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Abstract

ZnO nanoparticles doped with dysprosium (Dy) were synthesized using sol-gel method. Further iron (Fe) doping was done
to study the effect on structural, optical and magnetic properties of Dy doped ZnO nanoparticles. X-ray diffraction studies
show a minor change in lattice parameters with no impurity phase. Raman studies also show no change in the hexagonal
structure of ZnO with Fe and Dy co-doping. Photoluminescence at room temperature shows the presence of defects which
further decreases with increase in Fe co-doping. Dy doped ZnO nanoparticles illustrate the combination of paramagnetic and
weak ferromagnetic behavior. Further, increase in Fe co-doping in 2% Dy doped ZnO leads to antiferromagnetic behavior.

1 Introduction

Dilute magnetic semiconductors (DMSs) based ‘Spintronics’
is a promising technology for designing of innovative solid
state devices [1]. It exploits the combination of fundamental
charge on the electron with the intrinsic spin of the electron
[2]. Various demanding applications like quantum comput-
ing, highly sensitive magnetic sensors, data storage, etc. can
be possible through spintronics based technology because
spin manipulation can be done easily by the application of
an external magnetic field. Spintronics based technology will
boost up by getting DMS materials with high magnetization.
Worldwide, various groups are actively involved in achiev-
ing ferromagnetism at room temperature (RTFM) in wide
band gap semiconductors [3-5] like ZnO, GaAs, GaN, etc.

Among various DMS materials, ZnO is still attractive
because of its direct wide bandgap (3.37 eV) and large
exciton energy (60 meV) [6]. Further non-toxic nature,
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chemical stability towards air, inexpensiveness and relative
abundance, makes ZnO an interesting material for versatile
applications [7]. In addition, high thermal conductivity and
high refractive index make ZnO suitable for antibacterial and
UV-protection studies [8].

Diamagnetic and paramagnetic behaviors of ZnO at room
temperature are the major shortcomings for their use in
novel magneto-optical applications. RTFM resulting through
vacancy mediation has been reported in ZnO systems [9-11].
Various groups are working to improve the RTFM in ZnO
by replacing the host Zn atom by transition metal and rare
earth dopants. It is well reported that RTFM in transition
metal doped ZnO results due to the d—d exchange coupling
among non localized and exterior 3d electron of transition
metal [12-15]. Often zero orbital momentum of 3d electron
in transition metal consequences due to its non-localization.
Rare earth ion doping results in stronger magnetization in
comparison to transition metals due to indirect exchange
interaction of 4f electron via 5d or 6s conduction electrons
[16-19].

Recently, concurrent doping of two transition metals
showed an increase in magnetization. Enhancement in fer-
romagnetism is reported in Ni and Co co-doped ZnO and
suggested that the increase in carrier concentration results in
such behavior [20]. Similar behavior was observed in Al and
Cu co-doped ZnO rods [21] and Al and Fe co-doped ZnO
thin films [22]. Recently, rare earth doping jointly with the
transition metal in ZnO has been vigorously explored. Xu
et al. [23] investigated RTFM in Nd and Mn co-doped ZnO
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films. Photongkam et al. [24] and Assadi et al. [25] studied
the intrinsic ferromagnetism in Eu and Co co-doped ZnO
films. Das et al. [26] reported the paramagnetic nature of
in Gd and Mn co-doped ZnO system. Thangeeswari et al.
reported RTFM in Bi and Co co-doped ZnO [27]; dyspro-
sium (Dy) and Co co-doped ZnO [28] and Gd and Co co-
doped ZnO [29] nanostructures.

In the present study, we report the structural, optical and
magnetic properties of Dy and Fe co-doped ZnO nanopar-
ticles. Dy having electron configuration is [Xe]4f'°6s* and
largest value of magnetic moment 10.63 pz among rare earth
elements [28], motivated us to choose its co-doping with Fe
in ZnO.

2 Experimental

Dy and Fe co-doped ZnO nanoparticles were synthesized
using the simple and cost-effective sol-gel method. Zinc
acetate, dysprosium nitrate, iron nitrate, monoethanolamine
and 2-methoxyethanol were used as the preliminary precur-
sors, stabilizer and solvent, respectively. First, zinc acetate,
dysprosium nitrate and iron nitrate were mixed in 2-meth-
oxyethanol. The molar ratio of monoethanolamine to zinc
acetate, dysprosium nitrate, iron nitrate was preserved at 1.
The resulting mixed solution was stirred for 2 h at 60 °C.
Drop by drop, Monoethanolamine was added, during the
stirring of mixture resulting in a homogeneous and trans-
parent solution. The sols were aged at room temperature
for 24 h and then dried at 300 °C. Subsequently, the prod-
ucts were trodden to get the samples in powder form. Next,
these powders were again annealed for 1 h at 500 °C. After-
wards, the annealed products were trodden again to get the
nanoparticles.

XRD investigations of the doped ZnO nanoparticles at
room temperature were performed using Panalytical X’ pert
PRO diffractometer. The surface morphological studies of
the doped ZnO nanoparticles were made using high resolu-
tion transmission electron microscope (HR-TEM) of FEI,
USA. The photoluminescence (PL) and Raman studies
were performed using Horiba Jobin Yvon LabRAM HR-
Evolution spectrometer with a 325 and 532 nm excitation
laser, respectively. Magnetic measurements at room tem-
perature were done using ‘Quantum Design’ vibrating sam-
ple magnetometer.

3 Results and discussion

Figure la presents the Rietveld refined XRD patterns for
pure ZnO, Dy doped ZnO and Dy and Fe co-doped ZnO
nanostructures attained using the FullProf software. Riet-
veld refinement was initiated for all the samples using
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Fig.1 a Rietveld refined and indexed XRD patterns for sol-gel syn-
thesized pure and doped ZnO nanoparticles. b Variation in broaden-
ing and intensity for the peak (101) for pure and doped ZnO nanopar-
ticles synthesized using sol-gel technique

Pseudo-Voigt function. Wurtzite structure of ZnO (space
group P63mc) was chosen as initial model structure dur-
ing the Rietveld refinement. Calculated parameters for
pure ZnO, Dy doped ZnO and Dy and Fe co-doped ZnO
nanoparticles using Rietveld refinement were presented in
Table 1. XRD investigations depict show that the Dy and Fe
co-doping did not alter the host ZnO structure. The highest
intensity peak (101) for pure ZnO is observed at 36.4°. The
intensity of the same peak for 2% Dy doped ZnO observed
is almost half as well as it shifted slightly towards left. The
shifting of the same may be due to the higher ionic radii
of Dy** (91 pm) than that of Zn>* (74 pm). The intensity
of the same degrades because of the defects created by Dy
doping. With 1% Fe co-doping it again slightly shifts to
the higher side which may be due to smaller ionic radii of
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Table 1 Calculated parameters for doped ZnO nanoparticles from Rietveld refinement

SAMPLE Lattice parameters (10\) Cell volume (10\3) R, Ryp Reyp X2 Crystal-
lite size D

a b c (nm)

Pure ZnO 3.252 3.252 5.209 47.706 6.21 7.41 7.05 1.11 48

2% Dy doped ZnO 3.252 3.252 5.208 47.697 4.64 8.86 4.84 1.8 38.2

1% Fe snd 2% Dy co-doped ZnO 3.252 3.252 5.209 47.706 6.51 7.47 4.85 1.62 39.5

2% Fe and 2% Dy co-doped ZnO 3.252 3.252 5.210 47.715 8.25 8.18 5.27 1.5 22.6

(a) pure ZnO

Fig.2 a TEM micrograph for Fe and Dy doped ZnO nanoparticles;
inset is showing the SAED pattern for the same b HR-TEM micro-
graph for Fe and Dy doped ZnO nanoparticles

Fe’* (64 pm). With 2% Fe co-doping it again shifts slightly
towards the right side. With the increase in Fe co-doping,
reduction in intensity as well as broadening of diffraction
peaks are observed (Fig. 1b). This may be attributed to the
decrease in crystalline structure of ZnO with increase in Dy
and Fe co-doping.

The crystallite size is found to be in the range 2248 nm
for doped ZnO nanoparticles using Scherrer formula. Fig-
ure 2a shows TEM micrograph image of Dy and Fe co-doped
ZnO nanoparticles. TEM image clearly presents the slightly
dissimilar sizes and shapes of doped ZnO nanoparticles.

@ Springer
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Fig. 3 Room temperature Raman spectra for sol-gel synthesized pure
and doped ZnO nanoparticles

Figure 2b presents the HR-TEM micrograph of the same
Dy and Fe co-doped ZnO nanoparticles. It is clearly depicted
from high resolution micrograph that most of the nanoparti-
cles are almost spherical in shape. Polycrystalline nature of
Dy and Fe co-doped ZnO nanoparticles is clearly validated
through selected area electron diffraction (SAED) pattern
shown in inset of Fig. 2a. The points having variable inten-
sity as observed in the SAED pattern indicates that the Dy
and Fe co-doped ZnO nanoparticles composed of crystallites
of different size, in confirmation with the crystallite size
(22—48 nm) estimated using Scherrer formula and HR-TEM
results.

Group theory suggested that the ZnO having wurtzite
structure, relates to the space group Cg, with 2 formula units
per primitive cell each of which further engages C,, sites,
resulting in 9 optical and 3 acoustic phonon branches [30].
Raman spectra of pure ZnO, Dy doped ZnO and Fe and Dy
co-doped ZnO is presented in Fig. 3. E,(high) mode [31, 32]
of hexagonal ZnO (wurtzite structure) at 437-439 cm™! is
present in Raman spectra of all samples. A minor transfer
in this peak depicts lattice strain produced by the dopant
in host ZnO. The peak at 406 cm™' attributes to E,(TO)
modes reveal the potency of the lattice bond. The weak peak
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at 331 cm™! is allocated to A, symmetry modes related to
multiple phonon scattering processes. The band in the range
578-584 cm™! is related to host defects such as zinc inter-
stitials (Zy;) and oxygen vacancies (V,), assigned to the
E,(LO) mode [31, 33]. The weak peak at 547 cm™' depicts
the inclusion of Dy in the host ZnO, results in generation of
additional defects. The uncharacteristic vibrational modes
nearly 509-522 cm™! are related to defect concentration in
the host [33]. 288 cm™! peak in co-doped ZnO may be due
to the restricted vibrations of Zn atoms [34]. The peaks at
564 and 1098 cm™! correspond to the A,(LO) and A,(2LO)
modes of the hexagonal ZnO [35]. No Raman signals cor-
responding to impurity and secondary phase appeared in the
doped ZnO spectra.

Figure 4 presents photoluminescence (PL) spectra at
room temperature of pure ZnO, Dy doped ZnO and Fe and
Dy co-doped ZnO nanoparticles. Room temperature pho-
toluminescence studies show that for pure ZnO, band-edge
emission occurs at 381 nm while for 2% Dy doped ZnO it
shifts to 383 nm. With 1% co-doping of Fe in Dy doped
Zn0O, band-edge emission is observed at 382 nm while for
2% Fe co-doped ZnO same is observed at 380 nm. Replace-
ment of divalent Zn** ions with trivalent Dy>* ions results
in crystalline defects in ZnO, such as zinc interstitials (Zy;),
zinc vacancies (V,,), oxygen interstitials (O;) and oxygen
vacancies (V) which are in corroboration with Raman
results. The broad peak at 556 nm corresponding to green
emission may be attributed to the surface oxygen defects
for example singly ionized V and O; [36]. These defects
result in reduction of UV emission. The peak correspond-
ing to orange-red emission at 627 nm is usually credited to
the Oi defects [37, 38] and caused due to the transition from
conduction band to monovalent vacancies or transition from
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Fig.4 Room temperature photoluminescence spectra for sol-gel syn-
thesized pure and doped ZnO nanoparticles

interstitial zinc or oxygen vacancy to monovalent vacancies.
The peak appeared at about 768 nm corresponds to near
IR emission in ZnO nanoparticles which may be attributed
to the surplus interstitial oxygen (O;) and interstitial zinc
atoms (Zy;) or may be related to second order (383 x2) UV
emission [39, 40]. Fe co-doping in Dy doped ZnO results
in quenching of near band-edge emission which may be due
to a effective communication among excitons lying in the
conduction band and the electrons (photogenerated) with
increase in Fe doping. The peak due attributed to green
luminescence shows a slight red-shift and its intensity is
also reduced with the increase in Fe dopant concentration.
This quenching occurs may be due to the trapping of photo
generated electrons in the trap centres produced by the Fe**
ions [41-43].

Magnetic studies of Dy and Fe co-doped ZnO nanoparti-
cles are appealing because of sturdy hybridization of local-
ized 4f electrons with the conduction d electrons. In com-
parison to transition metal d electrons, rare earth f electrons
can pair effectively with the s electrons (host) which escort
to the likelihood of electron intervened ferromagnetism
[27-29]. Figure 5 shows M—H curves at room temperature
for pure ZnO, Dy doped ZnO and Fe and Dy co-doped ZnO
nanoparticles. Inset of the Fig. 5 clearly shows the pres-
ence of weak ferromagnetic ordering in all samples. Weak
magnetic behavior is observed at low magnetic field for pure
ZnO. With increase in the applied magnetic field, diamag-
netic behavior comes into the picture. 2% Dy doped ZnO
shows the blend of weak ferromagnetic and paramagnetic
behavior.1% Fe co-doping in 2% Dy doped ZnO lowers the
magnetic moment, while 2% Fe co-doping in 2% Dy doped
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Fig.5 Room temperature M-H curves for sol-gel synthesized pure
and doped ZnO nanoparticles; inset is showing the magnified view
of M-H curves for pure ZnO and 2% Fe and 2% Dy co-doped ZnO
nanoparticles
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ZnO increase the magnetic moment value with antiferro-
magnetic signature.

It is well reported that the paramagnetic nature in doped
ZnO samples originated from the uncorrelated spin of tran-
sition metal and rare earth ions [44]. It has been described
earlier that the exchange interaction between two neighbor-
ing transition metal and rare earth ions are antiferromag-
netic in nature [42]. Photongkam et al. [45] reported strong
magnetization in Co and Eu co-doped ZnO thin films and
further suggested that the sturdy ferromagnetic pairing
between localized 3d electrons of Co*" and the localized
carriers stimulated by Eu®* which got trapped in singly ion-
ized oxygen vacancies. Lo et al. [46] claimed that Dy doped
ZnO can only be paramagnetic on the basis of experimental
results and correlated the same with the reported ab-initio
calculations of Dy doped ZnO by El Hachimi et al. [47].
Photoluminescence studies show that with the increase in
Fe co-doping, the intensity of green emission peak due to
oxygen vacancies decreases resulting in antiferromagnetic
behavior. Therefore to enhance ferromagnetic order, the
appropriate doping concentration of Dy and Fe in ZnO
wurtzite structure is playing a vital role to get an optimum
number of charge carriers and oxygen vacancies, which may
be useful for spintronics based solid state devices.

4 Conclusions

Pure ZnO and Fe and Dy co-doped ZnO nanoparticles have
been synthesized using the sol-gel method. XRD patterns
depict that the pure, as well as doped ZnO nanoparticles,
crystallized in the wurtzite structure exclusive of develop-
ment of any secondary phase. Room temperature PL and
Raman investigations of doped ZnO nanoparticles validate
the existence of singly ionized oxygen vacancies which may
further results in weak magnetic ordering in the synthesized
samples. 2% Dy doped ZnO samples illustrate paramagnetic
behavior along with weak ferromagnetic part. Further 2% Fe
co-doping in 2% Dy doped ZnO leads to antiferromagnetic
behavior with weak ferromagnetic component.
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