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Electron magnetic chiral dichroism (EMCD) relates the microstructure of a single nanostructure with the magnetic property,
indicating that the ferromagnetism observed in cobalt-doped ZnO dilute magnetic semiconductor is intrinsic. First-principles calcu-
lations were carried out and the electronic states contributing to the spin imbalance are identified. An exact model is developed,
allowing one to visualize the origination of dichroism to be the difference of transition intensity from spin-polarized 2p states to

Co-3d states in cobalt-doped ZnO nanostructures.
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Dilute magnetic semiconductors (DMS), in
which non-magnetic semiconductors are doped with a
few percent of magnetic atoms, have attracted intensive
research interest due to their potential applications in
spintronic devices [1]. Transition metal-doped ZnO,
one of the most studied DMS systems, has become a
focus of attention due to the observation of its room-
temperature ferromagnetism [2-4]. Although a large
number of studies on transition metal-doped ZnO are
available in the literature, there is no consensus on
whether the observed ferromagnetism is intrinsic [5,6].
Especially for DMS nanostructures, the measurement
of magnetic properties is performed on a large number
of nanostructures. How to relate the microstructure of
a single nanostructure with the magnetic property of
the same nanostructure is a major challenge.
Dichroism, an important magnetic—optic property of
DMS, refers to changes in the absorption of left- and
right-polarized light when passing through the DMS
material. The measurement of dichroic signals reflects
the anisotropy of the spin in the material and thus can
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be regarded as an efficient method to identify the intrin-
sic ferromagnetism in ZnO-based DMS [6]. Electron
magnetic chiral dichroism (EMCD), performed in trans-
mission electron microscopy (TEM), is the difference in
the transition metal-L,; edges collected under two
opposite chirality conditions [7] (the electron beams un-
der two opposite chirality conditions are comparable to
the left- and right-polarized light). When EMCD exper-
iments are performed, the microstructure of the same
nanostructure can be detected simultaneously by
TEM-related techniques. Thus, EMCD results provide
direct evidence of intrinsic ferromagnetism in individual
DMS nanostructures [8].

Despite all these experimental studies, an exact model
is still required, and urgently needed, to illustrate the
experimentally observed dichroism in ZnO-based DMS.
The dichroism reflects the magnetic property of
ZnO-based DMS and the magnetic property is deter-
mined by the spin imbalance of the materials. Thus, if
the electronic states contributing to the spin imbalance
can be identified, the origination of the dichroism in
DMS could be understood. Consequently, a clear and
direct connection between dichroism and the electronic
structure of transition metal-doped ZnO would be
established.

In this work, we tackled the above problem by using
a cobalt-doped ZnO nanostructure as the model system.
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EMCD experiments were performed to prove the intrin-
sic ferromagnetism of the studied DMS material. The
electronic structures of cobalt-doped ZnO were obtained
from first-principles calculations, and the electronic
states contributing to the spin imbalance were identified
from the calculated density of states. To correlate the
dichroism observed in cobalt-doped ZnO with its elec-
tronic structure, an exact model is proposed and corre-
spondingly the origination of dichroism in cobalt-
doped ZnO DMS can be deduced.

The studied Co-doped ZnO nanoparticles were syn-
thesized by a simple solvothermal technique [9]. Typical
morphologies of the Co-doped ZnO nanoparticles are
shown in Figure 1a. No clustering of the Co is observed.
Co concentrations were estimated by energy-dispersive
X-ray spectroscopy (EDS) as ~6%. The samples exhibit
well-defined hysteresis loops, which demonstrated a
robust high-temperature (300 K) ferromagnetic behav-
ior, as shown in Figure 1b. The observed ferromagne-
tism of the studied cobalt-doped ZnO system has been
proved to be intrinsic by X-ray photoelectron spectros-
copy [9], atom location by channeling enhanced micro-
analysis [8], spatially resolved electron energy loss
spectroscopy [9,10] and EMCD [8]. The EMCD mea-
surements were performed at “+” and “—” positions
in the diffracted pattern to show opposite chirality con-
ditions [7] (the inset of Fig. 1d) with either the objective
lens (with a magnetic field of ~2 T exerted on the spec-
imen) or the Lorentz lens (objective lens off, with a small
magnetic field of ~17 Oe) [8]. The data shown in Figure
Ic and d are EMCD spectra obtained with an objective
lens and a Lorentz lens, respectively. For both the objec-
tive lens on and off cases, the intensity of the Co-L; edge
taken at the “+” position is higher than that taken at the
“—” position, which is the opposite of the L, edge. So
dichroism effects (at the bottom of Fig. 1¢ and d) are ob-
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Figure 1. (a) Low-magnification TEM images of the Co-doped ZnO
sample; (b) magnetic hysteresis loops measured at 300 K. The inset
shows the enlargement of the hysteresis loops near the origin; (c)
EMCD results of the Co-doped ZnO samples obtained under the
objective lens; (d) EMCD results of the Co-doped ZnO samples
obtained under the Lorentz lens. The Co-L, ; edges were taken from
two chiral positions “+” and “—”, as indicated by the inset.

served both under a magnetic field and after removing
the magnetic field, which means that the ferromagnetism
in the cobalt-doped ZnO investigated is intrinsic [8]. One
should note that there is a difference between the macro-
scopic measurement (Fig. 1b) and the EMCD results
(Fig. Ic and d). For the macroscopic measurement, the
magnetization is almost saturated at 2 T, but is negligi-
ble at 17 Oe. However, the EMCD signals between the
“+” and “—" spectra are not very different between Fig-
ure lc and d. On the macroscopic scale, the whole sam-
ple can be treated as an ensemble composed of different
magnetic domains. For the EMCD measurement, only a
local area of a single nanoparticle was probed, so the
dichroism signal represents the magnetization of the
local region. If the net moment in the probed area is
aligned to a direction either parallel or antiparallel to
the incident electron beam, a maximum dichroism can
be achieved. Therefore, one should expect to see a differ-
ence between the macroscopic (Fig. 1b) and microscopic
measurements (Fig. 1c and d).

Motivated by these experimental results, the calcula-
tions with a Co doping concentration of 6.25% (close to
the experimental concentration) were performed. One
zinc atom is replaced by cobalt in a 2 x 2 x 2 supercell
of the hexagonal ZnO (Zn;5C0,0¢) and the structure
was optimized until the net force on each atom was
smaller than 0.01 eV A~'. The electronic structure calcu-
lations were performed using the highly accurate all-
electron full-potential linearized augmented plane-wave
method implemented in the WIEN2K Package [11]
within the generalized gradient approximation [12].
The size of the basis sets was controlled by the parame-
ter Ry Kmax, Where Ry, is the smallest muffin tin radius
in the unit cell and K, is the magnitude of the largest
K vector in reciprocal space. In our calculations,
Ry Kmax Was taken to be seven. The number of k-points
in the whole Brillouin zone was increased until the total
energy had converged.

Figure 2a and b shows the calculated total and pro-
jected density of states (DOS) without and with involv-
ing spin polarization, where the Fermi level is set at zero.
The local d orbitals of the Co atom are introduced into
the gap of the host semiconductor ZnO. The majority
spin (1) 3d states of Co located between ~—1 and
~—2 eV are t, states, and the Fermi level cuts the sharp
minority spin () e states. The minority spins #, states of
Co (higher in energy than the e states) are seen to be
hybridized slightly, with the conduction band and the
DOS near the Fermi level indicating the presence of a
half-metallic character. The host’s valence band maxi-
mum is composed of O-p bands and Zn-d bands, which
is lower than the localized Co-3d orbitals. For both Zn-d
and O-p, the density of states between —5 and —1 eV
changed from symmetry (corresponding to the ZnO case
[13]) to asymmetry (to Co-doped ZnO). That is, the spin
splitting are observed in both O-p and Zn-d bands due
to the exchange interaction with the doped Co, which
can be seen clearly from the projected density of states
of the O-p and Zn-d states. For the O-p band, the den-
sity of states between —2 and 2eV is very similar to
the cobalt-d states, indicating the strong exchange inter-
action between the O-2p and Co-3d states. The most
prominent unoccupied energy bands in the conduction
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Figure 2. The calculated total density of states (TDOS) and projected density of states (PDOS) of Co-doped ZnO (the Co concentration of 6.25%). (a

and b) Results without and with involving spin polarization, respectively.

band are composed of Zn-s and O-p states. The calcu-
lated results are consistent with that calculated by Vien-
na Ab Initio Simulation Package [10,14].

Based on the calculations, an exact model to illustrate
the origin of the dichroic signals in the Co-L, 3 edges of
Co-doped ZnO is given in Figure 3. For conventional
Co-L, 5 edges recorded under non-chirality conditions
(shown as below in Fig. 3a), they originate from elec-
tronic transitions from the 2p states (the red filled area
in Fig. 3a) to empty Co-3d states (the blue filled area
in Fig. 3a) above the Fermi level. There is no need to ro-
tate spin polarization when the conventional electron
energy loss spectroscopy data are correlated with the
electronic structure of the DMS. The transition intensity
from the O-2p state to the Co-3d state, measured as the
white line intensity /;, + /1,, is proportional to the num-
ber of d holes [15]. When the EMCD experiments were
performed, seen at the bottom of Figure 3b, the electron
energy loss spectra were recorded under the opposite
chirality conditions (corresponding to the “+” and
“—” positions in the diffraction pattern). The interaction
between the incident electrons and the p-electrons (in the
material) leads to the excitation of spin-polarized elec-
trons, so spin-polarized DOS have to be involved. At
the “—” position, fewer spin-up electrons and more
spin-down electrons are excited, while at the “+” posi-
tion, more spin-up and fewer spin-down electrons are
excited. As seen in Figure 3b, there are more empty
spin-down states (mainly from the Co-e and Co-t,
states) than empty spin-up states. Correspondingly,
when the experiments were performed at spin down
“—” position, more spin-down electrons are excited
from the 2p state to the more empty Co-3d spin-down
states. The absorption is larger and consequently the
intensity of L, is higher, which is the opposite of the
L; edge. Just the difference in transition intensity for
the spin-up and spin-down electrons leads to the obser-
vation of dichroic signals at the L, 3 edges of Co.
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Figure 3. (a) Schematic of electron transitions accounting for the
conventional Co-L edge (shown as below) recorded at non-chirality
positions; (b) schematic to illustrate the origination of the difference
spectra at two chiral positions (shown as below) in Co-doped ZnO.
The straight arrows (gray) represent the excitation direction. The red
and blue colors represent the initial 2p states and final Co-3d states,
respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

In conclusion, EMCD experiments were performed
on synthesized cobalt-doped ZnO nanostructures and
indicated that the ferromagnetism observed is intrinsic.
The electronic structure of cobalt-doped ZnO was
obtained from first-principles calculations, and the
electronic states contributing to the spin imbalance were
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identified. Based on the theoretical calculation, an exact
model is proposed which correlates the dichroism ob-
served in cobalt-doped ZnO with its electronic structure.

(1) Conventional electron energy loss spectroscopy,
correlated with the non-spin-polarized density
of states, was obtained from the electronic transi-
tions from 2p states to empty Co-3d states above
the Fermi level. The transition intensity from the
O-2p states to the Co-3d states, measured as
white line intensity, is proportional to the number
of d holes.

(2) Electron magnetic chiral dichroism, correlated
with the spin-polarized density of states, was
obtained from the difference in the transition
intensities from the spin-polarized 2p states to
Co-3d states. Thus the spin imbalance (mainly
from the Co-3d states) in the conduction band
of cobalt-doped ZnO can be measured.

Thus, the EMCD measurements performed with

TEM open the door for magnetic studies in ZnO-based
dilute magnetic semiconductors.
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