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Abstract

Ni-doped SnO, dilute magnetic semiconductors were prepared by precipitation method. The obtained spherical nanoparticles are
pure tetragonal rutile phase, and Ni ions promote the growth of SnO, nanoparticles. The optical band gap energy of the SnO,
nanoparticles decreases from 3.14 to 2.84 eV when input x% Ni. The room-temperature photoluminescence (PL) spectra and X-
ray photoelectron spectroscopy (XPS) confirm the existence of surface oxygen vacancies caused by the large specific surface area
and the introduction of Ni ions. All the synthesized Ni-doped SnO, nanoparticles achieve room-temperature ferromagnetism,
with a saturation magnetization of up to 2.95 x 10> emu/g at a dopant concentration of 2%. The interaction between oxygen
vacancies and Ni** realizes the magnetic transition of nanoparticles from diamagnetic to ferromagnetic.
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1 Introduction

Traditional electronic devices take advantage of the conduc-
tivity of electrons, ignoring the spin characteristics that are
closely related to information manipulation and storage [1].
Spintronics is a science that studies the charge transport and
spin of electrons. Finding material for new generation
spintronic devices is an ongoing quest. Diluted magnetic
semiconductor (DMS) with a Curie temperature (7c) well
above room temperature (RT) is considered a promising can-
didate. The main challenge for DMS is to achieve RT spin
injection. Early DMSs have a Tc below RT, which limited its
application in spintronic devices [2].

Matsumoto et al. observed long-range ferromagnetic cou-
pling in Co-doped TiO, films for the first time, paving the way
for oxide-based DMSs [3]. Doping transition metal in oxides
has achieved RT ferromagnetism, such as ZnO, In,05, CeO,,
and SnO, [4-7]. Among these oxides, SnO, is a natural non-
stoichiometric oxide with intrinsic defects (oxygen vacancies
and interstitial tin). SnO,, as a typical wide band gap (3.6 eV
[8]) n-type semiconductor has widespread applications in
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solar cells [9], gas sensors [10, 11], photocatalysts [12], etc.
Besides, its excellent optical transmittance and low resistivity
are attractive for DMSs.

Usually, pure SnO, is diamagnetic for the 4d'® electronic
configuration of Sn. A density functional study showed that
even pure SnO, is magnetic due to the presence of Sn vacancy,
which shows the importance of defects to ferromagnetic cou-
pling [13]. The defects in the SnO, are sensitive to the prepa-
ration method and environment. Mehraj et al. studied the
effect of annealing temperature on magnetic properties [14].
The study showed that oxygen vacancies decrease with in-
creasing annealing temperature, leading to a decrease in satu-
ration magnetization. Similarly, Zhang et al. prepared SnO, at
different oxygen flow rates and demonstrated the importance
of oxygen vacancies for magnetism [15]. In addition to con-
trolling experimental conditions, doping transition metal pro-
vides an efficient strategy to break crystal lattice symmetry.
The radius difference between dopant ions and host ions, the
charge mismatch, etc. inevitably increases the concentration
of defects in the sample. The interaction between dopant ions
and defects is also highly debatable. Transition metals (such as
Fe, Co, Ni, Mn, and Cr) are usually used to tailor the magnetic
property of semiconductors. Ni ions are commonly used as
dopant in SnO,-based DMSs. In 2005, Archer et al. reported
Ni-doped SnO, DMS system [8]. After that, with the improve-
ment of the preparation method, Ni-doped SnO, with various
morphologies such as nanorods [16] and nanofilms [17] also
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achieved the RT ferromagnetism. These interesting findings
are of great significance for the study of SnO,-based DMSs.

In this report, we prepared uniform Ni-doped SnO, DMSs
through precipitation method. In order to understand the
mechanism of ferromagnetic interaction in Ni-doped SnO,
nanoparticles, the morphology and optical properties of the
sample were explored. It is observed that Ni ions and oxygen
vacancies play a vital role in ferromagnetic coupling.
Therefore, transition metal ions and oxygen vacancies are es-
sential in oxide-based DMSs.

2 Synthesis of Pure and Ni-Doped SnO,
Nanoparticles

All used reagents were not further purified. 0—3% (mole frac-
tion) Ni-doped SnO, nanoparticles were prepared by precipi-
tation method. In a typical procedure, 1 g stannic chloride
(SnCly-5H,0, purity 99%) was dissolved in distilled water
under continuous stirring. Aqueous ammonia (1 M) was
added dropwise to the above solution until pH value reached
~9 and kept stirring for 1 h to ensure the complete reaction.
The white precipitate was collected by centrifugation and
washed with distilled water and ethanol several times to re-
move impurities (precipitate A). Appropriate stoichiometric
ratio nickel chloride (NiCl,-6H,O, purity 98%) was dissolved
in distilled water under stirred. 1 M NaOH was subsequently
dropped into the above solution until pH reached 10 to ensure
complete Ni** precipitation. The obtained green precipitate
was collected and washed with distilled water (precipitate
B). Precipitation A and B were poured into 10 ml ethanol
and continuously stirred for 12 h to obtain a homogeneous
mixture. The obtained gels were collected and dried at 80 °C
for 12 h. All samples finally were calcined at 400 °C for 4 h in
air.

3 Characterization

Crystalline structure and impurity phase were confirmed by
powder X-ray diffraction (PXRD) (Bruker, D-8 Advance, Cu
K, radiation, A =1.5406 A) with scanning rate 2° and angle
range 20-80°. The microscopic morphologies of the nanopar-
ticles were observed with a field emission scanning electron
microscope (FE-SEM, JSM-7500F). High-resolution trans-
mission electron microscopy was used to observe the micro-
structure of nanoparticles (HRTEM, JEM-2100F). Room-
temperature magnetic property was manifested by a
superconducting quantum interference device (SQUID,
MPMS-XL-7). UV-Vis absorption spectra were recorded
using a solid double beam UV-visible spectrometer (TU-
1901) in the wavelength range 200600 nm. The surface de-
fects of the material can be identified by photoluminescence
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(PL, F-7000) spectra. X-ray photoelectron spectroscopy
(XPS) spectrum recorded on the Thermo Fisher Scientific
Multilab 250xi instrument with Al K radiation (1486.6 eV).

4 Results and Discussion
4.1 Structure and Morphologies

The XRD patterns of 0—3% Ni-doped SnO, are shown in
Fig. 1. All diffraction peaks can be indexed as a tetragonal
rutile structure of SnO, with space group P4,/mnm (JCPDS
file no. 41-1445). There are no peaks of the impurity phase
within the detection limit, which indicates that Ni atoms are
incorporated into SnO, lattice instead of forming into a sec-
ondary phase (NiO or Ni,O3). After doping with nickel, the
XRD diffraction peaks of the samples did not shift to low or
high angles. This is because the Ni** and Sn** have the same
ion radius, both being 0.69 A. The values of lattice parameters
calculated by XRD patterns are displayed in Table 1. The
lattice parameters do not change much, indicating that Ni**
ions have successfully replaced Sn** sites in the lattice. The
XRD diffraction peak and variation of lattice parameters con-
firm that Ni successfully doped into SnO, lattice rather than to
form secondary phase or Ni clusters.
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Fig. 1 XRD patterns of 0-3% Ni-doped SnO,
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Table 1 Lattice constants of 0-3% Ni-doped SnO,

Ni content 0% 1% 2% 3%

a (A) 4.7274 4.7243 4.7206 4.7197
c(A) 3.1743 3.1676 3.1714 3.1657

Figure 2 depicts the pure and Ni-doped SnO, SEM micro-
graphs. It is observed that all samples are nearly spherical in
shape and agglomerated to decrease surface energy. It can be
seen from SEM images that Ni does not cause remarkable
morphological changes of nanoparticles. TEM was used to
further explore the morphology and particle size. It can be
seen from the TEM images that the particle size first increases
and then decreases. When the Ni concentration is 1%, the
value of nanoparticle size reaches the largest, about 10—
20 nm. Generally, the doping of Ni limited the SnO, grain
growth, resulting in a decrease in the crystallinity of the sam-
ple and particle size. In the present case, the lower calcination
temperature and less calcination time caused the crystallinity
of the sample to decrease, making it unable to grow following
the normal [001] direction (c-axis) [18]. The introduction of a
small amount of Ni (1%) promoted this growth mode of the
sample and the particle size larger. A study has shown that in
Ni-doped SnO, system, surface segregation can occur at con-
centrations greater than 2% [19]. When the doped concentra-
tion increases, the particles become smaller due to the limited
solubility of the solid solution and surface segregation. The
microstructure of nanoparticles was further studied by
HRTEM (Fig. 3). The lattice spacing can be estimated through
HRTEM images. For pure SnO,, the planar spacing of
0.332 nm and 0.278 nm can be indexed to lattice spacing of

Fig. 2 SEM micrographs of
different Ni-doped SnO,
contents. a 0%; b 1%; ¢ 2%; d 3%

(110) and (101) of rutile SnO,, respectively. For 3% Ni-doped
Sn0O,, these two lattice spacings are 0.333 nm and 0.281 nm.

4.2 Optical Properties

UV-vis spectroscopy is a powerful means to characterize op-
tical absorbance properties and optical band gaps of materials.
Figure 4 shows the RT optical absorption spectra of different
contents of Ni-doped SnO,. The absorbance of materials is
affected by grain size, surface defects, and optical band gap.
All samples show a broad absorption band at visible region
due to the photoexcitation of electrons from valence band to
the conduction band [20]. The UV—visible absorption edge
shifts to the longer wavelength region after doping Ni. The
introduction of Ni causes the electron wave function to over-
lap, leading to the narrower band gap and red shift of UV—
visible absorption edge.
The optical band gap can be estimated by Tauc’s plot:

ahv = A(h~E,)" (1)

where « is the absorption coefficient, A is a constant for a
direct transition, 4 is the Planck’s constant, v is the frequency
of the incident photon, and E, is the optical band gap. The
value of ‘n’” depends on the type of transition. For the direct
band gap semiconductor, this value is 1/2 [21]. In the present
case, o =2.303 x Absorbance/ ¢; ¢ is the thickness of the mate-
rial. Figure 5 shows the Tauc’s plot (chvy* versus hv. E, is the
intersection with the x-axis after extending the linear part of the
curve. For 0%, 1%, 2%, and 3% Ni-doped SnO, samples,
the band gaps are 3.14 eV, 2.90 eV, 2.88 eV, and 2.87 eV,
respectively. It is noted that all samples have an energy band
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Fig. 3 TEM micrographs of
different Ni-doped SnO,
contents. a 0%; b 1%; ¢ 2%; d
3%. HREM micrographs of 0%
(e) and 3% (f) Ni-doped SnO,

gap smaller than that of the bulk one (£,=3.6 eV). Defects
generated during the calcination process introduce a new impu-
rity band between the conduction band and the forbidden
band, resulting in a narrower optical band gap. Compared with
pure SnO,, the £, of Ni-doped SnO, is further decreased to
about 0.2~0.3 eV. This decrease in band gap indicates the
substitution of Sn sites by Ni ions in SnO,. This phenomenon
is common in transition metal-doped systems, which can be
attributed to the sp-d exchange interactions between band
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Fig. 4 UV-vis absorption spectra for 0-3% Ni-doped SnO,
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electrons and the localized d electrons of the transition metal
ions [22-24].

Bulk SnO, has no PL property, while it occurs when the
particle size reaches the nanometer level [25]. Transition metal
doping can cause changes in the exciton structure of the sam-
ple, which can be characterized by RT PL spectroscopy. All
excitation spectra of samples were recorded at an emission
wavelength of 370 nm and are shown in Fig. 6. For metal
oxides, oxygen vacancies are the main component of defects
and serve as radiative centers in the process of luminescence.
There are three types of oxygen vacancies in the host and
doped materials, neutral oxygen vacancy (V), singly charged
oxygen vacancy (Vo"), and doubly charged oxygen vacancy
(Vo'™), respectively. For all samples, emission peaks were
observed at around 420 nm and 470 nm. Blue emission band
at about 420 nm can be generated due to the recombination of
a conduction band electron with a Vo** center [26, 27]. After
photoexcitation, electrons are excited from the valence band
to the conduction and left holes in the valence band. These
active holes can be trapped at the V" to form V™. The blue
excitation wave occurs when a trapped hole is combined with
a conduction band electron [28]. The peak at 470 nm is due to
defect levels in the band gap [29].

Figure 7 displays the core-level spectra of O 1s, Sn 3d, and
Ni 2p peaks of 0% and 3% Ni-doped SnO, samples. The
valence state of Ni in the sample was analyzed through the
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Fig. 5 (ahv)* versus hv plots for 204
0-3% Ni-doped SnO,

0% Ni

1% Ni b

XPS curves. The peaks centered at 495.50 eV and 487.10 eV
with a spin energy separation of 8.4 eV corresponding to 3ds/,
and 3dsy, levels of Sn**, respectively [30, 31]. The absence of
shoulder peaks in the XPS spectrum demonstrates that the Sn
in the sample is only in the + 4 valence state. After doping Ni
(3%), the coordination environment of Sn** changes and the
binding energy decreases about 0.37 eV. The shift in the bind-
ing energies is due to the interfacial electron transfer due to the
interaction between interface Ni and SnO, [32]. The asym-
metric O 1s spectrum can be Gaussian fitted into two peaks.
The lower binding energy peak arises due to O-Sn-O bond
[33], while the higher binding energy peaks may be attributed
to chemisorbed oxygen (-OH) [22]. And the component of
higher binding energy peak increases from 0.216 to 0.352 as
the Ni content up to 3%. When the sample is doped with Ni,

Intensity

400 450 500 550 600 650 700 750
Wavelength (nm)
Fig. 6 PL spectra of 0-3% Ni-doped SnO,

hv (eV) hv (eV)

the oxygen vacancies increase due to the charge imbalance of
Sn** and Ni**. Hence, a large number of free oxygen mole-
cules can be chemisorbed on the surface of nanoparticles [34].
The binding energy curve of Ni 2p (3% Ni-doped SnO,) is
shown in Fig. 7. The Gaussian peak centered at 855.97 eV
corresponds to Ni 2ps,, of + 2 state [35].

4.3 Magnetic Property

Magnetization versus magnetic field (M—H) curves of SnO,
with different Ni concentrations is shown in Fig. 8. The inset
is the M—H curve of pure SnO,. All Ni-doped SnO, nanopar-
ticles clearly exhibit hysteresis behavior, confirming the fer-
romagnetism of the samples. Generally, since there are no
unpaired electrons for 4d'® electronic structure of Sn**, pure
Sn0O, is diamagnetic [36, 37].

The values of saturation magnetization (M), coercive field
(H.), and remnant magnetizations (M,) are mentioned in
Table 2. When the doping Ni concentration is increased from
1 to 2%, the value of M, is increased from 1.49 x 10~ to
2.95x 10 emu/g. When the Ni doping concentration is
3%, the total magnetization of the sample is the sum of the
ferromagnetic portion and the paramagnetic portion, and the
saturation magnetization is also reduced to 1.84 x 10~ emu/g.
The phenomenon of paramagnetic signals appearing with the
increase of the doping concentration of transition metals also
appears in other metal oxide doping systems [38, 39].

The physical and chemical properties of materials are often
inseparable from the morphology. Different morphologies of
SnO, formed during the calcination process have various
types and number of defects, which in turn leads to changes
in the magnetic properties of the sample. In Ni-doped SnO,
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Fig. 7 Comparison of O s and
Sn 3d core-level spectra of 0%
and 3% Ni-doped SnO,
nanoparticles. Ni 2p3/, core-level
spectrum of 3% Ni-doped SnO,
nanoparticles
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with different morphologies, the spherical nanoparticles are
ferromagnetic [23, 36, 40], while the popcorn-like samples
are diamagnetic [21]. In this work, the Ni-doped SnO, nearly
spherical nanoparticles are ferromagnetic. Combining previ-
ous reports with our work, it is concluded that there is an
internal relationship between the magnetism and morphology
of the sample. It seems that for Ni-doped SnO,, the spherical
nanoparticles are easier to become ferromagnetic. Although
morphology has an influence on magnetism, it is not conclu-
sive, and the ferromagnetic coupling effect must be analyzed
in detail. Coey et al. proposed two important theories of fer-
romagnetic coupling of DMS-bound magnetic polarons
(BMPs) [41] and F-Center Exchange [42]. In our experiment,
there are a large number of oxygen vacancies in pure and Ni-
doped samples observed by PL spectra and XPS, but

Binding Energy (eV)

ferromagnetic coupling occurs only in the doped samples,
which proves that ferromagnetism is closely related to Ni*.
Wang et al. used the first principle to calculate the ferromag-
netic origin of Ni-doped SnO, and found that oxygen vacan-
cies play an important role in long-range ferromagnetic cou-
pling [43]. The doping concentration of Ni is well below the
percolation limit (~0.25). So the ferromagnetic order in 1%
and 2% Ni-doped SnO, cannot be attributed to the super-
exchange or double-exchange interaction of Ni clusters [44].
In summary, we speculate that the magnetism in the sample is
related to the interaction between Ni** and oxygen vacancies.
The specific mode of action can be explained by the BMP
theory. The electrons trapped in oxygen vacancies can interact
with the localized spins of Ni** ions, forming a bound mag-
netic polaron (BMP). A great number of BMPs overlap to
realize long-range ferromagnetic order [23, 45]. However,

0.004 when the Ni concentration is increased to 3%, the paramag-
' 5% 0% Ni netic signal appears in the sample. As the Ni doping concen-
1 £ 0000 i tration increases, the probability of Ni**-O? -Ni** increases,
Q
0.0024 5 and a well-known super-exchange interaction occurs (antifer-
—_ -0.002 . . . .
Lo -3000-1300 01500 3000 romagnetic coupling), leading to the observed decrease in
E 0.0004 Field (e) magnetic moment.
5}
p=
-0.002 1 1% Ni Table 2 Magnetic parameters obtained from the fit of M versus H
2% N1 curves
-0.004 4 3% Ni Ni content M, x107* (emu/g) H, (Oe) M,x1073 (emu/g)
T » L} L)
-4000 -2000 0 2000 4000 1% 4.588 170.71 1.49
Field (Oe) 2% 7.626 12576 295
Fig. 8 M—H curves of Ni dope SnO, at RT. Insert is the M—H curve of 3% 2.752 116.06 1.86

pure SnO,
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5 Conclusion

Precipitation method can be used to prepare uniform Ni-doped
SnO, dilute magnetic semiconductors. XRD and UV—-Vis
spectra indicate that Ni ions have successfully replaced the
Sn sites in the lattice. PL spectra and XPS confirm the exis-
tence of oxygen vacancies in the sample. The interaction be-
tween Ni** and oxygen vacancies causes ferromagnetic cou-
pling, which can be explained by the BMP theory. The SnO,-
based DMS prepared by this method has an optimal Ni doping
concentration of 2%.
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