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ABSTRACT Zn,05C00 050 nanocrystals were synthesized by the sol—gel method. A STEM image clearly shows that the Co in ZnO
nanocrystals is of surface-preferential. To further study the distribution state of Co element and its effects on the structure and magnetic
property, were postannealed the Zng 05C0g 050 nanocrystals in O, Ar, and H, atmospheres. It is found that the ferromagnetisms of
the H,- and Ar-annealed Zngo5C00050 nanocrystals increase significantly, but that of the O,-annealed sample decreases. The
ferromagnetism variations of the Ar- and O,-annealed sample are stemmed from the increase of oxygen vacancies (V,) and the
formation of second-phase CosOy4, respectively, whereas the great enhancement of ferromagnetism in the Hy-annealed sample is
attributed to the appearance of interstitial H (H;) related defects. Our results indicate that inhomogeneous Co distribution is helpful
for manipulating the states of the Co ions and the ferromagnetic coupling in Zn,-,Co,O by post-treatment.
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1. INTRODUCTION
iluted magnetic semiconductors (DMSs) have at-

tracted extensive attentions due to their potential

applications in spintronics (1). Theoretical calcula-
tions predict that transition-metal-doped ZnO is one of the
most promising DMSs for realizing room-temperature fer-
romagnetism, which is a prerequisite for practical applica-
tions (2, 3). Tremendous efforts have been focused on
ZnO-based DMSs (ZDMSs), especially on Zn;—4Co,O and
Zn;-Mn,O. However, scattered results are frequently ob-
tained by different groups using different experimental or
characterization methods (4—7). The origin of the observed
ferromagnetism is still under intense debate. Some groups
believe that the ferromagnetism results from the random
substitution of Zn by transition metal (TM) ions. But the
mechanism of the magnetic coupling is hard to understand
for the relatively long distance between TM ions (8). Other
groups suggest that the ferromagnetism comes from the
inhomogeneous distribution of TM element (e.g., rich Co
distribution at the surface) or the presence of second-phase
structures, such as TM metal or other TM compound clusters
(9—11). Recent theoretical calculations also predict that the
doped Co ions in Zn,-,Co,O have the tendency to congre-
gate, and it is easy to form second-phase clusters when the
doping ratio further increases (12, 13). At the congregation
area, the average distance between Co ions is shortened and
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the magnetic coupling between Co ions becomes stronger.
Meanwhile, the defect structures in Zn,-,Co,O, which play
important roles in mediating magnetic coupling, are also
reported (14, 15). Thus the inhomogeneous Co distribution
has important effects on the magnetism of Zn;,Co,O. Many
experimental results reveal that the ferromagnetism varia-
tion with Co-doping concentration has a turning point, which
is normally reported as 5% or 10% (16—18). The ferromag-
netism increases with Co-doping until the turning point, and
then decreases sharply beyond the point. The tuning point
is often near the solid solubility, so the inhomogeneous Co
distribution becomes more obvious at this doping concen-
tration. In our sol—gel synthesized Zn,Co,O nanocrystal
samples, this turning point is repetitively obtained as 5%.
With further increase of Co-doping, second-phase Cos04
forms and the ferromagnetism declines quickly (19). To
clearly determine whether there is obvious Co inhomoge-
neous distribution in Zn,-,Co,0O and its effect on the struc-
ture and ferromagnetism, and further understand the mag-
netic coupling mechanism in ZDMSs, we postannealed the
Zn0.05C00 050 nanocrystals in argon, oxygen, and hydrogen
atmospheres, respectively, and systemically investigated
their structure and magnetism. Our results indicate that the
distribution of Co element in Zng¢5C0¢ 050 is of surface-
preferential because of the self-purification mechanism in
nanocrystal growth process. This inhomogeneous distribu-
tion is advantage to modulate the state of Co ions and the
ferromagnetic coupling in Zn;—,Co,O via postannealing. It
is also found that not only oxygen vacancies (V,) but also
interstitial H (H)) related defects can mediate the ferromag-
netic coupling between Co ions. The latter can lead to even
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FIGURE 1. XRD spectra of ZnCoO, ZnCoO-0, ZnCoO-Ar, ZnCoO-H,
ZnO, and Co050,.

stronger ferromagnetism by forming Co—H—Co bridge bond
structures.

2. EXPERIMENTAL SECTION

7N 95C0 050 nanocrystals were synthesized by the sol—gel
method using Zn(OAc), - 2H,0 and Co(OAc), - 4H,0 as precur-
sors and dimethyl sulfoxide as solvent. The detailed preparation
process had been described previously (19, 20). After heating
at 673 K for 2 h in air to burn up the organic component, the
obtained powders were then respectively postannealed under
O,, Ar, and H,/Ar (H,, 60%; Ar, 40 %) atmospheres at 673 K
for 1 h. These four samples are named as ZnCoO, ZnCoO-O,
ZnCoO-Ar, and ZnCoO-H, respectively.

The morphology and structures were investigated by trans-
mission electronic microscopy (TEM, JEM-2100F), and X-ray
diffraction (XRD, Rigaku D/Max-2200 XRD with Cu Ka source).
The chemical state of Co and the detailed structure variations
were characterized by XPS (MK II XPS with Al (Ka) source),
X-ray near-edgy absorption spectroscopy (XNEAS) (using syn-
chrotron radiation at Beijing Synchrotron Radiation Facility),
and Raman (JY-T64000 micro-Raman spectrometer in the
backscattering geometry excited by Ar* laser 532 nm line). The
ferromagnetisms of the samples were measured by vibrating
sample magnetometer (VSM, Lakeshore 7410) at room tem-
perature in air.

3. RESULTS AND DISCUSSION

3.1. XRD and STEM Studies. Figure | shows the
XRD spectra of ZnCoO, ZnCoO-O, ZnCoO-Ar, ZnCoO-H, pure
ZnO nanocrystals, and commercial Cos0s. It is seen that all
the annealed Zngo5C00 050 nanocrystals have the similar
wurtzite structure as pure ZnO (JCPDS data file 80-0074). No
XRD peaks related to Co metal or Co;04 can be observed.
No second phase is detectable from the HRTEM image or
from the corresponding Fast Fourier Transform (FFT) image,
as shown Figure 2a. The crystal lattice in the HRTEM is
measured as 0.247 nm, which is accordant with the (101)
interplanar distance of wurtzite ZnO. From the TEM image
of nanocrystals, it is found that the as-prepared Zn;-,Co,O
sample is sphere particle and about 17—23 nm in diameters.
The size distribution of nanoparticle is about 20 £ 3 nm.
Only Zn, Co, and O peaks are detectable in the energy
dispersive spectrum shown in Figure 2b. The Zn to Co
atomic ratio is measured as 95.2:4.8, very close to the
nominal doping ratio of 95:5. Figure 2c shows the element
distribution of Zn, Co, and O along the white line detected
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by scanning transmission electronic microscopy (STEM) line
scanning mode. It is found that the O element distribution
is uniform, whereas the distributions of Co and Zn element
are inhomogeneous. The Co concentration at the surface
area of the nanocrystal is obviously higher than that at
the core area, which indicates that the Co distribution in
ZNn.95C00 050 is of surface-preferential. As shown in STEM
image, the thickness of the Co-rich surface layer is about
2=3 nm.

3.2. Formation Mechanism of Surface-Preferen-
tial Co Distribution. The sketches of detailed self-purifica-
tion process are shown in Figure 3. In the dimethyl sulfoxide
solution of Zn** and Co?*, pure ZnO crystal nucleus form
first when alkaline solution is added dropwise, whereas Co?*
ions is in an octahedral ligand environment (20, 21). There-
fore, they are not ready for being doped into the ZnO lattice,
where the doped Co®* ions should mainly occupy the
tetrahedral ligand field. With the increasing OH™ concentra-
tion, the ZnO crystal nucleus enlarge and the octahedral
ligand field of Co?* ions are introduced to tetrahedral field
by the hydrolysis and condensation reaction of precursors.
The DMSO solution changes from pink to blue with addition
of OH™, which indicates this conversion of octahedral Co**
to tetrahedral Co?" (21). Semiconductor nanocrystals doped
with transition metals has proved to be particularly difficult
(22—24). F. V. Mikulec and G. M. Dalpian attribute this
phenomenon to self-purification mechanism (22, 23). This
implies that the impurities are expelled on the surface of
nanocrystals for thermodynamic reasons. We believe that
this mechanism is also effective on our system, most of Co**
dopants are expelled out of core area of nanocrystals, only
a little part of the “doped” Co?* ions are incorporated into
the nanocrystal. As a result, the dopant concentration
increases in grads from the core to the shell.

Because Co distribution in the nanocrystals is of surface-
preferential, Co concentration at the surface area is very
large, thus the average distance between Co ions is small.
This should have great effects on the structure and properties
of the Zn;,Co,O nanocrystals. First, the ferromagnetic
coupling between Co ions becomes more easily for the small
Co distance at the surface area. In fact, some of the recent
works shown that the ferromagnetism of Zn;.,Co,O mainly
originates from the surface or interface (14, 15). Second, the
density of Co ions at the surface area is very high, it can even
approach the bulk solubility, and thus the substitutional Co
ions are nearly saturated. In this case, some of the Co ions
can occupy the interstitial sites for system energy optimiza-
tion. Because the interstitial Co ions are of substable state,
their chemical state and properties should be easily con-
trolled by the outer treatments, including postannealing,
codoping, and surface treatment. Our postannealing experi-
ment clearly proves this deduction.

3.3. M—H Curves. Figure 4 shows the room-temper-
ature M—H curves of all the samples. The measured ferro-
magnetisms of ZnCoO, ZnCoO-0, ZnCoO-Ar, and ZnCoO-H
are 0.0021,0.0018, 0.0040, and 0.022 emu/g, respectively.
After O, annealing, the magnetism of the Zngo5C0¢.050
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FIGURE 2. (a) HRTEM image (inset, the correspondent FFT pattern), (b) EDS spectrum of ZnCoO-H, and (c) TEM image (inset, the element

distribution of Co, Zn, and O, detected by STEM) of ZnCoO.
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FIGURE 3. Sketches of detailed self-purification process.
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FIGURE 4. M—H curves detected at 300 K for as-prepared and
postannealed Zn, 95C0¢.950 nanocrystals.

nanocrystals decreases a little, but it increases obviously
after Ar or H, annealing. The largest ferromagnetism is
observed in ZnCoO-H, that value of which is 11 times that
of ZnCoO. It is well-known that Vs are common defects in
n-type ZnO and it can mediate the spin—spin ferromagnetic
coupling between transition metal ions (25, 26). To verify
whether the ferromagnetism enhancement is related to the
V,’s concentration variation after annealing, we have delib-
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erately reannealed ZnCoO-Ar and ZnCoO-H in oxygen. It is
found that the magnetization of the ZnCoO-Ar recovers to
the value of ZnCoO, whereas the magnetization hardly
changes in ZnCoO-H. This fact indicates that the origin of
ferromagnetism enhancement of ZnCoO-H is different from
that of ZnCoO-Ar. For ZnCoO-Ar, the magnetization increase
could be attributed to the increase of V,’s concentration after
annealing in Ar. After reannealing in O,, the V,’s concentra-
tion recovers to the value of ZnCoO, as does the magnetism.
However, the ferromagnetism enhancement in ZnCoO-H
could not be explained by the variation in V,’s concentration
alone, as the ferromagnetism is unchanged after reannealing
in oxygen. H, postannealing must have introduced other
structure changes into the Zng¢5C00050 nanocrystals. As
reannealing in oxygen does not obviously change the ferro-
magnetism, the formation of Co metal clusters due to the
reduction effect H, could be ruled out. If Co metal clusters
appear in the nanocrystals, they can be oxidized by rean-
nealing in oxygen and the magnetism should decline.

3.4. XPS Study. Figure 5 shows the XPS spectra of
ZnCo0O, ZnCoO-0O, ZnCoO-Ar, ZnCoO-H, and Co metal nano-
particles. The Co 2psp, peak at 780—781 eV is distinct from
Co metal peak at 778.8 eV. The separation between Co 2ps,
and Co 2p;; is about 15.8 eV, which is larger than that of
Co metal (15.06 eV). The two shakeup satellite peaks on the
higher binding energies are the typical characteristics of
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FIGURE 5. XPS spectra of ZnCoO-O, ZnCoO-Ar, ZnCoO-H, ZnCoO,
and commercial Co metal nanoparticles.
high-spin Co?* due to the charge-transfer band structure of
the cobalt monoxides, which indicates that the Co ions are
primarily in high-spin electronic state (3d7, S=3/2) (27, 28).
These results reveal that Co ions mainly substitute Zn ions
in Zng 05C00 050, other than existing in the interstitial sites.
The interstitial Co atoms have been proved to take the low-
spin states (29, 30). It is noted that the Co 2ps;, peak of
ZnCoO-O appears at higher energy (at 780.9 eV) than those
of ZnCoO-Ar (at 780.6 eV) and ZnCoO-H (at 780.5 eV). This
is clear evidence of the increase in the V,’s concentration.
During the annealing process in Ar and H, where the oxygen
partial pressure is zero, oxygen atoms near the surface will
gain sufficient energy to diffuse out of the nanocrystals and
thus leave V,s in the crystal lattice. The relatively high
annealing temperature provides sufficient energy for the Vs
to diffuse in the nanocrystals. As a result, the average
number of oxygen ions binding with Co ions decreases and
the Co—O bonds stretch for the lattice relaxation. Therefore,
the binding energy of the Co 2p electrons decreases. Similar
phenomena have been observed in Sn;-,Co,O, system (31).
3.5. FT-Raman Study. Figure 6 shows the Raman
spectra of Zng ¢5C00 050 nanocrystals before and after post-
annealing. The peaks at 97, 201, 333, 437, 483, 536, 578,
666, 985, and 1146 cm™! are referred to typical Raman
vibration modes of E(, 2E, Eoy—Es, Eon, 2LA, 2By, Ay or
E,Lor LO, TA + LO, 2TO, and 2A,,, or 2E,, for Wurtzite ZnO,
respectively (12, 32, 33). Obvious changes are observed at
peak a around 670 cm™! (TA + LO mode). In the ZnCoO-O
spectrum, peak a rises up and broadens remarkably to the
high-frequency side. As shown in the inset of Figure 6a, the
peak a of ZnCoO-O can be decomposed into two peaks at
666 cm™! (TA + LO mode of wurtzite structured ZnO) and
695 cm™! (A1g mode of Cos0, Spinel, Co in octahedral field)
by careful Gauss fitting (11, 34, 35). This clearly shows that
second-phase spinel CosO4 forms in ZnCoO-O. Because
Co50;, is antiferromagnetic and the formation of the Cos0,
clusters obstructs the exchange interaction between the Co?*
ions in tetrahedral field place, the ferromagnetism of Zn-
Co0-O declines. The integration intensity of the 695 cm™!
peak corresponds to the concentration of Co ions occupied
the octahedral interstitial sites. Its variation for different
annealing atmospheres is sketched in Figure 6b. It is found
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FIGURE 6. (a) Raman spectra of pure ZnO, as-prepared, and post-
annealed Zng¢5C00050 nanocrystals. The inset shows the Gauss
fitting of the peak a of ZnCoO-O. (b) Variation in peak areas of the
peak 666 and 695 cm™! obtained by Gauss fitting of peak a.
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FIGURE 7. XNEAS at the O K-edge and the Co L,s-edge (inset)
collected at 300 K for pure ZnO, as-prepared, and postannealed
71 95C00.0s0 nanocrystals.

that ZnCoO has a low intensity at 695 cm™!, which implies
that there are some Co ions occupying the octahedral
interstitial sites when Co concentration approaches the
solubility. Compared with ZnCoO, the 695 cm™' peak inten-
sity of ZnCoO-H sample decreases to about zero, but that of
the ZnCoO-O sample increases greatly. This suggests that
Co ions in the octahedral field decreased in ZnCoO-H, but
increased in ZnCoO-O. The increase in octahedrally sited Co
ions in ZnCoO-O results from the appearance of spinel
Co0504.

3.6. XNEAS Spectra. Figure 7 shows the XNEAS
spectra of all the Zng¢5C00.050 samples. The XNEAS spec-
trum of pure ZnO single crystal is also given for comparison.
Co L, 5-edge spectra (the inset of Figure 7) indicate that most
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of the Co atoms are doped into ZnO lattice and forms solid-
solution Zn,-,Co,O, which further rules out the presence of
Co metal clusters (36, 37). The hybridization of O 2p orbital
and the orbital of Zn and Co is shown in the O K-edge
XNEAS, which can be divided into 3 stages. The region
between 530—538 eV is attributed to O 2p-Zn 4s hybridized
states and the sharp peak at around 537 eV is due to the
transition of O 1s electrons to more localized O 2p, and 2p,+,
states; the region between 538 and 550 eV arises from O
2p states hybridized with Zn 4p states; and the region after
550 eV is assigned to O 2p states hybridized with Zn 4d
states. The broadening of the spectral feature at 537—540
eV (feature b) results from the increase of oxygen vacancies
(37, 38). It is found that feature b of the ZnCoO-Ar and
ZnCoO-H samples have similar intensity, but it is obviously
higher than that of ZnCoO. This further proves the increase
of Vy’s concentration by Ar or H, postannealing, which is
coincident with the XPS results. The notable difference lies
at feature a at 531—532 eV, where ZnCoO-H has a much
higher intensity than ZnCoO-Ar and other samples. This
near-edge feature was recently assigned to the presence of
V,s or the hybrid of Co 3d with O 2p state related to defect
structures (37—39). Because both the V,’s intensities of
ZnCoO-H and ZnCoO-Ar increases just as denoted at feature
b, the intensity difference of feature a could hardly be
attributable the increasing of V,s. It could originate only from
the change of the Co 3d and O 2p hybrid state resulting from
H, postannealing. Hydrogen is well-known as an uninten-
tional dopant of a significant concentration in the ZnO, and
is considered as the major shallow donor in the natural
n-type character of ZnO (40, 41). During H, postannealing,
a great number of H atoms are introduced into Zny 95C0¢.050
system. These H atoms mainly occupy the interstitial posi-
tions of the lattice. Theoretical simulation indicates that Hjs
can locate at the center of Co—O bonds or form Co—H—Co
bridge bond structures with two adjacent substitutional Co
ions, but the latter is energy-preferential (42, 43). H;s in
Zn;-,Co,O can interact with Co impurity ions by the capture
of its shallow donor electron through the Co-3d-t,4 orbital at
the gap top (44). This means the H; related defect structures
have great effects on the 3d—2p coupling in Zn,—,Co,O.
Thus, the increase of the feature a intensity in ZnCoO-H
should be related to the increase in H; and related defects,
such as Co—H—Co bridge bond structures.

3.7. Magnetic Coupling Mechanism. Coey et al.
proposed a bound magnetic polaron (BMP) model to explain
the magnetic coupling in Zn;-,Co,O DMSs, which indicated
that shallow donor electrons bounded to p-type defects
formed BMPs or created a spin-split impurity band (45, 46).
The BMPs or spin-split impurity band could mediate ferro-
magnetic interaction between the transition metal ions. Our
results indicate the V,’s concentration increase in ZnCoO-
Ar, and ZnCoO-H samples. There are not other p-type
dopants in our experiment. V, is typical positively charged
defects, and it can play same role as the p-type defects. We
speculate that the electron may be bound to V,s formed
bound magnetic polarons (BMPs) and created a spin split
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impurity band. In our opinion, two Kinds of mechanisms
may be coexistent in our samples. One reason is that Vs
promote the magnetism because they strengthen the Co—Co
magnetic interaction when Co ions at nearest position. The
other one results from increase of BMPs. However, the
significant ferromagnetism of enhancement of ZnCoO-H
could hardly be explained only by BMP model. The His may
play the most important role in mediating the magnetic cou-
pling in ZnCoO-H. Theoretical simulation indicated that H; could
mediate a strong short-range ferromagnetic spin—spin interac-
tion between neighboring Co impurities by forming a
Co—H—Co bridge bond structure (40, 41). This Co—H—Co
bridge structure may be responsible for the great ferromag-
netism enhancement of ZnCoO-H. Figure 8 shows the
sketches for crystal lattice and the energy level of the ZnCoO
and ZnCoO-H samples (40, 47). Because the Co distribution
of Zny 95C0 050 nanocrystals are of surface-preferential, the
Co concentration at the surface area is much higher. Thus
there are some Co ions located at interstitial sites, just as
proved by the Raman results. As shown in Figure 8a, the
interstitially (octahedrally) located Co ions are in low-spin
state and their spins are antiparallel to that of the adjacent
substitutional (tetrahedral) Co ions owing to the direct-
exchange mechanism. Therefore, the ferromagnetism of
ZnCoO is relatively weak. When the nanocrystals are an-
nealed under H,, a lot of H;s are incorporated into the
sample, thus Co—H—Co bridge structures form by consum-
ing the interstitial Co ions for lowering the system energy
(42). As shown in Figure 8b, in this case, the spins of the
two neighboring substitutional (tetrahedral) Co ions become
parallel via the H; mediator. This Co—H—Co bridge structure
leads to the great enhancement of the ferromagnetism in
ZnCoO-H. Because the Co—H—Co structures are energy-
preferential, they are so stable they could not be destroyed
by being annealed at 673 K in oxygen. This might be the
reason why the magnetization of ZnCoO-H remains un-
changed after reannealing in oxygen at 673 K. To analyze
the effects of H;, the magnetization of samples annealed in
different volume ratio have been studied. From Figure 9, it
is found that the ferromagnetism enhances with the increas-
ing of H, volume ration. This further evidence indicates that
H, postannealing must have introduced structure changes
intothe Zng 95C0g 050 Nanocrystals. The formation of Co—H—Co
bridge structure needs certain H, concentration.

The experimental results also suggest that the inhomo-
geneous distribution of Co is a critical factor for modulating
the state of the Co ions by postannealing. Just because of
surface-preferential Co distribution, the Co concentration at
the surface area is large. Thus V, can mediate the magnetic
exchange between Co ions more effective, second-phase
Co504 and Co—H—Co bridge structures can form easily
during O, or H, annealing for the short average distance
between Co ions. The inhomogeneous distribution of TM
ions is a general state in ZDMSs and it has important effects
on the magnetism properties (9, 12, 13, 48). This inhomo-
geneous distribution of TM may provides a way for under-
standing the current controversial experimental results that
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many highly crystallized ZDMSs films show no or very weak
ferromagnetism, whereas the less-crystallized ZDMSs, es-
pecially nanocrystals, often show relatively strong room-
temperature ferromagnetism. The inhomogeneous TM dis-
tribution in ZDMSs can also explain why the magnetic
properties can be well-modulated by various surface treat-
ments (15, 49).

4. CONCLUSIONS
In summary, STEM image presents solid evidence that

Co element distribution in ZnO nanocrystals is of surface-
preferential. Our results indicate that this inhomogeneous
Co distribution is helpful for manipulating the states of the
Co ions and the ferromagnetic coupling in Zn;—,Co,O by
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post-treatment. The variations of ferromagnetism in Zn-
Co0O-0 and ZnCoO-Ar are owing to the formation of second-
phase Cos;0,4 and the increase of Vs, respectively. The great
enhancement of the ferromagnetism in ZnCoO-H is at-
tributed to the formation of Co—H—Co stable structures. Just
because of surface-preferential Co distribution, the Co con-
centration at the surface area is large. Thus V, can mediate
the magnetic exchange between Co ions more effective,
second-phase Cos04 and Co—H—Co bridge structures can
form easily during O, or H, annealing for the short average
distance between Co ions. This inhomogeneous distribution
of TM should be seriously taken into account in future DMS
studies.
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