostructures that were obtained in our earlier study*. According to the dipole-transition selec-
tion rule, the features within the range 530-545 eV, denoted as A-D in the O K-edge XANES spectra, are
attributed to the electron excitation from O 1 s states to 2p, (along the bilayer) and 2p, (along the c-axis) states,
and their intensities are approximately proportional to the density of the unoccupied O 2p-derived states®”.
Typically, the enhancements of features A-D represent increases in local DOSs that are caused by the defects and
unpaired/dangling O 2p-derived states in the surface region of the ZnO nanorods™. As displayed in Fig. 3(a), in
the O K-edge XANES spectra of ZnO-C:N'W, that the intensities of features A-D are drastically lower than those
of ZnO-NW. The suppression of intensities of features A-D in the O K-edge XANES spectra clearly show the
fewer defects in the surface region of ZnO-C:N'W. This is because the implanted C atoms reduce the number of
unpaired/dangling O 2p bonds as the interstitial defects of C; form C-O bonds in the surface region, as discussed
above. It is evident from O K-edge XANES that the density of the O 2p-derived states is lower in the surface
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Figure 4. (a) Normalized O K-edge and (b) Zn L;,-edge XANES spectra with photon helicity of incident
X-rays parallel (j1,) and anti-parallel (u_) to direction of magnetization for ZnO-C:NW and ZnO-NW. Upper
inset in Fig. 4(a) displays magnified O K-edge XANES spectra; lower panels in Fig. 4(a,b) display O K-edge and
Zn L;,-edge XMCD spectra of ZnO-C:NW and ZnO-NW. (¢) C K-edge XANES spectra of ZnO-C:NW. Upper
inset magnified view C K-edge near-edge spectra of ZnO-C:NW. Lower panel displays C K-edge XMCD spectra
of ZnO-C:NW.

region at/above the conduction-band minimum (Ecgy,) or Fermi level (Eg) in ZnO-C:NW than that of ZnO-NW.
The VB spectra, obtained by SPEM measurement®, also revealed that the DOS at/below the valence-band maxi-
mum (Eygy) or Ep of ZnO-C:NW is lower than that ZnO-NW. Figure S3 in Supplementary Information presents
the VB DOS at/below the Eypy or E of ZnO-C:NW and ZnO-NW. Since the defects and unpaired/dangling O 2p
states dominate the occupied states at/below Eyyy; or Eg in ZnO-C:NW, the strong reduction of the main feature
at/below Eypy or Ep of ZnO-C:NW is caused by the lowering of the density of the O 2p-derived states. Combining
the local DOSs at/above Ecgy; and below Eypy, or E obtained respectively from the O K-edge XANES and the VB
SPEM measurements support the claim that implanted C atoms form interstitial defects of C;, so some C atoms
become bonded to O atoms, reducing the number of unpaired/dangling O 2p-derived states in ZnO-C:N'W. This
finding is consistent with the results concerning the surface sensitivity of PL and with the XPS measurements
above. Additionally, as revealed by the XMCD spectra in the lower inset in Fig. 4(a), the weak but confirmed
magnetic moment at O sites, caused the imperfect alignment of spin moments of unpaired/dangling O 2p-derived
states in the surface region of ZnO-NW?. Importantly, the intensity of the O K-edge XMCD spectrum of
ZnO-C:NW is lower than that of ZnO-NW, revealing no clear spin moment of the O 2p-derived states in
ZnO-C:NW. This result is highly consistent with the above claim that the d° magnetic behavior of ZnO-NW is
closely related to the number of unpaired/dangling O 2p-derived states. However, the results of surface-sensitive
XMCD are clearly inconsistent with the measurements of the bulk-sensitivity of M-H, where the M; value of
ZnO-C:NW is much higher than that of ZnO-NW. This difference suggests that the magnetic behavior in
ZnO-C:NW is not only determined by the number of unpaired/dangling O 2p-derived states in the surface region
but also affected by implanted C atoms in bulk region. Therefore, the distinctive magnetic behaviors reflect the
reduction in the magnetization of the ZnO-C:NW by the O K-edge XMCD spectrum (surface-sensitivity), but the
enhancement in its M value by the bulk-sensitive M-H curves, relative to those of ZnO-NW. As displayed in
Fig. 4(b), according to the dipole-transition selection rule, since Zn 3d is fully occupied in the Zn L;,-edge
XANES spectra, which are used to probe of unoccupied Zn s- and d-derived states, the lowest unoccupied orbital
of the Zn ion is Zn 45, which is followed by Zn 4pd. The features in the Zn L; ,-edge XANES spectra are primarily
associated with the transition of Zn 2p electrons to Zn 4d/s-derived states®”>%. The variation in the line-shapes of
the Zn L; ,-edge XANES of ZnO-C:NW can be caused by the change in the electronic structures upon the forma-
tion of Zn-C bonds around Zn sites when C atoms are implanted®’. However, as revealed by the Zn L, ,-edge
XANES and XMCD spectra of ZnO-C:NW, shown in Fig. 4(b) and its lower panel, the XANES and XMCD spec-
tra of Zn 4d states of both ZnO-C:NW and ZnO-NW exhibit no clear difference, excluding the possibility that the
Zn-d orbital has any role in d° magnetism in ZnO-C:NW and ZnO-NW, and possibility that implanted C atoms
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are substituted at Vi or V, sites to form Zn-C bonds in the first and second shells around Zn atoms in
ZnO-C:NW, as discussed above. Figure 4(c) presents the C K-edge XANES spectra of ZnO-C:NW that are also
obtained the surface-sensitive TEY mode. The C K-edge XANES features in Fig. 4(c) in the regions 284-290 eV
and 290-300 eV are known to be associated with the C 1 s — 2p(n*) and 1 s — 2p(c*) transitions, respectively®®2,
The lower panel also displays the corresponding C K-edge XMCD spectrum that was obtained with the photon
helicity of the incident X-rays parallel (1*) and antiparallel (1~) to the direction of magnetization. The difference
between pt and p~ intensities was magnified in the upper inset of Fig. 4(c). The lower panel in Fig. 4(c) displays
the C K-edge XMCD spectra [(w'—p™)/(u" )] of ZnO-C:NW, clearly revealing that the C 2p-derived states of
the C atoms affect the magnetic behavior in ZnO-C:NW. Notably, ZnO-NW yields no detectable C K-edge
XANES and XMCD spectra, although C 1s XPS analysis of ZnO-N'W shows a strong feature at ~284.5eV owing
to C-contamination of the surface. As shown in the lower panel in Fig. 4(c), a magnetic moment that was associ-
ated with the C 2p-derived states in ZnO-C:N'W was also observed. The intensity of the C K-edge XMCD features
in the range 280-292 eV, typically attributed to C 2p(w*)-derived states, but no clear XMCD feature of 2p(c*)
states was observed in the region 292-300 eV. The C 2p(w*)-derived states are clearly responsible for the mag-
netism of C sites in ZnO-C:NW. The spectral intensities of the XMCD features of O and C K-edge are opposite in
Fig. 4(a,c), respectively. This result can be explained by the different projected spin contributions of the O 2p- and
C 2p-derived states in ZnO-C:NW, which cause the magnetic moment of the implanted C atoms to align antipar-
allel to that of the O atoms, possibly weakening the magnetic moment from O sites in the surface region. This
phenomenon may also explain the lower panel in Fig. 4(a) exhibits lower magnetization in the O K-edge XMCD
spectrum of ZnO-C:NW than in that of ZnO-NW. The d° magnetic moments of ZnO-NW at O sites have been
demonstrated, based on O K-edge XMCD measurements®’, and they result in the unpaired/dangling O
2p-derived states, as addressed above. Notably, The integrated XMCD intensity at the C K-edge (region of ~287-
292eV) of ZnO-C:NW, presented in the lower panel of Fig. 4(c), is approximately 2.5 times that of the integrated
XMCD intensity at the O K-edge (region of ~532-538 eV) in the lower panel of Fig. 4(a), revealing that the C
2p-derived states of implanted C atoms may critically affect the net spin polarization in the surface and bulk
regions of ZnO-C:NW. In particular, based on the results of the RRBS analysis, the C-depth profile indicates that
most implanted C atoms in ZnO-C:NW are within the depth of 0-400 A. These results provide evidence not only
that the magnetic moments in the surface or bulk regions are determined by the population of unpaired/dangling
O 2p-derived states, but also that these moments are associated with the population of C 2p-derived states [C
2p(m*) states] of the implanted C atoms particularly in the bulk region, explaining the difference between the
magnetic behaviors in the surface and bulk regions of ZnO-C:NW and those in ZnO-NW. Spatially-resolved
microscopic and spectroscopic techniques are used to provide more information about the effect of implanted C
atoms on the difference between the surface and bulk regions in ZnO-C:NW.

Figure 5(a,b) present the optical density (OD) images (panel I), O K-edge STXM stack mapping (panel IT) and
decomposed STXM mapping (panels III-V) of randomly selected regions of ZnO-C:NW and ZnO-NW. The OD
images of ZnO-C:NW [panel I(a)] and ZnO-NW [panel I(b)] show three different regions namely: (a) the bright
areas, the thick regions, (b) the dim areas, the thin regions and (c) the grey areas, intermediate thickness. The
stack mappings (panel IT) are decomposed into red (panel III), yellow (panel IV) and green (panel V) maps, which
correspond to the regions that are associated with different thicknesses and spectroscopic variations of the NWss.
The different regions of the mappings thin-primarily the surface/edge (red), medium (yellow) and thick-primarily
the bulk (green) regions (predominantly the perfect ZnO structure) were generated by principle composition
analysis (PCA) for cluster analysis, based on spectroscopic differences. More details of STXM measurements and
analysis of the data concerning various nanomaterials can be found elsewhere?>**2, Figure 5(c) presents the O
K-edge STXM-XANES spectra of the surface and bulk regions of ZnO-C:NW and ZnO-NW. These spectra are
the sums of corresponding XANES spectra of the red and green regions of ZnO-C:NW and ZnO-NW, respec-
tively, shown in panels III and V in Fig. 5(a,b). The general line shapes and features in the O K-edge
STXM-XANES spectra are consistent with the previous nanostructural ZnO study?’. The O K-edge
STXM-XANES spectra that are in Fig. 5(c) clearly reveal that the intensities of features A-D in the surface and
bulk regions of ZnO-C:NW are much lower than those of ZnO-NW, as consistent with the O K-edge XANES in
Fig. 4(a). To compare the variations of O K-edge STXM-XANES features in the surface and bulk regions of
ZnO-C:NW with those in the surface and bulk regions of ZnO-NW, the lower panel in Fig. 5(c) presents the dif-
ferent between the O K-edge STXM-XANES spectra of the surface and bulk regions of ZnO-C:NW and those of
ZnO-NW. The difference spectrum for the surface region that includes features A-C is more negative than that in
the bulk region. Since the surface and bulk regions have similar orientations in ZnO-C:NW and (initial)
ZnO-NW, the effect of polarization can be ignored and the difference can be attributed to the greater reduction in
the number of O 2p-derived states in the surface region of ZnO-C:NW by implanted C atoms than in the bulk
region. As discussed above, the large suppression of the features in the O K-edge STXM-XANES spectra of the
surface region of ZnO-C:NW reflected a more reduction of the population of unpaired/dangling O 2p-derived
states because implanted C atoms favored the formation of C-O bonds in the surface region. Since the population
of unpaired/dangling bonds at the O sites in the surface region generally exceeded that in the bulk region, the
implanted C atoms had more opportunity to form C-O bonds there, so the number of unpaired/dangling O 2p
bonds was reduced to a greater extent, thus the intensity of the features in the O K-edge STXM-XANES in the
surface region was reduced to a greater extent. In contrast, in the bulk region (with an almost perfect ZnO struc-
ture), the population of unpaired/dangling O 2p-derived states, forming C-O bonds, was lower, so the implanted
C atoms primarily formed interstitial defects of C,, as presented in Fig. 2(b); therefore, the unpaired/dangling C
2p(m*)-derived states of the implanted C atoms in the bulk region, rather than the unpaired/dangling O
2p-derived states in the surface region, importantly affects the magnetic behavior of ZnO-C:NW. Clearly, the
implanted C atoms dominated the observable reduction in the magnetic moment of the O K-edge XMCD in the
surface region and the enhancement in the M-H curve (bulk-sensitive) of the ZnO-C:NW, relative to ZnO-NW.
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Figure 5. (a) Optical density (OD) images (panel I) and (b) O K-edge STXM stack mapping (panel IT) and
decomposed STXM mapping (panels ITI-V) of randomly selected regions of ZnO-C:NW and ZnO-NW. (c¢) O
K-edge STXM-XANES spectra of surface and bulk regions of ZnO-C:NW and ZnO-NW. Lower panel presents
the difference between O K-edge STXM-XANES spectra of ZnO-C:NW and ZnO-NW for both surface and
bulk regions.

The unpaired/dangling O 2p-states around Zn-vacancies have been theoretically identified as key contributors to
d° magnetism in ZnO%. However, a finer mechanism is necessary to explain the implanted C-induced differences
in the observed magnetic behaviors in the surface and bulk regions of ZnO-C: NW, respectively. First-principles
spin-polarized total-energy calculations of wurzite ZnO with point defects using the plane-wave-based VASP
package® were performed herein to elucidate the effects of the defects that are formed by implanted C atoms on
the electronic structures and magnetic properties of ZnO-C:NW. An efficient generalized-gradient approxima-
tion plus Hubbard U (GGA + U) method® is used to quantify the strong Coulomb correlation between the 3d
electrons of Zn cations and O 2p hole states when ZnO is doped with Zn-vacancies. Calculations concerning
defects in the bulk region are carried out using a 72-atom 3x3x2 wurtzite supercell [Zn;;Os¢, as shown in
Fig. S4(a)]. One of the stable and commonly observed surfaces of ZnO NW is a nonpolar prism (1120) surface®.
Therefore, a seven-layer atomic slab (ZnssOs) with a [1120] surface orientation and a vacuum space of 15 A [as
shown in Fig. S4(b)] is used to simulate defect configurations in the surface region of ZnO-NW. The stability of a
specific defect configuration depends strongly on its formation energy, which can be determined by DFT calcu-
lations from first-principles without experimental data. The Supplementary Information presents details of the
calculations of total energy and formation energy.

In the bulk-region (denoted by the superscript “B”) of ZnO-C:NW, a single Zn-vacancy in a 72-atom supercell
was first generated by removing one Zn atom (Zn;;05¢). The calculated local structure around the Zn-vacancy
exhibits Jahn-Teller distortion with symmetry breaking, which has been identified in other Zn chalcogenides®.
Compared with the spin-resolved total DOS (TDOS) of vacancy-free bulk ZnOP in the upper panel of Fig. 6(a),
the calculated TDOS of Vi, ®, as shown in the middle panel of Fig. 6(a), reveals that two 2p hole states of four NN
O atoms (Oyy) around the center of Zn-vacancy induces a significant magnetic moment (~1.7 pg). In the bulk
environment, our calculated formation energy of VZHB was 5.47 eV (1.97 eV) under Zn-rich (Zn-poor) condition,
respectively, which agrees closely with that obtained elsewhere®. Furthermore, a single C atom that is implanted
in ZnO matrix may substitute at an O site to form C,*, occupy a Zn-vacancy site to create another substituted
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Figure 6. (a) Calculated total DOS (TDOS) of defect free (ZnOP, upper panel), single Zn-vacancy (V,, ",
middle panel), and single carbon-substitution (CZ , lower panel) in a 72-atom supercell (Zn;50;). (b)
Calculated TDOS (upper panel) and partial DOS (PDOS) of interstitial-vacancy complex (C;” + V, ) 2p states
of interstitial C atom and four nearest-neighbor O atoms are shown in middle and lower panels, respectively.
Majority and minority spins are represented as blue and red areas and curves, respectively. E denoted as the
vertical dashed line is aligned to O eV.

form C,p o or reside at an interstitial site (C y to form an 1mplantat10n complex with a nearby Zn-vacancy,
CP + v, B. A previous study®® attributed the rareness of C,® defects to their high formatlon energy. Therefore,
th1s work focuses on two defect configurations of C-substitution (C,,?) and the complex C;* + V,, ®. In the case
of C,,*, a C atom donates two electrons to annihilate two holes in V,,,® and thereby markedly reduces the
hole-induced magnetism. This electron-hole recombination is responsible for the non-magnetic n-type semicon-
ducting character of C,, ", as shown in the lower panel of Fig. 6(a). Also, the negative formation energy [—1.94eV
(Zn-rich) and —5.45eV (Zn-poor)] of CZnB reveals that its formation is exothermic and thermodynamically sta-
ble. However, experimental EXAFS results evidently do not support the formation of C,,” upon implantation of
C atoms at Zn-vacancies in ZnO:C-NW. Rather, the defect complex C,> + V,, ® can be formed in the bulk region
when the implanted C atoms reside at the interstitial sites near V" centers, as shown in Fig. $5(a). The PDOS
analysis reveals that the unbalanced DOSs in different spin channels of the defect complex C,* + V,, ® [the upper
panel of Fig. 6(b)] are attributable mainly to the antiparallel alignment of the local magnetic moment of individ-
ual CiB [with a net spin of 0.4 1,/C; attributed to its 2p states, as shown in the middle panel of Fig. 6(b)] and VZnB,
which is associated with the 2p states of four Oyy [with a net spin of 0.57 uB/VZn, as shown in the lower panel of
Fig. 6(b)]. Besides, the calculated meta-stable local structure of interstitial C is characterized by three C-O bonds
(w1th a calculated bond length of 1.90 A) per implanted C atom. Although the formation energy of complex
C1 =+ VZn is relatively high [4.77 eV (Zn-rich) and 1.27 eV (Zn-poor)] and its formation is clearly endothermic,
such an energy barrier can be overcome by C-implantation energy (40keV), enabling this complex to be simply
generated during the C-implantation process. More interestingly, a comparison with the formation energy of a
single V, ® and the complex C® + V,,_® indicates that C;” can be stabilize by V,,® in ZnO, with a reduction in its
formation energy approximately 0.7 eV. This effect has been observed in ZnO with interstitial H atoms®”%°.

To model the surface-region (denoted by the superscript “S”) of ZnO-C:NW, a clean [1120] surface of ZnOS
under atomic Hellmann-Feynman forces in a GGA + U scheme was optimized. A small contraction of the Zn-O
bond near the surface [1.83 and 1.93 A on the surface layer in the directions [0001] and [1100] in Fig. S4(b),
respectively] was obtained. As in the bulk-region, the implantation of a single C atom at two defect sites was con-
sidered; C-substitution at a Zn-vacancy formed C,,* and a C-interstitial-vacancy complex on the surface of ZnO*,
it formed Cis + VZnS [as shown in Fig. S5(b)]. As shown in the middle panel of Fig. 7(a), the holes of unpaired/
dangling O atoms around the V,, * center contributed to local magnetic moments (~1.65 i) on the surface of
ZnO. The calculated formation energy of neutral VZnS [5.24eV (Zn-rich) and 1.73 eV (Zn-poor)] was smaller than
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Figure 7. (a) Calculated total DOS (TDOS) of defect-free (ZnOS, upper panel), single Zn-vacancy (VZHS,
middle panel) and single carbon-substitution (C,,°, lower panel) in a seven-layer atomic slab supercell
(Zns60s56). (b) Calculated TDOS (upper panel) and partial DOS (PDOS) of vacancy-interstitial complex

(Cis + VZnS). 2p states of interstitial C atom and four nearest-neighbor O atoms are shown in middle and lower
panels, respectively. Majority and minority spins are represented as green and magenta areas and curves,
respectively. E; denoted as the vertical dashed line is aligned to 0 eV.

the bulk value owing to the surface effect. C-substitution at a Zn-vacancy on the surface (CZnS) yields a more sta-
ble defect state with a negative formation energy [—0.78 eV (Zn-rich) and —4.28 eV (Zn-poor)], which is there-
fore exothermic. As shown in the lower panel of Fig. 7(a), electron-hole recombination occurred in the
C-substitution defects at the surface forming an n-type semiconductor without apparent local moment. The
PDOS analysis in the case of the interstitial-vacancy complex C* + V,,° at the surface, in the upper panel of
Fig. 7(b), reveals opposite orientations of the local moments of individual C;* [with a net spin of 0.2 j1,/C,, attrib-
uted to its 2p state, as presented in the middle panel of Fig. 7(b)] and V;, ® [with a net spin of 0.9 i/ V ,,,, associated
with 2p states of Oyy, as shown in the lower panel of Fig. 7(b)], which significantly restrain the d° magnetism of
the ZnO-C:NW surface. Such an antiparallel magnetic moment configuration of C and O atoms is also consistent
with the C and O K-edge XMCD measurements. Three C-O bonds with bond lengths of approximately 2.0 A are
formed by each implanted C. Since the surface region contains more defects, C-implantation is expected to form
more C-O bonds in the surface region than in the bulk region. This scenario agrees closely with the above argu-
ments inference from the core-level XPS and O K-edge STXM-XANES spectra. Additionally, the higher forma-
tion energy of complex C° + V,,* can be overcome by the high-energy of C-implantation process. As in the bulk
region, the presence of C interstitials close to vacancy centers dramatically lowers the formation energy of a single
V5. Importantly, the residual C-defects, especially in the bulk region, are dominated only by C,, based on its
negligible formation energy (0.13eV), as presented in Fig. S6 in the Supplementary Information. C; not only
contributes extra local moments (~0.2 pip/C; in Ci-only defects in the bulk region), but also generates C-O bonds
at the surface, supporting the spectroscopic results. Therefore, C; still dominate the RTFM after the implantation
of C atoms into ZnO-C:NW. Pan et al.’® and Bharath-Ram et al.”® investigated C-doped and C ion implanted ZnO
system. They proposed that the C ions replace O site and results in Zn-C system. However, these studies do not
explicitly show either C- or O-ion element specific spectroscopic techniques that C is doped at divalent O sites or
vacancies. The present work demonstrates that the implanted C atoms in the ZnO-NW and ZnO-NC do not
locate at O and or Zn vacancies, but remain as C interstitials.

In summary, the PL and M-H measurements revealed the modification of defects and the enhancement of
magnetization in ZnO-C:NW relative to ZnO-NW. The X-ray spectroscopic studies demonstrate that (i) the
interstitial C ions are the majority defects in ZnO-C:NW and interstitially bonded with O, extra C-O bonds are
in the surface region, (ii) the decrease in the number of unpaired/dangling O 2p-derived states and thereby weak-
ening the magnetic moments at O sites in the surface region of ZnO-C:NW compared to ZnO-NW, and (iii) the
C 2p(w*)-derived states of the residual C(C,) are mainly responsible for the enhancement of RTFM in the bulk
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region in ZnO-C:NW compared to that in ZnO-NW. The first-principles calculations confirm that the C; is stabi-
lized by V,,, in both the bulk and the surface regions of the ZnO system. However, the extra magnetic moments
are provided by residual C; following the C-ion implantation may have been the origin of the enhancement of
RTFM in ZnO-C:NW. Finally, to consider the measurements should be also reproduced for a series of ZnO
samples, the H-M curve and synchrotron-related measureemts for samples of ZnO-NC and C implanted ZnO
nanocactus (ZnO-C:NC) under the same C-bombarded condition mentioned above were also carried out, further
support our reuslts and conclusion stated in this work of C implanted ZnO-NW. The reproduced and consistent
for ZnO-C:NC and ZnO-NC samples in comparsion to those of ZnO-C:NW and ZnO-NW were presented in
Figs S7-S10 of the Supplementary Information.

Methods

Preparation of ZnO-NW and ZnO-C:NW.  Aligned ZnO-NW were grown on seeded fluorine-doped tin
oxide substrates by chemical bath deposition process using 0.02 M aqueous Zn-acetate and hexamethylenete-
tramine at 95 °C for three hours. The details of the synthesis, morphology and characteristics of ZnO-NW are
described elsewhere®. C implantation was performed using the low-energy implantation facility of the Inter-
University Accelerator Center, New Delhi, India. In this case, 40keV 2C" ions were implanted into the ZnO-NW
with a fluence of 1.5 x 10'®ions/cm?. The beam current density was maintained at ~1 pA/cm? throughout the
implantation.

Characterization. Field-emission SEM was performed to study the morphology of ZnO-C:NW and
ZnO-NW and the effects of C implantation. Room-temperature M-H loop measurements were carried out using
the superconducting quantum interference device magnetometer when a magnetic field was applied out of plane
direction. The RRBS measurements were made at the Korea Institute of Science and Technology, Seoul, Korea.
The *C(o,)'2C resonant reaction with an a-particle energy of 4.27 MeV was used to measure element-depth
profiles of ZnO-C:NW and ZnO-NW*+’ The resonant cross-section of 2C(a, at)!?C reaction is approximately
120 times greater than the non-resonant cross-section’!, and this resonant scattering can be effectively utilized to
profile the depth distribution of implanted C. The backscattered c-particles were detected using a surface barrier
silicon detector with a scattering angle of 170° from the direction of the incident a-particles. The resonant RRBS
spectra were analyzed using SIMNRA software (home.rzg.mpg.de/~mam/Manual.pdf). The atomic ratio of the
elements in ZnO-C:NW and ZnO-NW was obtained from the analysis results.

The Zn K-edge EXAFS spectra, O K- and Zn L;,-edge XANES/XMCD and core-level XPS and VB-PES
spectra were obtained at the Wiggler-17C, HSGM-20A, Dragon-11A and Undulator-09A beamlines, respec-
tively, at the National Synchrotron Radiation Research Center in Hsinchu, Taiwan. The Zn K-edge EXAFS
spectra were obtained in fluorescence mode, while the C, O K- and Zn L, ,-edge XMCD spectra were obtained
in surface-sensitive electron yield mode. The angle of incidence of the X-ray was fixed at 30° from the sample
normal, and a magnetic field of 1 T was applied parallel and antiparallel to the sample normal throughout the
XMCD measurements. The resolution was set to ~0.1eV, 0.1eV and 0.2 eV at photon energies of 280eV, 530eV
and 1020V for the C, O K-edge and Zn L; ,-edge XANES measurements, respectively. The core-level XPS and
VB-PES measurements were performed using a hemispherical electron-analyzer system. Photoelectrons were
collected using a hemispherical analyzer with a 16-channel multichannel detector. XPS spectra were calibrated
using the E;, of clean gold metal, and the energy of the incident X-ray was fixed at 380 eV for C-1s core-level XPS
and VB-PES measurements and 630 eV for O 1s core-level XPS measurements, with the energy resolution set to
~0.1eV. The C K-edge XMCD spectra and the O K-edge STXM with corresponding XANES spectra were respec-
tively obtained from beamline-4B and beamline-4U of the UVSOR-III Synchrotron of the Institute for Molecular
Science, Okazaki, Japan. In the O K-edge STXM mapping measurements, the monochromatic X-ray beam was
focused using a Fresnel zone plate to a ~30 nm spot onto the sample, and the sample was raster-scanned with the
synchronized detection of transmission X-ray to generate a sequence of images (image stack) over the range of
photon energies of interest. Energy scans of the regions of interest were conducted stepwise with a typical resolv-
ing power (E/AE) of ~6,000 at the O K-edge. The STXM data were analyzed using an aXis2000 (http://unicorn.
mcmaster.ca/aXis2000.html) and PCA_GUI (http://xrayl.physics.sunysb.edu/data/software.php).

References
1. Dietl, T. A ten-year perspective on dilute magnetic semiconductors and oxides. Nat. Mater. 9, 965-974 (2010).
2. Volnianska, O. & Boguslawski, P. Magnetism of solids resulting from spin polarization of p orbitals. J. Phys.: Condens. Matter. 22,
073202 (2010).
3. Hong, N. H,, Sakali, ., Poirot, N. & Brizé, V. Room-temperature ferromagnetism observed in undoped semiconducting and
insulating oxide thin films. Phys. Rev. B 73, 132404 (2006).
4. Venkatesan, M., Fitzgerald, C. B., Lunney, J. G. & Coey, . M. D. Unexpected magnetism in a dielectric oxide. Nature 430, 630 (2004).
5. Kim, D. Y. et al. Ferromagnetism of Single-Crystalline Cu,O Induced through Poly(N-vinyl-2-pyrrolidone) Interaction Triggering
d-Orbital Alteration. J. Phys. Chem. C 119, 13350-13356 (2015).
6. Zapata, C. et al. Magnetic field influence on the transient photoresistivity of defect-induced magnetic ZnO films. Appl. Phys. Lett.
99, 112503 (2011).
7. Sugahara, S. & Nitta, J. Spin-transistor electronics: An overview and outlook. Proc. IEEE 98, 2124-2154 (2010).
8. Phan, T. L. et al. Defect-induced ferromagnetism in ZnO nanoparticles prepared by mechanical milling. Appl. Phys. Lett.
102(072408), 1-5 (2013).
9. Ong, C. S, Herng, T. S., Huang, X. L., Feng, Y. P. & Ding, J. Strain-induced ZnO spinterfaces. J. Phys. Chem. C 116, 610-617 (2012).
10. Wang, D. et al. Positron annihilation study of the interfacial defects in ZnO nanocrystals: Correlation with ferromagnetism. J. Appl.
Phys. 107, 023524 (2010).
11. Galland, D. & Herve, A. ESR spectra of the zinc vacancy in ZnO. Phys. Lett. A 33,1-2 (1970).
12. Xu, Q. et al. Room temperature ferromagnetism in ZnO films due to defects. Appl. Phys. Lett. 92, 082508 (2008).
13. Khalid, M. et al. Defect-induced magnetic order in pure ZnO films. Phys. Rev. B 80, 035331 (2009).
14. Garcia, M. A. et al. Magneticproperties of ZnO nanoparticles. Nano Lett. 7, 1489-1494 (2007).

SCIENTIFICREPORTS | (2018) 8:7758 | DOI:10.1038/s41598-018-25948-x 11


http://unicorn.mcmaster.ca/aXis2000.html
http://unicorn.mcmaster.ca/aXis2000.html

www.nature.com/scientificreports/

15.
16.

17.
. Lin, X. et al. Possible origin of ferromagnetism in un-doped ZnO: First-principles calculations. Phys. Lett. A 375, 638-641 (2011).
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

37.

38.
39.

40.
41.

42.
43.
44,
45.
. Saravanan, K., Panigrahi, B. K., Amirthapandian, S. & Nair, K. G. M. Resonant Rutherford backscattering spectrometry for carbon
47.
48.
49.

50.
51.

52.
53.
54.
55.
. Larciprete, R. et al. Dual path mechanism in the thermal reduction of graphene oxide. J. Am. Chem. Soc. 133, 17315-17321 (2011).
57.
58.

59.
60.

61.
62.

63.

Pan, H. et al. Room-temperature ferromagnetism in carbon-doped ZnO. Phys. Rev. Lett. 99, 127201 (2007).

Li, L. Y. et al. Room-temperature ferromagnetism and the scaling relation between magnetization and average granule size in
nanocrystalline Zn/ZnO core-shell structures prepared by sputtering. Nanotechnology 21, 145705 (2010).

Guglieri, C. et al. XMCD proof of ferromagnetic behavior in ZnO nanoparticles. J. Phys. Chem. C 116, 6608-6614 (2012).

Peng, H. et al. Origin and enhancement of hole-induced ferromagnetism in first-row d° semiconductors. Phys. Rev. Lett. 102, 017201
(2009).

Singh, S. B. ef al. Observation of the origin of d® magnetism in ZnO nanostructures using X-ray-based microscopic and
spectroscopic techniques. Nanoscale 6,9166-9176 (2014).

Qi, B., Olafsson, S. & Gislason, H. P. Vacancy defect-induced d° ferromagnetism in undoped ZnO nanostructures: Controversial
origin and challenges. Progress in Materials Science 90, 45-74 (2017).

Wang, Q., Sun, Q., Chen, G., Kawazoe, Y. & Jena, P. Vacancy-induced magnetism in ZnO thin films and nanowires. Phys. Rev. B77,
205411 (2008).

Stoner, E. C. Collective electron ferromagnetism. Proc. R. Soc. London, Ser. A 165, 372-414 (1938).

Stoner, E. C. Collective electron ferromagnetism. II. Energy and specific heat. Proc. R. Soc. London, Ser. A 169, 339-371 (1938).
Chandra, H. K. & Mahadevan, P. Defect induced local moment in ZnO as a consequence of Stoner mechanism. Solid State Commun.
152,762-766 (2012).

Yi, J. B. et al. Ferromagnetism in dilute magnetic semiconductors through defect engineering: Li-doped ZnO. Phys. Rev. Lett. 104,
137201 (2010).

Sato, K. et al. First-principles theory of dilute magnetic semiconductors. Rev. Mod. Phys. 82, 1633-1690 (2010).

Dai, Z. et al. C-doped ZnO nanowires: Electronic structures, magnetic properties, and a possible spintronic device. J. Chem. Phys.
134, 104706 (2011).

. Peng, X. & Ahuja, R. Non-transition-metal doped diluted magnetic semiconductors. Appl. Phys. Lett. 94, 102504 (2009).
. Nayak, S. K. et al. Anisotropic ferromagnetism in carbon-doped zinc oxide from first-principles studies. Phys. Rev. B 86, 054441

(2012).

. Wang, J., Zhou, J., Hu, Y. & Regier, T. Chemical interaction and imaging of single Co;0,/graphene sheets studied by scanning

transmission X-ray microscopy and X-ray absorption spectroscopy. Energy Environ. Sci. 6, 926-934 (2013).

. Wang, B. Y. et al. Nonlinear bandgap opening behavior of BN co-doped graphene. Carbon 107, 857-864 (2016).
. Wy, C. T. & Wu, J. ]. Room-temperature synthesis of hierarchical nanostructures on ZnO nanowire anodes for dye-sensitized solar

cells. J. Mater. Chem. 21, 13605-13610 (2011).

. Djurisic, A. B. et al. Defect emissions in ZnO nanostructures. Nanotech. 18, 095702 (2007).
. Shalish, I, Temkin, H. & Narayanamurti, V. Size-dependent surface luminescence in ZnO nanowires. Phys. Rev. B 69, 245401 (2004).
. Lin, B,, Fu, Z. & Jia, Y. Green luminescent center in undoped zinc oxide films deposited on silicon substrates. Appl. Phys. Lett. 79,

943-945 (2001).

Xia, Y., Zhang, Y., Yu, X. & Chen, E. Direct solution phase fabrication of ZnO nanostructure arrays on copper at near room
temperature. CrystEngComm 16, 5394-5401 (2014).

Janotti, A. & Walle, C. G. V. Native point defects in ZnO. Phys. Rev. B: Condens. MatterMater. Phys. 76, 165202 (2007).

Sham, T. K. & Rosenberg, R. A. Time-resolved synchrotron radiation excited optical luminescence: Light-emission properties of
silicon-based nanostructures. ChemPhysChem 8, 2557-2567 (2007).

Zubiaga, A. et al. Correlation between Zn vacancies and photoluminescence emission in ZnO films. J. Appl. Phys. 99, 053516 (2006).
Urbieta, A., Fernandez, P, Piqueras, J., Hardalov, C. & Sekiguchi, T. Cathodoluminescence microscopy of hydrothermal and flux
grown ZnO single crystals. J. Phys. D: Appl. Phys. 34, 2945-2949 (2001).

Ohno, Y. et al. Optical properties of dislocations in wurtzite ZnO single crystals introduced at elevated temperatures. J. Appl. Phys.
104, 073515 (2008).

Xu, S., Guo, W, Du, S., Loy, M. M. T. & Wang, N. Piezotronic effects on the optical properties of ZnO nanowires. Nano lett. 12,
5802-5807 (2012).

Tam, K. H. et al. Defects in ZnO nanorods prepared by a hydrothermal method. J. Phys. Chem. B 110, 20865-20871 (2006).

Lu, Y. H,, Hong, Z. X, Feng, Y. P. & Russo, S. P. Roles of carbon in light emission of ZnO. Appl. Phys. Lett. 96,091914 (2010).

diffusion in silicon. Nucl. Instrum. Methods Phys. Res., Sect. B 266, 1502-1506 (2008).

Subramanian, M. et al. Investigations on the structural, optical and electronic properties of Nd doped ZnO thin films. J. Phys. D:
Appl. Phys. 42, 105410 (2009).

Ray, S. C. et al. Size dependence of the electronic structures and electron-phonon coupling in ZnO quantum dots. Appl. Phys. Lett.
91, 262101 (2007).

Huang, W. L. et al. Determination of the microstructure of Eu-treated ZnO nanowires by x-ray absorption. Appl. Phys. Lett. 96,
062112 (2010).

Table of Periodic Properties of the Elements, Sargent-Welch Scientific Company, Skokie, Illinois (1980).

Martens, G., Rabe, P, Schwentner, N. & Werner, A. Extended X-ray-absorption fine-structure beats: A new method to determine
differences in bond lengths. Phys. Rev. Lett. 39, 1411-1414 (1977).

Piamonteze, C. et al. Short-range charge order in RNiO; perovskites (R = Pr, Nd, Eu, Y) probed by X-ray-absorption spectroscopy.
Phys. Rev. B71, 012104 (2005).

Wang, B. Y. et al. Effect of geometry on the magnetic properties of CoFe,0,~PbTiO; multiferroic composites. RSC Adv. 3, 7884-7893
(2013).

Descostes, M., Mercier, E, Thromat, N., Beaucaire, C. & Gautier-Soyer, M. Use of XPS in the determination of chemical environment
and oxidation state of iron and sulfur samples: Constitution of a data basis in binding energies for Fe and S reference compounds
and applications to the evidence of surface species of an oxidized pyrite in a carbonate medium. Appl. Surf. Sci. 165, 288-302 (2000).
Tan, S. T. et al. P-type conduction in unintentional carbon-doped ZnO thin films. Appl. Phys. Lett. 91, 072101 (2007).

Chiou, J. W. et al. Diameter dependence of the electronic structure of ZnO nanorods determined by X-ray absorption spectroscopy
and scanning photoelectron microscopy. Appl. Phys. Lett. 85, 3220-3222 (2004).

Chiou, J. W. et al. Electronic structure of ZnO nanorods studied by angle-dependent X-ray absorption spectroscopy and scanning
photoelectron microscopy. Appl. Phys. Lett. 84, 3462-3464 (2004).

Ray, S. C., Chiou, J. W,, Pong, W. E. & Tsai, M. H. Crit. Rev. Solid State Mater. Sci. 31, 91-110 (2006).

Kucheyev, S. O. et al. Atomic layer deposition of ZnO on ultralow-density nanoporous silica aerogel monoliths. Appl. Phys. Lett. 86,
083108 (2005).

Chuang, C. H. et al. The effect of thermal reduction on the photoluminescence and electronic structures of graphene oxides. Sci. Rep.
4, 4525 (2014).

Wang, Y. F. et al. Visualizing chemical states and defects induced magnetism of graphene oxide by spatially-resolved-X-ray
microscopy and spectroscopy. Sci. Rep. 5, 15439 (2015).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initial total-energy calculations using a plane-wave basis set. Comput.
Mater. Sci. 6, 15-50 (1996).

SCIENTIFICREPORTS | (2018) 8:7758 | DOI:10.1038/s41598-018-25948-x 12



www.nature.com/scientificreports/

64. Pardo, V. & Pickett, W. E. Magnetism from 2p states in alkaline earth monoxides: Trends with varying N impurity concentration.
Phys. Rev. B78, 134427 (2008).

65. Wang, Z. L. Zinc oxide nanostructures: Growth, properties and applications. J. Phys: Condens. Mater 16, R829-R858 (2004).

66. Chan, J. A, Lany, S. & Zunger, A. Electronic correlation in anion p orbitals impedes ferromagnetism due to cation vacancies in Zn
chalcogenides. Phys. Rev. Lett. 103, 016404 (2009).

67. Peng, C. et al. Possible origin of ferromagnetism in an undoped ZnO d0 semiconductor. J. Phys. Chem. C 116, 9709-9715 (2012).

68. Sakong, S. & Kratzer, P. Density functional study of carbon doping in ZnO. Semicond. Sci. Technol. 26, 014038 (2011).

69. Van de Walle, C. G. Hydrogen as a cause of doping in zinc oxide. Phys. Rev. Lett. 85, 1012-1015 (2000).

70. Bharuth-Ram, K. et al. Sensitivity of ’Fe emission Mdssbauer spectroscopy to Ar and C induced defects in ZnO. Hyperfine Interact
237(81), 1-9 (2016).

71. Feng, Y., Zhou, Z., Zhou, Y. & Zhao, G. Cross sections for 165° backscattering of 2.0-9.0 MeV “He from carbon. Nucl. Instrum.
Methods Phys. Res., Sect. B 86, 225-230 (1994).

Acknowledgements
The authors (H. C. Hsueh, J. W. Chiou and W. F. Pong) are grateful to the Ministry of Science and Technology
of Taiwan for financial support this research under Grant Nos MOST 104-2112-M-032-002-MY3, NSC
102-2112-M-032-007-MY3 and NSC 102-2632-M-032-001-MY3. H.C. Hsueh acknowledges the support of
NCTS of Taiwan and computational resources from Dr. C. M. Wei at Institute of Atomic and Molecular Sciences,
Academia Sinica, Taiwan.

Author Contributions

C.T. Wu, J.J. Wu prepared initial ZnO-NW sample, K. Asokan and K.H. Chae carried out C implantation on the
ZnO-NW and RRBS measurements. Y.F. Wang, Y.C. Shao, S.H. Hsieh, H.T. Wang, J.W. Chiou, PH. Yeh and Y.M.
Chang performed SEM, PL and M-H measurements and also involved in the synchrotron-based measurements
(XANES, XPS, XMCD, STXM-XANES, VB-PES and EXAFS) and analyzed the data thus obtained. C.H. Chen
assisted with the XPS and VB-PES experiments; H.M. Tsai, H.J. Lin,Y. Takagi and T. Yokoyama helped to make
XMCD measurements; T. Ohigashi and N. Kosugi assisted with the STXM-XANES experiment. C.W. Pao and J.F.
Lee carried out EXAFS measurements; H.C. Hsueh performed theoretical calculations. Y.F. Wang, H.C. Hsueh,
J.W. Chiou, S.C. Ray and W.E. Pong prepared the manuscript. All authors discussed the results and contributed to
the finalization of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25948-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:7758 | DOI:10.1038/s41598-018-25948-x 13


http://dx.doi.org/10.1038/s41598-018-25948-x
http://creativecommons.org/licenses/by/4.0/

	Origin of magnetic properties in carbon implanted ZnO nanowires

	Results and Discussion

	Methods

	Preparation of ZnO-NW and ZnO-C:NW. 
	Characterization. 

	Acknowledgements

	Figure 1 (a) PL spectra and cross-sectional SEM images of ZnO-C:NW and ZnO-NW.
	Figure 2 (a) Fourier-transformed k3χ data of Zn K-edge EXAFS measurements of ZnO-C:NW and ZnO-NW from k = 3.
	﻿Figure 3 Core-level XPS spectra of (a) C 1 s, (b) O 1 s and (c) Zn 3d states with fitted bonding states of ZnO-C:NW and ZnO-NW.
	Figure 4 (a) Normalized O K-edge and (b) Zn L3,2-edge XANES spectra with photon helicity of incident X-rays parallel (μ+) and anti-parallel (μ−) to direction of magnetization for ZnO-C:NW and ZnO-NW.
	Figure 5 (a) Optical density (OD) images (panel I) and (b) O K-edge STXM stack mapping (panel II) and decomposed STXM mapping (panels III-V) of randomly selected regions of ZnO-C:NW and ZnO-NW.
	Figure 6 (a) Calculated total DOS (TDOS) of defect-free (ZnOB, upper panel), single Zn-vacancy (, middle panel), and single carbon-substitution (, lower panel) in a 72-atom supercell (Zn36O36).
	Figure 7 (a) Calculated total DOS (TDOS) of defect-free (ZnOS, upper panel), single Zn-vacancy (, middle panel) and single carbon-substitution (, lower panel) in a seven-layer atomic slab supercell (Zn56O56).




