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Zni—,Co, O (x = 0.01, 0.02, 0.05, 0.10 and 0.20) diluted magnetic semiconductors are prepared by the sol-gel
method. The structural and magnetic properties of the samples are studied using x-ray diffraction (XRD),
extended x-ray absorption fine structure (EXAFS) and superconducting quantum interference device (SQUID).
The XRD patterns does not show any signal of precipitates that are different from wurtzite type ZnO when
Co content is lower than x = 0.10. An EXAFS technique for the Co K-edge has been employed to probe the
local structures around Co atoms doped in ZnO powders by fluorescence mode. The simulation results for the
first shell EXAFS signals indicate that Zn sites can be substituted by Co atoms when Co content is lower than
x = 0.05. The SQUID results show that the samples (z < 0.05) exhibit clear hysteresis loops at 300 K, and
magnetization versus temperature from 5K to 350K at H = 100 Oe for the sample * = 0.02 shows that the
samples have ferromagnetism above room temperature. A double-exchange mechanism is proposed to explain

the ferromagnetic properties of the samples.

PACS: 61.10.—1i, 61.10. Ht, 85.25. Dq

ZnO has attracted a great deal of attention very
interesting because of its optical properties and pho-
tonic applications due to its wide band gap. ZnO has
been studied widely for high Curie temperature T¢ di-
Iuted magnetic semiconductors (DMSs) since Dietl et
al.!l predicted that p-type ZnO based DMSs could ex-
hibit ferromagnetism above room temperature by dop-
ing with transition metals. In addition, Sato et al.?!
theoretically suggested that the ferromagnetic state in
Mn-, Fe-, Co- and Ni-doped n-type ZnO DMSs can be
stable. There have been a range of experiments carried
out on the Co-doped ZnO system. Several experimen-
tal results=7! were reported such that Co-doped ZnO
systems exhibit high temperature ferromagnetic be-
haviour, while other results®=1% showed no ferromag-
netic behaviour and it is thought that the Co metal
clusters are responsible for the observed ferromagnetic
behaviour.[1112] There is a clear need for further re-
search in this field. Extended x-ray absorption fine
structure (EXAFS) study can probe the local struc-
tures of the doped transition elements on an atomic
scale. Kunisu et al.'3 reported the local environment
of Mn dopants in ZnO by NEXAFS at Mn K-edge.
The experimental result was reproduced well by the
first principles calculation, which confirmed that Zn
sites were substituted by Mn atoms. We also reported
the local environment of Ni doped ZnO based DMSs
by EXAFS at Ni K-edge, and the results indicated
that Zn sites were substituted by Ni atoms. 14

In this Letter, Co-doped ZnO nanoparticles with
the Co content from z = 0.01 to 0.20 are prepared

by the sol-gel method. The structural properties of
the samples is tested by using an x-ray diffractometer
(XRD) and extended x-ray absorption fine structure
(EXAFS) measurements. The Co-doped ZnO sam-
ples are performed with EXAFS measurements at Co
K-edge by fluorescence mode in the National Syn-
chrotron Radiation Laboratory of University of Sci-
ence and Technology of China. The background ab-
sorption features are removed by linear extrapolation
((BE) = aE~? + bE~* + ¢) of the pre-edge. Fourier
transformations are performed in the & range from 3 A
to 12 A with a k? weighting. The magnetic behaviour
of Co-doped ZnO samples is measured by supercon-
ducting quantum interference device (SQUID).

The XRD patterns of the Znj_,Co,0O samples
with the Co content z = 0.01, 0.02, 0.05, 0.10 and
0.20 are presented in Fig. 1. For the Co content lower
than z = 0.10, none of the samples shows any signal
of impurity phases and the doping does not change
the wurtzite structure of ZnO. As the Co content in-
creases up to z = 0.20, some peaks of impurity phase
(Co304) appear in the XRD patterns. The XRD mea-
surement may not be sensitive enough to detect a very
small amount of impurity phase for the low Co content
samples, so we also perform the EXAFS measurement
at Co K-edge by fluorescence mode for the samples.

Figure 2 is the EXAFS spectra at Co K-edge for
the samples with Co content z = 0.01, 0.02, 0.05,
0.10 and 0.20. Co304 powders prepared by the sol-gel
method are also performed at Co K-edge for analy-
sis. The line shapes almost exhibit the same features

*Supported by the Indraught Personnel Research Fund of Nanjing University of Aeronautics and Astronautics (S0733-061)

** Email: bbli@nuaa.edu.cn
(© 2007 Chinese Physical Society and IOP Publishing Ltd
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for the Co content from z = 0.01 to 0.05, suggest-
ing that Co dopants have the almost same environ-
ments in ZnO, which are consistent with the results
of XRD patterns. However, there has a few change in
the line shape of NEXAFS for z = 0.10, whereas no
second phase is observed in the XRD patterns. It is
suggested that a very small amount of Coz0O4 phase
exists in the x = 0.10 sample, though it is not found
by the XRD measurement. The change in near edge
shape for # = 0.20 is clearly recognized, so the line
shapes for z = 0.10 and 0.20 can be described by the
sum of the spectra of Co304 phase and ZnO:Co phase
with different contents.

101

Intensity (arb.units)

30 40 50 60

Fig.1l. XRD patterns for the samples with Co content
x = 0.01, 0.02, 0.05, 0.10 and 0.20.
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Fig. 2. EXAFS spectra at Co K-edge for the Zn;_.Co.O
(x=0.01, 0.02, 0.05, 0.10 and 0.20) and Co304 samples.

Figure 3 shows the radial distribution functions
(RDF) for the Zn;_,Co,O (z = 0.01, 0.02, 0.05,
0.10 and 0.20) and Coz0O4 samples. Several peaks are
clearly observed at a longer radial distance, indicating
that the local structures around Co atoms are well or-
dered with respect to short-range ordering. It can be
seen that the interatomic distances for the three ma-
jor peaks of the samples with Co content x = 0.01,
0.02 and 0.05 are almost the same, indicating that Zn
sites are substituted by Co atoms for the Co content

lower than z = 0.05. The first main peak is located
at about 1.45 A, which is corresponding to an oxygen
peak. The second main peak is about 2.80 A for a
Zn peak. However, for the z = 0.10 and 0.20 samples,
the first major peak is consistent with that of lower Co
content but the others are change to those of Co304
phase, which suggests that most of Co atoms are in the
substitution sites, but some of them have formed the
Co304 phase. Tt is also confirmed that a very small of
Co304 phase has been formed in the z = 0.10 sample,
whereas it is not found in the XRD patterns.

g Co;Zn Co K-edge

Fourier transform

Radial distance

Fig.3. Radical distribution functions (RDF) for the
Zn1—,Co, O (z = 0.01, 0.02, 0.05, 0.10 and 0.20) and
Co304 samples.

In order to analyse the details of local structures
around Co atoms in the ZnO samples with Co concen-
tration z = 0.01, 0.02 and 0.05, the first neighbouring
atoms and coordination numbers N were simulated
in the National Synchrotron Radiation Laboratory, as
listed in Table 1.

Table 1. Structural parameters for the first shell of the samples
x=0.01, 0.02 and 0.05.

Content  Bond pair R (A) N
1at.% Co-O 1.994+0.02 3.84+0.5
2at.% Co-O 2.014+0.02 3.7+0.5
5at.% Co-O 2.024+0.02 3.6+0.5

ZnO15) Zn-O 1.99 4

Figure 4 shows the qualities of the simulation of
x(k)k? from 2 to 12 A~ for the samples. The solid
line is the experimental result, and the dashed line
is the fitting result. It can be seen that the simula-
tion is excellent. For the reference of ZnO,[% the first
shell of Zn-O bond lengths is 1.99 A for Zn K-edge,
and in our samples, the first shell of bond lengths
(Rco—0) are determined to be 1.99-2.02 A for Co K-
edge, as shown in Table 1. The first shell of Co-O
coordination numbers (Ngo—0) in the ZnO samples
were 3.6-3.8,which is slightly smaller than that of the
reference ZnQO. The similitude of Rco—o and Ngo—o
in the Zn;_,Co,0 samples and ZnO reference means
that the local structure of Co in Zny_,Co,O is similar
to that of Zn atoms in the ZnO powder, which indi-
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cates that Co ions occupy the Zn sites in ZnO at low
Co dopant concentrations.

The magnetic properties of the samples have been
measured by SQUID. The magnetization versus mag-
netic field measured at 300K for the samples with
Co content = = 0.01, 0.02, and 0.05 are shown in
Figs. 4(a), 4(b) and 4(c), respectively. All the samples
exhibit distinctly hysteresis loops at room tempera-
ture, and the coercive force H¢ is about 60 Oe, 165 Oe
and 155 Oe, respectively, which indicate that all the
samples exhibit ferromagnetic behaviour at room tem-
perature. Figure 5 shows the magnetization versus
temperature from 5K to 350 K measured at the mag-
netic field 100 Oe for the sample r = 0.02. With the
temperature increases from 5K to 30 K, the magneti-
zation drops quickly first, and then changes gradually
from 30K to 350 K. At 350 K, the magnetization still
has 0.014 emu/g, indicating the Curie temperature T
of the sample is above 350 K.

Experimental
= Simulation

x(k)k?

1 1 1 .
2 4 6 8 10 12
Wave vector

Fig. 4. Simulation results for the first shell EXAFS sig-
nals. Solid lines: experiment; dotted lines: fittings.

The results of XRD and EXAFS confirm that Zn
sites are substituted by Co ions the and do not form
any precipitates when Co concentration lower than
xz = 0.05. The magnetic properties measured by
SQUID show that all the samples exhibit ferromag-
netic behaviour at room temperature. In Ni-doped
ZnO based DI\"ISS,[IS] we have used a double-exchange
mechanism!16=18 to explain the ferromagnetic prop-
erties. ZnO is formed by tetrahedral sp?, so the
Co contributes its 452 electrons to the s — p? bond-
ing and forms a Co?T charge state when it occupies
the Zn sites. The five-fold degenerate d-states of Co
are split into threefold degenerate t-states and dou-
bly degenerate e-states in the tetrahedral coordina-
tion. Co?* ion has a d” electronic configuration, so the
e-states are full occupied with four electrons and the
t states are partially filled with three electrons. Ac-
cording to the double-exchange mechanism, magnetic
ions in different charge states couple with each other
by virtual hopping of the electrons form one ion to
another.'” When electrons hop into the Co 3d state,

it will lower the kinetic energy of ferromagnetic state,
so the double-exchange interaction is ferromagnetic.
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Fig. 5. Magnetization versus magnetic field measured

at 300K for the samples with different Co contents: (a)
x = 0.01, (b) £ =0.02, and (c) = = 0.05.

In summary, Co-doped ZnO nanoparticles have
been prepared by the sol-gel method. We have studied
the structural and magnetic properties of the sam-
ples. The XRD patterns does not show any signal
of precipitates that are different from wurtzite-type
ZnO when Co content is lower than z = 0.10, while
some peaks for impurity phases appear in the XRD
patterns for the =z = 0.20 sample. We also use the
EXAFS measurements at Co K-edge to probe the lo-
cal structures of the Co atoms in ZnO. The simula-
tion results for the first shell EXAFS signals indicate
that Zn sites are substituted by Co atoms when Co
content is lower than z = 0.05. However, a very
small amount of Co304 phase has been found in the
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r = 0.10 sample, whereas it is not found in the XRD 40 L334.
patterns. The SQUID results show that the samples [3] Ueda K, Tabata H and Kawai A 2001 Appl. Phys. Lett.

(x < 0.05) exhibit clear hysteresis loops at 300 K, and
magnetization versus temperature from 5K to 350K
at H = 100 Oe for the sample x = 0.02 shows that
the samples have ferromagnetism above room temper-
ature. A double-exchange mechanism is proposed to
explain the ferromagnetic properties of the Co-doped
ZnO samples.
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Fig. 6. Magnetization versus temperature from 5K to

350K at H = 100 Oe for the sample = = 0.02.
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Abstract: A kind of epoxy molding compounds ( EMC ) filled with silicon dioxide, alumina and silicon
nitride powder was obtained .The influence of the species and fraction of the filler on its thermal conductivity |
coefficient of thermal expansion ( CTE ) and dielectric constant were investigated respectively. The thermal
conductivity and dielectric constant of EMC improves obviously with the filler content increasing. But CTE
descends sharply. At the same volume fraction, the thermal conductivity and dielectric constant of EMC filled
with alumina and silicon nitride are higher than that’s of the other one . But its CTE is lower than the latter. The
thermal conductivity of the former reaches 2.254 W ( m'K ) "' and the latter reaches 2.04 W (m-K ) ' at
60% volume fraction . And the CTE reaches 1.493x10°K" 1.643x10~°K" respectively at 65% volume fraction.
At the same time ,the dielectric constant of this EMC can remains at a relative low lever.
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