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Abstract Gd,Zn;_,O (x =0, 0.02, 0.04 and 0.06)
nanostructures have been synthesized using sol-gel tech-
nique and characterized to understand their structural and
magnetic properties. X-ray diffraction (XRD) results show
that Gd (0, 2, 4 and 6 %)-doped ZnO nanostructures
crystallized in the wurtzite structure having space group
Cs, (P6smc). Photoluminescence and Raman studies of
Gd-doped ZnO powder show the formation of singly ion-
ized oxygen vacancies. X-ray absorption spectroscopy
reveals that Gd replaces the Zn atoms in the host lattice and
maintains the crystal symmetry with slight lattice distor-
tion. Gd L;-edge spectra reveal charge transfer between Zn
and Gd dopant ions. O K-edge spectra also depict the
charge transfer through the oxygen bridge (Gd-O-Zn).
Weak magnetic ordering is observed in all Gd-doped ZnO
samples.
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1 Introduction

Zinc oxide (ZnO, wide bandgap ~ 3.37 eV) has transparent
properties in the visible range. ZnO is the material having
high degree of tunability of charge carriers, carrier
mobility, optical transparency and least hazardous to
environment (eco-friendly). Consequently, it is widely used
in the fabrication of various optoelectronic devices such as
transparent conducting oxide (TCO), solar cells or flat
panel displays. In order to get better TCO properties of
ZnO, it is generally doped with metallic ions (Sn, Ga, In,
Al, Sc, etc.) [1-3]. Doping of ZnO with transition metals
(TM) such as Fe, Co, N, V and Mn leads to ferromagnetic
properties at room temperature (RTFM) [4, S5]. Charge
carriers of the semiconductor get spin polarized due to
ferromagnetic coupling of the dopant ions [6]. Semicon-
ductors competent of preserving RTFM are potential can-
didates for industrially feasible spin dependent devices.

Preparation method and conditions strongly affect the
ferromagnetic (FM) properties of doped ZnO [7]. Magnetic
spins due to dopant ions should be confined to homoge-
neous sites in the host material. Usually, the origin of the
observed FM is still not identified accurately. Some
researchers [8—12] reported that the existence of defects
like oxygen vacancies must play a key role in the indirect
exchange mechanism. RTFM in TM-doped ZnO is strongly
interrelated with structural defects and occurs from carrier-
mediated exchange coupling [13].

Enhanced ferromagnetism is reported by incorporation
of rare earth metals (REMs) such as Gd** in GaN [14, 15],
which inspires the researchers toward REM ion(s) doping
in metal oxides for the possible spintronic applications.
Reports are available on Gd**-doped ZnO showing
improved room temperature ferromagnetic properties [16—
18] due to its 4f state. In addition, these 4f states of Gd are
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accountable for enhanced hole conductivity, because the
holes in 4f states are more active than electrons [19].

The temperature during preparation, the annealing
temperature, the doping concentration and even the matrix
grain size are the vital parameters that decide the solubility
of a dopant in a matrix [20]. Straumal et al. [21] reported
that the cobalt (dopant) solubility in ZnO (matrix) increases
with decreasing ZnO grain size. The ionic radius for Gd>™
ion (0.094 nm) is bigger than that of Zn>" (0.074 nm).
Consequently, inclusion of Gd*" ion in ZnO matrix results
in distortion in the ZnO crystal lattice [22-24]. Various
reports available with different magnetic behavior in Gd-
doped ZnO system motivated us to re-investigate the
structural and magnetic behavior of Gd-doped ZnO
nanoparticles.

2 Experimental

Gd-doped ZnO nanostructures were synthesized by sol-gel
technique. Zinc acetate dihydrate, gadolinium nitrate,
2-methoxyethanol and monoethanolamine (all chemicals
were purchased from Sigma Aldrich) were used as the
starting materials, solvent and stabilizer, respectively. Zinc
acetate dihydrate and gadolinium nitrate were first dis-
solved in 2-methoxyethanol. The molar ratios of mono-
ethanolamine to zinc acetate dihydrate were maintained at
1. Then, the resulting mixture was stirred at 60 °C for 2 h.
When the mixture was stirred, monoethanolamine was
added drop by drop. Finally, a clear and transparent
homogeneous solution was formed. The total concentration
of solution was kept at 0.5 mol/L, and the concentration of
Gd dopant was 2, 4 and 6 mol% with respect to zinc. The
sol was aged for 24 h at room temperature. Then, we dried
the sol in a furnace at 500 °C for 1 h and crushed the dry
samples in pestle mortar to get the fine powder. Then, we
again annealed the fine powder at 500 °C for 1 h to com-
pletely remove organic impurities.

The structural properties of Gd-doped ZnO nanostruc-
tures were investigated using panalytical X’pert diffrac-
tometer. JEOL  high-resolution transition electron
microscope (HR-TEM) was used for size determination
and structural analysis of Gd-doped ZnO nanostructures.
Magnetic measurements were taken using a quantum
design vibrating sample magnetometer (VSM). The
XANES measurements at the Gd L3-edge and Zn K-edge
were taken on the BL17C1 and BLO1C wiggler beamlines
and recorded by the fluorescence yield (FY) at room tem-
perature. Monochromators with Si (111) crystals were used
on both the beam lines with an energy resolution AE/E
better 2 x 107*. The O K-edge absorption spectra were
recorded by the total electron yield (TEY) mode at BL20A
beamline with AE/E-8000 at National Synchrotron
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Radiation Reach Center (NSRRC) in Taiwan, operated at
1.5 GeV with a current of 200240 mA. All spectra were
normalized to a unity step height in the absorption coeffi-
cient from well below to well above the edges. Standard Zn
metal foils and oxide powders, ZnO (wurtzite) and Gd,O3
were used for energy calibration and also for comparing
different electronic valence states.

3 Results and discussion

Figure 1a presents the XRD patterns of sol-gel synthesized
Gd-doped ZnO nanostructures. Figure 1b shows the Riet-
veld refined patterns for Gd-doped ZnO achieved using
FullProf software. Pseudo-Voigt function was adopted to
carry out Rietveld refinement of all the samples with the
space group P63mc. During the Rietveld refinement,
wurtzite structure of ZnO was preferred as starting model
structure. Table 1 presents the calculated parameters for
Gd-doped ZnO nanostructures using Rietveld refinement.
XRD patterns show that the Gd doping did not change the
crystalline structure of host ZnO. With increase in Gd
doping %age, broadening as well as reduction in intensity
of diffraction peaks is observed (Fig. 1c). This depicts the
weakening of the crystalline structure of ZnO due to
increase in Gd doping. Gd oxide usually crystallizes upon
annealing the sample at 400 °C, which may be present in
very small amount, unable to detect by XRD [7]. Most
intense peak corresponding to (101) plane slightly shifted
to higher angles with Gd doping. This may be due to the
internal compressive stress as reported earlier [7]. They
also reported that doping of Gd ions create oxygen
vacancies in ZnO host matrix. As a result, lattice parame-
ters will decrease. It is well reported that the presence of
oxygen vacancies enhances the presence of RTFM [7].
The average crystallite size is calculated from the full
width at half maximum (FWHM) of the intense diffraction
peak (101) [calculated using the Scherrer formula; D = kA/
pcos where 0 is the diffraction angle, 5 is the FWHM of
the diffraction peak, k is the geometric factor (~0.9), 4 the
wavelength of x-ray used and D is the mean crystallite size]
is found to be in the range 25-37 nm. Figure 2a shows
typical HR-TEM image of Gd-doped ZnO nanostructures.
TEM image depicts the nanostructures having different
shapes and sizes. It is clearly observed from TEM image
that most of the nanostructures are having shape of rods
depicting the growth of ZnO wurtzite phase along c-axis.
Figure 2b presents the selected area electron diffraction
(SAED) pattern confirming the polycrystalline nature of
Gd-doped ZnO nanostructures. The varying intensity
points observed in the SAED pattern indicate that the Gd-
doped ZnO nanostructures consist of crystallites of differ-
ent size, in corroboration with the crystallite size
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Fig. 1 a XRD patterns for sol-gel synthesized Gd-doped ZnO nanostructures. b XRD patterns with Rietveld refinement for Gd-doped ZnO
nanostructures. ¢ XRD patterns for Gd-doped ZnO nanostructures clearly depicting the peak shift

(25-37 nm) calculated using Scherrer formula and TEM
results.

The room temperature photoluminescence (PL) spectra
of Gd-doped ZnO nanostructures (Fig. 3a—c) were obtained
utilizing a He-Cd laser of 328 nm wavelength as the
excitation source. PL spectra are de-convoluted in different
peaks responsible for emission. Band edge emission peak is

observed at 384, 387 and 392 nm for 2, 4 and 6 % Gd-
doped ZnO samples, respectively. Incorporation of dopant
ions introduces a shallow energy level near valence band.
The strong violet emission observed around 414 nm in Gd-
doped ZnO may be associated with oxygen vacancies [25,
26]. The violet blue emission peak around 452 nm may be
credited to the exciton recombination between the holes in
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Table 1 Calculated parameters for Gd-doped ZnO nanostructures from Rietveld refinement

Sample Lattice parameters (A) Cell volume (/0\3) R, Ryp Rexp 12 Crystallite size D (nm)
a b c

Pure ZnO 3.249 3.249 5.205 47.595 4.47 5.79 4.22 1.9 36.50

2 % Gd-doped ZnO 3.248 3.248 5.205 47.565 4.65 5.85 5.49 1.14 29.17

4 % Gd-doped ZnO 3.248 3.248 5.206 47.586 4.10 5.46 5.36 1.04 27.78

6 % Gd-doped ZnO 3.248 3.248 5.205 47.574 3.68 5.05 5.22 0.94 25.62

Fig. 2 a TEM micrograph for sol-gel synthesized Gd-doped ZnO
nanostructures. b SAED pattern for sol-gel synthesized Gd-doped
ZnO nanostructures
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the valence band and electrons localized at the interstitial
zinc [27, 28]. Peak corresponding to 480 nm can be
ascribed to intrinsic defects such as interstitial zinc and
oxygen [29-31]. Weak green emission peak observed
around 520 nm for Gd-doped ZnO may be credited to the
transition between singly ionized oxygen vacancy and
photoexcited hole, [32, 33] or transition between a deeply
trapped hole at V™ center [34] surface defects [35] and
electron close to the conduction band. Green emission is
usually related to oxygen deficiency while yellow/orange
emission is related to excess oxygen [36].

According to the group theory, wurtzite ZnO belongs to
the space group Cg, with two formula units per primitive cell.
A primitive ZnO cell has four atoms (two formula units),
each of which occupies Cs, sites, leading to 12 phonon
branches (nine optical and three acoustic) [37]. Figure 4
presents the Raman spectra for Gd-doped ZnO nanostruc-
tures. Raman active modes at 448 cm™! for E, (high),
573 cm~'for 1st order A; (LO), 747 cm™' for A,
(LA + TO) are observed for sol-gel synthesized Gd-doped
ZnO nanostructures. The broad peak at about 446 cm™ " is
reported to the high-frequency branch of the E; mode, i.e., E,
(high) of ZnO, which is a Raman active mode in the wurtzite
crystal structure. Stress induced due to Gd doping in the ZnO
wurtzite structure affects the E, phonon frequency [38]. An
increase in the E, phonon frequency is ascribed to com-
pressive stress, whereas a decrease in the E, phonon fre-
quency is ascribed to a tensile stress. We also observed that
increase in E, phonon frequency attributes to compressive
stress. Itis clearly depicted from the observed Raman spectra
that there are broadening and shifting in Raman peaks with
Gd doping. Chetri et al. [39] reported similar behavior based
on Heisenberg uncertainty principle. They reported the
relationship between phonon position and crystallite size as
Ax Ap > h/4m, where Ax is the crystallite size and Ap is the
phonon momentum distribution. The confinement of the
phonon within the particle increases, with decrease in the
particle size, and hence, the phonon momentum distribution
increases with decrease in crystallite size. This phonon dis-
persion results in asymmetric broadening and shifting of
Raman peaks toward lower wavenumber [40].
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Fig. 3 a—c Room temperature photoluminescence (PL) spectra for
Gd-doped ZnO nanostructures

Figure 5a shows the near-edge features of the Zn
K-edge spectra of ZnO with different Gd content 2, 4, 6 %
and ZnO standards. The main peak in the photon energy of
9655-9675 eV region is the electronic transition from Zn
s to the Zn 4sp states. The spectra show the similar line
shape and do not observe any chemical shift, which depicts
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Fig. 4 Room temperature Raman spectra for sol—gel synthesized Gd-
doped ZnO nanostructures

that the host ZnO maintained the wurtzite phase with Zn*™.
However, since the area under the absorption feature rep-
resents the unoccupied states, the evolution of intensity of
the main peak shows the change in the hole concentration.
The inset of Fig. 5a shows the magnified view of the main
absorption peak ‘A.” The increase in intensity peak ‘A’ at
9668.6 eV reveals the enhancement in the Zn 4p unoccu-
pied states as a function of Gd doping. Notably, the number
of 4p holes is closely correlated with the carrier concen-
tration. Therefore, the Zn 4p unoccupied states are crucial
for the electron transport (or conduction). Further, XANES
Zn K-edge spectra are sensitive to the valence state and
local environment of Zn ions.

The Gd Lj-edge (transition from 2ps3, to 5d) XANES
spectra (Fig. 5b) is mostly related to the partial density of
5d unoccupied states. Compared with the standard of
Gd,0; (Gd3+), the spectra of doped nanostructures have
shown the lower energy shifting. It implies that the Gd may
possess the 2 + (4f75d") with a spin 1/2 electron as
inserted in the ZnO. The evolution of the peak ‘B,’ the inset
of Fig. 5b, provides a reasonable estimate of the hole
concentration. The total unoccupied states (peak ‘B’
intensity) decrease in the order 2, 4 and 6 %, which is
opposite to the trend observed in Zn K-edge spectra. The
decrease in the intensity of peak ‘B’ and the increase in the
intensity of peak ‘A’ increase in Zn K-edge results due to
the local inhomogeneity which is further resulting in
electron hopping in the orbital of Zn 4p and Gd 5d states.
Therefore, the variation in the number of 5d electrons is
closely related to the magnetic behavior. The critical and
corresponding intensity change in the Zn K-edge and Gd
L;-edge features upon Gd ions substitution is consequently
indicative of an increase in the 4p holes and a decrease in
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Fig. 5 a Zn K-edge spectra for Gd-doped ZnO nanostructures. b Gd
L edge spectra for Gd-doped ZnO nanostructures. ¢ O K-edge spectra
for Gd-doped ZnO nanostructures

the 5d holes. These spectral changes may arise from charge
transfer between host Zn and Gd dopant ions.

O K-edge XAS spectra of pure and Gd-doped ZnO
nanostructures are shown in Fig. 5c. The peaks in the
energy range between 530 and 540 eV are attributed to the
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hybridization of O 2p—Zn 4sp and Gd 5d states. It is
observed that the intensities of all the dopant spectra are
different from ZnO. The feature ‘C’ is revealed as the pre-
peak of Gd,O3 (marked as arrow in the figure), which has
full empty d orbital. However, the photon energy of peak
‘C’ is shifted to lower energy site. The shift of peak ‘C’
suggested a strong hybridization of O 2p orbitals with Gd
5d states which further indicates that the Gd valence state is
different from the Gd,O5 as observed in Gd Lz-edge. The
intensity of the peak ‘C’ is increased and that of peak ‘D’
(transition from O 1 s to the hybridization of O 2p and Zn
4p state) is decreased. A systematical evolution of these
spectral features with Gd doping suggested the presence of
electron hopping. The Gd in ZnO matrix induces a strong
hybridization of s—p—d orbitals. The charge transfer may
take place through the oxygen bridge (Gd-O-Zn), and
therefore, the presence of holes should exist at oxygen site.

Figure 6 presents M-H curves for Gd-doped ZnO
nanostructures at room temperature. Inset of the fig-
ure clearly depicts weak ferromagnetic ordering for all
samples. Pure ZnO is showing the mixture of weak ferro-
magnetic and diamagnetic behavior. The observed dia-
magnetic behavior increases with increase in applied field.
Gd-doped ZnO nanostructures exhibit the mixture of weak
ferromagnetic and paramagnetic behavior as observed [41].
With increase in Gd doping beyond 4 %, anti-ferromag-
netic behavior comes into the picture. As seen from XRD
results, increase in Gd doping deteriorates the crystalline
structure of host ZnO. Gd enters into some interstitial
positions in host ZnO matrix, resulting in decrease in Gd—
Gd distance, which further results in anti-ferromagnetic
behavior with decrease in remnant value.

As reported earlier [7], room temperature magnetization
in case of Gd-doped ZnO nanoparticles synthesized using
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Fig. 6 M-H curves for sol-gel synthesized Gd-doped ZnO nanos-
tructures at room temperature
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thermal decomposition method originates from coupled
(ferromagnetic) and uncoupled (paramagnetic) Gd dopant
ions. Similar behavior is observed in sol-gel synthesized
Gd-doped ZnO nanostructures. Kumar et al. 2014 [42]
reported the synthesis of Gd-doped ZnO nanoparticles
using chemical co-precipitation technique. They observed
systematic increase in magnetization with increase in Gd
doping %age. Venkatesh et al. [43] also reported that
oxygen deficiency-related defect complexes to be respon-
sible for ferromagnetic exchange. Bantounas et al. [44, 45]
used density functional theory within the generalized gra-
dient approximation to study the spatial arrangement and
magnetic ordering of Gd impurities in a wurtzite ZnO host.
Their magnetic results showed mainly paramagnetic (PM)
behavior for Gd-doped ZnO and the weak exchange cou-
pling. The observed weak magnetic ordering in Gd-doped
ZnO nanostructures is mainly due to the Gd ions substi-
tution for Zn in the ZnO host lattice and not due to Gd
metal cluster-like phases as confirmed by the XRD and
XAS studies. An exchange mechanism may be associated
with defects such as oxygen and zinc vacancies, which is
responsible for the weak ferromagnetic ordering in the
Zn;_,Gd,O as depicted by the PL studies in the present
work. O K-edge of XAS data has a pre-edge feature at
533.2 eV in all of the samples which is attributed to the
oxygen vacancies [46].

4 Conclusions

Nanostructures of Gd,Zn;_,O (x = 0, 0.02, 0.04 and 0.06)
have been synthesized using sol-gel technique. XRD pat-
terns depicts that the Gd-doped ZnO nanostructures crys-
tallized in the wurtzite structure without formation of any
secondary phase. PL and Raman studies of Gd-doped ZnO
nanostructures confirm the presence of singly ionized
oxygen vacancies which may account for the observed
weak magnetic ordering in 2 % Gd-doped ZnO. X-ray
absorption spectroscopy (XAS) reveals that Gd replaces the
Zn atoms in the host lattice and maintains the crystal
symmetry with slight lattice distortion. Gd-doped ZnO
samples show paramagnetic behavior with weak ferro-
magnetic component for low Gd doping, which further
converted to anti-ferromagnetic behavior with weak fer-
romagnetic component for high Gd doping.
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