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Ferromagnetism in C-doped ZnO powder

Chapter 4

Ferromagnetism in C-doped ZnO powder: the role of oxygen
vacancies and carbon defects*
In this chapter we discuss defects in C-doped ZnO powders and their role as a source of
ferromagnetism in these compounds. The samples were prepared by standard solid-state reaction
and sintering in either reducing (95 % Ar + 5 % H) or nitrogen atmosphere. For the samples
sintered in a reducing atmosphere X-ray diffraction and X-ray photoelectron spectroscopy data
gave evidence for C substitution at Zn sites (CZn) and for carbon in interstitial sites (Ci). X-ray
photoelectron and Auger spectroscopy studies also demonstrated the presence of oxygen
vacancies, zinc interstitials (Zni) and defect complexes involving C-C bonds. Magnetization
studies showed room temperature ferromagnetism in these powders, with the saturation
magnetization being largest for compositions with high concentration of carbon defect
complexes with (C-C) bonds and with high Zni concentration. We relate the Zni and the defect
complexes with C-C bonds to the formation and stabilization of Zn vacancies and thus support
the prediction that ferromagnetism in ZnO type oxides is associated with cation (zinc) vacancies.
Samples sintered in nitrogen, an atmosphere which favours hole doping, showed instead
diamagnetic behaviour.

*

The results presented in this chapter are ready for submission:
S. Akbar, S. K. Hasanain, M. Jamil, G. H. Jaffri and P. Rudolf "Ferromagnetism in carbon-doped
ZnO powder: the role of oxygen vacancies and carbon defects".
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Chapter 4

Introduction

In the previous Chapter we discussed that distinctly from ferromagnetism (FM) in p-type Cdoped ZnO, room temperature ferromagnetism (RTFM) may occur in n-type ZnO films because
of Zn vacancies that are stabilized when C is incorporated at zinc sites. We argued that Zn
vacancies could be the defects that lead to unpaired O electrons in their immediate
neighbourhood, which couple, leading to the development of RTFM. In this context it becomes
crucial to study the effect of different annealing atmospheres and investigate how the electron
concentration is increased or decreased in each case. A second question that will be addressed is
whether the type of FM observed in the case of thin films is also possible in bulk C-doped ZnO
and if so, how it is affected by annealing in different atmospheres. There are reports1,

2

of

ferromagnetism in C-doped ZnO thin films attributed to the substitution of C atoms at O sites
(CO), whereby holes in O 2p states are responsible for the magnetic moment and the alignment of
the moments in C-doped ZnO is achieved through the holes. However this hole mediated
mechanism does not appear to be conclusive since also n-type FM has been demonstrated for Cdoped ZnO thin films1. Some reports2 have shown a variation of magnetic moment with carbon
concentration, while we have suggested3 that defects such as Zn vacancies may be responsible
for the ferromagnetism in C-doped ZnO with C atoms substituting at Zn sites. It has been put
forward4, 5 that even when C dopants are not at CO sites, C is still a dopant which can make ZnO
ferromagnetic. Won et al.6 have proposed a defect induced ferromagnetism based on their
observations of RTFM in ZnO:C films with n-type conductivity and found evidence for C atoms
at interstitial or Zn sites. Recently Kumar et al.7 have suggested a band gap mediated
ferromagnetism in ZnO-C thin films whereby a lower band gap induces stronger magnetization.
Zhang et al.8 have reported that the FM in Znx (ZnO)1-x granular films was derived from native
point defects such as Zn interstitials or O vacancies. Ye et al.9 have observed RTFM in bulk
carbon-doped ZnO prepared in an argon atmosphere and a reduction in FM when the samples
were prepared in a nitrogen atmosphere. These authors have suggested that an electron mediated
mechanism is a better explanation of ferromagnetism of carbon-doped ZnO materials than a hole
mediated one. Computational studies on C-doped ZnO have also depicted the variety and
complexity of possible routes to RTFM in this system10-14. Both interstitial C defects14 and a
combination of substitutional and interstitial C defects in ZnO clusters lead to magnetic moments
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(0.0–2.0 μB/C). Other DFT studies11 have shown that carbon substitution at zinc sites (CZn) have
the highest absolute stability, followed by the CZn–Ci complex. Interstitial C in n-type ZnO
prefers to form interstitial pairs or CZn–Ci complexes, The Ci–Ci interstitial pair is energetically
more stable in the molecular form as compared to two single Ci and possesses a magnetic
moment both as neutral and as singly charged species. Similarly Amiri et al.13 have shown that
Zn vacancies and C defects (substitutional, interstitial or a combination of both) can induce
ferromagnetism in C-doped ZnO with p–p interaction between C atoms and/or C and O atoms.
Recently Dung et al.15 have provided experimental evidence for the substitution of carbon at
both Zn and O sites to form C-O and C-Zn bonds.
In the light of the varied results related to the electron or hole nature of ferromagnetism and the
effects of different environments on the ferromagnetism and the stabilization of various defects
that may play an important role in the defect ferromagnetism, we have studied the structural,
electronic, optical and magnetic properties of bulk C-doped ZnO sintered in both oxidizing and
reducing atmospheres. The effects of these preparation conditions on the various physical
properties, and in particular on ferromagnetism were studied and correlated. An N2 atmosphere is
known to favour holes, while a reducing atmosphere such as Ar/H2 generates electrons via the
oxygen vacancies. X-ray photoelectron spectroscopy (XPS) measurements were performed to
identify the substitutional sites of C and variations in O vacancy concentration. We discuss these
results in the light of various models and show that in the bulk C-ZnO system electrons play a
decisive role in promoting the ferromagnetism while a hole promoting environment is deleterious
for the same.

4.2

Experimental details

A standard solid-state reaction was used to prepare C-doped ZnO samples Zn1-xCxO with a
nominal carbon concentration of x=0.00, 0.05, 0.08, 0.10, 0.15. Fine powders of high-purity
carbon and ZnO with prescribed molar ratio were ground for 3 h to generate a homogeneous
mixture, which was light grey in colour. The mixture was then sintered at 1000 oC in a box
furnace under continuous flow of forming gas Ar/H2 (95 % Ar + 5 % H) for 5 h and cooled down
to room temperature under ambient conditions. Samples thus obtained were dark grey in colour.
For comparison purposes another series of samples with nominal carbon concentration of x=
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0.05, 0.10, 0.15 was prepared, where the sintering was conducted under flow of nitrogen (N2) for
5 h. These samples were yellow in colour. After sintering all samples were again ground for 1015 minutes to obtain fine powders. To further explore the effect of other sintering environments,
samples with x=0.15 composition were also prepared by sintering in pure Ar and O2
environments. Care was taken to handle all samples only with Teflon tweezers and spatulas to
avoid magnetic contamination.
The structural characterization was performed by X-ray diffraction (XRD), as reported in
Chapter 2. Experimental details for X-ray photoelectron spectroscopy, magnetic measurements
and optical characterization by diffuse reflectance spectroscopy are given in Chapter 2.

4.3

Result and discussion

4.3.3 Structural characterization by X-ray diffraction
Figure 4.1 shows XRD patterns for C-doped ZnO powders sintered in N2 and Ar/H2 atmospheres.
Figure 4.1(a) shows diffraction peaks at 2θ equal to 31.8, 34.4, 36.3, 47.6, 56.6, 62.8, 66.4, 67.9,
69.2, 72.6 and 77.0º, which can be identified as corresponding to the (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202) planes of the hexagonal Wurtzite structure of
ZnO. No diffraction peaks of other impurity phases were detected. The lattice parameters a and c
were calculated from the XRD peaks corresponding to the (100) and (002) planes for both
samples (Figure 4.2 (a, b)) and found to be in good agreement with those reported for the
hexagonal Wurtzite structure of ZnO (JCPDS card no. 36-1451, a = 3.249 Å and c= 5.206 Å).
With increasing C content the two lattice parameters a and c shrink for both the Ar/H2 and N2
sintered samples; the only exception to this trend was the sample with x=0.05, annealed in Ar/H2,
where no significant change of the lattice constants was observed. The observed decrease in the
lattice parameters is consistent3, 16 with the C atoms substituting Zn because the cationic radius of
C+4 (0.30 Å)17 is much smaller than that of Zn+2 (0.74 Å)18 but the presence of interstitial carbon
atoms cannot be ruled out. Janotti and Van de Walle have established that among the defects in
ZnO, oxygen vacancies have the lowest formation energy19. Therefore, sintering the sample
either in vacuum or in a reducing atmosphere (forming gas) at high temperatures leads to an
increase in the number of oxygen vacancies, which act as n-type dopants.
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Figure 4.1 XRD pattern for C-doped ZnO powders: (a) Zn1-xCxO with x=0.15; (b) enlarged view
of the (100) and (002) diffraction peaks of Zn1-xCxO with x=0.00, 0.05, 0.08, 0.10, and 0.15
sintered in N2 (top panel) and Ar/H2 (bottom panel).
Oxygen vacancies also contribute to the compression of the ZnO lattice along with carbon
substitution at Zn sites or covalently bound carbon20, 21 at the O site. It is noticeable that the
decrease of the lattice constants is larger for samples sintered in Ar/H2 as compared to those
sintered in nitrogen. We understand this based on ionic/atomic sizes, in fact
the atomic radius of N is close to that of O and N can substitute at the O lattice positions. An N-3
ion (1.71 Å)22, 23 occupying an O-2 (1.40 Å)24 lattice site can also compensate for O vacancies
and may account for the smaller decrease in lattice parameters in the case of samples sintered in
N2. Figure 4.1 (b) shows a clear broadening of the XRD peaks with increasing C content for the
samples annealed in Ar/H2. This broadening may be due to the distortion of the host lattice
caused by the strain induced by the occupation of the Zn sites by C ions or the presence of
carbon precipitates or clusters. For Zn1-xCxO with x=0.15 sintered in Ar/H2 extra broadening and
a shoulder peak at lower θ were observed indicating the appearance of other phases and the
deterioration of crystallinity. Hence we did not proceed to prepare samples with concentrations
above x=0.15. For Zn1-xCxO with x=0.15 sintered in N2 such broadening was not observed; this
may be due to C partially substituting at O sites and partially at zinc sites and thereby causing
lesser strain.
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Figure 4.2 Variation of lattice parameters a and c for Zn1-xCxO sintered in (a) Ar/H2, (b) N2 as a
function of carbon concentration (x);( c) Full width half maximum (FWHM) values of the
diffraction peak associated with the (002) plane as a function of carbon concentration (x) in
Zn1-xCxO.
Moreover a smaller number of O vacancies in the case of N2 sintered samples could also account
for the smaller broadening. Figure 4.2 (c) shows that the rate of increase of the full width at half
maximum (FWHM) values of the diffraction peak associated with the (002) plane with
increasing of carbon content is slower for N2 sintered samples than for Ar/H2 sintered ones.
To verify the purity of the samples and the absence of magnetic impurities at any stage during
the sample preparation, Energy Dispersive X-ray Spectroscopy (EDX) was performed. EDX data
demonstrated the presence of C, Zn and O as the only elements for samples sintered in Ar/H2,
while for N2 sintered samples nitrogen is incorporated in the powder. EDX analyses for both
series of samples (Ar/H2 and N2 sintered) confirmed that there is no trace of magnetic impurities
within the instrumental detection limit of 1 %.
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4.3.2 X-ray photoelectron spectroscopy analysis
To explore the role of the defects on the magnetic properties, we need to identify what types of
defects there are in each sample. XPS is a very useful analytical technique for this purpose
because the intensity of a photoemission peak is proportional to the abundance of the atomic
species generating it and the binding energy of a core electron depends on its chemical
environment, allowing to distinguish different binding sites for the same type of atom.
The typical XPS survey scan of Zn0.90C0.10O, shown in Figure 4.3, indicates the presence of zinc,
oxygen and carbon as the main elements. Generally, when analysing ZnO, the C 1s peak of
adventitious carbon at 284.6 eV is taken as a reference but this is not an option in the present
case because we want to observe the change with carbon doping in ZnO host, hence all binding
energies are referred to the Zn 2p3/2 peak at 1021.7 eV25. As in the spectrum of Zn0.90C0.10O
presented in Fig. 4.3, no magnetic impurities were detected in any the XPS survey spectra (data
not shown here) of the other samples. The absence of magnetic elements within the limits of the
XPS sensitivity indicates that any observed ferromagnetism is intrinsic in nature.
The XPS spectra of the Zn 2p, O 1s and C 1s regions, as well as the Zn LMM Auger peak of the
samples sintered in forming gas (Ar/H2) are shown in Figure 4.4. All XPS spectra were analyzed
using the least-squares curve fitting program Winspec26 and deconvoluted for LorentzianGaussian fitting of asymmetric peaks by subtracting the Shirley background27 and fitting with a
minimum number of peaks, taking into account the experimental resolution. When more than
one component was used to fit a core level photoemission line, binding energies are reported
±0.1 eV. The Zn 2p spectra do not show any variation as a function of C content, confirming that
the main Zn species is always in the +2 oxidation state. There is no variation in the relative
positions of these peaks for samples annealed in the reducing or in nitrogen atmosphere. Since
Zn 2p3/2 peak shape does not show any shoulder indicative of a minority species, we resorted to
the Zn LMM Auger peak to identify the presence of interstitial Zn (Zni) defects. Auger peaks
show larger shape changes as a function of the chemical state of Zn atoms than XPS peaks
because mostly three electrons are involved in a single Auger transition28. The Zn L3M45M45
Auger peaks of Zn1-xCxO with x=0.05, 0.10 and 0.15 plotted in Figure 4.4 (b) were deconvoluted
into two peaks located at 497.2 eV and 493.8 eV in binding energy, which are attributed to Zn-O
bonds and Zni respectively 28.
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Figure 4.3 The XPS survey scan for Zn0.90C0.10O - the arrow marks the Zn Auger peaks.
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Figure 4.4 XPS spectra for Ar/H2 sintered Zn1-xCxO samples with x=0.05, 0.10 and 0.15, (a) Zn
2p core level region, (b) Zn LMM Auger lines, (c) O 1s and (d) C 1s core level regions.
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The relative area obtained from the peak deconvolution was utilized to extract the Zni defect
concentration relative to the number of Zn-O bonds and the results are shown in the Figure 4.5(c)
for Zn1-xCxO with x=0.05, 0.10 and 0.15. It is reported28 that in ZnO thin films Zn interstitials are
usually found to be located between O2- and Zn2+ positions accompanied by Zn vacancies (VZn)
and that their concentration grows when the samples are sintered at high temperatures. These VZn
defects may be responsible for ferromagnetic behaviour in ZnO systems29. The O 1s spectrum
for Zn1-xCxO with x=0.05 sintered in forming gas (Fig. 4.4 (c)) comprises three contributions: O1
at 531.2 eV is the most intense and can be attributed to O-Zn bond in the Wurtzite structure30; O2
at 532.8 eV stems from O vacancies7 (VO) resulting from the desorption of loosely bound oxygen
during annealing in the reducing atmosphere. Such vacancies are n-type donors and have an
important role in the development of FM in the defect mediated FM. The O3 component at
534.2 eV, which only appears for the lowest C dopant concentration, is generally attributed to the
presence of chemisorbed surface hydroxyl31, CO3, absorbed H2O or absorbed O2.
The C 1s spectra (Figure 4.4(d)) for all C-doped ZnO compositions were deconvoluted using
three components, C1 (285.2 eV), C2 (286.6 eV) and C3 (289.1 eV). The C1 component is
attributed to non-oxygenated C–C bonds and close in binding energy to aliphatic carbon. C2
derives from C–O bonds15, 16, 32, 33. According to DFT studies, in ZnO carbon can substitute for
oxygen (CO) or for zinc (CZn) or occupy an interstitial lattice site (Ci) but the CZn defect is by far
the most stable one, Ci is less stable, while CO is energetically very difficult to form. The
replacement of Zn by C in the tetrahedral symmetry leads to strong displacements of the
neighbouring atoms; three neighbouring O atoms within the ab plane of the Wurtzite lattice get
closer to the carbon, while the fourth O atom is pushed away along the c-axis. The C impurity
interacts very strongly with one O atom and creates defect complexes that involve C–O bonds34.
The C2 peak at 286.6 eV suggests that carbon atoms substitute for zinc (CZn) as observed in
other C-ZnO systems3, 15, 16. There was no C 1s component that could be attributed to carbon
atoms incorporated at O sites (CO) in the range 280-284 eV as claimed by Pan et al.1. The highest
energy component C3 at 289.1 eV is most pronounced for the ZnO sample with the lowest C
doping (x=0.05, Ar/H2 annealed) and attributed to the presence of carbonyl group C=O 32 as well
as to
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Figure 4.5 XPS spectral intensities of Zn1-xCxO as a function of C concentration (x=0.05, 0.10
and 0.15): intensity of (a) the O 1s components O1 (O bonded to Zn) and O2 (oxygen vacancy
(Vo)), (b) the C 1s components corresponding to C-C defects and substitutional C-O bonds, (c)
the Zn LMM Auger peak components corresponding to Zn bonded with O atoms (Zn–O) and
interstitial Zn (Zni).
COOR type groups. Figure 4.5 illustrates the intensity variation of the components of the O 1s
and C 1s core level lines as well as of the Zn LMM Auger line as a function of carbon
concentration. One notices that the O2 component in Figure 4.5 (a), which is due to oxygen
vacancies (VO) induced by sintering in a reducing (Ar/H2) environment, increased in the x=0.10
sample with respect to the x=0.05 one but did not change upon further doping. A similar nonmonotonic variation with increasing carbon concentration could be observed for the C-C defect
component (Figure 4.5 (b)). This indicates that at higher carbon content (above x=0.05) more
carbon is absorbed into the lattice, not only into substitutional sites (CZn) but also into interstitial
sites and forming C-C complexes (Ci-Ci). Above the maximum limit of absorption of carbon,
which in our case is Zn0.90C0.10O, the C-C component decreased and VO also declined. The
concentration of Zni (Figure 4.5 (c)) initially increased with C content in the sample but
decreased for Zn0.85C0.15O. We speculate that the concentration of Zni correlates with that of C-C
bond defects. One must also not forget that the creation of a Zni defect is accompanied by the
creation of a Zn vacancy. Sakong et al.11 have reported in their DFT studies that interstitial
carbon (Ci) is a donor, whereas substitutional carbon (CO) is neutral or a deep acceptor. Both Ci
and CO have high formation energies; however the Ci formation energy is lowered when it is
bonded to another interstitial carbon or to a carbon substituting at a Zn site: Ci–CZn or Ci–Ci. The
Ci–Ci interstitial pair is energetically more stable than two single Ci, and possesses a magnetic
moment both in the neutral and singly charged state11.
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Figure 4.6 XPS spectra of the C 1s core level region of Zn0.90C0.10O sintered in Ar/H2 and in N2.
Finally, when C substitutes at a zinc site, the presence of interstitial carbon or of Ci-Ci complex
defects is in itself a sign of a zinc vacancy (vacant cation site). Thus at C concentrations where
XPS indicates more C-C defect bonds, the sample also has a higher Zn vacancy concentration.
To summarize the trends seen in the XPS and XRD data for Ar/H2 sintered samples, the zinc
interstitial (Zni) defect concentration followed the C-C defect concentration as a function of
carbon content. A correlation exists between the lattice parameters calculated from the XRD data
and the oxygen vacancy (VO) defect concentration estimated from XPS in that large VO
concentrations are accompanied by a contraction of the lattice parameter.
Figure 4.6 shows the comparison of C 1s spectra for Zn0.90C0.10O sintered in Ar/H2 and N2
atmospheres. The C 1s binding energy increases from 285.7 eV for the former to 286.1 eV for
the N2 sintered sample due to nitrogen incorporation in ZnO lattice35. In all C-doped ZnO
samples the increased binding energy of C 1s line is an indication that most of the carbon is
present in carbide form9.

4.3.3 Magnetic analysis
Magnetic studies were performed on both Ar/H2 and N2 sintered samples. Figure 4.7 (a) shows
that Ar/H2 sintered pure ZnO and Zn0.90C0.10O as well as pure ZnO sintered in air exhibit typical
diamagnetic behaviour at 300 K. Hence at the lowest C doping level studied (x=0.05) there is no
evidence of ferromagnetism, confirming that the synthesis does not generate defects or
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Figure 4.7 Room temperature M(H) curves* for (a) ZnO and Zn0.95C0.05O sintered in Ar/H2 and
ZnO sintered in air, (b) Zn1-xCxO with x=0.08, 0.10 and 0.15 sintered in Ar/H2, (c) Zn1-xCxO with
x=0.05, 0.10 and 0.15 sintered in N2 and (d) Zn0.85C0.15O sintered in O2, N2, Ar and Ar/H2
atmosphere.
impurities that can contribute to FM. Zn1-xCxO with x=0.08, 0.10 and 0.15 sintered in Ar/H2, i.e.
samples with higher C content, were found to be ferromagnetic at 300 K, as seen in Figure
4.7(b). The maximum magnetization values for Ar/H2 sintered samples were 1.3x10-3 emu/gm

*

All data in panels except the (a) ZnO (b) x=0.10 were measured by Mahvish Jamil.
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(0.09 µB per carbon atom), 4x10-3 emu/gm (0.27 μB per carbon atom) and 3x10-3emu/gm (0.11 μB
per carbon atom) for the Zn1-xCxO with x=0.08, 0.10 and 0.15 respectively.
These values are larger than those obtained by Ye et al.9, which may be due to the fact that our
samples were sintered in Ar/H2 atmosphere while the samples in ref. 9 were prepared in pure Ar.
Preparation in the reducing atmosphere in our case is expected to lead to a higher concentration
of O vacancies. There is an optimal range for C doping that gives maximum FM behaviour in the
range x=0.08-0.15. The decrease in the ferromagnetic moment at high value of C (x=0.15)
inconsistent with the literature2. In fact, it is expected that for higher carbon concentrations the
carbon atoms occupy O substitutional sites, along with some carbon atoms substituting for Zn,
thus compensating for oxygen vacancies and causing the moment to decrease with increasing
carbon concentration. Our XRD data support this scenario because at high C content we do not
find a proportionally large decrease in lattice constant anymore. In view of the reported role of
the sintering environment on the ferromagnetism, Zn0.85C0.15O samples were prepared by
sintering not only in Ar/H2 and N2 but also in pure Ar and O2. The M-H curves in Figure 4.7 (d)
show that only the samples sintered in Ar/H2 give rise to a ferromagnetic hysteresis loop at room
temperature, while a diamagnetic behaviour was observed for the samples sintered in O2, N2 and
Ar atmosphere.
Comparing how the saturation magnetization (Figure 4.8) and the C-C defect concentration
(Figure 4.7(b)) vary with carbon concentration, it is obvious that M is large where the C-C
concentration is large and vice versa. C-C produces the zinc interstitials, which further stabilize
the magnetic cation vacancies (VZn). In the range where the C-C content is low, the C-doped
ZnO has a larger concentration of substitutional C, identified by the C-O bond and the data in
Figure 4.5(b) suggest that the moment is low when C substitutes at a Zn site.
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Figure 4.8 Variation of saturation magnetization, MS, as a function of carbon concentration for
Zn1-xCxO with x=0.05, 0.10 and 0.15.

4.3.4 Optical analysis
The energy band gap of the C-ZnO samples was determined by plotting the square of the
Kubelka-Munk function F(R)2 verses energy as shown in Figure 4.9 (a ,b). The trend of band gap
variation with C composition for the samples sintered in Ar/H2 and N2 is shown in Figure 4.9 (c)
and (d) respectively. The general trend is an initial decrease in the band gap with increasing C
content with minima observed for x=0.10 (Ar/H2 annealed) and x=0.05 (N2 annealed); this band
gap narrowing can be attributed to the introduction of new states by the substitutional carbon.
The density functional theory (DFT) studies36 for the electronic structure of Wurtzite ZnO
systems doped with C at different sites predict that when Zn is substituted by C(C Zn), donor
levels are formed that lie close to (or below) the bottom of the conduction band and effectively
shrink the band gap. The optical characterization supports the XRD results, suggesting that
carbon is substituting for Zn, which is consistent with the DFT studies of Panpan et al.36 For N2
sintered samples the band gap energy decreases for the lowest C doping (x=0.05) as compared to
undoped ZnO, and then slightly increases for higher carbon concentration but remains lower than
for undoped ZnO.
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Figure 4.9 Plot of square of the Kubelka-Munk function, F(R)2, versus Eg (eV) for Zn1-xCxO
with x=0.05, 010 and 0.15 sintered in (a) Ar/H2 and (b) N2. Band gap (Eg) variation versus
carbon concentration (x) for samples sintered in (c) Ar/H2 and (d) N2.

4.4 Conclusions
The crucial role of defect complexes involving C atoms and of electron donor defects in inducing
ferromagnetism in bulk C-doped zinc oxide is strongly supported by the presented
measurements. We find that when a hole dopant like nitrogen is added FM is strongly weakened
or indeed, destroyed (Figure 4.7 (c). It has been shown37 that N substituting for O in the lattice
acts as an acceptor and can compensate for existing O vacancies, thereby decreasing the defect
density and the concentration of conduction electrons. Sintering in a reducing environment like
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Ar/H2 results instead in a higher concentration of conduction electrons because it introduces
oxygen vacancies. The enhanced saturation magnetization of samples sintered in the reducing
atmosphere thus suggests that the presence of oxygen vacancies is important for the
ferromagnetism of the C-doped ZnO bulk system. This is further confirmed by the vanishing of
the room temperature magnetic moment in O2 annealed samples. An important question that
arises here is how exactly the oxygen vacancies affect the magnetic moment in this system. Is it
is via an oxygen vacancy induced (magnetic) defect complex or is their main role the creation of
free charge carriers which mediate the spin alignment of these magnetic defects? As discussed in
detail in the introduction, various defect models are consistent with electron mediated FM in
C-doped ZnO. DFT studies11 of C-doped ZnO have shown that defect complexes may occur in
various charge states ranging from +2 to −2 and introduce deep levels in the ZnO gap. For
example for Ci–Ci in the singly charged state, the unpaired electron will give rise to a magnetic
moment. These Ci–Ci along with oxygen vacancies also increase the number of cation vacancies
(VZn) and stabilize them by reducing their formation energy. All carbon related defects (CZn, CiCi) and oxygen vacancies give electrons to the system and these itinerant electrons are important
in mediating the ferromagnetic interactions in C-doped ZnO, however sintering in N2 depletes
these carriers.
The results of the optical characterization show how the electronic band structure is modified
with C incorporation. Band gap measurements revealed that the band gap shrinks with increasing
carbon concentration, suggesting the introduction of donor levels close to the bottom of
conduction band, which lower the band gap energy.
Acknowledgement: I thank Mahvish Jamil for help with the preparation and measurements of
magnetic data, see footnote marked as *.
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