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Abstract

Pure and erbium-doped ZnO nanoparticles (Zn;_,Er,0), (0.00 < x < 0.10), were synthesized by wet chemical co-
precipitation method. The structural, optical, and magnetic properties of the prepared samples were investigated using
x-ray powder diffraction (XRD), transmission electron microscopy (TEM), ultraviolet-visible spectroscopy (UV), Fourier
transform infrared spectroscopy (FTIR), M-H magnetic hysteresis, and electron paramagnetic resonance (EPR). XRD studies
exhibit the presence of a single ZnO wurtzite hexagonal crystal structure for 0.00 < x < 0.06. A secondary phase of Er, O3
appears for x > 0.06. This means that the solubility limit for doping Zn>* ions by Er’* ions is about x = 0.06 under our
preparations condition. The lattice parameter a is not affected by the Erbium doping. On the other hand, the lattice parameter
c and the unit cell volume Vincrease with the increase of x up to x = 0.06. This is attributed to the larger ionic size of Er**
ions (0.88 A) compared to Zn>* ions (0.74 A). Both ¢ and V decrease for x > 0.06. TEM micrographs indicate that the
shape and the size of the ZnO nanoparticles are modified by changing the doping level of Er. The UV measurements point
out that band gap energy E, decreases with the increase of x up to x = 0.06. Then, it increases for both x = 0.08 and 0.10.
FTIR spectra confirm the presence of O—H and Zn-O stretching modes at 3451.963 and 428.901 cm™!, respectively, in pure
and doped ZnO samples. The Zn—O stretching mode shifts toward a lower wavenumber for x = 0.06 and toward a higher
wavenumber for x = 0.10. M-H hysteresis analysis, at room temperature, reveals that the pure ZnO has a ferromagnetic
signal combined with diamagnetic and paramagnetic contributions. This ferromagnetism is reduced for the doped samples
up to x = 0.02, and an antiferromagnetic alignment appears for 0.04 < x < 0.10. The saturation magnetization (M),
the coercivity (H.), the retentivity (M, ), the anisotropy constant (K,), and the magnetic moment (u,,) were estimated
and discussed in terms of erbium doping for the different samples. EPR spectra for Zn;_,Er,O were measured at room
temperature in order to study the effect of Er substitution on the g value, resonance field (H,), peak to peak line width
(AH)p,) and spin—spin relaxation time constant (T7).
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1 Introduction devices [4], photonic catalysis [5], transparent conductors

[6], and gas sensors [7]. The doping of ZnO by transition

ZnO is an n-type semiconductor that is characterized
by a large exciton binding energy of 60 meV at room
temperature, a direct band gap of 3.37 eV, and a high
transmittance in visible region [1]. These distinctive
properties have received much attention for their use in
light-emitting diodes (LED) [2], solar cells [3], spintronic
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[8, 9] and rare earth elements [10, 11] is an interesting
topic in the last few years because it has pronounced effect
on structural, optical, electrical, and magnetic properties of
ZnO. Sharrouf et al. [9] studied the effect of Mn doping on
ZnO nanoparticles, preparing by co-precipitation technique.
They found that the doped samples exhibit a decrease
in band gap energy (E,) with increasing x. Moreover,
doping ZnO with Mn at different concentrations results
in modification of the magnetic properties for the doped
samples. Samples with 0.01 < x < 0.03 revealed a
ferromagnetic behavior, while samples with 0.05 < x <
0.10 combined ferromagnetic and paramagnetic properties.
Liu et al. [12] investigated the effects of vanadium (V)
doping concentrations on the structural, magnetic, and
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optical properties of Zn;_,V,O nanoparticles, synthesized
by a sol-gel method. They found that samples with
x < 0.03 have room-temperature ferromagnetism. Based
on the results of Raman and photoluminescence, they
concluded that oxygen vacancies (V,) are the origin of the
ferromagnetism in Zn;_,V,O. Additionally, the increase
of V-doping concentration caused an increase in the values
of the saturation magnetization (My). Yadav et al. [13]
synthesized pure and 5 M % Eu-doped ZnO nanorods using
a wet-chemical precipitation method. The Eu-doped ZnO
sample showed a higher dielectric constant and ferroelectric
phase transition at 230 °C. The Eu doping in ZnO increased
the leakage current and the DC conductivity while the knee
voltage decreased making Eu-doped ZnO a useful material
for solar cell applications. Porkalai et al. [14] used the sol-
gel method to prepare pure and Lanthanum doped ZnO nano
particles. They found that doping with Lanthanum enhanced
the luminescence and increased the current conductivity of
the doped samples. Likewise, optical band gap increased
from 3.28 eV to 3.44 eV as a result of increasing La-
doping concentration. Oprea et al. [15] explored the effect
of Gd(III) ions doping on the photoluminescence, magnetic
properties and photocatalytic activity of ZnO nanoparticles
prepared by simple sol-gel method. The increase of Gd
doping concentrations in the ZnO led to a drop in the
near band edge position, improvement of the blue-green
luminescence, and a better photocatalytic activity. The
saturation magnetization (Ms) per Gd(III) ion decreased
with increasing Gd content in ZnO. This result was
attributed to the antiferromagnetic alignment caused by
the increased number of Gd atoms. Pradyumnan et al.
[16] investigated the thermoelectric properties in terms
of electrical and thermal transport in pure and holmium-
doped ZnO compounds prepared by solid-state reaction
method. Doping Ho in ZnO decreased the resistivity
while it enhanced the power factor making the Ho-doped
samples suitable in thermoelectric applications. The effects
of erbium doping on ZnO nanosheets synthesized by the
hydrothermal and post-annealing techniques were examined
by Lang et al. [11]. The photoluminescence (PL) spectra
exhibited both ultraviolet and deep-level emission. The
intensity of the whole deep-level emission was improved
with increasing erbium concentration. Furthermore, erbium
dopants produced more defects leading to a worse
crystallization of the doped nanosheets. In this work,
we studied structural, optical, and magnetic properties of
Znj_xEr,O (0.00 < x < 0.10) prepared by co-precipitation
technique. For this investigation, the prepared samples
were investigated using x-ray powder diffraction (XRD),
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), UV-Visible spectroscopy, M-
H hysteresis analysis, and Electron paramagnetic resonance
(EPR).

@ Springer

2 Experimental Techniques
2.1 Preparation of Nano Powder

The chemical substances used in the present co-
precipitation technique were zinc chloride (ZnCly) and
erbium (III) chloride hexahydrate (ErCl3.6H,O). Based
on stoichiometric ratios, the amounts of each substance
were calculated by changing x from 0.00 up to 0.10 in
Zn;_,Er,O nanoparticles. Substances were dissolved in
distilled water, mixed and stirred with a magnetic stirrer,
and 4.0 M sodium hydroxide solution (NaOH) was added
dropwise until pH = 12, approximately. The obtained
solution is then heated at 60 °C for 2 h with continuous
and constant stirring rate. The product was washed with
distilled water to reach a pH around 7, then dried at 100 °C
for 18 h to remove water, and finally kept at 550 °C for
4 h in order to improve the crystallinity of the prepared
samples.

2.2 Characterization of Nano Powder

The obtained nano-powders of Zn;_,Er,O were charac-
terized by x-ray powder diffraction measurements at room
temperature using Bruker D8 advance powder diffractome-
ter with Cu-K,, radiation (A = 1.54056 A) in the range of
25° <260 < 75°. TEM micrographs were obtained by using
Jeol transmission electron microscope JEM-100CX, oper-
ated at 80 kV. The FTIR spectra of the powder samples
were recorded using FTIR 8400S Shimadzu spectrome-
ter. UV-Visible measurements were performed using the
ultraviolet-visible-near infrared (NIR) spectrophotometer
V-670 that records the absorption spectra at a wavelength of
190-2500 nm at room temperature. Magnetic measurements
were carried out at room temperature using a vibrating sam-
ple magnetometer (Lake Shore 7410) having temperature
range capability from 4.2 to 1273 . EPR measurements of
powder samples were conducted using Bruker Elexsys 500
EPR spectrometer.

3 Results and Discussion
3.1 Structure and Morphology

XRD patterns of pure and Er-doped ZnO nanoparticles are
displayed in Fig. 1. The planes (100), (002), (101), (102),
(110), (103), (200), (112), and (201) correspond to the
hexagonal (wurtzite) structure of ZnO. The Er,O3 peaks
are not observed up to x = 0.06, suggesting that there
is a complete substitution of erbium in the zinc sites. For
x > 0.06, ErpO3 peaks appear in addition to wurtzite phase
of ZnO. The lattice parameters (¢ and c¢) and the unit
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cell volume (V') of Zn;_,Er, O nanoparticles are calculated
using the following equations:

1 4 (h24hk+k2\ 12
S (O A (1)
dz 3 a? c?
3
V:“/——azc )
2

where d is the interplanar distance and (h, k, I) are the
Miller indices. Lattice parameters values, the ratio c¢/a and
the unit cell volume (V) for pure and Er-doped samples
are listed in Table 1. It can be noticed that ais not affected
by erbium doping since a = 3.243 & 0.004 A. While the
lattice parameter (c) and the unit cell volume (V) show an
increase in their values up to x = 0.06 with respect to the
pure sample. This behavior of ¢ and V may be attributed
to the larger ionic size of Er’(0.88 A) substituting Zn>*
(0.74 A) in ZnO lattice. Both ¢ and V decrease for x >
0.06 and reach the value of pure ZnO. This cell contraction
may be explained such as the larger Er3* ions leave the ZnO
lattice at high doping concentrations (x > 0.06) to form
Er,O3 impurity [17, 18]. The decrease in lattice parameter ¢
may also be attributed to the formation of oxygen vacancies

2 0 (Degrees)

in ZnO lattice as a result of increasing the number of
dopant (Er*) ions as it was reported by Dakhel et al. [19]
for Gd3*-doped ZnO powder prepared by co-precipitation
method. The ratio (c/a) is 1.60 for all samples. This value
is very close to the ideal value for hexagonal cell (c/a =
1.633) [20]. The average crystallite sizes are estimated using
Scherrer equation:

KA

D=——
ﬂhklcose

3)

Table 1 Values of the lattice parameters (a and c), the ratio (c/a), the
unit cell volume (V), and the crystallite size (D) of Znj_Er, O

x a(A) c(A) cla V(A3) D (nm)
0.00 3.243 (3) 5.200 (0) 1.60 4738 40.2
0.01 3.247 (2) 5.200 (3) 1.60 4734 35.7
0.02 3.242 (3) 5.200 (2) 1.60 47.36 35.3
0.04 3.245 (0) 5.205 (1) 1.60 47.46 26.8
0.06 3.244 (4) 5.212 (1) 1.60 4751 50.3
0.08 3.244 (1) 5.200 (6) 1.60 4739 25.9
0.10 3.240 (2) 5.201 (1) 1.60 4730 26.8
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where D is the average crystallite size in nanometers, K
is a constant or shape factor and equals to 0.9, X is the
wavelength of the x-ray radiation, Sy is the peak width
at half maximum intensity, and 6 is the peak position. The
values of D are tabulated in Table 1. The average crystallite
size of Znj_,Er, O nanoparticles decreases with increasing
erbium content up to x = 0.04 and beyond x = 0.04, and the
crystallite size increases to a max value of 50.3 nm among
all the prepared samples for x = 0.06. Similar trends of
variation of crystallite size were also observed by Divya et
al. [21] for erbium-doped ZnO crystal prepared by solid-
state reaction method. They attributed the initial decrease
of the crystallite size to the deformation of the ZnO Ilattice
by larger Er’T ions leading to a lowering of nucleation and

decreasing growth rate of ZnO crystals. While the increase
in crystallite size may imply that erbium ions were dissolved
in ZnO grains and the excess of Er’* head toward the grain
boundaries and enhances the liquid-phase sintering. For x =
0.08 and x = 0.10, the crystallite size decreases again for
the same reasons mentioned above.

The shape and the size of pure and erbium-doped ZnO
nanoparticles were investigated using the TEM technique
and the TEM images are shown in Fig. 2a-d for x =
0.00, 0.02, 0.04, and 0.10, respectively. The particle sizes
were measured and found to be in the range of 22.9—
36 nm, which are in good agreement with the crystallite
sizes calculated from XRD analysis. The particles have no
definite shape for samples with x = 0.00 and 0.10. This

100 nm

500 nm

Fig.2 TEM images for Zn;_,Er,O witha x =0.00,b x = 0.02,cx =0.04,and d x = 0.10
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Fig.3 FTIR spectra of Zn;_,Er, O nanoparticles (x = 0.00, 0.06, and 0.10). The inset shows the absorption peaks of Znj_,Er,O for x = 0.00,

0.06, and 0.10 at Zn—O stretching vibration

finding is consistent with the results obtained by Vaseem
et al. [22] since the reaction is carried out in dry air, the
produced ZnO nanoparticles have a lack of defined shape
or size. Moreover, the absence of definite shape may reflect
that damages in recrystallization of ZnO lattice occurred
because of the high-temperature heating process [21]. The
shape of the particles changes to nano-like rods for 0.01
< x < 0.08, which can be due to the erbium doping level
that modifies the shape of the nanoparticles [9].

4 FTIR Analysis

FTIR spectra of Zn;_,Er,O nanoparticles (x = 0.00,
0.06, and 0.10) between 400 and 4250 cm~! at room
temperature are shown in Fig. 3. The peaks at 3451.963
and 1116.503 cm™! correspond to O-H stretching and
deformation, respectively, assigned to the water adsorption
on the metal surface [23]. The peaks at 428.901 and
1635.683 cm™! could be attributed to the ZnO stretching
mode [23, 24]. It can be noticed that the peak at 428.901
cm™!, appearing in the spectrum of the pure ZnO sample,
is shifted a little to a lower wavenumber for x = 0.06
and to a higher wavenumber for x = 0.10 with a change
in the percentage of transmittance for the doped samples
compared to the pure sample as shown in the inset of Fig. 3
.This can prove that the presence of Er causes a perturbation
in the surrounding of Zn—-O—Zn network. The small shift

in Zn—O stretching peak may be caused by the change in
the parameters and the bond properties of Zn perturbed by
Er doping [9]. A peak at 1055.990 cm™! appears in pure
ZnO which may correspond to the alcoholic C-O stretching
mode, but this peak disappears for the doped samples. In
addition, bands appearing between 750 and 1020 cm™!
(886.552 and 987.408 cm™!) in doped ZnO samples may
correspond to the bending and twisting vibration of ZnOH.

Absorbance (a.u)

300 400 500 600 700 800
Wavelengths (nm )

Fig.4 The UV-Visible spectroscopy of Zn;_,Er, O for x =0.00, 0.01,
0.02, 0.04, and 0.08
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The absorption peaks in the range of 1100-1600 cm™!
appearing in the pure and doped samples could be attributed
to the Zn—OH bending mode, to C—OH plane bending and
C-OH out-of-plane bending [25].

4.1 UV-Spectroscopy

UV-visible spectra of Zn;_,Er,O (x = 0.00, 0.01, 0.02,
0.04, and 0.08) are shown in Fig. 4. A characteristic
absorption peak of wurtzite hexagonal pure ZnO appears
in the spectrum of pure sample at 377 nm. The absorption
peaks of doped samples are blue shifted towards smaller
wavelengths in comparison with the peak of pure sample.
This shift may reflect that Er>* ions are well integrated in
Zn0O lattice [26]. The energy band gaps (E,) for allowed
direct transitions of Znj_,Er,O are calculated using Tauc
relation:

ahv = B(hv — Eg)" “

a is the absorption coefficient, Bis a constant, hvis the
energy of incident photons, and n =1/2 for allowed direct
transitions. E, is obtained from the plot of (ahv)? versus
hv, then the curve is extrapolated to («h )2 = 0 as shown
in Fig. 5a, b for x = 0.00 and 0.10. The obtained values
of E, are listed in Table 2. E, decreases with increasing
erbium doping up to x = 0.06 then it increases for x = 0.08
and 0.1. The drop in E,; may be due to the erbium electron-
localized states that create new states near to the conduction
band, leading to a reduction in the band gap of pure ZnO
[27]. The variation of band gap depends also on particle
size and lattice parameters. The decrease in particle size
with increasing doping concentration leads to a rising of the
band gap as the quantum refinement effect occurs [10]. The
Bras’ effective mass model [28] can also explain our results.
The energy gap (E) of the nanoparticles can be expressed,
according to Bras’ effective mass model, as a function of
particle size, as given by the following expression:
2011 ] 1.8¢2

Ey=Epukt o | — 4 —
§T kT R2 |:me mn|  eR

&)
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where E, is the measured band gap of the nanoparticles,
Evuik is the band gap of the bulk semiconductor, 7 is the
second Plank’s constant, R is the radius of the nanoparticle,
m, is the effective mass of the electron, m, is the effective
mass of the hole, e is the charge of electron, and ¢ is the
electric permittivity of the material. It is clear from (5) that
the band gap increased as particle size decreased.

4.2 Magnetic Measurements

Magnetic hysteresis of Znj_,Er,O nanoparticles were
recorded at room temperature and the results are plotted in
Fig. 6a—d for x = 0.00, 0.01, 0.02, and 0.10, respectively.
The pure ZnO nanoparticles exhibit room-temperature
ferromagnetism (RTFM) behavior which may be attributed
to some defects at the surface, interface, and grain boundary
[29] or to lattice defects such as oxygen vacancy (V,)
or zinc interstitial (Zn;) in pure ZnO nanoparticles [30].
Moreover, the hysteresis loop of pure ZnO sample also
shows a diamagnetic and paramagnetic contributions, those
appear at about 0.8 Tesla as M decreases with the
increasing of H. These contributions were also observed
in ZnO nanocrystals capped with polyvinyl pyrrolidone
(PVP), synthesized using the wet chemical route at room
temperature by Phadnis et al. [31]. The presence of both
paramagnetic and diamagnetic contributions combined with

Table 2 The optical band gap energy of nanosized Zn;_,Er, O

(x) Optical band gap energy (eV)
0.00 3.11
0.01 2.76
0.02 2.63
0.04 2.59
0.06 2.54
0.08 2.70
0.10 2.99




J Supercond Nov Magn (2018) 31:3051-3061

3057

Fig.6 M-H hysteresis loop of

Znj_,Er, O nanoparticles for a a 0.06 b 0.04
x=0.00,bx =001,cx =
0.02,andd x =0.10 0.04
0.02 4
~ 0.02 -
s o0
< <
= =
E o I —
= 0.02 =
-0.02 q
-0.04
-0.06 -0.04
-30000-20000-10000 0 10000 20000 30000 -30000-20000-10000 0 10000 20000 30000
H(G) H(G)
c d
0.8 0.3
0.6 q 02 |
04 1
- ~ 0.1 4
o0 0.2 ] o0
< <
= =
E 0 T T T E 0 T T - -
=-0.2 S 04 ]
-0.4
-0.2 q
-0.6 q
-0.8 -0.3
) -30000-20000-10000 0 10000 20000 30000

-30000-20000-10000 0

ferromagnetic contribution indicates the surface and ligand-
induced defects [32], confirming the TEM results. The
sample with x = 0.01 also shows an RTFM which may be
due to the substitution of Er3* in Zn>* sites rather due to
the formation of any magnetic secondary phases. Similar
results were obtained for Er-doped ZnO thin films prepared
by coupled plasma enhanced physical vapor deposition
[33]. The observed ferromagnetic behavior in the doped
sample (x = 0.01) can also be explained by the bound
magnetic polaron (BMP) model [34]. The weakening of
ferromagnetism (FM) for x = 0.02 may be due to the
fact that erbium exists near surface site because of non-
consistency of ionic radii [32]. For the samples with 0.04
< x < 0.10, the anti-ferromagnetic (AFM) alignment
is predominant. This phenomenon can be explained as
follows: At high doping concentration of erbium, oxygen
vacancies increase, leading to quenching of surface defects
or shallow donors which promote AFM alignment and thus
weaken the FM behavior [35]. The saturation magnetization
(M) was measured directly from M-H curves for 0.00 <
x <0.02, and calculated for 0.04 < x < 0.10 by plotting M
(emu/g) versus (1/H), as shown in Fig. 7 for x = 0.10. The
values of anisotropy constant (K,) were calculated from the
following equation [36]:

K, = H:M;/0.98 (6)

where H, is the coercivity (obtained from the hysteresis
loops for each sample).

10000 20000 30000

H(G) H(G)

The magnetic moment (u,,) per unit formula in Bohr
magnetron is calculated from saturation magnetization by
using the following formula:

tm = (M, x My)/5585 (N

where 1, = magnetic moment, M,, = molecular weight,
and 5585 = magnetic factor

The values of saturation magnetization (Mj), retentivity
(M;) (obtained from the hysteresis loops), coercivity (H,),
squareness ratio S = (M,/My) [37], anisotropy constant
(K4), and the magnetic moment (u,) are tabulated in
Table 3. It can be noticed that the saturation magnetization,
the retentivity, and the magnetic moment have the same
variation trends with the doping concentrations. For 0.00
< x < 0.02, both the saturation magnetization (Mj)

0.35

*e. M=0.333 emu/g
03 .,

0.2
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0.15 Se.

0.1 o..
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Fig.7 The M versus 1/H curve for x = 0.10 extrapolated to 1/H =0
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Table 3 The variation of M,

M, He, S, K, and pip as a x M;(emu/g) M, (emulg) He (G) S = M, /M; K4 (G) % 107%

function of x
0.00 0.049 0.018 441.34 0.365 22.445 7.262
0.01 0.028 0.004 230.34 0.146 6.702 4.207
0.02 0.700 0.049 106.53 0.070 76.189 104.684
0.04 0.303 0.007 194.14 0.024 60.143 46.453
0.06 0.269 0.005 184.97 0.022 50.772 42.140
0.08 0.637 0.018 151.46 0.028 98.449 102.113
0.10 0.333 0.006 164.88 0.020 56.176 54.743

and the magnetic moment (u,,) increase. This result may
be due to the defects such as oxygen vacancies and
interstitials as it was reported by Kung et al. [38] for
Y-doped ZnO nanoparticles. Upon further increase in Er-
doping concentration, My, and w,, follow a nearly decrease
trend, which may be due to the antiferromagnetic ordering
caused by the increasing numbers of erbium ions [15]. The
H, of Er’t-doped zinc oxide shows almost a decreasing
trend. This is probably due to the decrease in the non-
magnetic zinc cations at the expense of an increase in Er3*
content resulting in a lower anisotropy [39]. The squareness
ratio is a measure of how square the hysteresis loop is. It
decreases with increasing doping concentration. The values
of S are lower than 0.5, indicating that the particles interact
by magnetostatic interaction and the anisotropy decreases
in crystal lattice [40, 41]. The values of anisotropy constant

(K,) display a nonlinear variation. This behavior may be
attributed to the decrease in particle size, leading to a spin
disorder in surface layer and resulting in reduced anisotropy
[36]. EPR spectral analysis is an effective and powerful
technique used to elucidate the electron spin dynamics
and the defect centers in ZnO [42, 43]. Figure 8a—d show
first-derivative EPR spectra of Znj_,Er,O nanoparticles
for x = 0.00, 0.04, 0.08, and 0.10, recorded at room
temperature. A clear ferromagnetic signal centered at a
magnetic field of about 3486 (G) approximately and a
paramagnetic signal at 3571.85 (G) are observed in the EPR
spectrum of pure ZnO sample which confirm the results of
the magnetic hysteresis loop (Fig. 6a). The EPR parameters
such as g value, resonance field (H,), peak to peak line
width (A H,), and spin—spin relaxation time constant (T3)
were calculated, and the values are listed in Table 4. The

Fig.8 EPR spectra of a b
Zn_,Er,O forax = 0.00, b 600 4000
x=004,¢cx=008andd x =
400 -
0.10 5 00 Ferromagnetic E 2000
= signal 3
St St
2 200 2
= =
< < 0
s 3
° P, ° 3455 3SSF 3655 3755
ER ' ; 1. £
S 34bs 355 655 3755 £
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3 -200 4 3
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Table 4 Variation of g value,
resonance field (H,), peak to X g value H; (G) A H,p(G) Tryx 107 (s)
peak line width (A Hp)), and
spin-spin relaxation time 0.00 1.959 (1) 3571.85 3.51 9.52
constant (T) for nano 0.01 1.959 (0) 3573.78 3.51 9.52
Zn—xEr;0,0.00 < x < 0.10 0.02 1.960 (1) 3572.44 3.81 8.78

0.04 1.958 (1) 3570.96 4.10 8.16

0.06 1.958 (2) 3570.15 14.66 2.28

0.08 1.958 (6) 3569.42 3.51 9.52

0.10 1.960 (4) 3566.20 7.33 4.56

relaxation times characterize the interaction of electron
spins with the surrounding spins and within the lattice. The
spin—spin relaxation time constant (T) is determined from
the following equations [44, 45]:

1
= (gBAH12)/h ®)
2
AHip =~3AH,, )

where B is Bohr magnetron and AHj; is the line width
at half of the absorption peak. The variation of these
parameters are controlled by two main factors, which
are magnetic dipole interactions among nanoparticles and
super-exchange interactions between the magnetic ions
through oxygen ions [45]. In our work, the g values of
pure ZnO and erbium-doped ZnO samples are either equal
to ~ 1.95 or ~ 1.96 without displaying a significant trend
of variation with increasing erbium content concentrations.
The signal at g = 1.96 was also observed in pure ZnO
nanoparticles calcinated at 500° [46] and it was attributed
to oxygen vacancies [47-49]. Similar EPR signal with g =
1.96 was recorded in EPR spectrum of 2 wt.% of Er-doped
ZnO nanoparticles prepared by co-precipitation method
[35]. It was assigned to shallow donors (zinc interstitials,
Zn;) [50, 51]. The appearance of shallow donor level
induced by the substitution of Er** in ZnO lattice is clearly
demonstrated [52] by the signal at g ~ 1.95 appearing in
the EPR spectrum of erbium-doped samples. Furthermore,
Reddy et al. [26] observed sharp resonance signals at g =
1.994 and 2.007 in Eu-doped ZnO samples synthesized by
auto ignition-based low-temperature solution combustion
method in addition to other resonance signals. They
revealed that these two values are close to free electron value
(g =2.0023), corresponding to an unpaired electron trapped
on an oxygen vacancy site [53, 54]. Clearly, it is observed
from Table 4 that the resonant field (H,) slightly decreases
with increasing doping concentrations. This drop can be
explained as follows: as the erbium content increases, the
neighboring Er** ions become close to each other leading to
an enhancement of the super-exchange interactions between
them. The improvement of the super-exchange interactions
raises the internal field [55] and decreases the resonant field

with increasing erbium concentration [56]. From Fig. 8b—d,
we remark that the ferromagnetic signal disappears in doped
samples indicating the weakening of the ferromagnetic
behavior and the appearance of the AFM alignment due
the increase of the erbium content This result is confirmed
in the magnetic hysteresis loops of the samples. The most
important change in the EPR signal with increasing doping
content is the approximate increase of the line width
leading to a broadening of the signals which is attributed to
the dipolar interactions between the increasing number of
dopant ions [57]. For 0.00 < x < 0.10, the approximate
decrease in relaxation time is attributed to the decrease in
electron motion, weakening of super exchange interaction
in lattice [58], or to the decrease in the particle size [59].
This result is in agreement with the XRD analysis showing
a nearly decreasing particle size with increasing erbium
content.

5 Conclusion

Zn;_,Er,O nanoparticles, 0.00 < x < 0.10, were
synthesized by co-precipitation method. XRD analysis
indicated the formation of hexagonal wurtzite structure of
ZnO with erbium oxide secondary phase appearing for x >
0.06. TEM technique showed a nano-like rod shape for 0.01
< x < 0.08 and no definite shape was observed for pure
ZnO and x = 0.10 sample. The formation of ZnO phase was
confirmed by the FTIR analysis showing two major peaks:
O-H stretching peak at 3451.963 cm ™! and Zn—O stretching
peak at 428.901 cm™! with a shift in the Zn—O peak due to
the change of parameters and bond properties of ZnO lattice
perturbed by Erbium doping. The band gap energies (Eg)
calculated from the recorded UV-VIS spectra decreased for
0.00 < x < 0.06, then increased for x = 0.08 and 0.10. The
M-H hysteresis loops at room temperature exhibited a room
temperature ferromagnetic behavior for 0.00 < x < 0.02
while the antiferromagnetic behavior dominated for x >
0.04 due to the formation of oxygen vacancies leading to a
quenching of surface defects. A clear ferromagnetic signal
combined with a paramagnetic signal were observed in the
EPR spectrum of pure ZnO. The decrease in resonance
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field (H,) and the broadening of the signal of the EPR
measurements with increasing doping concentration proved
the antiferromagnetic behavior of the samples with x >
0.04.
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