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The classical thermally driven from supermagnetic to blocked supermagnetic and the quantum phase transition from magnetic long-range 
order to quantum superparamagnetic state have been observed in ultrasmall In2S3:Ce diluted magnetic semiconductors (DMSs). The 
In2S3:Ce nanoparticles (5-6nm) have been synthesized by a facile gas-liquid phase chemical deposition process using Ce(COOCH3)3, 
In(COOCH3)3 and H2S as source materials. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and high resolution 
transmission electron microscopy (HRTEM) have been used to characterize the structure, component, morphology and size. The 10 

photoluminescence emission spectrum (PL) demonstrates that the luminescence quantum efficiency increases as Ce addition and 
indicates the existence of Ce atoms in the structure. The magnetic property reflects a strong f-f exchange interaction between Ce ions. 
The Ce doped In2S3 nanoparticles are shown to exhibit the higher blocking temperature from superparamagnetic to magnetic long-range 
order state, and even to be room-temperature ferromagnetism. The larger ionic radius of Ce results in the larger influence on carrier 
concentration, and affecting the blocking temperature of magnetic phase transition. 15 

Introduction 

The nanoscale diluted magnetic semiconductors (DMSs) have 
been attracted increasing attention due to remarkable quantum 
size effect and the three-dimensional quantum confinement of 
electrons and holes.1,2 Magnetic nanoparticles below Bohr 20 

excition radius exhibit superparamagnetic (SP), even quantum 
superparamagnetic (QSP). 3,4 The QSP provides the possibility 
for the mesoscopic magnets storge.5 The nano DMSs combining 
diluted magnetic semiconductors and semiconductor quantum 
dots (QDs) have significant quantum size effect and the quantum 25 

confinement effect of electrons and holes.6 It is possible to tune 
photoelectricity and magnetism as the particle size is decreased, 
also influence magnetic phase transition phenomenon.7  

At present, minority experiment groups are pursing the 
synthesis of ultrasmall DMSs, and acquiring some 30 

achievements.8,9 The results prove that ultrasmall DMSs exsit a 
complex magnetic behavior, such as, the magnetic phase 
transition from the SP driving from the thermal fluctuation of the 
random spin orientation to the SP be blocked; and the quantum 
phase transition from magnetic long-range order to QSP state.9 35 

People have done further research on the magnetic phase 
transition mechanism, but there is being challenge about the 
influencing factors of phase transition temperature.9 Many studies 
suggest that the doped ions concentration influence the intensity 
of magnetization.10 A nonhomogeneous distribution of doped 40 

atoms favors the formation of doped ions enriched areas and 
some isolated doped ions, resulting in the anti-ferromagnetism 
and paramagnetism.11 It is visible that doping ions have important 

effects on magnetism. In addition, Hwang et al. show that the 
magnetic phase transition temperature decreases as the reduction 45 

of radius of doped ions.12 If the ionic radius of doped ions is 
larger, resulting in the larger influence of carrier concentration, 
and effecting the magnetic phase transition.     

In2S3 is a spinel structure with a larger amount of vacancies, 
showing the excellent physical properties.13,14 In2S3 can act as a 50 

main material for the most metal ions due to the vacancies, not 
like other material that has the tendency to expel the object ions. 
In recent years, the studies of In2S3 are reported, focusing on the 
research of preparation methods and properties; 15,16 the optical 
property of doped In2S3 has been researched, 17,18 while there is 55 

few report about magnetism.7 In this paper, we prepare ultrasmall 
In2S3:Ce nanoparticles with two magnetic phase transition and 
explore the magnetic mechanism, and further research the 
influence of Ce doping on magnetic phase transition.  

Experimental  60 

Ce3+ doped In2S3 nanoparticles were synthesized by gas-liquid 
phase chemical deposition. The experimental set-up and steps are 
shown in Fig.1. There were two reactive steps in the experiment. 
In the preparation step, the reactive solution was the mixture of 
Ce(COOCH3)3 (purity 99.99%), In(COOCH3)3 (purity 99.99%) 65 

and HOCH2CH2SH in water according to the calculated amount. 
Then the pH value of the reaction solution was adjusted to 3.8～
4.0 using CH3COOH. The H2S gas was prepared by HCl reacting 
with Na2S according to the ratio of 1:1. In the reaction process, 
H2S gas and the reactive solution reacted in a chamber with 70 

circulating water (25oC), which kept the stability of reaction 
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Fig.1 The scheme of the experimental set-up and steps. 
 
conditions. The chamber was sited in the ultrasonic to avoid the 
nanoparticles forming aggregates and propel the new liquid 
surface emerging, and then which reacted with the flowing H2S 5 

gas. In the beginning, numerous nuclei were formed and started 
to grow on gas-liquid interface. Under the effect of ultrasound, 
the particle invaded into the solution, the new liquid surface 
emerged. This process was repeated until reaction was fully 
completed. The precipitates were collected and washed with 10 

deionized water and anhydrous alcohol three times respectively, 
and dried in a nitrogen atmosphere. 

The phase purity, structure and crystal size of the obtained 
products were observed with an X-ray diffraction (XRD) 
(Shimadzu, XRD-6000) and further analyzed with a high 15 

resolution transmission electron microscopy (HRTEM) (TECNAI 
G2) and an X-ray photoelectron spectroscopy (XPS) (ESCALAB 
MK II) .The photoluminescence (PL) spectroscopy was 
performed via a Perkin Elmer photoluminescence. The magnetic 
property was carried out by Quantum Design MPMS SQUID. 20 

Results and Discussions 

The phase purity and structure were determined by X-ray 
diffraction (XRD). Fig. 2(a) shows the XRD pattern of the 
In2S3:Ce nanoparticles with dopant content 0.71% and 0.91%. 
The broad peak at lower angle is fitted by two peaks (the green 25 

and blue one). The diffraction peaks are assigned to be tetragonal 
In2S3 phase according to JCPDS Cards (JCPDS card No. 
25–390). Besides the tetragonal In2S3 phase, no others X-ray 
diffraction patterns associated with metallic Ce, CeS or Ce2O3 are 
observed showing that the nanoparticles are composed of pure 30 

phase. The peak position of the In2S3:Ce nanoparticles shifts 
slightly toward lower angle (higher d value) with increasing Ce 
content, suggesting an increase of lattice parameter. Doped Ce3+ 
can lead to lattice dilatation because the radius Ce3+ is bigger than 
In3+ radius. The Fig. 2(b) presents the Ce 3d X-ray Photoelectron 35 

Spectroscopy (XPS) spectrum of the In2S3:Ce nanoparticles. 
According to the result, the Ce 3d5/2 binding energy is 886.4 eV, 
and the Ce 3d3/2 binding energy is 902.1 eV. It shows that the Ce 
is in the Ce3+ state according to previous studies, 19,20 which 
excludes the possibility that magnetic behavior comes from the 40 

Ce metal clusters. From the XRD results, we do not see any Ce 
compounds either. Thus, it is strongly believed that we have 
successfully incorporated the rare-earth metal Ce3+ ions and 
dispersed them atomically in the In2S3 main structure. 

The detailed micstructures of the prepared samples are 45 

characterized using High Resolution Transmission Electron 
Microscopy (HRTEM). In Fig. 3(a), we can see the diffraction 
rings corresponding to the X-ray diffraction pattern without any 
impurities, revealing only a single phase in the In2S3:Ce 

nanoparticles. The low resolution image displays the morphology 50 

of the prepared samples are particles with minisize. The lattice 
fringes of particles can be clearly seen, and the particles sizes are 
5-6 nm as shown in Fig. 3 (b).  

 
Fig. 2 (a) XRD patterns of In2S3:Ce nanoparticles with dopant content 55 

0.71% and 0.91%, and the red broad peak is fitted by the green and pink 
peaks; (b) Ce 3d X-ray Photoelectron Spectroscopy (XPS) spectrum of 
the In2S3:Ce nanoparticles. 

 
Fig. 3 HRTEM images of In2S3:Ce nanoparticles. (a) the morphology and 60 

electron diffraction ring; (b) the lattice fringes of particles and the 
interplanar spacing. 

Considering the effect of doped ions , the emission spectra 
(PL) of In2S3 and In2S3:Ce nanoparticles in anhydrous alcohol 
solution using excitation at 370 nm are shown in Fig. 4(a). The 65 

PL feature of In2S3 nanoparticles exhibits three strong and broad 
emission bands centered at about 462.5 nm, 432.5 nm and 405.4 
nm, repectively. The blue emission is mainly attributed to the 
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presence of several deep trap states or defects in the structure, and 
two UV emission bands may also be attributed to 
quantum-confined effects of In2S3 nanoparticles. The three 
emission bands slightly reveal blue shift compared with the 
reported data of In2S3 nanoparticles (30nm),21 likely due to 5 

increased quantum size confinement of the smaller particles.22 

The emission spectra of In2S3:Ce nanoparticles shows shift to the 
short wavelength, this phenomenon corresponded to the report of 
the emission spectra of In2S3 and In1.8Eu0.2S3,

23 indicating that the 
quantum efficiency of In2S3:Ce is stronger than that of In2S3 10 

nanoparticles. In addition, the In2S3:Ce nanoparticles shows 
higher PL intensity than it obtained in In2S3 nanoparticles. It is 
suggested that the doped induces increasing the defects density 
giving rise to radiative transition and enhances PL intensity.24 
Thus, the doped is conducive to visible light emission activity.25 15 

In Fig. 4(b) shows the emission spectra of In2S3:Ce nanoparticles 
with dopant content 0.71% and 0.91%. Ce3+ ions are good 
luminescence centers, and the emission band peaks at 523 nm and 
520 nm coming from the 5d-4f transitions are detected. The PL 
intensity increased with increasing Ce content. It confirms the Ce 20 

doping and Ce is in the Ce3+ state. The effect of doping on optical 
properties has been widely accepted, meanwhile, it is also an 
effective means to confirm the doped ions. The dopant adsorbed 
on the particle surfaces provide surface passivation, so that the 
exciton does not trap easily to the surface states. Some studies 25 

suggest that surface-adsorbed Mn2+ on ZnS 26 or CdS 27  

 
Fig. 4 (a) Photoluminescence spectra (PL) of In2S3 and In2S3:Ce with 
dopant content 0.91% nanoparticles in absolute ethyl alcohol solution 
using excitation at 370 nm; (b) the Photoluminescence spectra (PL) of 30 

In2S3:Ce with dopant content 0.71% and 0.91%. 

nanoparticles is not luminescent, while Mn2+ doped into the 
lattice are responsible for emission. Thus, the PL measurement 
proves the existence of Ce in the structure. 

Fig. 5 shows the study of magnetic property carried out by 35 

MPMS SQUID experimental facilities. The Fig. 5(a) displays the 
variation of magnetization loops for In2S3:Ce nanoparticles at 
10K, 150K, and 300K in a field between -60 and 60 kOe. The 
magnetization decreases from 0.024 to 0.008 emu/g at 60 kOe as 
temperature increases from 10 to 300K. Furthermore, the 40 

remanence magnetization and coeretively decrease as temperature 
increases. The Fig. 5 (b) exhibits the zoom region between -900 
and 900 Oe to show more clearly the hysteresis loop. It is seen 
that the hysteresis loops are irreversible, while the irreversibility 
of the hysteresis loops are extremely small, suggesting the 45 

presence of superparamagnetic behavior which is the 
characteristic of the ferromagnetic particle with small size.7 The  

 
Fig. 5 (a) Magnetization plots of In2S3:Ce nanoparticles as a function of 
the applied fields (-60 and + 60 kOe) at 10 K, 150 K and 300 K; (b) The 50 

enlarged view in the field between -900 and 900 Oe at 10 K, 150 K and 
300 K. 

hysteresis loop areas decrease as temperature increases from 10 to 
300 K, indicating a transition of ferromagnetic to 
superparamagnetic state.3  55 

To gain insight into the superparamagnetic property and 
magnetic transition for In2S3:Ce nanoparticles, the temperature 
dependence of magnetization ZFC-FC curves were measured. 
Fig. 6 shows the zero-field-cooling (ZFC) and field-cooling (FC) 
curves of the In2S3:Ce nanoparticles with dopant content 0.71% 60 
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and 0.91% measured at an applied magnetic field of 500Oe. ZFC 
magnetization increases as the temperature reduces from 400 K 
and reaches a maximum at the blocking temperature. The 
classically thermal-assisted superparamagnetic is blocked at the 
TB, forwarding the phase transition from superparamagnetic state 5 

to magnetic long-range order.28 Moreover, the existence of 
irreversibility between the FC and ZFC branches of the 
susceptibility below the blocking temperature (TB) presents the 
typical behavior of superparamagnetic particles.4 More 
interesting, another transition at lower temperature is also 10 

observed. ZFC magnetization reaches a minimum near 
temperature TC, and starts increasing from this point to TB. This 
remarkable transition point gives a clear-cut evidence of 
Quantum tunneling of magnetization (QTMs) from magnetic 
long-range order to QSP state in the In2S3:Ce nanoparticles with 15 

dopant content 0.71% and 0.91% at TC. This phenomenon is 
consistent with reports of such behavior at the nanoscale.7,9,28 
Both the ZFC and FC branches decrease with the decrease of 
temperature, which can be ascribed to the existence of the 
antiferromagnetic-coupled. In addition, the blocking temperature 20 

(TB=340K) and magnetization of In2S3:Ce with Ce content 0.91% 
is larger than that of In2S3:Ce (TB=300K) with Ce content 0.71%. 
It is suggested that the larger Ce ions doping causes the higher 
blocking temperature (TB) and larger magnetization. 

 25 

Fig. 6 Magnetization versus temperature for field cooled (FC) and 
zero-field-cooled (ZFC) measurements, the blocking temperature (TB) and 
the critical phase transition temperature (TC) are indicated on the ZFC 
data set. 

In conclusion, the origin and phase transition of magnetism are 30 

closely related to the Ce ions in In2S3:Ce nanoparticles. Because 
of the special electronic structure of rare earth elements, the 4f 
electrons in Ce are tightly bound around the nucleus and shielded 
by 5s2p6d16s2 electrons, leading to the strong local spin. It is 
difficult for In2S3:Ce nanoparticles to have the 4f-4f exchange 35 

interaction without mediums. According to the 
Ruderman-Kittle-Kasuya-Yoshida (RKKY) model,29 the 
localized f electrons make the nomadic s electrons spin 
polarization as mediums, leading to the 4f-4f exchange 
interaction, that is the cruise electrons transfer exchange 40 

interaction in two local spins without interaction. The origin of 
magnetism is the Ce doping. The distribution of Ce ions 
influences the characteristics of magnetic interaction. The Ce-Ce 
distances in these Cerich zones are short and they favor 
antiferromagnetic interactions; the Ce-Ce right distances is to 45 

promote ferromagnetic interactions; some other Ce atoms may be 

almost isolated exhibiting paramagnetic behavior.30 The 
complicated magnetic behavior of In2S3:Ce nanoparticles as the 
reduction of temperature suggests there are two magnetic 
transition: the classical thermally driven from SP to blocked SP 50 

and the quantum phase transition from magnetic long-range order 
to QSP state. The doping ion radius size plays an important role 
on the magnetic phase transition of In2S3:Ce nanoparticles.31 The 
larger ratio of doped cation to cation radius of structure causes 
the more defects, leading to the larger concentration of electrons 55 

and holes.32 The size of doping ion radius influences the bond 
angle, thereby changing the matrix element which describes 
electron hopping and electronic charge concentration, resuling in 
changing the temperature of magnetic phase transition.12 The Ce 
radius (1.034Å) is larger than In radius (0.8Å), increasing the 60 

bond angle and the matrix element which describes electron 
hopping, leading to the larger carrier concentration in the 
In2S3:Ce nanoparticles. The larger Ce ions doping causes the 
higher blocking temperature (TB), showing ferromagnetic at room 
temperature (340K). The superparamagnetism appears when the 65 

thermal energy can overcome the magnetic energy barrier as the 
decrease of size. And the thermal fluctuation is frozen as 
temperature decreases, causing a long-range magnetic order. The 
quantum phase transition from magnetic long-range order to QSP 
state appears when the size further reduces to small enough. The 70 

In2S3:Ce nanoparticles are 5-6nm. Dramatic increase in surface to 
volume ratio causes strong surface anisotropic field to frustrate 
and disorder the surface spin, which provides channels for 
quantum tunneling.33 The SP state can be re-observed due to the 
Magnetic quantum tunneling even when the thermal energy is 75 

smaller than the barrier height. Thus, one can observe the 
secondary magnetic phase transition from magnetic long-range 
order to QSP state. 

Conclusions 

In summary, the high purity Ce-doped In2S3 samples without any 80 

impurity or secondary phases have been synthesized by a facile 
gas-liquid phase chemical deposition, as demonstrated by XRD, 
XPS, and HRTEM. And the PL exhibits that the Ce3+ ions doped 
have enhanced photoluminescence intensity and visible light 
emission activity, and provide reliable evidence about the 85 

existence of Ce into the In2S3 nanoparticles. The study of 
magnetic property testifies that the classical thermally driven 
from SP to blocked SP and the quantum phase transition from 
magnetic long-range order to QSP state exist in In2S3:Ce 
nanoparticles. The introduction of Ce causes the larger carrier 90 

concentration, increasing the blocking temperature and showing 
ferromagnetic at room temperature.  
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