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Abstract: Dilute dopant introduces foreign states to the electronic structures of host semiconductors and
imparts intriguing properties to the materials. Identifying and positioning the dopant states are of crucial
importance for seeking the underlying mechanism in the doped systems. However, such determination
has still been challenging, particularly for individual nanostructured materials, due to the lack of the
spectroscopic probe that possesses both nanometer spatial resolution and chemical resolution. Here, we
shall demonstrate the successful scaling of dopant states of individual semiconducting nanostructures by
chemically resolved electron energy-loss spectroscopy (EELS), taking the individual Co-doped ZnO nanorods
as an example. Guided by the Co dopant spatial distribution mapped by the core-loss EELS technique,
chemical resolution is achieved in the accumulated valence electron energy-loss spectra. Three Co dopant
states are successfully identified and positioned in the host ZnO bands. Furthermore, the electron extension
degrees of the Co dopant states are assessed on the basis of the multiple-atom effect. The above experimental
inputs optimize the density functional theoretical calculations, which generates the corrected full electronic
structures of (Zn,Co)O dilute magnetic semiconductors. These results give a carrier-mediated interpretation for
the room-temperature ferromagnetism of Co-doped ZnO nanostructures based on a recent theory.

I. Introduction

Doping can impart extra functionalities into host semiconduc-
tors doped with intentional impurities, allowing for diverse
device applications.1-5 In the molecular-orbital picture, dopant
ions introduce atom-like foreign energy levels,6 which undergo
changes in degeneracy and spin states upon the application of
crystal field. In order to understand that how the dilute dopant
ions drive the functionality of the whole body, one should know
how discrete energy levels incorporate into the host energy
bands. This is the critical point in the current dilute magnetic

semiconductors (DMSs) that have attracted global interest due
to their promising applications in future spintronic devices.7 The
origin of magnetism in DMSs has been very controversial.8 Even
nonmagnetic doping into host semiconductors can generate
room-temperature ferromagnetism (RTF) of the whole solids.9,10

In tackling the origin of such magnetism, it is apparently an
urgent task to depict an unambiguous picture of the local
electron density of states (LDOS) of the dopant, i.e., dopant
states, particularly to position them in the electronic structures
of the host semiconductors.11,12 For Co-doped ZnO DMS
nanostructures, one of the most studied prototypes of DMSs,13-22
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electronic structure of host ZnO are of first priority in
understanding the origin of the RTF. However, it has still been
equivocal in both theoretical and experimental aspects.8

Theoretically, density functional theoretical (DFT) calcula-
tions form a quantum chemistry solution to predict the mag-
netism based on the description of electronic structures of the
DMSs, whereas critical debates lie at the correct positioning of
dopant 3d levels and the Fermi level with respect to the host
bands, as well as the incorporation degree of the dopant
states.11,12 The precise prediction of the LDOS positions is
desired since the sensitive electron transportation of the dopant
states can be dramatically tuned by the very minute shift of
their positions, resulting in the contentious interpretations of
the RTF of the DMSs.11,12 However, directly reproducing the
bandgap of semiconductors basically remains an unreliable task
due to the consideration of additional particles in the calculations
of empty bands.23 The correct location of the dopant states even
requires an artificial shift of the LDOS functions. It has to
depend on experimental results as the external inputs, which at
least requires a set of experimentally determined LDOS (e.g.,
LDOS of Zn, Co, and O in the present case).12

Experimentally, scaling the electron states from dilute dopants
in the semiconducting nanostructures requires probes with both
chemical (i.e., atomic specification) and spatial resolutions.
However, it is generally a great challenge for the current optical
spectroscopic techniques. For example, an extinction spectrum
from visible optical absorption may be inverted to extract
electronic structures, but the chemical resolution is hardly
implemented due to the multiple excitation channels.15 The
extraction and quantification of a selected LDOS further suffer
from the anomalous cross sections arising from the optical wave
interference and transition resonances. Even for the valence-
band photon-induced electron spectra and the deep ultraviolet
spectra, which can provide ionization information on all the
dopant states, the above-mentioned problem still exists and their
quantification usually poses the problem of surface charge
accumulation.24

Remarkably, core-loss electron energy-loss spectroscopy
(EELS) attached in a scanning transmission electron microscope
(STEM) has been well established with the chemical information
on a subnanometer scale,25,26 while valence EELS in the STEM
possesses near-optical energy resolution and has been directly

related to the LDOS of materials.27 In this article, we employ
these two techniques on the same nanorods by spatially mapping
the dopant distribution via the core-loss electron energy-loss
(EEL) spectra and simultaneously by identifying the dopant
features in the accumulated valence EEL spectra via the
measured dopant richness in the surface. Thus, the chemical
resolution is implemented in the valence EELS technique besides
its high spatial resolution. Here by taking Co-doped ZnO
nanostructures as an example, the three Co dopant states related
to the LDOS in individual ZnO nanostructures are successfully
determined. The progress feeds the DFT calculations on the
minimum input of the determined LDOS set. Thereby, a precise
description of full electronic structures of Co-doped ZnO
nanostructures is achieved for the first time. Local magnetic
moments and related spin-coupling are then modeled, providing
evidence for carrier-mediated RTF occurring in the Co-doped
ZnO DMS system.

II. Methods

2.1. Synthesis and Characterization. The specimens of Co-
doped ZnO nanostructures were synthesized by a simple solvo-
thermal technique.28 The Co concentration was determined to be
∼7.85 at. % by induced coupled plasma atomic emission spectros-
copy. The undoped ZnO sample was also prepared in the identical
conditions for comparison. The Co-doped ZnO sample exhibits
similar microstructures (see Figure S1 in the Supporting Informa-
tion) and room-temperature ferromagnetic behavior to those previ-
ously reported.22,28 The valence state of Co determined by X-ray
photoelectron spectroscopy is divalent, and the saturation magnetic
moment determined by the superconducting quantum interference
device magnetometer is estimated to be ∼0.3 µB/Co2+, comparable
with those of our previously synthesized samples.28 The EELS
measurements were performed in a STEM (VG HB 601UX)
instrument. The microscope operated at 100 kV was equipped with
a cold field-emission gun. The spatial resolution was estimated to
be ∼4 nm due to the delocalization effect of the electrons’ inelastic
scattering. Such resolution is adequate to identify the discrimination
between the surface and the center of individual nanostructures with
an average diameter of about 50 nm.28 The energy resolutions were
about 0.35 and 1.0 eV for the valence and core-loss EEL spectra,
respectively, validating the investigations of the LDOS features
within a few eV regions. A more detailed description of the valence
EELS methodology can be found in the Supporting Information,
S2.

2.2. Density Functional Theoretical Calculations. The elec-
tronic structures of Zn11O12Co (Co concentration: ∼8.3%) were
determined using spin-polarized plane-wave DFT calculations, as
implemented by the Vienna Ab-initio Simulation Package (VASP).29

We adopted a projected augmented wave (PAW) pseudopotential30

to describe the core electrons and the general gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE) for exchange and
correlation.31 The kinetic energy cutoff is 450 eV, and the Brillouin
zone is sampled by 5 × 5 × 5 k-points using the Monkhorst-Pack
method.32 To overcome the errors associated with the DFT self-
interaction, a DFT + U method33 was employed to calculate the
on-site Coulomb correlation for the Zn and Co 3d electrons, and
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the states were corrected by U - J ) 1.5 eV for Co and U - J )
6.0 eV for Zn.

III. Results and Discussion

3.1. Mapping Co Spatial Distribution by the Core-Loss
EEL Spectra. We first map the Co concentration in selected
individual Co-doped ZnO nanorods by core-loss EELS. This
technique has been proved quite useful to investigate the nanoscale
dopant distribution in a few kinds of DMS samples.34-36 Figure
1a shows the high-angle annular dark field (HAADF) image of
one nanorod, in which the yellow-boxed area is sampled for
the concentration map. The intensities of the EEL spectra in
the energy windows of Co-L3, Zn-L3, and O-K edges are
calculated for each sampling point, which forms a pixel in the
EEL maps of Co, Zn, and O elements, respectively (Figure 1b).
Their intensities are obtained by the multipeak Gaussian fitting
of the Co-L3, Zn-L3, and O-K edges. We further divide the

Co intensity by that of O and obtain the Co/O map (Figure 1b).
Note that the intensity ratios of L3/L2 white line peaks have
long been regarded as a quantitative probe of dopant concentra-
tions, and so are the Zn and O features.37-39 Therefore, the
bright edge in the Co/O map reveals the Co richness along the
edge of the studied nanorod. A similar profile is also obtained
for the Co/Zn ratio.

Furthermore, we collected the core-loss EEL spectra along
the transverse direction and acquired a series of spectra with
different positions across the nanorod (Figure 1c). The normal-
ized intensity ratio of Co-L3/O-K is calculated, yielding the
Co/O profile of the black curve as shown in Figure 1e. These
spectra with adequate spectroscopic counts further confirm the
Co richness along the edge of the nanorod. We calculate several
probable EEL Co/O profiles (Figure 1e) using a finite-element
calculation based on the core-shell model (Figure 1d), where
the measured values of the beam intensities are used for the
different depths. The nanorod with a 5 nm Co-rich shell (i.e., r
) 10 nm) fits the experimental results very well, as deduced
from Figure 1e. Such an observation of a heavily doped shell
surrounding an underdoped core is in good agreement with
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Figure 1. (a) HAADF image of the studied nanorod (diameter: ∼30 nm). Scale bar, 10 nm. The boxed area shows the region where elemental maps and
the core-loss EEL spectra are acquired. (b) Corresponding core-loss EEL maps of Co, Zn, and O elements at Co-L3, Zn-L3, and O-K edges, respectively.
The intensities of the elemental maps are calculated by the procedure of peak fitting after the background is removed by a double-window method. The map
of intensity ratios from Co/O is also included, where the darker intensities mean the smaller ratio of Co/O. (c) Core-loss EEL spectra acquired from 7 regions
in the boxed area of the nanorod (a) with the corresponding numbers. The size of each region is about 20 × 4 nm2. (d) Schematic cross-section illustration
of the core-shell (radii are r and R, respectively) structure of the nanorod with the intensity ratio of Co/O in the shell decreasing linearly with the sampling
position from the edge. (e) Finite-element calculation of the normalized intensity ratio of Co/O relative to the sampling position on the nanorod according
to the model in (d). The experimental results of the normalized Co/O ratios acquired from the valence EEL spectra (blue curve) and core-loss EEL spectra
(black curve) are also shown in (e) for comparison.
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previous observations in the single P-doped Ge nanowire40 and
B-doped Si nanowires,41 indicating that our technique suf-
ficiently discriminates the dopant spatial distribution. The
measurements of the core-loss EELS on other individual
nanorods further consolidate such an inhomogeneity. Note that
it does not induce any secondary phase segregation in Co-doped
ZnO nanostructures.22,28

3.2. Positioning Co Dopant States by the Accumulated
Valence EEL Spectra. Obtaining the dopant inhomogeneous
distribution, we now carry out the valence EELS measurements
on the nanostructures and search for the coincidentally growing
valence EEL features. Note that the valence EEL spectra before
5 eV are cut due to the possible mixing with the electron
excitation from dopant states to the conduction band of ZnO
(the interband transitions). In most cases, the dopant states of
interests are located within a few eV from the Fermi level in
the electronic structure of the host solid. It can exclude the
presence of features excited from the dopant states to the empty
conduction band after 5 eV in the valence EEL spectra. Such
an argument is further verified by the DFT calculations (see
below), which guarantee that the obtained features are attributed
to the excitation from Co dopant states to vacuum (or near-
vacuum) level. Thus, the underlying LDOS information can be
extracted. In order to extract the dopant features successfully,
it should be noted that the dopant signals are initially quite weak
as compared to the primary featured groups such as plasmonic
oscillation and interband (or intraband) transitions due to the
quite distinct excitation probabilities (see the raw valence EEL
spectra in Figures S2 and S3 in the Supporting Information).38

The valence EEL spectra are obtained through accumulations
of more than 5000 times the initial spectrum until the features
with adequate signal-to-noise ratios are attained (for more details
see the Supporting Information, S3 and S4).42,43 In this way,
the Co dopant states are successfully identified.

The 3d electrons of the Co dopant were previously reported
to exert three main features in the host ZnO bands.12,15,44 They
are located (from vacuum energy) near the bottom of the
conduction band (∼6-7 eV), in the deep forbidden band (∼9
eV), and in the valence band (∼11 eV), respectively (Figure
2a). They have been attributed to the mainly minority-spin Co
t2 state, a minority-spin Co e state, and a majority-spin Co state
containing both t2 and e symmetries, respectively.12,44 Their
corresponding spectroscopic features are found and labeled by
Co dopant state (i) (Co DS (i)), Co DS (ii), and Co DS (iii), as
seen in the valence EEL spectra (Figure 2b,c). Deconvolution
by the Richardson-Lucy algorithm42,43,45 has been carried out
to restore the Co DS (i) feature at ∼6.2 eV in the valence EEL
spectra (Figure 2b,c). The observation confirms the tetrahedral
crystal field surrounding the Co ions in the ideal substituent
sites of individual ZnO nanostructures.12,15,22 Note that the Co
DS (ii) feature is combined with the intense peak centered at

∼9.5 eV, which is ascribed to O 2p interband transition of the
host ZnO.38,46

Correlation of the featured intensities with the Co concentra-
tion as well as the validity of the LDOS quantification is shown
by the coincidence of valence EEL spectra with the correspond-
ing core-loss EELS measurements (Figure 1e). The three well-
defined features do emerge after the doping, and their intensities
increase with increasing Co concentration (Figure 2b,c,d). We
accumulate the valence EEL spectra along the edge (Figure 2b)
and in the center (Figure 2c) of the individual nanorod with a
diameter of ∼30 nm, from which one can find the three Co
features are more pronounced along the edge as compared to
that in the center of the nanorod. A line profile of the normalized
intensity ratio of Co DS (ii)/O 2p state is plotted by the blue
curve in Figure 1e. It can be seen that the trends of these two
line profiles (from valence EEL spectra and core-loss EEL
spectra, respectively) are quite similar, verifying that the dopant
features (Figure 2b,c) originate from Co dopant states and they
contain the coincidental information for quantification. In
addition, our DFT calculations reproduce the positions of the
three Co-related peaks (Figure 3a,b). Therefore, the above
evidence consolidates both the existence and positions of the
three Co dopant states in the host ZnO bands.
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Figure 2. (a) Reported locations of the three Co 3d states of Co-doped
ZnO, adopted from refs 12, 15, and 44, respectively. (b-d) Valence EEL
spectra acquired from the edge region of the Co-doped ZnO nanorod (b),
the core region of the same Co-doped ZnO nanorod (c), and the undoped
ZnO nanorod (d). Peaks are fitted to explicitly show the features named by
Co DS (ii), which is adjacent to the intense peak from the O 2p state of the
host ZnO. The Richardson-Lucy algorithm is applied for Co DS (i) with
the restored features as shown in the figure. The dashed lines are drawn as
guides for the eyes.
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3.3. Corrected Full Electronic Structures by the DFT Cal-
culations and Quantitative Analysis of Co Dopant States. The
DFT + U method for first-principles calculations is carried out
with the experimental inputs of the positions of the dopant states,
which results in the full electronic structures of the Co-doped
ZnO (including the LDOS of O and Zn), as shown in Figure
3a. Note that only the input of relative positions of Co dopant
states can optimize the corrected full electronic structures. In
Figure 3a, all the inputs are well reproduced. The bandgap of
∼3.0 eV is obtained. Co DS (i) is located at the onset of the
conduction band, Co DS (ii) is within the bandgap, and Co DS
(iii) is located in the valence band. The Fermi level is located
near Co DS (ii). It can be seen that the LDOS of Co is
hybridized with that of O.

The obtained density of the electron states helps the quantita-
tive analysis of the dopant states and the associated bulk
performance. As known, the appearance of the interesting
intrinsic RTF observed in Co-doped ZnO22,28 has to do with
both the generation of local magnetic moments and the effective
coupling between the magnetic sites.47 The magnetic dopant
states should be transported in a long range to construct the
effective ferromagnetic coupling,6 so that they are able to
manipulate the macroscopic RTF occurring in Co-doped ZnO.
This picture is essentially related to the incorporation strength
of the dopant states, i.e., their extension in the entire host solid.
Here the term “extension” means the chance of observing the
electrons or charges of the state at the sites far from the dopant
ions rather than that of hybridization. Here, the electron
extension degree can be semiquantitatively assessed by analyz-
ing the intensities of the dopant features based on the picture

including the single-particle scattering and the multiple-atom
effect (for more details see the Supporting Information, S5).37,48

In a typical EEL procedure that occurs with the three dopant
features, the incident high-energy electrons (100 keV) knock
the electrons in the initial level (the dopant states) up to an empty
vacuum (or near-vacuum) level. The present configuration of
the electron beam and the collection detectors leads to the single-
particle scattering of collected electrons, validating the quan-
tification of the incident electrons (including the thermal diffuse
scattering).37,49 In the case of the unoccupied final states, the
transition matrix turns to the occupied LDOS of the initial
levels.27 Therefore, the EEL intensity of a selected state is
closely related to the quantity of its present electrons. However,
the description that the electrons’ interaction with the incident
fast electrons stays localized within an individual atom becomes
questionable for Co 3d electrons that are spatially located near
(or even over) the edge of Co ions. The collective contribution
from neighboring atoms to the dopant features (Figure 2b,c)
leads to the intensity increase, i.e., the multiple-atom effect. Here
the ratio of the experimentally collected electrons as compared
to the single-atom description is denoted as N(∆E), which
describes the strength of multiple-atom effects in the electron
scattering. It has the dimension of the atom quantity that
contributes to the scattering of a selected electron. As a result,
N(∆E) becomes the index of electron extension degree of the
Co 3d states in the host ZnO.

According to the Fermi-Dirac distribution at the present
liquid nitrogen temperature (down to 77 K), the occupation of
Co DS (ii) and Co DS (iii) should both be close to 100% since
they are located below the Fermi level. Hence, N(∆E) can be
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1992.
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Figure 3. (a) Calculated LDOS for the Zn11O12Co supercell by the DFT + U method. The LDOS of Co is shaded in blue. The vertical green line indicates
the Fermi level, and the blue dashed line indicates the conduction band minimum from a pure ZnO supercell. The areas of the three Co features of Co DS
(i), Co DS (ii), and Co DS (iii) are 42.0, 32.9, and 24.7 states, respectively. (b) Experimental peak intensities (left axis) and estimated N(∆E) (right axis) of
the three dopant states against their energies. The calculated locations (marked by the dashed green lines) of the three Co 3d states are also shown here,
which agree well with the experimental locations within the errors. The range of Co DS (i) position is broad and asymmetric due to the low signal/noise ratio
and the applied Richardson-Lucy deconvolution. N(∆E) of Co DS (i) is deduced by its position at the onset of the conduction band; therefore it is marked
by the dashed line. All the solid/dashed lines are drawn as guides for the eyes. (c-e) Spatial distribution of the charge density isosurface for the three
features labeled by Co DS (i), Co DS (ii), and Co DS (iii), respectively. One can see the increasing extension of charges around the Co ion from Co DS (iii)
to Co DS (i), which is in accordance with the experimental observations.
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semiquantitatively estimated by comparing the measured in-
tensities and the calculated LDOS intensities, which gives a
larger N(∆E) for Co DS (ii) than that for Co DS (iii). Co DS
(i) is located at the onset of the conduction band, and its
extension degree must be quite intense. Therefore, with increas-
ing state energies, we obtain a gradual transition from the
relatively localized state (Co DS (iii)) to a rather extended one
(Co DS (i)) (Figure 3b). Such an argument is further verified
by the calculated maps of charge density isosurface (Figure
3c-e), where we can clearly see the gradually increasing
extension of charges around the Co ion from Co DS (iii) to Co
DS (i). Our observation is consistent with Mott’s prediction that
the electron extension degree increases with the radius of the
electron state.50

3.4. Explanation of Carrier-Mediated RTF. The measured
electronic structures from core-loss and valence EEL spectra
and the extension degrees of the dopant states can build the
intrinsic magnetism against room temperature in the framework
of carrier-mediated RTF (as summarized in Figure 4).12 The
DFT calculations of a Zn11CoO12 supercell attain a spin-
dependent LDOS curve and give a local magnetic moment of
2.9 µB per Co ion (Figure 3a). The calculations demonstrate a
ferromagnetic state in which fully occupied Co DS (iii) is spin-
up, while Co DS (i) and Co DS (ii) are spin-down. The
calculations indicate that most of the charges are still localized
in the above three dopant states. Therefore, a local high-spin
state is constructed, which is the first point of the RTF
interpretation. The second point lies at whether such a ferro-
magnetic state is able to survive the perturbation of ambient
conditions.47 It has to be implemented through the effective
coupling of neighboring spin states. The recent calculations
based on the crystal-field theory concluded an antiferromagnetic
coupling in the case of no free carrier or no defect states.12,44

Herein we successfully detect the Co DS (i) state in the
conduction band, which demonstrates an observable carrier

density on the order of less than 0.1 electron per Co ion.
Although it introduces certain inverse spins, it stabilizes the
ferromagnetic coupling against the ambient conditions according
to the band-coupling model,12 ultimately leading to the RTF.
The third point is that we have observed the saturation magnetic
moments of less than 1.0 µB per Co ion. Such a moderate value
is attributed to the state-dependent electron extension degree.
The Heisenberg model addresses the exchange energy as the
origin of ferromagnetic coupling, which is related to the
overlapping of the energy states between neighboring units.
The measured electron extension degree or the multiple-atom
effect essentially describes such an overlapping. The spin-down
states of Co DS (ii) and Co DS (i) present the higher electron
extension degrees. Such a significantly enhanced extension
degree for Co DS (i) leads to a greater exchange energy and a
more effective coupling of the spin-down states. Overall, the
evidence demonstrates a carrier-mediated picture (Figure 4) on
the moderate RTF occurring in Co-doped ZnO nanostructures,
which is consistent with a recent report.12

IV. Conclusions

In summary, chemical identification has been implemented
in the valence EELS technique by tracking the coincidentally
growing dopant features in individual ZnO nanostructures as
demonstrated by the core-loss EELS mapping. We have obtained
an overall description of the three Co dopant states and their
extension degrees in the host ZnO bands, which is further
reproduced by the first-principles calculations. From these
results, we finally depict a carrier-mediated picture on the
interpretation of the moderate intrinsic RTF occurring in Co-
doped ZnO nanostructures. We believe that the chemically
resolved EELS tool to determine the electronic structures on a
nanometer scale may find applications in other doped functional
systems.
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Figure 4. Schematic energy diagram, indicating the construction of room-
temperature magnetism. The three dopant states are positioned according
to the experimental measurements. The Co DS (ii) and Co DS (iii) are
below the Fermi level; the Co DS (i) is partially occupied by few electrons,
which promises a stable state with a net robust ferromagnetism according
to the band-coupling model. The locations of conduction band minimum
(CBM) and valence band maximum (VBM) are also shown in the energy
diagram. The electron extension degree is marked by the color depth bar.
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