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ABSTRACT: Manipulating the ferromagnetic interactions in
diluted magnetic semiconductor quantum dots (DMSQDs) is a
central theme to the development of next-generation spin-
based information technologies, but this remains a great
challenge because of the intrinsic antiferromagnetic coupling
between impurity ions therein. Here, we propose an effective
approach capable of activating ferromagnetic exchange in ZnO-
based DMSQDs, by virtue of a core/shell structure that
engineers the energy level of the magnetic impurity 3d levels
relative to the band edge. This idea has been successfully
applied to Zn0.96Co0.04O DMSQDs covered by a shell of ZnS or
Ag2S. First-principles calculations further indicate that covering
a ZnS shell around the Co-doped ZnO core drives a transition
of antiferromagnetic-to-ferromagnetic interaction, which occurs
within an effective depth of 1.2 nm underneath the surface in the core. This design opens up new possibility for effective
manipulation of exchange interactions in doped oxide nanostructures for future spintronics applications.

■ INTRODUCTION

Diluted magnetic semiconductor quantum dots (DMSQDs) of
several nanometers present a promising material for the future
quantum computer and many other spin-based information
technologies, due to their long spin coherence times and the
capability of manipulating the current spin polarization under a
weak external field.1−9 Because the magnetic exchange
interactions (between carriers and magnetic ions or between
magnetic ions and magnetic ions) determine to a large extent
the optical, electronic, and magnetic properties of the
DMSQDs, how to manipulate the exchange interactions therein
has become a key issue.9,10 Co-doped ZnO nanostructures have
been most intensely studied as a prototypical model system to
clarify the origin of magnetic exchange interactions.11−14 By
using strategies of codoping or annealing treatment to induce
localized or iterant carriers, ferromagnetic ordering has been
stabilized in a lot of Co-doped ZnO nanocrystals synthesized by
colloidal chemistry, such as nanorods,15,16 nanowires,17,18 and
nanoparticles (diameter >20 nm),11,19,20 all of which have sizes
beyond the limit of quantum confinement effect. However, in
the size region where strong quantum confinement occurs, it
exerts two adverse impacts on the magnetic couplings between
Co ions. First, the quantum confinement upshifts the energy
levels of the donor defects while the Co 3d states are pinned at
the same position as in bulk,21,22 which reduces the interactions
between the defect-bound electrons and magnetic dopants.
Second, due to the quantum confinement, the carriers
(localized or delocalized) possess partial p-character and they

are mixed with the Bloch functions of the 4s conduction band
at finite k vector,23,24 further suppressing the ferromagnetic
couplings between Co2+. Therefore, introducing extra charge
carriers to realize ferromagnetic interactions in DMSQDs is not
an ideal pathway. In fact, the routinely used methods for DMSs
of relatively large size to tune magnetic couplings, like codoping
or annealing under different atmospheres, could hardly be used
for DMSQDs, because of the self-purification or size growth of
the QDs in the heating process.25 To realize ferromagnetic
coupling between magnetic ions in Co-doped ZnO quantum
dots still remains rather challenging.
Recently, great efforts have been attempted and progress has

been made in activating the ferromagnetism of quantum-
confined DMS nanostructures. One example is the work by
Beaulac and co-workers,5 who used photoexcitation to generate
excitonic magnetic polarons (EMP) and realized ferromagnetic
Mn−Mn couplings at the nanosecond time scale in Mn-doped
CdSe quantum dots. Ochsenbein et al.3 observed a large room-
temperature ferromagnetic responses in vacuum for colloidal
Mn-doped ZnO quantum dots, using an anaerobic ultraviolet
(UV) photoexcitation to inject electrons into the conduction
band. However, the ferromagnetic coupling between ions in
these DMS quantum dots is not intrinsic but could only be
activated under some extreme external conditions. According to
the band coupling model,10,26 there is a competition between
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the ferromagnetic and antiferromagnetic Co2+−Co2+ couplings
in Co-doped II−IV DMS: ferromagnetic coupling arises from
the hybridization of the occupied eg↓ states with the empty t2g↓
states, while antiferromagnetic exchange originates from the
hybridization of the occupied t2g↑ states with the empty t2g↓
states. Due to the localized feature of the eg↓ states, the
dominant Co2+−Co2+ exchange interactions are antiferromag-
netic. Therefore, strengthening the ferromagnetic interactions
in Co-doped II−IV DMSQD calls for effective approaches to
enhance the hybridization of the occupied eg↓ states with the
empty t2g↓ states. Methods that could change the relative
positions of the Co 3d states within the band gap and delocalize
the eg↓ state are worth pursuing. When the small size and large
specific surface area of QDs are considered, the electronic
structures of Co ions in DMSQDs are more prone to surface
modifications. Then it could be anticipated that the Co2+−Co2+
exchange interactions in DMSQDs cores could be effectively
tuned by covering shell materials with different electronic
properties (Figure 1).

In this paper, we propose the idea of using core/shell
structures as a platform to tune magnetic interactions in DMS
nanostructures. Core/shell structures with different shell
materials can bring on tremendous changes in the band gap
and the electronic structure of magnetic impurities, which could
help to create unprecedented opportunities to tailor the
magnetic exchange interactions of DMSQDs. Experimentally,
by growth of a shell of ZnS or Ag2S around the Co-doped ZnO
QDs cores in an epitaxial-like manner, we synthesized Co-
doped ZnO/ZnS (type II core/shell) and Co-doped ZnO/Ag2S
(inverted core/shell) core/shell structures, which are demon-
strated to be able to turn the magnetic couplings within the Co-
doped ZnO QDs from antiferromagnetic into ferromagnetic.
First-principles calculations exhibit shell-induced changes in the
Co-doped ZnO band structure and in the Co 3d electronic
states, revealing the microscopic mechanism governing this
magnetic change. This design opens up possibilities for effective
tuning of the magnetism of doped oxide semiconductor
nanostructures for spintronics applications.

■ EXPERIMENTAL SECTION
Synthesis of Co-Doped ZnO/ZnS Core/Shell Quantum Dots.

Co-doped ZnO/ZnS core/shell quantum dots were prepared
according to a two-step synthetic method. Generally, the Co-doped
ZnO quantum dots were prepared in the first step and ZnS shells were

created later via a surface-converting strategy. To prepare the Co-
doped ZnO quantum dots, zinc acetate (3.6 mmol) and cobalt acetate
(0.36 mmol) were added into a flask with 50 mL of ethanol. The
resulting mixture was heated to the boiling point under vigorous
stirring. Then 4.6 mL of freshly prepared sodium hydroxide ethanolic
solution (1.5 M) was quickly added. The reaction ran for 35 min and
the solution was then cooled to room temperature. Excess ethyl
acetate was dropped in until precipitation occurred. The precipitate
was centrifuged, washed with ethyl acetate several times, and
resuspended in ethanol. A clear blue suspension of Co-doped ZnO
quantum dots was obtained. Thioacetamide (TAA) was used in the
second step as the source of S2− ions. The suspension of quantum dots
was mixed with 2 mL of TAA alcoholic solution (0.213 M) and bath-
sonicated for 10 min. Then the mixture was heated to the boiling point
under stirring. Heating was stopped after 1 h, and stirring lasted for
another 8 h. The S2− released by TAA converted the nanoparticle’s
surface layer from zinc oxide into zinc sulfide. The Co-doped ZnO/
ZnS core/shell quantum dots was precipitated by use of ethyl acetate.
The precipitate were centrifuged, washed with ethyl acetate, and
heated in 10 mL of dodecylamine at about 50 °C under ultrasonic
vibration to wipe off the potential residual-free ions. The final product
was further centrifuged and suspended in toluene.

The Co-doped ZnO/ZnS core/shell quantum dots can be further
converted into Co-doped ZnO/Ag2S core/shell quantum dots because
of the large difference in solubility [the solubility product constant
(Ksp) of ZnS is 2.93 × 10−25, while Ksp of Ag2S is 6.69 × 10−50).
Twenty milliliters of AgNO3 alcoholic solution was added dropwise
into the suspension of Co-doped ZnO/ZnS core/shell quantum dots
under ultrasonic vibration. The product was then centrifuged, washed,
treated with dodecylamine, and suspended in toluene as described
before.

Structure and Property Characterization. Dopant concen-
trations were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES, Jarrel Ash model 955). Trans-
mission electron microscopy (TEM) experiments were performed
with a JEM-2100 microscope (200 kV). To avoid the influence of
toluene’s UV absorption, the synthesis of samples for UV−vis
absorption experiments was slightly different from the method
described previously. Instead of treatment with dodecylamine and
suspension in toluene, the quantum dots were directly suspended in
ethanol. X-ray diffraction (XRD) patterns were measured with a TTR-
III X-ray diffractometer. The Co L2,3-edge X-ray absorption near-edge
(XANES) spectra were measured at beamline U19 of the National
Synchrotron Radiation Laboratory (NSRL) in the total electron yield
(TEY) mode by collecting sample drain current under a vacuum better
than 5 × 10−8 Pa. The beam from a bending magnet was
monochromatized with a varied line-spacing plane grating and
refocused by a toroidal mirror. An energy range from 100 to 1000
eV was covered with an energy resolution of about 0.2 eV. The Co K-
edge XAFS spectra were measured at the U7C beamline of NSRL, the
1W1B beamline of the Beijing Synchrotron Radiation Facility (BSRF),
China, and the BL14W1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF), China. The electron-beam energy of NSRL
was 0.8 GeV and the stored current was between 250 and 300 mA.
The storage ring of BSRF was operated at 2.5 GeV with a maximum
current of 250 mA, and the storage ring of SSRF worked at 3.5 GeV
with a maximum current of 210 mA. The O K-edge X-ray absorption
fine structure (XAFS) spectra were measured at the U19 beamline of
NSRL and BL08U beamline of SSRF in the TEY mode. Magnetic data
were collected with a Quantum Design MPMS-5 superconducting
quantum interference device (SQUID) magnetometer on sealed air-
free colloidal suspensions in toluene. The excitation wavelength was
325 nm. Electronic paramagnetic resonance (EPR) measurements
were performed in a JSE-FA200 EPR spectrometer at X-band (∼9
GHz) with a resolution of 2.35 μT at room temperature.

■ RESULTS AND DISCUSSION

The synthetic strategy for Zn0.96Co0.04O/ZnS core/shell
quantum dots has two steps as schematically shown in Figure

Figure 1. Diagrammatic representation of the ferromagnetic
manipulating principle in DMS quantum dots by use of core/shell
nanostructure.
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2a. First, the Zn0.96Co0.04O quantum dots were synthesized by a
sol−gel-like method as reported in the literature.16,27 Second,
the ZnS shell was grown on the preformed Zn0.96Co0.04O
quantum dots by S atoms from TAA that reacted with Zn
atoms at the surface of Zn0.96Co0.04O.

28 With the growth of a
ZnS shell around Zn0.96Co0.04O, the color of the suspension
gradually changed from blue to light green. In this reaction, Zn
atoms in the ZnS shell were pinned at the surface of
Zn0.96Co0.04O, allowing for confinement of the ZnS shell on
the core. After the synthesis of Zn0.96Co0.04O/ZnS, an ion
replacement reaction was used to produce Zn0.96Co0.04O/Ag2S

by mixing Zn0.96Co0.04O/ZnS with excess AgNiO3 solution.
The XRD pattern (Figure S1, Supporting Information)
indicates the wurtzite structure in the Zn0.96Co0.04O core, and
this structure is maintained after the growth of the ZnS or Ag2S
shell. The crystallinity of the core/shell quantum dots is
demonstrated by transmission electron microscopy (TEM)
images (including a high-resolution image of a single quantum
dot) shown in Figure 2b, which display a roughly spherical
shape for the core and core/shell quantum dots with a mean
size of 5 nm, smaller than the critical size for quantum
confinement in ZnO.29

Figure 2. Diagrammatic representation of the synthesis of core/shell quantum dots and characterization of their morphology and magnetic
properties. (a) Schematic representation of the quantum dot synthesis. (b) TEM images of representative Zn0.96Co0.04O, Zn0.96Co0.04O/ZnS, and
Zn0.96Co0.04O/Ag2S quantum dots. (Top insets) High-resolution TEM images of single quantum dots. (Bottom insets) Colors of Zn0.96Co0.04O,
Zn0.96Co0.04O/ZnS, and Zn0.96Co0.04O/Ag2S suspensions in ethanol. (c) Field dependence of magnetization of Zn0.96Co0.04O, Zn0.96Co0.04O/ZnS,
and Zn0.96Co0.04O/Ag2S (2 K).

Figure 3. Determination of core/shell structures and occupation sites of magnetic ions. (a) Experimental Zn K-edge XANES spectra of ZnO, ZnS,
Zn0.96Co0.04O, and Zn0.96Co0.04O/ZnS and calculated spectra for three model structures: Co-doped ZnO (model A), Co-doped ZnO/ZnS (model
B), and ZnO+ZnS (model C). (b) Magnified experimental Zn K-edge XANES spectra of Zn0.96Co0.04O and Zn0.96Co0.04O/ZnS. (c) Calculated
spectra for models A and B. (d) Fourier transform of Zn K-edge EXAFS k2χ(k) functions for ZnO, ZnS, Zn0.96Co0.04O/ZnS, and Zn0.96Co0.04O (solid
lines). (○) Fitting results. (e) Fourier transform of Co K-edge EXAFS k2χ(k) functions for ZnO, Zn0.96Co0.04O/ZnS, Zn0.96Co0.04O/Ag2S,
Zn0.96Co0.04O, and CoO. (Inset) k2χ(k) functions. (○) Fitting results.
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To display the critical role of shell in altering Co2+−Co2+
magnetic interactions in the Zn0.96Co0.04O QDs core, we show
in Figure 2c the magnetization measurement results for these
nanostructures (dilute suspensions of the same colloidal
nanocrystals). Solid lines in Figure 2c display the Brillouin
function calculated for paramagnetic Co2+ ions with spin S =
3/2 at 2 K at three different effective concentrations xeff. The 2
K saturation moment for Zn0.96Co0.04O QDs is 1.2μB/Co

2+

(xeff/x = 0.40), significantly smaller than what would be
observed if all Co2+ ions contributed fully (xeff/x = 1.0, Msat =
3.0μB/Co

2+), in agreement with the results by White and co-
workers.30 This reduction arises from the well-known
antiferromagnetic interactions that are active within part of
the Co2+−Co2+ pairs. After growth of the ZnS shell, the
Zn0.96Co0.04O QDs obtained a saturation moment as high as
2.8μB/Co

2+ (xeff/x = 0.93), very close to the theoretical value of
3.0μB/Co

2+ in a tetragonal ligand field. Hence, the Co2+−Co2+
magnetic couplings are overwhelmingly turned from anti-
ferromagnetic into ferromagnetic by growth of the ZnS layer. A
similar phenomenon is also observed in Zn0.96Co0.04O/Ag2S
synthesized by the same method, but its saturation moment is
relatively smaller, 1.8μB/Co

2+ (xeff/x = 0.60) (the difference will
be discussed later).
To verify the formation of Zn0.96Co0.04O/ZnS core/shell and

to determine the ZnS shell thickness, the XAFS technique with
element-specific and structure-sensitive features was used to
probe their local atomic structures.31−33 The Zn K-edge
XANES spectrum of Zn0.96Co0.04O/ZnS exhibits a similar
spectral shape to that of Zn0.96Co0.04O quantum dots (Figure
3a), although the white-line peak at ∼9673 eV is significantly
reduced in intensity (Figure 3b). We considered several
structure models and calculated the Zn K-edge XANES spectra
using FEFF8.2 code (see section II in Supporting Informa-
tion).34 First, the calculated XANES spectrum for model C (a
ZnS−ZnO mixed cluster) presents at 9703 eV a characteristic
peak as labeled by a red circle in Figure 3a. The peak position is
quite different from that in the spectrum of Zn0.96Co0.04O/ZnS
quantum dots, suggesting that the two main components of
Zn0.96Co0.04O/ZnS quantum dots (that is, Zn0.96Co0.04O and
ZnS) are not isolated in space. The calculations based on model

A (a ZnO cluster composed of 125 atoms, corresponding to a
Co-doped ZnO) and model B [a ZnO/ZnS core/shell cluster
including 125 atoms (34 O, 34 S and 56 Zn atoms)] could
reproduce the main spectral features of the experimental data
for Zn0.96Co0.04O and Zn0.96Co0.04O/ZnS quantum dots,
respectively. Furthermore, the white-line intensity of model B
is remarkably reduced as compared to model A (Figure 3c),
consistent with the trend of the experimental observations
(Figure 3b). These results provide support for the formation of
a ZnS layer on the Zn0.96Co0.04O quantum dot surfaces. In
other words, Zn0.96Co0.04O/ZnS quantum dots with a core/
shell structure have been obtained. Analogously, Guglieri and
Chaboy35 also observed reduced white-line peak intensity for
ZnO QDs upon thiol capping, and they ascribed this to
formation of Zn−S bonds between Zn and S atoms.
Furthermore, from the ZnS/ZnO molar ratio (40:60) obtained
from quantitative EXAFS data analysis (Figure 3d) and
considering the particle size (∼5 nm), a ZnS shell thickness
of about 0.55 nm can be estimated (see section III in
Supporting Information). Similar phenomena of using a 0−0.8
nm thick CdSe-like shell to effectively change the magnetic
couplings in Mn- or Cu-doped ZnSe QDs have also been
reported.2,36 We note that, in Zn0.96Co0.04O/Ag2S, there may
exist small Ag2S clusters (islands) on the ZnO QDs surfaces
and only core/shell alike structure is formed, because the lattice
structures of Ag2S and ZnO are significantly different. In
addition, detailed analysis of EXAFS spectra in Figure 3e reveals
the substitution of Co for Zn sites in all these QDs (see section
IV in Supporting Information), and within the detection limit
of XAFS, no Co-related secondary phase could be detected
upon covering the ZnS or Ag2S shell on the Zn0.96Co0.04O
cores. These results lead us to conclude that the significantly
enhanced saturation magnetic moment of Zn0.96Co0.04O/ZnS
and Zn0.96Co0.04O/Ag2S QDs indeed arises from modified
exchange interactions between substitutional Co ions.
Next, for an in-depth understanding of the origin of the

altered Co2+−Co2+ magnetic exchange interactions by a ZnS
shell covering Zn0.96Co0.04O QDs, we employed Vienna ab
initio simulation package (VASP) calculations to investigate the
electronic structure changes. Details of the calculations are

Figure 4. Interactions between core and shell materials in the core/shell quantum dots. (a) Schematic of theoretical model for magnetic interactions
between Co ions in different depth layers influenced by the ZnS shell. (b) Schematic for hybridization between Co−Co pairs before and after
covering the ZnS shell. (c) Calculated density of states (DOS) for various model structures: Co ions in ZnO without ZnS shell (top panel) and in
the second layer (i), third layer (ii), and inner layer (iii) after covering the ZnS shell.
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included in Supporting Information (section V). The formation
energy calculations suggest that, afterZnS shell covering, the
exchange interactions between Co2+ ion pairs near the QD
surface turn from antiferromagnetic to ferromagnetic, no matter
whether they are nearest neighbors or next-nearest neighbors
(see the Co2+−Co2+ pairs labeled in Figure 4a). Especially, the
formation energy for the nearest neighboring Co2+−Co2+ pair
located at the fourth Zn−O layer underneath the ZnS shell
(about 1.2 nm in depth) still keeps at the level of −0.21 eV.
Assuming that all the Co ions are homogeneously distributed in
Co-doped ZnO/ZnS, we estimated that the interactions
between Co ions located within a depth of 1.2 nm underneath
the ZnO surface are changed from antiferromagnetic to
ferromagnetic. In other words, about 90% of Co atoms
contribute to the ferromagnetic ordering, in agreement with the
saturation magnetic moment measurement (Figure 2c).
Inferred from the obtained density of states (DOS) as shown
in Figure 4c, such a change in magnetic interactions is
intimately related to modifications of the electronic structures.
In Co-doped ZnO, the tetrahedral symmetry around Co atoms
splits the Co 3d levels into a doubly degenerate eg band and a
triply degenerate t2g band. The ground state of Co2+ is in a
high-spin d7 (S3/2) configuration. All the Co2+ spin-up 3d levels
are covalently delocalized into the valence band (VB) of the
ZnO semiconductor host, but the spin-down eg↓ level is
remarkably higher in energy than the edge of VB (O 2p) and
displays localized character. However, in Co-doped ZnO/ZnS,
the band gap of ZnO is considerably narrowed, as also indicated
by the electronic absorption spectra (see section VI in
Supporting Information). This comes from the O 2p energy
position engineering, which has at least two reasons: the
interactions between S 3p and O 2p states at the interface of
the core/shell as well as the strain due to the lattice mismatch
between ZnO and ZnS.37 As a result, hybridization between O
2p and Co 3d states is enhanced. More importantly, the strong
hybridization between Co 3d eg↓ and VB renders delocalized
feature to the Co 3d eg↓ state (see panel i in Figure 4c).
Meanwhile, the energy difference of eg↓ and t2g↓ is reduced
from 3.77 to 3.26 eV, which, according to the band coupling
model,10,26 is favorable for the increase of the energy gain ΔEFM

and ferromagnetic exchange of the Co2+−Co2+ interactions
(Figure 4b). This suggests that, under a certain temperature,
the Co:ZnO/ZnS nanocrystals exhibit a macroscopically
ferromagnetic property. Of note, the energy gain ΔEFM ∝1/
[E(t2g↓) − E(eg↓)] of the t2g↓−eg↓ hopping is expected to be
considerably smaller than that of t2g↓−t2g↑ hopping, since the
eg↓ orbitals are highly localized. Besides, on the basis of DOSs
of Co ions at various sites, we find that as the Co ions move
apart from the ZnS shell, hybridization between Co 3d eg↓ and
O 2p↓ is weakened (see the yellow region in Figure 4c), and
the energy difference between eg↓ and t2g↓ is enlarged.
Therefore, in the central part of the quantum dots, the
dominant Co2+−Co2+ interaction is still antiferromagnetic.
Recently, Chen et al.38 manipulated the saturation magnetic
moment and coercivity of the Pt/Zn0.95Co0.05O/Pt device by
changing the distribution of oxygen vacancy using an external
electric field, which provides more evidence for the important
role of oxygen vacancies in mediating the ferromagnetic
ordering of Co:ZnO materials. By contrast, in our samples,
the prominent role of oxygen-vacancy-induced carrier in
mediating the ferromagnetic coupling could be ruled out by
the electronic paramagnetic resonance (EPR) and O K-edge
XANES spectra, both of which indicate that covering the ZnS

shell does not cause obvious change of the oxygen vacancy
concentration. Moreover, we have measured the photo-
luminescence (PL) spectra of undoped ZnO and ZnO/ZnS,
which also suggest that covering a ZnS shell does not enhance
the concentration of oxygen vacancy (see section VII in
Supporting Information). In Mn-doped II−VI QDs, recent
first-principles calculations also suggest a tunable Mn2+−Mn2+

exchange by tailoring the quantum confinement even at fixed
carrier concentration.39

The Zn0.96Co0.04O/Ag2S heterostructure (inverted core/shell
structure) also evidences the capability of manipulating the
exchange interaction between Co2+ in Zn0.96Co0.04O quantum
dots via core/shell structure. This type of core/shell structure is
different from Zn0.96Co0.04O/ZnS in that the conduction band
of the core is higher in energy than that of the shell (Figure
S5b, Supporting Information). In analogy to Zn0.96Co0.04O/
ZnS, the formation of a Ag2S shell also increases the saturation
moment of Zn0.96Co0.04O quantum dots (Figure 2c). However,
compared to Zn0.96Co0.04O/ZnS, the saturation magnetic
moment of Zn0.96Co0.04O/Ag2S is noticeably lower. We
compare in Figure S8 (Supporting Information) the Co L2,3
spectra of Zn0.96Co0.04O/Ag2S and Zn0.96Co0.04O/ZnS. When
the shell material is changed from ZnS to Ag2S, the
characteristic peak at about 770 and 784 eV arising from
electron transition from Co 2p to Co 3d is increased in
intensity, suggesting higher Co 3d electron occupation in
Zn0.96Co0.04O/ZnS. Therefore, compared with Zn0.96Co0.04O/
Ag2S, the hybridization between O 2p and Co 3d states is
stronger in Zn0.96Co0.04O/ZnS, and the Co

2+−Co2+ interactions
are easier to switch from antiferromagnetic to ferromagnetic,
resulting in the much higher saturation magnetic moment of
Zn0.96Co0.04O/ZnS as observed. The different hybridization
strength of O 2p and Co 3d can also be confirmed
experimentally by comparison of the Co K-edge XANES
spectra of Zn0.96Co0.04O/Ag2S and Zn0.96Co0.04O/ZnS QDs
(Figure S9, Supporting Information). In spite of their similar
XANES features in the post-edge region, a slight difference
occurs at the pre-edge peak A (7709 eV) that is associated with
electron transition from Co 1s to Co 3d−O 2p hybridized
states.40 The lower intensity of the pre-edge peak A of
Zn0.96Co0.04O/ZnS over Zn0.96Co0.04O/Ag2S indicates less
occupied 3d states in Zn0.96Co0.04O/ZnS. On the basis of
these results, we believe that changing the core/shell band
alignment indeed provides an effective route to tailor the
magnetic states of DMS quantum dots.

■ CONCLUSION

In conclusion, using the Co-doped ZnO system as an example,
we have experimentally demonstrated the feasibility of tuning
the interactions between magnetic impurities in transition metal
doped oxide semiconductor quantum dots by engineering the
energy level of the magnetic impurity 3d levels within the band
gap using a core/shell structure. As shown by a detailed study
of structural and magnetic properties, this concept is applicable
to Zn0.96Co0.04O/ZnS and Zn0.96Co0.04O/Ag2S heterostructures.
We expect that this idea can be generalized to tune the
magnetic properties of other materials, and it opens up new
possibilities for effective manipulation of exchange interactions
in doped oxide nanostructures for future spintronics
applications.
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