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alysis of nanosized Zn(Ag, Ni)O
systems and observation of superparamagnetism at
low temperature

Kamakhya Prakash Misra, a Saikat Chattopadhyay,*a Atul Bandyopadhyay, b

Albin Antony,c Ashok Rao,d P. Poornesh, *d J. Jedryka,e K. Ozga,e B. Kucharska,f

Yanting Yin,g Gunther Andersson, h Arunava Agarwala i and Yung-Kang Kuoj

To understand the impact of binary doping in ZnO, nanosized Zn(Ag, Ni)O systems were synthesized by the

sol–gel method. The amount of Ag was fixed at 2 at%, and that of Ni was varied from 1 to 15 at%. Ni

incorporation equal to or beyond 3 at% gave rise to the development of the NiO phase. The presence of

Ag and Ni did not have much influence on the lattice constants of ZnO. However, a larger addition of Ni

impacted the unit cell of NiO, as indicated by the reduction of the lattice constant of NiO. The increase

in NiO and Ag contents in ZnO reduced the second and third harmonic intensities under non-linear

investigations. X-ray photoelectron spectroscopy analysis indicated that initial Ni addition varied

randomly along with Ag, and it stabilized itself at higher concentration. Field emission scanning electron

microscopy revealed that interlinked particles and chains with tamarind shapes were formed, closely

matching the rod-like structures under high resolution. Ag and Ni addition altered the structures slightly

and randomly till 5 at% Ni; thereafter they deviated from the particle shape to flat disc-shapes.

Interestingly, the magnetic response of the sample was determined by the NiO phase, and the effect of

Ni and Ag substitution in the ZnO host matrix was almost irrelevant at low temperatures toward

magnetic contribution. Weak ferromagnetism at low temperatures (#50 K) with superparamagnetic-like

behavior (cusp in ZFC magnetization) was observed in all the samples. This could be attributed to the

finite nano-size effect and uncompensated spins at the surface of the particle.
1. Introduction

Among various semiconductor nanomaterials, ZnO nano-
particles (NPs) are some of the most promising materials for
various electronic and optoelectronic applications due to their
wide band gap energy and large exciton binding energy at room
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temperature. In addition, ZnO NPs have been applied in
numerous elds, including diluted magnetic semiconductors,
optical devices, cosmetics, photocatalysis, etc.1–3

Due to their versatility, there is an increasing demand for
suitable modications in ZnO NPs to achieve improved and
efficient features. A variety of transition and non-transition
metals have been doped into ZnO to improve its optical prop-
erties. Ca, Ni, Sr, Ag, Ce, Eu, Co, etc., are popular examples of
dopants incorporated into ZnO for gaining favorable lumines-
cence, a tuned band gap, and improved ferromagnetism.4–9 The
enhancement of the photocatalytic activity of Co-doped ZnO
nano-disks/-rods produced by wet chemical techniques proved
that a large facet area and acceptable band gap favour superior
photocatalytic action in the grown nanostructures.10–13 ZnO thin
lms exhibit better electrical properties along with an
improvement in crystalline quality when there is the formation
of nanorods or they are doped with Cu.13 Particularly, Ni offers
ne-tuning of optical properties by inducing impurity levels
between the valence band and the conduction band, promoting
visible light absorption and reducing charge carrier recombi-
nation.1,5 The indirect interaction between oxygen vacancies
and transition metal dopant ions forms magnetic polarons,
which overlap to generate room-temperature ferromagnetism.2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sample Description

Sample designation
Sample content variation (two
presentation styles)

S1 ZnO ZnO
S2 Ag2_Ni0_ZnO ZnO/Ag
S3 Ag2_Ni1_ZnO ZnO/Ag/1% NiO
S4 Ag2_Ni3_ZnO ZnO/Ag/3% NiO
S5 Ag2_Ni5_ZnO ZnO/Ag/5% NiO
S6 Ag2_Ni7_ZnO ZnO/Ag/7% NiO
S7 Ag2_Ni10_ZnO ZnO/Ag/10% NiO
S8 Ag2_Ni12_ZnO ZnO/Ag/12% NiO
S9 Ag2_Ni15_ZnO ZnO/Ag/15% NiO
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Recently, co-doping has drawn signicant attention as it offers
better optoelectronic and magnetic features as compared to
single metal ion doping in ZnO.

Multiple combinations have been reported that have
demonstrated superior properties. Ag and Fe were used as co-
dopants in a specic molar ratio in ZnO, and the resultant
materials demonstrated excellent photocatalytic activity.14 Er
and Dy co-doped ZnO systems also recently demonstrated
superior photocatalytic activity.15 Zr–Ag–ZnO was found to be
suitable for the degradation of RR120 dye.16 Sol–gel synthesized
Y and Al co-doped ZnO exhibited excellent photocatalytic
activity.17 Hence, it is pertinent to claim that co-doping has
signicance in improving the photocatalytic behavior of ZnO. A
Ga and Al co-doped ZnO system was analyzed for diluted
magnetic semiconductors.18 Recently, ferromagnetic ordering
via bound magnetic polarons was observed in Al and Ce co-
doped ZnO.19 However, there is no established consensus on
which of the two transition metals should be co-doped into ZnO
for gaining favorable magnetic behavior. Some efforts are
visible in the literature when Ni and Ag together have shown
a better reduction of nitro-compounds, but no spectroscopic
and magnetic analysis has been done. Ni is generally found to
reduce the charge carrier recombination by imparting the trap
states, and Ag is a well-known electron donor; hence it also
reduces the recombination of electrons.1 Therefore, it is ex-
pected that reduced carrier recombination will lead to the
formation of bound magnetic polarons, which eventually will
inuence the magnetic behavior of ZnO.

Numerous techniques have been used to produce ZnO NPs/
lms, including hydrothermal, electrochemical, chemical
vapour, thermal, combustion, chemical–thermal synthesis,
anodization, sol–gel co-precipitation, and electrophoretic
deposition. Most of them are costly and sophisticated. One of
the most straightforward processes is sol–gel, which is
economical, effective, and perfect for the development of doped
ZnO nanoparticles.4 The other added advantages of sol–gel
processing, particularly in the synthesis of oxide-based mate-
rials, are mild reaction conditions, low processing tempera-
tures, ease of purication of molecular or soluble precursors
and the easy modication of the chemical composition.

There are limited original research contributions towards
the understanding of wide band gap semiconductor nano-
particles doped with two different elements simultaneously.
Hence, with an objective to understand the impact of binary
doping in ZnO, we herein report the synthesis of Ni and Ag co-
doped ZnO by a sol–gel co-precipitation method. The under-
lying mechanism of how two dopants (Ni and Ag) can inuence
the structures, surface, and magnetic behaviour, is thoroughly
analyzed via basic characterization techniques, such as XRD,
XPS, and FESEM. Further the results obtained are corroborated
with the overall performance of the synthesized material. The
analysis of its potential as a harmonic generator is also included
in the study. A thorough understanding of the magnetic prop-
erties of such a binary doped Zn(Ag, Ni)O system is also
presented.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1 Synthesis

An aqueous solution of PEG-400 (15 g PEG in 185 mL distilled
water) was taken into a 1000 mL two-neck round-bottomed ask.
Aqueous solutions of Zn(CH3COO)2$2H2O (15 mmol) and
various mol% of dopant (Ni in the form of Ni(NO3)2$6H2O) and
2 mol% of co-dopant (Ag in the form of AgNO3) were prepared in
200 mL distilled water (solution A). Another aqueous solution of
(NH4)2CO3 (12 mmol) in 200 mL distilled water was prepared
(solution B). Solutions A and B were taken in two separate drop-
ping funnels and added dropwise simultaneously into the round-
bottomed ask with vigorous stirring. With the complete addition
of solution B, the pH of the solution changed from almost neutral
to more than 9. Aer the completion of addition, the resultant
solution was further stirred for 2 h at room temperature, and the
formation of precipitate was observed. The precipitate was ltered
and washed with deionized water, followed by anhydrous ethanol,
and dried at room temperature for 12 h. Finally, the precipitate
was calcined in a furnace at 500 °C for 3 h. The amount of Ag in all
the doped samples was kept at 2 at%, and the amount of Ni in all
co-doped samples was varied as 1, 3, 5, 7, 10, 12, and 15 at%. The
sample description and depiction are given below (Table 1).
2.2 Characterization

The prepared samples were characterized through X-ray
diffraction (XRD) (Miniex 600, Rigaku, Japan) and X-ray
photoelectron spectroscopy (XPS) for their structural alter-
ations by doping and co-doping. The details of the XPS instru-
ment are described in ref. 20. Field emission scanning electron
microscopy (FESEM) (JEOL-7610F, Japan) was used to judge the
surface morphology. The second harmonic generation (SHG)
and third harmonic generation (THG) studies were performed
using a similar experimental set-up to that described in ref. 21.
For the assessment of magnetic properties, magnetization
versus eld (M–H) curves were recorded using a vibration
sample magnetometer (VSM) (PPMS, Quantum Design, USA).
3. Results and discussion
3.1 XRD

Fig. 1(a) shows the XRD patterns of all the samples. All the
characteristic peaks corresponding to the hexagonal wurtzite
Nanoscale Adv., 2024, 6, 3838–3849 | 3839
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phase (ICDD Card No. 89-1397) of ZnO are visible.21 Any new
phase does not appear up to S2, which is a 1 at% Ag doped ZnO
sample. From samples S3 to S9, the amount of Ni increases as
described in the synthesis section. Accordingly, the magnied
peaks (Fig. 1(b)) reveal the formation of NiO from S3 to S9. The
peak intensities corresponding to NiO monotonically increase
as the amount of Ni increases in the ZnO matrix. The upward
arrows are marked to correspond to NiO peaks in Fig. 1(b). The
incorporation of Ag does not show any new phases; however, the
diffraction angles shi to lower angles, thereby increasing the
interplanar distance (d). The shi in diffraction angles corre-
sponding to (100), (002), and (101) peaks is larger, and it is
smaller for other peaks. Accordingly, we notice a greater
Fig. 1 X-ray diffractograms of the (a) Ag-doped and (b) Ni co-doped Zn

3840 | Nanoscale Adv., 2024, 6, 3838–3849
increase in d (almost by 2 Å) for (100) and (101) and a smaller
increase in other peaks like (203) and (200), as shown in Fig. 2.

The enhancement of d suggests that Ag replaces Zn in ZnO.
This replacement preferentially takes place along the densest
planes. Despite an enhancement of the interplanar spacing, the
lattice constants (a and c) reduce (see Fig. 3(a)). This reduction
is prominent only with Ag doping. Ni incorporation does not
cause any major impact on a and c. The values of a and c for the
ZnO samples with higher amounts of Ni (S3 to S9) uctuate
randomly about 5.207 Å and 3.250 Å, respectively.

However, the lattice constant aNi of NiO decreases from S4 to
S9 and thereaer achieves saturation. Thus, it can be concluded
that more Ni incorporation compresses the NiO unit cell,
O NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of dopants on principal inter-plane distances dhkl for the structure of (a) Ag-doped and (b) Ni co-doped ZnO NPs.

Fig. 3 Influence of dopants on (a) the lattice parameters of phases and (b) the c/a ratio for ZnO and lattice disturbance for the structures of ZnO
and NiO.

Table 2 Calculated strain (along the 100 and 101 planes) and dislo-
cation density along the strongest crystallographic planes

Samples Strain
Dislocation density
(d) × 1014 m−2

Along (100) Along (101) Along the strongest peak
S1 −0.01 −0.007 5.863
S2 −0.003 −0.001 4.377
S3 −0.003 −0.002 8.210
S4 −0.004 −0.003 7.631
S5 −0.004 −0.002 7.631
S6 −0.004 −0.002 7.980
S7 −0.004 −0.002 8.353
S8 −0.003 −0.002 7.935
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thereby reducing aNi. An important parameter related to the
hexagonal crystal structure, i.e., a/c ratio, remains unaffected by
Ag doping (S2). Then the addition of Ni reduces it slightly up to
S5, and it increases (Fig. 3(b)). The lattice deviations for ZnO
and NiO are also shown in Fig. 3(b). It is found that the
percentage lattice deviation for NiO goes down monotonously
from 0.27% to 0.25% from S4 to S9. However, the percentage
lattice deviation of ZnO does not depend on Ni content. Doping
a semiconductor with foreign elements is expected to cause
strain in the samples because of changes in lattice constants.
The deviation of lattice constants compared to that of bulk ZnO
gives the amount of strain available in the samples. The strain
values calculated for all the samples are given in Table 2. The
negative values of strain demonstrate its compressive nature.
There is no denite trend of variation as is visible from the
strain values.

We also identied the mass percentage of NiO, and the
results are shown in Fig. 4(a) with the expected trend of
© 2024 The Author(s). Published by the Royal Society of Chemistry
systematic increment. The maximum content of NiO is 9%,
corresponding to the sample with 15 at% Ni and 2 at% Ag in
ZnO.
S9 −0.01 −0.007 8.702

Nanoscale Adv., 2024, 6, 3838–3849 | 3841
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Fig. 4 Influence of the dopant and co-dopant on (a) the participation of NiO and (b) the sizes of ZnO and NiO for the samples.
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The oxides ZnO and NiO possess different crystalline sizes;
the variation is shown in Fig. 4(b). The averaged crystallite size
of ZnO increases with Ag incorporation (S2). When Ni is intro-
duced along with Ag (S3), it drops suddenly and thereaer
remains almost constant, close to a value of 353 Å. The averaged
crystallite size of NiO lying close to 127 Å remains constant up to
S7; aer that, it drops slightly (S8 to S9). The addition of
dopants produces dislocations and the dislocation density in
the case of ZnO is the inverse square of the crystallite size. The
calculated values of dislocation density for all the samples along
the strongest crystal planes are listed in Table 2.
3.2 XPS

XPS is a useful technique to investigate the valence states of the
elements present in the material.22–24 The XPS spectra of all the
samples are recorded, and Zn and Ni peaks are detected, as
presented in Fig. 5 and 6. The Zn 2p peak shows a symmetrical
Fig. 5 Zn 2p3/2 fitting spectrum obtained from the XPS spectra of Ag-
doped and Ni co-doped ZnO NPs.

3842 | Nanoscale Adv., 2024, 6, 3838–3849
Gaussian shape, discarding the presence of multicomponent Zn
species. The peak at 1022.5 ± 0.2 eV, attributed to Zn 2p3/2, is
visible in the S1 sample, as seen in Fig. 5. A slight shi of the
peak towards higher binding energy aer Ag doping (S2) could
potentially be due to the substitution of Zn by Ag. However, Ni
co-doping (S3–S9) does not cause any shi of the peak, indi-
cating the absence of substitution reactions by Ni in the matrix
of ZnO.22–24 A similar conclusion was obtained from the XRD
analysis. To understand the distribution of Ni in ZnO, the
related peaks are shown in Fig. 6. Ni core level peaks corre-
sponding to Ni 2p3/2 are observed at 854 ± 0.2 eV, whereas the
corresponding satellite peaks are seen at 859.8 ± 0.2 eV. The
local structure of Ni atoms governs the peak position. Actually,
the peak corresponding to 854 ± 0.2 eV is due to the metallic Ni
atom. Another peak at 856.3 ± 0.2 eV corresponds to NiO. A
systematic rise of the peaks from S3 to S9 indicates an increase
in the Ni-related species in the ZnOmatrix. Such an observation
is in accordance with the XRD results.
Fig. 6 Ni 2p3/2 spectrum obtained from the XPS spectra of Ag-doped
and Ni co-doped ZnO NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00077c


Fig. 8 Relative concentration of Ag and Ni in Ag-doped and Ni co-
doped ZnO NPs.

Fig. 9 Relative ratio of Zn, Ni, and Ag in Ag-doped and Ni co-doped
ZnO NPs.

Fig. 10 Relative ratio of Ni species in Ag-doped and Ni co-doped ZnO
NPs. Note that on the multi-y-axis the element is labelled individually.

Fig. 7 Relative concentration of all the participating elements in Ag-
doped and Ni co-doped ZnO NPs.
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For further clarity on elemental species present in the
samples, the relative concentrations of different components
are presented in Fig. 7. As the concentration of Ag is very low in
all doped samples (S2–S9), their oxidation state cannot be
identied. The signicant and appropriate percentages of all
other species like Zn, O, and Ni are clearly visible in Fig. 7. As
the samples have compositional variation in terms of dopant
(Ag) and co-dopant (Ni), the relative concentration variation of
Ni and Ag is shown in Fig. 8. The variation of the elements with
samples closely follows the expected curves with Ni increasing
as the doping amount increases. For comparison, the experi-
mentally selected composition values of Ni and Ag are shown in
the inset of Fig. 8. Zn, Ag, and Ni are the major entities expected
to participate in the substitution reaction process. Hence, their
relative ratio is presented in Fig. 9. All three entities follow the
expected trend in line with experimentally selected amounts. Ni
exists mainly in two forms, i.e., Ni and NiO. The relative
intensities of both Ni species are shown in Fig. 10. Both of them
are available within the samples with almost the same ratio.
Initial doping (S3–S4) causes the exchange of these species with
each other, and they follow nearly the same curves. This indi-
cates that initial Ni addition remains unstable, stabilizing at
higher concentrations in ZnO.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 FESEM

Fig. 11 presents the low-magnication FESEM images of all
samples. The images reveal interlinked particle chains that have
tamarind shapes. The tamarind shapes are more prominent
with Ag doping in ZnO (S2). When Ni is incorporated, the
morphology deteriorates initially to a random distribution of
particles (S3), and then it again adjusts towards chained parti-
cles, taking a rod-like outgrowth for the S4 to S6 samples. A
higher addition of Ni in Ag-doped ZnO starts forming clusters,
and there is no denite morphological variation. However, the
particles remain visible at the highest level of Ni doping. Fig. 12
shows the high-magnication images, where randomly
distributed particles of mixed shapes and sizes are visible.
3.4 Second and third harmonic studies

Second and third harmonic generation (SHG and THG) occur as
a result of nonlinear interaction between the material and the
incident radiation. In the case of ZnO, each Zn ion is sur-
rounded by a tetrahedron of four O ions and vice versa in the
hexagonal wurtzite phase. This tetrahedral coordination results
in a non-centrosymmetric crystal structure, which makes it
a promising candidate to observe SHG under ambient condi-
tions.21 The dependence of the signal intensity of SHG and THG
versus that of the fundamental beam is shown respectively in
Fig. 13 and 14. The variation of SHG signal intensity shows that
the incorporation of Ag and Ni reduces the signal strength but it
saturates for S5 (Ag 2 at% and Ni 5 at% doping). A drastic drop
is observed for further addition of Ni in Ag-doped ZnO. In ZnO
Nanoscale Adv., 2024, 6, 3838–3849 | 3843
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Fig. 11 FESEM images of Ag-doped and Ni co-doped ZnO NPs at low magnification.
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nanostructures and thin lms, there are numerous factors that
affect the SHG signal intensity, e.g., the contribution from
crystalline quality, surface defects, doping level, aspect ratio,
Fig. 12 FESEM images of Ag-doped and Ni co-doped ZnO NPs at high

3844 | Nanoscale Adv., 2024, 6, 3838–3849
etc.25 All these factors are signicantly affected by Ag doping and
Ni co-doping. Hence, a drop in SHG signal intensity is expected.
A similar variation of THG signal intensity is observed. The
magnification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Laser-stimulated SHG efficiency of Ag-doped and Ni co-
doped ZnO nanoparticles versus the fundamental laser energy.

Fig. 14 Laser-stimulated THG spectra of Ag-doped and Ni co-doped
ZnO NPs.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

4 
12

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
decay of the signal with doping is impacted in the same way as
in SHG. THG is generally observed in symmetry-allowed mate-
rials, while SHG is available with a lack of inversion symmetry.25

In the present study, a co-doping strategy with Ag and Ni has
been adopted; hence the compensation of the inuence of both
dopants may result in the decay of THG.
3.5 Magnetic study

VSM is a versatile technique for measuring the magnetic
moment of a sample when it is vibrated perpendicularly to
a uniform magnetizing eld. VSM measures the magnetic
moment of the entire sample and magnetization versus eld
(M–H) curves, typically called hysteresis loops, are plotted. Here,
we recorded M–H loops at different temperatures (300, 200, 50,
20, and 10 K) and M–T data under eld-cooled (FC) and zero-
eld conditions (ZFC) (200 Oe) for all the samples. The M–H
loops of selected samples are shown in Fig. 15. The samples S3
to S9 exhibit a distinct hysteresis loop up to 20 K, whereas the S1
and S2 samples are diamagnetic in nature. It is to be noted that
only the S3 and S4 samples exhibit a hysteresis loop up to 20 K,
whereas the samples S5 to S8 exhibit a hysteresis loop up to 50
© 2024 The Author(s). Published by the Royal Society of Chemistry
K. Among all the samples, S9 has a better magnetic response
and a distinct hysteresis loop up to 200 K. TheM–H curve at 300
K of S9 indicates that the sample is a mixed-phase material,
where ferromagnetic phases coexist with strong diamagnetic
phases. The magnetic data, along with XRD data, suggest that
hysteretic behavior arises from the NiO phase, and diamagnetic
response arises from ZnO or doped ZnO phases. Because of the
ZnO host and the lack of the NiO phase, the S1 and S2 samples
are diamagnetic. The S9 samples exhibit a distinct hysteresis
loop at the highest temperature compared to all the samples
due to the highest weight percentage of the NiO phase. Inter-
estingly, none of the hysteresis curves reaches saturation in
spite of the high applied eld (∼6T). In the nano-regime,
a larger number of particles reside on the surface compared
to the bulk. Therefore, exchange bonds are broken on the
particle surface, which gives rise to a large number of uncom-
pensated spins at the surface and contributes to a linear
response in the hysteresis loop.26

The bifurcation between the FC and ZFC curves is observed
for the S3–S9 samples, indicating magnetic ordering or super-
paramagnetism within the samples. In sufficiently small
nanoparticles, magnetization can randomly ip the direction
under the inuence of temperature, which is called super-
paramagnetism. We have shown the M–T data of four samples
in Fig. 16. The ZFC-FC plots are prominent despite the presence
of a diamagnetic phase because the data were taken at a low
eld (∼200 Oe), where ferromagnetic/super-paramagnetic
response is much higher than that in a diamagnetic phase.
The ZFC curves of the S4 to S9 samples consist of a broad cusp
rather than a sharp point, an indication of the presence of
super-paramagnetic particles with a wide size distribution. The
sharp maxima are the feature of a monodispersed particle. Still,
for systems with a size distribution, the blocking temperature is
distributed due to variation in the particle size, and cusp-like
features were observed.27,28 Another reason for such a shape of
the ZFC curve may be the distribution of point defects over the
whole particle region.29,30 We don't observe any spin freezing in
the FC/ZFC curve down to the lowest temperature. This may be
because some of the surface spins are not exchange-coupled
with the AFM core, which results in a paramagnetic contribu-
tion to total magnetization.31 On the other hand, E. De Biasi
et al. explained that the sharp rise at low temperatures is due to
the breaking of a large number of exchange bonds on the
particle surface, driving the spins to a strongly frustrated state.32

As some fractions of Ni ions are properly doped in ZnO hosts,
their contribution to paramagnetism cannot be ruled out.

It is well known that NiO in bulk form is antiferromagnetic
with Néel temperature at ∼523 K. Usually, antiferromagnetic
materials have no coercivity, and theM–H curve is almost linear.
Below the blocking temperature, the competition between the
Zeeman energy and the magnetic anisotropy energy results in
potential barriers for the uncompensated magnetic moment
and causes hysteretic behavior in single-domain particles.
Therefore, based on the above discussion, the robust deviation
of our samples can be described by the core–shell model. Thus,
each nanoparticle has an AFM core with a surface spin
subsystem. Therefore, the magnetization can be written as
Nanoscale Adv., 2024, 6, 3838–3849 | 3845
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Fig. 15 M–H loops of Ag-doped and Ni co-doped ZnO NPs. (a) S2 (ZnO/Ag) at 10 K, (b) S6 (ZnO/Ag/7% NiO) at 50 K, (c) S9 (ZnO/Ag/15% NiO) at
200 K and (d) S9 (ZnO/Ag/15% NiO) at 300 K.
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MTotal = MFM + MPM + MAFM

Assuming that both anti-ferromagnetic and paramagnetic
responses have a linear relationship with the applied eld

MPM + MAFM = (cPM + cAFM)H + (cTotal)H

whereas,

MFM ¼ MFL

�
mNPH

KBT

�

Here, mNP is the magnetic moment corresponding to each
NP, and L stands for the Langevin function.31 The S3 to S9
samples exhibit a hysteresis loop at 10 K, and theM–H curves at
10 K are well tted to the above core–shell model, which
substantiates the applicability of this model in the case of
antiferromagnetic NPs. The parameters extracted from tting
are tabulated in Table 3, and two representative tting curves
are also shown in Fig. 17. From Table 3, it is evident that MF
3846 | Nanoscale Adv., 2024, 6, 3838–3849
increases as wt% of NiO phase increases, and effective moment/
particle also increases with a ferromagnetic contribution,
consistent with the literature.33
3.6 Conclusive comment on the origin of magnetism in
Zn(Ag, Ni)O

It is observed that low temperature magnetic ordering is
observed in low Ni doped samples and shis to high tempera-
tures as Ni doping increases. The fraction of NiO phases also
increases with an increase in doping. If hysteretic behavior is
solely due to the NiO phase, then the magnetic ordering will not
be shied to a higher temperature as the particle size of NiO is
almost constant. B. Balaraju et al.34 mentioned that the
magnetic properties of NiO are highly dependent on particle
size. Therefore, particle size dependence on magnetism due to
NiO can be ruled out. However, the impurity phase NiO de-
nitely contributes to magnetic ordering, but doping with Ni and
Ag also plays a crucial role in magnetism. There are a few
theoretical models in the literature to explain the magnetic
ordering within the sample. The RKKY (Ruderman–Kittel–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 ZFC and FC M–T curves of Ag-doped and Ni co-doped ZnO NPs. (a) S4 (ZnO/Ag/3% NiO), (b) S6 (ZnO/Ag/7% NiO), (c) S8 (ZnO/Ag/12%
NiO) and (d) S9 (ZnO/Ag/15% NiO).

Table 3 Results obtained from the fitting of the M–H curves

Sample name MF emu g−1 mNP emu g−1 ctotal emu g−1 Oe−1

S3 0.0043 1 × 10−15 0.0087
S4 0.058 1.6 × 10−15 0.0115
S5 0.0653 1.9 × 10−15 0.0216
S6 0.102 2.7 × 10−15 0.01462
S7 0.12 3 × 10−15 0.033
S8 0.13 3.3 × 10−15 0.0197
S9 0.18 4.3 × 10−15 0.036

Fig. 17 Representative fitting curves (M–H) based on a core–shell
model. (a) S3 (ZnO/Ag/1% NiO) and (b) S9 (ZnO/Ag/15% NiO).
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Kasuya–Yosida) model and double exchange (DE) model are
very popular models.35,36 The RKKY model is applicable in
systems where localized magnetic moments interact via the
exchange of itinerant electrons. The DE model is applicable in
systems where both localized magnetic moments and itinerant
electrons coexist and interact strongly. Therefore, the presence
of delocalized or free-moving electrons (itinerant electrons)
throughout the crystal lattice is the main criterion for the
applicability of this model. Here, the host material is ZnO, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
therefore the probability of the presence of a large number of
itinerant electrons is comparatively low.37 We believe that
structural defects (vacancies, interstitials, and dislocations) are
Nanoscale Adv., 2024, 6, 3838–3849 | 3847
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the main reason for the observed magnetic properties of the
sample. Defects in diluted magnetic semiconductors (DMSs)
can create localized states within the semiconductor band
structure, inuencing the formation and behavior of bound
magnetic polarons (BMPs).38–40 These localized states can trap
charge carriers, facilitating their interaction with nearby
magnetic impurities and promoting the formation of BMPs.
These percolating BMP clusters enable long-range magnetic
interactions between distant regions of the material.41–43 As
a result, the material exhibits long-range magnetic ordering,
characterized by the alignment of magnetic moments over
macroscopic distances.
4. Conclusions

The sol–gel precipitation method was used to prepare Ag-doped
and Ni-co-doped ZnO NPs. XRD and XPS measurements
provided a conrmation of structural alterations by the dopant
and co-dopant. The NiO phase was observed with the increase of
Ni content in Ag-doped ZnO. A rod-like morphology with
tamarind shapes was observed. There is a reduction of SHG and
THG signals with the addition of more Ni content. Their M–H
curves exhibit hysteresis loops when Ni is present in the
samples. The bifurcation between the FC and ZFC curves indi-
cates a super-paramagnetic interaction between particles with
a wide size distribution. The underlying reason for the linear
shapes of hysteresis loops is supported by the presence of the
NiO phase. The core–shell model substantiated the observation.
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