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Abstract

Dilute magnetic semiconductor nanoparticles of zinc phosphide (Zn;_ Ni,P,), doped with nickel, were synthesized using a
solid-state reaction method. The doping levels of nickel were varied at x=0.01, 0.03, 0.05, and 0.07. The study investigated
the influence of varying nickel dopant concentrations on the structural, optical, and magnetic characteristics of the synthe-
sized materials. Based on the XRD investigation, it is evident that the generated samples have a tetragonal structure, with no
discernible presence of additional nickel or any other contaminants in the diffraction peaks. The lattice parameters exhibited
a positive correlation with the Ni content, indicating that an increase in Ni concentration led to an increase in lattice param-
eters. SEM pictures provided empirical evidence supporting the notion that the dimensions of the nanoparticles exhibited
a positive correlation with the extent of dopant incorporation. EDS examination indicates that the concentration of dopants
closely approximates the desired atomic ratio. The optical band gap of the Zn, ,Ni,P, nanoparticles exhibited a rise in value,
namely from 1.410 to 1.433 eV, as the quantity of nickel was increased. The study revealed that photoluminescence emission
peaks were consistently seen at nearly identical places, despite variations in excitation wavelengths. Additionally, it was noted
that the strength of the emission peaks exhibited slight fluctuations, which were more pronounced as the concentration of
the dopant rose. The study of the VSM data demonstrates a positive correlation between saturation magnetization and the
Ni content, indicating that an increase in the Ni concentration leads to an increase in saturation magnetization.

Keywords Diluted magnetic semiconductor - Vacuum annealing furnace - Ni-doped Zn;P, nanoparticles - Room
temperature ferromagnetism - B-H hysteresis loop

1 Introduction semiconductors are occasionally referred to as semi-mag-

netic semiconductors (SMSCs). In the realm of semicon-

Dilute magnetic semiconductors (DMS) have proven to be
particularly advantageous in the field of spintronics, a spe-
cialized domain within nanoscale electronics that focuses
on the manipulation and regulation of electron spin. The
detection of spin is accomplished through the observation
of the magnetic moment, which can be oriented either in
an “up” or “down” configuration. Spintronics technology is
founded upon the intrinsic spin characteristic of electrons,
which has spurred much investigation in both theoretical
and experimental domains [1]. Every DMS material pos-
sesses unique properties and potential uses in magneto-
optical and magneto-transport systems [2]. Dilute magnetic
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ductors, several significant definitions can be identified. A
magnetic semiconductor refers to the ordered arrangement
of magnetic constituents, while a dilute magnetic semicon-
ductor denotes an alloy composed of both magnetic and
nonmagnetic constituents. DMS materials offer numerous
advantages, including enhanced speed, the ability to store
data in compact spaces, improved resistance, and reduced
power usage. The presence of magnetic characteristics was
detected in both doped and undoped E** materials, specifi-
cally those composed of chalcogenides and oxides [3]. The
aforementioned compounds exhibit limited semiconducting
properties and possess relatively low Curie temperatures.
The discovery of ferromagnetism in Mn-doped IV-VI [4],
III-V [5], and II-VI [6] dilute magnetic semiconductors has
significantly contributed to the advancement of spintronic
applications. Ferromagnetic semiconductors (FM) possess-
ing a Curie temperature (Tc) exceeding 300 K represent the
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essential prerequisite in spintronics applications. The Zener
model has been utilized to establish the presence of ferro-
magnetism at room temperature in Zinc-blende ferromag-
netic semiconductors [7]. Diluted magnetic semiconductor
(DMS) materials have gained significant attention in con-
temporary research. Notably, certain DMS materials have
been found to have ferromagnetic properties even at ambi-
ent temperatures, as documented in the existing literature
review on DMS materials. The majority of research efforts
have focused on investigating numerous types of DMS
compounds, employing diverse methodologies to elucidate
their structural, optoelectrical, and magnetic characteristics.
Transition elements have been included into DMS (dilute
magnetic semiconductor) materials. Several instances of
this include the doping of Cr in ZnTe [8], Sn in ZnS [9],
Mn in InAs [10], Cr in AIP [11], Co in TiO, [12], and Ni
in SnO, [13]. Historically, the research on II-V dilute mag-
netic semiconductors has been very limited compared to the
more extensively studied II-VI, III-V, and IV-VI compound
dilute magnetic semiconductors. The materials derived from
DMS can be classified into three significant types, namely
II-VI, IV-VI, and III-V, which are commonly referred to
as dilute magnetic semiconductors. Upon introducing tran-
sition metals (Mn, Fe, Ni, V) and rare earth metals (Gd,
Dy) as dopants, the nonmagnetic semiconductor material
undergoes a transformation, resulting in the acquisition of
magnetic properties.

This study discusses zinc phosphide (Zn;P,), which
belongs to the class II-V of semiconducting materials. It is
characterized as an earth-abundant, environmentally benign,
polar, mixed-valent, and cost-effective semiconductor. Zinc
phosphide is characterized as a diamagnetic substance and
is classified as a p-type semiconducting material. It can be
easily fabricated into thin films and nanoparticles, showcas-
ing remarkable promise for solar applications. The material
under consideration is a direct band-gap semiconductor,
possessing a band gap that is well-suited for the develop-
ment of single-junction solar cells. Specifically, the energy
gap (Eg) of this material is approximately 1.5 eV [14]. The
P42/nmc space group (No.137) is observed in the primi-
tive tetragonal crystal structure of zinc phosphide (Zn;P,)
[15]. The material has a significantly high optical absorption
coefficient, ranging from 10* to 10° cm™', as well as a sub-
stantial carrier diffusion length of around 13 X 10° m [16].
The scientific community has shown significant interest in
studying the characteristics of zinc phosphide in the context
of thin-film photovoltaic cell advancement and its poten-
tial uses in solar energy research, as seen by the extensive
coverage in academic literature. Currently, there has been
significant research conducted in recent years to explore
the enhancement of half-metallic ferromagnetism and mag-
netic semiconductors. These investigations have primarily
focused on experimental studies including nano phases [17,
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18], bulk materials [19, 20], and thin films [21, 22]. In the
previous literature study, it is evident that there has been lim-
ited research conducted on the utilization of zinc phosphide
(Zn;P,) material in conjunction with various dopants such
as Ti-doped Zn,P, [23], Fe-doped Zn;P, [24], and Q-doped
Zn;P, with different elements (Q =V, Cr, Mn, Fe, Co) [25].
These reviews were subsequently followed by ab initio stud-
ies. Zn;P, is classified as a semiconductor belonging to the
II-V group compounds. This compound has been investi-
gated in the literature review alongside other compounds
from the same group, such as Ti-doped Cd;P, [26], Mn-
doped ZnAs, [27], Mn-doped Zn;As, [28], and Mn-doped
Cd;As, [29]. These studies have primarily focused on the
electronic structural properties, magnetic properties, and
half-metallic properties of Zn;P, using ab initio methods.
Based on the conducted literature survey, it is possible to
anticipate the utilization of several experimental techniques
to investigate the structural, optical, and magnetic charac-
teristics of transition elements doped with zinc phosphide
(Zn;P,) compound.

In this study, the synthesis of nickel-doped zinc phos-
phide (Zn;P,) nanoparticles was carried out utilizing the
conventional solid-state reaction approach. This method is
considered highly effective for synthesizing nanoparticles
due to its efficient and time-saving synthesis procedure,
resulting in the formation of nanoparticles with excellent
crystallinity. The inquiry will involve reporting on the effects
of various nickel doping concentrations (x=0.00, 0.01, 0.03,
0.05, and 0.07) in the substitution of zinc atoms. The focus
will be on analyzing the structural, optical, and magnetic
properties of the resulting materials. The findings presented
in this study hold significant value in the context of advanc-
ing materials for spintronics applications.

2 Experimental Details
2.1 Synthesis

The synthesis of nickel-doped zinc phosphide nanoparticles
was conducted using the conventional solid-state reaction
technique. Four samples with varying nickel concentrations
were synthesized, denoted as N1 (x=0.01), N2 (x=0.03),
N3 (x=0.05), and N4 (x=0.07). Zinc phosphide (Zn;P,) and
nickel phosphide (Ni,P) are two chemical compounds that
have been procured by the Sigma Aldrich corporation. Both
of these substances are in the form of powders. All chemical
reagents utilized in the study were of analytical purity and
sourced from Sigma Aldrich. The compounds were meas-
ured based on a stoichiometric ratio of Zn; ,Ni,P,, where x
values of 0.01, 0.03, 0.05, and 0.07 were used. The micro-
balance was utilized to prepare 3 g for each sample doped
with nickel. Zinc phosphide (Zn;P,) is a substance known
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for its hazardous properties, thus necessitating cautious han-
dling during the fabrication of samples. To mitigate potential
risks, it is recommended to employ an agate mortar and pes-
tle for this purpose. To initiate the cleaning process, employ
acetone to cleanse the mortar and pestle. The zinc phosphide
and nickel phosphide compounds were subjected to exten-
sive grinding for a duration of approximately 16 h. After the
completion of the grinding process on pure material, it was
found that dopant ions exhibited a tendency to aggregate
in close proximity to one another, resulting in a uniform
and homogeneous distribution. The powdered materials
were placed into an alumina crucible using a fixed plate.
The processed samples are stored within a tubular furnace,
according to appropriate conditions. Each sample is main-
tained at a temperature of 500 °C for a duration of 5 h, while
being subjected to a vacuum pressure of 2 x 1072 mbar. Fol-
lowing the heating process, the nickel-doped samples were
meticulously ground prior to undergoing characterization.
The resultant outcome of the incorporation of nickel into
zinc phosphide nanoparticles exhibited a black hue.

2.2 Characterizations

The primary objective of this study was to conduct several
characterizations, including the utilization of X-ray diffrac-
tion (XRD) with the Rigaku-mini flex-600 instrument. XRD
was employed to determine the crystalline structure of nano-
particles, utilizing Cu Ka radiation with a wavelength of
1.5406 A. The elemental composition was identified using
energy dispersive X-ray analysis (EDAX) spectroscopy,
and surface morphology was analyzed using scanning elec-
tron microscopy (SEM) with the JSM-IT 500 instrument.
The optical band gap and diffused reflectance spectra were
measured using Ultraviolet—visible near-infrared radiation
spectroscopy (UV—-vis-NIR) with the Perkin lambda 365
instrument. photoluminescence spectroscopy (PL) meas-
urements were conducted using a Fluorescence spectrum
(FP-8300) to analyze the emission characteristics at vari-
ous excitation wavelengths, specifically 210 nm, 215 nm,
240 nm, and 307 nm. The saturation magnetization, coerciv-
ity, and retentivity were determined using a vibrating sample
magnetometer (Lake Shore 7410 S).

3 Results and Discussion
3.1 Structural Properties

X-ray diffraction is widely recognized as a pivotal tool for
characterizing materials, mostly due to its ability to discern
the phase and crystallite size of a given substance. Figure 1a
illustrates the X-ray diffraction patterns of nickel-doped
zinc phosphide nanoparticles that were synthesized using

the conventional solid-state reaction approach. The X-ray
diffraction patterns exhibit the presence of pure Zn; Ni P,
nanoparticles, where x represents the varying compositions
of 0.00, 0.01, 0.03, 0.05, and 0.07. The X-ray diffraction
pattern was examined in order to investigate the prominent
peaks seen in both pure and doped samples, which displayed
a distinct tetragonal structure of Zn,P,. The obtained results
exhibit a precise match with the JCPDS cards (Reference
NO. 74-1156), specifically in terms of the space group P42/
nmc, which corresponds to space group number 137. The
lattice parameter of zinc phosphide is characterized by equal
values for the parameters a=b and ¢, which are both meas-
ured to be a=b=8.0970 A. Additionally, the parameter ¢
is determined to be 11.4500 A. Furthermore, the angles a,
f, and vy are all measured to be 90° (Based on JCPDS data).
A comparable configuration was documented by I.K. EI
Zawawi et al. [30].

The diffraction peaks of pure and Ni-doped samples
exhibit pronounced intensity and well-defined profiles,
indicating the superior crystalline quality of zinc phosphide
(Zn;P,) and its doped counterparts. Based on the findings
depicted in Fig. 1a, it can be discerned that the X-ray dif-
fraction pattern does not exhibit any additional peaks cor-
responding to dopant ions or other impurities. This obser-
vation suggests that the concentration of nickel doping has
been effectively substituted inside the pure (Zn;P,) material.
The X-ray diffraction pattern exhibited the presence of syn-
thesized diffraction peaks at various angles. Specifically, the
diffraction peaks were observed at angles of 23.36°, 25.82°,
26.98°,29°,31.45°,32.24°, 34.14°, 36.74°, 40.94°, 43.16°,
44.8°, 53.06°, 55.7°, 61.26°, 62.32°, 65.14°, and 82.66°.
These peaks corresponded to the diffraction indices (1 0 2),
211),(202),(212),(220),(203),(301),(302),(30
3),(322),(400),(422),(404),(405),(521),(440),
and (6 2 4), respectively.

Figure 1b illustrates the fluctuations in the 20 angle as
the concentration of dopants increases in the pure sample.
The observed alterations in the 20 value can be attributed
to the influence of Ni concentration. The variation in ionic
radius between Zn*? (0.74 A) and Ni*2 (0.69 A) on the
lower side leads to a change in the angle 26 towards the
lower angle side as the concentration of nickel dopants
increases from N1 to N4 samples. The ionic radius of
the nickel dopant is smaller when compared to the pure
element Zn*2. This smaller ionic radius of nickel allows
for appropriate substitution in the pure combination.
No papers regarding the comparison of Ni-doped Zn;P,
nanoparticles were found. The study conducted by [31]
observed comparable outcomes in the context of Dy-doped
ZnO, with a shift towards the lower angle side. The inten-
sity exhibited a reduction as the quantity of nickel dopant
increased, ranging from N1 to N4 samples. The similarity
in strength among the nickel doping levels derived from
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Fig. 1 a XRD patterns of pure and Zn, ,Ni, P, nanoparticles in the 20 range of 20 to 85°. b Plane (4 0 0) of diffraction angle recording range of
44.0-45.5°. ¢ Variation of crystallite size (D) and band gap (eV). d Variation of lattice parameters

N2, N3, and N4 concentrations is evident. No publications
were found about the comparison of intensity. However,
Kuppan et al. [32] discussed that in their study on Ni-
doped SnO, powder samples, the peak intensity exhibited
a reduction as the nickel concentration increased. Fig-
ure 1c shows the variation in crystallite size and optical

band gap. The increase in Ni concentration from N2 to
N4 samples resulted in an observed increase in crystallite
size, as depicted in Table 1. The estimation of the average
crystallite size (D) for both Pure and all synthesized sam-
ples was conducted based on the (4 0 0) plane, utilizing
the Debye Scherer equation [33].

Table 1 Summary of angle (260), full width at half maximum (FWHM), crystallite size, lattice constant, micro-strain, dislocation density, and

band gap of pure and Ni doped Zn;P, nanoparticles

System name 20 (degree) FWHM Crystallite size a (A) c (/0\) Micro strain ~ Dislocation density Bandgap (eV)
D (nm) (1073 (10 m2

Pure 44.78 0.285 30.09 8.090 11.421 1.15 1.10 1.410

N1 (0.01) 44.74 0.271 31.60 8.095 11.429 1.10 1.00 1.417

N2 (0.03) 44.68 0.321 26.69 8.106 11.434 1.30 1.40 1.422

N3 (0.05) 44.64 0.289 29.64 8.113 11.438 1.17 1.13 1.428

N4 (0.07) 44.58 0.267 32.05 8.123 11.443 1.08 0.97 1.433
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KA
pfcosf 1)

Crystallite size D =

where D represents the average crystallite size derived from
the dominant peak of both the pure and doped samples, and
K denotes the constant with its respective value. The vari-
able K is assigned a value of 0.9. The symbol 1 represents
the wavelength of X-ray diffraction, specifically CuKa with
a value of 0.15406 nm. f denotes the full-width at half-
maximum (FWHM) of a peak, both for a pure sample and a
doped sample, specifically at the (4 0 0) position. Lastly, 8
represents the diffraction angle of the dominant peak at the
(4 0 0) position.

The lattice parameters for pure and nickel-doped nanoparti-
cles will be determined based on the tetragonal structure, uti-
lizing the equation derived from the X-ray diffraction results.

1 P+k P
@ =< @ " —> @
where &, k, and [ are the miller indices of (4 0 0) plane,
d means interplanar spacing given by Bragg’s law relation
(n A = 2dsin@) and d=n A/2sind, n is the order of the dif-
fraction (n=1), 1 wavelength of incident ray (4 =1.5406
A) and 6 be the angle of diffraction. The lattice parameters
exhibited an increase as the Ni content rose, with the values
of a=b and c changing from a=b=28.090 Ac=11421A
toa=b=8.1238 A c=11.443 A as shown in Fig. 1d. This
phenomenon might perhaps be attributed to the development
of internal stress inside the produced samples and variations
in the ionic radius of Zn and Ni.

The dislocation density exhibited a reduction as the con-
tent of nickel increased in the prepared samples N2, N3,
and N4, as seen in Table 1. The calculation of defects in
the crystalline structure of both pure and Ni-doped samples
involves the utilization of dislocation density (5), which is
defined as the reciprocal of the square of the average crys-
talline dimension (D). This relationship is employed for the
aforementioned purpose.

Dislocation densitys = é 3)

X-ray diffraction enables the examination of micro-
strain phenomena such as bending, hardness, cracking,
and similar characteristics. The micro-strain value exhib-
ited a reduction when the Ni content increased from N2 to
N4 samples, potentially indicating a relationship between
the strain of the material and the observed trend. The
micro-strain (¢) can be determined by employing the sub-
sequent equation.

fcosf
4

Micro — strain € =

“

where f is the full-width half maximum (FWHM) for both
pure and doped synthesized samples and O is the angle of
diffraction (4 0 0) plane.

3.2 Elemental Studies

The elemental composition of Zn; ,Ni,P, nanoparticles at
different nickel concentrations (N1, N2, N3, and N4) can be
analyzed by the utilization of Energy dispersive x-ray spec-
troscopy (EDS), as depicted in Fig. 2. The analysis of the
spectra of Zn;P, samples doped with Ni revealed the pres-
ence of zinc (Zn), phosphorus (P), and nickel (Ni) in atomic
ratios that closely matched the anticipated values. Based on
the examination conducted using X-ray diffraction data and
EDAX analysis, it was determined that no more impurities
were detected. Furthermore, the substitution of Ni dopant
ions in Zn,;P, was shown to be successful. The observed
results provided an indication of the level of purity shown
by the nanoparticles of Ni-doped Zn;P,.

3.3 Surface Morphological Studies

Scanning electron microscopy (SEM) is widely regarded as
a highly effective characterization tool for the analysis of
material morphological structures. The investigation focused
on the analysis of nanoparticles composed of zinc phosphide
(Zn;P,) that were doped with nickel. The study encompassed
several concentrations of nickel, specifically N1, N2, N3,
and N4 samples, as illustrated in Fig. 3. In SEM images,
it was seen that the introduction of higher doping concen-
trations in the pure system resulted in a transformation of
fine aggregates into larger aggregates, accompanied by the
formation of spherical shapes.

The X-ray diffraction results indicate that the crystallite
size is smaller when compared to the findings from the scan-
ning electron microscopy (SEM) examination, as presented
in Table 1. The extent of agglomeration is contingent upon
the concentration of dopants, whereby an increase in dopant
concentration leads to the displacement of atoms inside the
pure molecule.

3.4 Optical Properties

The characterization of UV—vis-NIR spectrometers is a
highly effective analytical approach for the assessment of
optical properties. Two characteristics, namely absorption,
and reflectance, can be measured. However, the reflectance
data was seen. The optical characteristics of nanoparti-
cles of zinc phosphide doped with nickel were examined
using infrared (IR) spectra obtained using diffuse reflec-
tance spectroscopy (DRS). Figure 4a displays the diffused
reflectance spectra obtained at ambient temperature for both
undoped and Ni-doped Zn;P, nanoparticles, encompassing
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Fig.2 EDAX spectra of Zn; Ni P, nanoparticles

a wavelength range of 200 to 1100 nm, as specified from
400 to 1100 nm.

The Pure nanoparticles demonstrate a high level of reflec-
tion in the infrared (IR) region, but the zinc phosphide nano-
particles doped with nickel exhibit significantly lower reflec-
tance in the same IR region. The reflectance of Zn; Ni P,
nanoparticles increased when the nickel concentration
increased from N1 to N4 samples within the infrared region.

The optical band gap of pure and all synthesized samples
was calculated using the Tauc equation.

F(R).hv = A(hv — E,)" 4)

The absorption coefficient (a) is denoted by F(R)=a,
where R represents the reflectance. The Kubelka—Munk
function, F(R), is a mathematical expression that is

@ Springer

LK

- —
L N4 (X=0.07) Element |Weight % |Atomic %
P 16.74 29.55
o Ni 8.46 7.88
- Zn 48| 6257
09 Total 100 100
075K
060K

045K
Zn
030K

015K P

Ni In
00 10 0 30 40 50 60 10 80 0 100

Alnts  A040keV  Det Element C28

connected to the absorption coefficient (). The constant A
and the constant % refer to Planck’s constant, respectively.
The value of Planck’s constant is 6.625 x 107> J.s. In this
context, hv represents the energy of a photon, while Eg
denotes the optical band gap between the valence band and
conduction band. Additionally, the parameter n assumes
distinct values of 1/2, 2, 3/2, and 3, corresponding to direct
transitions, indirect transitions, directly forbidden transi-
tions, and indirect forbidden transitions, respectively. The
value of the parameter “n” is contingent upon the charac-
teristics of the electron transition. Specifically, in the case
of direct permitted transitions, the value of “n” is chosen as
1/2. Next, we can extend the linear portion of the absorp-
tion coefficient graph, where the value of o is equal to zero,
which was plotted as a function of the square of the product
of F(R) and photon energy (hv).
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Fig.3 SEM images of Zn; Ni P, nanoparticles in the range of 500 nm

The Kubelka—Munk function, denoted as F(R), is deter-
mined by employing the subsequent equation for computa-
tional purposes.

(1-R)?

R (6)

F(R) =
where R is the diffused reflectance and F(R) is the function
of reflectance. Figure 4b illustrates the optical band gap val-
ues of the pure sample and Ni-doped samples N1, N2, N3,
and N4 throughout the energy range of 1.35 to 1.55 eV. The
researchers in a previous study [14] reported the observa-
tion of a 1.5 eV optical band gap in nanoparticles composed
only of Zn;P,.

The optical band gap increases from 1.410 to 1.433 eV
with increasing Ni content and is tabulated in Table 1. The
rise in the optical band gap with increasing Ni content may

be related to the Burstein—Moss effect. As a result of the
Fermi level migrating to the conduction band and occupy-
ing some of the lowest levels in the conduction band, the
band gap widens, requiring more energy to move from the
valance band to the conduction band. No instances of dop-
ing effects on a pristine (Zn;P,) system have been reported.
However, it has been observed that when the system is
annealed at 623 K and has a thickness of 483 nm, it exhibits
an optical band gap of 1.56 eV [30]. The study conducted
by [34] similarly observed an increase in bandgap in Ni-
doped ZnS nanoparticles.

3.5 Photoluminescence Studies
The photoluminescence spectra of Ni-doped Zn;P, samples

that were synthesized were seen at different excitation wave-
lengths, specifically 210 nm, 215 nm, 240 nm, and 307 nm,
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as depicted in Fig. 5. Photoluminescence (PL) spectroscopy
provides valuable insights into the characteristics of materi-
als. The radiative recombination process and electronic band
structure are commonly affected by flaws, which are highly
sensitive to their performance. Contactless and non-destruc-
tive techniques are employed to characterize the optoelec-
tronic properties of semiconductors (SC). The parameters
of photoluminescence (PL) spectroscopic emission peaks,
including concentrations and positions, are interconnected
with the properties of defects or electronic bands [35]. Con-
duct a comprehensive examination of the pair transition in
the photoluminescence (PL) spectra at low-temperature con-
ditions, as documented in reference [36]. In order to examine
the temperature variation ranging from 5.9 to 309 K [37],
the emission peak of a polycrystalline Zn;P, wafer was ana-
lyzed. The temperature variations ranging from 14 to 350 K
were examined in Ag-doped Zn;P, films [38]. The highest
emission occurs at a wavelength of 460-545 nm and this
emission is sustained at a temperature of 300 °C [39].
Figure 5a displays the photoluminescence (PL) spectra
of nanoparticles of Zn,P, doped with Ni. The spectra were
obtained using an excitation wavelength of 210 nm and a
recorded wavelength range of 220 to 440 nm. Three dis-
tinct emission peaks may be observed in the ultraviolet area,
specifically at wavelengths of 277 nm (4.47 eV), 301 nm
(4.11 eV), and 324 nm (3.81 eV). The intensity exhibited
a positive correlation with the nickel doping content, as
observed in the transition from N1 to N4 samples. All emis-
sion peak points exhibit identical wavelength positions. The
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presence of nickel does not have an impact on the peak shift
observed in the pure matrix. The emission spectrum exhib-
ited a prominent peak at a wavelength of 301 nm, indicating
the highest intensity of emission. In contrast, a less intense
emission band was found at a wavelength of 324 nm.

Figure 5b displays the photoluminescence (PL) spectra
of Zn;_ Ni P, nanoparticles when excited at a wavelength
of 215 nm. The measured wavelengths range from 220 to
400 nm. The presence of Ni-doped Zn,;P, nanoparticles at
different concentrations resulted in the observation of two
distinct emission peaks. The first peak, observed at 238 nm
(5.21 eV), exhibited ultraviolet coloration. The second peak,
observed at 390 nm (3.17 eV), exhibited a violet colora-
tion. The intensity exhibits a positive correlation with the
progressive augmentation of dopant concentration, rang-
ing from N1 to N4 samples. The emission peaks exhibit a
nearly identical wavelength. The most prominent emission
peak was detected at a wavelength of 390 nm, whereas a less
intense emission band was identified at 238 nm.

Figure 5c illustrates the synthesis of the photolumines-
cence spectra (PL) of Zn;_ Ni,P, nanoparticles at ambient
temperature, wherein the nanoparticles are excited at a wave-
length of 240 nm. The recorded range for the spectra spans
from 250 to 700 nm. Nanoparticles of Zn;P, doped with
Ni at varying concentrations exhibit distinct emission band
peaks, namely ultraviolet region at 304 nm (4 eV), violet
emission at 393 nm (3.15 eV), and two more peaks in the
blue emission spectrum at 469 nm (2.64 eV) and 481 nm
(2.57 eV). The emission band peak at 393 nm is the most
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intense in the violet emission zone. The intensity exhibited
a positive correlation with the nickel concentrations, as
observed in the N1 to N4 samples. The emission peaks of all
synthesized nanoparticles exhibit a high degree of proximity,
with a wavelength of around 393 nm. The emission spec-
trum exhibited a prominent peak at a wavelength of 393 nm,
accompanied by three less intense bands at 304 nm, 469 nm,
and 481 nm.

Figure 5d presents the results of synthesizing Ni-doped
Zn,;P, nanoparticles, which were subjected to an excita-
tion wavelength of 307 nm. The reported wavelength range
for these nanoparticles spanned from 360 to 700 nm. The
observed rise in intensity from N1 to N4 samples can be
attributed to the influence of nickel concentration. Addi-
tionally, the emission spectra revealed the presence of two
violet bands at 393 nm (3.15 eV) and 423 nm (2.93 eV),
as well as an orange emission at 615 nm (2 eV). The most
prominent emission peak was detected at a wavelength of

615 nm, while two less intense bands were found at 393 nm
and 423 nm.

The direct band gap of the zinc phosphide material is
measured to be 1.5 eV. The band edge of the synthesized
nanoparticles does not align with that of bulk Zn;P,, as illus-
trated in Fig. Sa—d. This could result from surface imperfec-
tions in nanoparticles, which cause shallow and deep traps
below the conduction band [40]. No reference has been
found for comparing the doped Zn;P, nanoparticles. How-
ever, G.Z. Shen et al. [41] have previously examined the
properties of single crystalline trumpetlike zinc phosphide
nanostructures, specifically focusing on the broad emission
peak centered at 585 nm (2.1 eV) in their study. In their
study, Tec Hock Lim et al. [42] examined the photolumi-
nescence (PL) spectrum emission of a-Zn,P, particles dis-
persed in butanol and PL spectrum exhibited a peak centered
at 470 nm (2.6 eV) for the a-Zn,;P, particles, whereas the
solvent showed a peak at 350 nm (3.5 eV). No reports have
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been published about the comparison of photoluminescence
(PL) in Ni-doped Zn;P, nanoparticles. In a previous study
[43], the emission-centered peak at 384 nm (3.22 eV) was
seen in Ni-doped ZnO thin films. The emission intensities
at a wavelength of 382 nm exhibit a 5% rise when Ni-doped
ZnO is utilized [44].

3.6 Magnetic Properties

Figure 6 illustrates the relationship between magnetization
(B) and applied field (H) for Zn;_ Ni P, nanoparticles with
varying nickel (Ni) concentrations (N1, N2, N3, and N4).
The investigation was conducted at room temperature (RT)
using a vibrating sample magnetometer (VSM). According
to the hysteresis loop, the range of magnetic field strengths
spans from — 15,000 to + 15,000 Oe. The main objective of

a

this study is to investigate the magnetic characteristics of
Zn;P, samples doped with Ni. The VSM is now engaged
in the study and application of Faraday’s Law of Induction.

Figure 6a illustrates the magnetization against the mag-
netic field curve (M-H curve) of the undoped compound
at ambient temperature, within the field range of — 15,000
to+ 15,000 Oe. In theory, it can be postulated that the com-
pound Zn;P, (II-V) has diamagnetic properties. The B-H
graph illustrates that undoped Zn;P, demonstrates ferro-
magnetic behavior when it is produced at the nanoscale. In
contrast to the diamagnetic properties exhibited by the stoi-
chiometric bulk Zn,P,, the presence of ferromagnetic (FM)
material within the diamagnetic lattice of the undoped Zn;P,
combination could potentially account for this phenomenon.
The presence of flaws or zinc vacancies may account for this
phenomenon [45].
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In a scholarly publication from 2007, V.S. Dang examined
the characteristics of Zn;P, when subjected to room temper-
ature conditions. It was determined that Zn;P, remains stable
under these conditions and exhibits ferromagnetic properties
[46]. The dopant ion, namely Ni,P, exhibits ferromagnetic
behavior at ambient temperature [47]. The B-H hysteresis
loop provides significant data regarding the magnetic behav-
ior of pure and doped samples, specifically in relation to the
influence of Ni concentration on magnetic movement. Each
sample was evaluated for its saturation magnetization (Ms),
coercivity (Hc), and retentivity (Mr), as indicated in Table 2.
The three aforementioned factors are contingent upon both
the concentration of the dopant and the prevailing tempera-
ture. The observed phenomenon is indicative of the magnetic
exchange interaction that arises due to variations in the con-
centration of nickel. The observed magnetic behavior in all
doped samples can be attributed to the progressive increase
in Ni dopant concentration, ranging from N1 to N4 samples.
The lattice of Zn,P, exhibited notable characteristics, includ-
ing a high saturation magnetization of 88.295 x 10~ emu/g,
a retentivity of 6.6884 x 10~ emu/g, and a lower coercivity
of 89.806 Oe.

Figure 6b presents the magnetization against the
applied magnetic field (M-H) curve for nanoparticles of
Zn;P, doped with nickel (Ni) throughout the magnetic
field range of — 15,000 to + 15,000 Oe. The sample with
a lower concentration of N1 sample exhibited the follow-
ing magnetic properties: a saturation magnetization of
22.484x 1073 emu/g, a coercivity of 117.54 Oe, and a reten-
tivity of 1.5287 x 1073 emu/g. Furthermore, it was discov-
ered that the saturation magnetization increased as the con-
centration of Ni increased for the remaining three dopants,
namely N2, N3, and N4 samples. The N4 (x=0.07) sample
shown in Table 2 exhibited the highest saturation magnetiza-
tion of 41.819 x 102 emu/g, a coercivity of 116.56 Oe, and a
retentivity of 3.0217 x 1073 emu/g. The hysteresis loop tech-
nique was not employed to compare the transition elements
doped in Zn,P,. Instead, multiple researchers conducted
investigations on the magnetic characteristics of these ele-
ments through the utilization of ab initio studies that relied
on density functional theory. In their study, G. Jaiganesh

Table2 Parameters of magnetization (Ms), coercivity (Hc), and
retentivity (Mr) for pure and Ni-doped Zn;P, nanoparticles at room
temperature

Zn, \Ni P, Magnetization Coercivity Retentivity (Mr) (emu/g)
(Ms) (emu/g)  (Hc) (Oe)

Pure 88.295%x 107> 89.806  6.6884x 1073

N1 (x=0.01) 22.484x107° 117.54 1.5287x 1073

N2 (x=0.03) 31.863x1073 121.99 2.1840%1073

N3 (x=0.05) 38.820x1073 115.13 2.6739%1073

N4 (x=0.07) 41.819x1073 116.56 3.0217x1073

et al. [25] conducted ab initio investigations to examine the
magnetic characteristics of transition elements (V, Cr, Mn,
Fe, Co) when doped with Zn;P,. The ferromagnetic phase
of a Ti-doped Zn,;P, matrix was observed through the utili-
zation of ab initio investigations [23]. Jaiganesh et al. [24]
reported that doped cation (Fe) d-like electrons are the pri-
mary cause of magnetism. Situated around the Fermi level,
the doped cation d-like state is substantially spin-split. Small
magnetic moments from the Zn and P atoms are included in
the compound’s overall magnetic moment (4.00 uB per unit
cell), which is primarily derived from the d-electrons of the
doped cation. The effective magnetic moment of the transi-
tion elements Ni (2.80-3.50 uB) has been experimentally
observed [48]. Kai Zeppenfeld et al. [49] reported that Ni,P
compounds exhibit paramagnetic behavior from 2 to 300 K.
To the best of our knowledge, Ni (0.01,0.03,0.05, and 0.07)
has the most effect on ferromagnetism due to more dopant
concentration in the Zn site.

Figure 6¢ displays the magnetization versus the applied
field of nanoparticles composed of Ni-doped Zn;P,. The
applied field range spans from — 400 to+ 400 Oe. Table 2
demonstrates the presence of coercivity and retentivity in
the pure N1, N2, N3, and N4 samples. At room temperature,
an observable shift from weak ferromagnetism (WFM) to
ferromagnetism (FM) was noted in the N4 (x=0.07) sam-
ple, signified by the presence of a perfect ferromagnetism
state. Based on the results of this study, it is plausible that
the observed findings hold potential utility in the realm of
spintronic applications.

4 Conclusion

In this study, Zn;_ Ni,P, nanoparticles were synthesized
using a typical solid-state reaction approach. The nano-
particles were prepared with four different samples: N1
(x=0.01), N2 (x=0.03), N3 (x=0.05), and N4 (x=0.07).
The synthesis process was successful in all cases. The
specimen underwent analysis to determine its structural,
optical, and magnetic characteristics. The findings from
X-ray diffraction spectrometer analyses indicate that the
nickel dopant concentrations are accurately incorporated
within the pure system. Furthermore, the synthesized sam-
ples exhibit no additional peaks, suggesting the absence
of impurities. Additionally, all the synthesized nanopar-
ticles possess a tetragonal structure, further confirming
the absence of impurities. The elemental analysis con-
ducted has proven that the current EDAX spectra do not
involve any additional elements and closely approximate
the desired atomic ratio. In the field of morphological
research, the particles have a tendency to aggregate. The
diffused reflectance spectra analyses reveal that the pure
sample exhibits its highest reflectance in the infrared (IR)
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region. As the concentration of the dopant increases, the
reflectance increases. Furthermore, the optical band gap
experiences an increase in value from 1.410 to 1.433 eV
as the dopant concentration increases from N1 to N4 sam-
ples. The photoluminescence spectra demonstrated that
the emission bands of all the synthesized nanoparticles
were observed at nearly identical wavelength positions,
despite being excited at varied wavelengths of 210 nm,
215 nm, 240 nm, and 307 nm. The presence of dopant
concentration was shown to induce a transition from mild
ferromagnetism to ferromagnetism, as validated by the
vibrating sample magnetometer.
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