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Abstract

Zn,_,Fe, O nanoparticles with different doping concentration i.e. (x=0, 0.01, 0.02, 0.03, 0.04, 0.05) were successfully syn-
thesized via hydrothermal method. The crystal structure, morphology, optical and magnetic properties were studied by
X-ray diffraction, field emission scanning electron microscope, UV-visible, photoluminescence spectra (PL) and vibrating
sample magnetometer. The experimental results show that all the samples possess a single phase hexagonal wurtzite
structure, no impurity phase was observed. The crystallite size decreases with the increase in Fe concentration. Optical
absorption analysis by UV-visible exhibits a slight blueshift in the bandgap with increasing doping concentration. PL
spectra shows that the emission peak in the UV region is absent for all the samples. All the emission peaks are in the visible
region. Shifting of PL emission peaks is not observed indicating that the intrinsic defects are consistent. The magnetic
observation indicated that all the samples including pure zinc oxide exhibit room temperature ferromagnetism (RTFM).
The observed RTFM is attributed to the bound magnetic polaron that arises due to the presence of singly ionized oxygen

vacancy (V,) as indicated by PL spectra.
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1 Introduction

Diluted magnetic semiconductors (DMSs) are the materials
formed by replacing cations of nonmagnetic semiconduc-
tors by magnetic ions such as transition metals (TM) ions
or rare earth ions [1]. Ferromagnetism observed in DMS
has led to its intense research because of their potential
applications in spintronic devices, which uses both the
spin in magnetic materials and charge of electrons [2].
Moreover, doping of transition metal into wide band gap
semiconductor also leads to the tuning of optical and fer-
romagnetic properties [3]. Intrinsic ferromagnetism with
high Curie temperature (above room temperature) is the
principal requirement of DMSs for the application in spin-
tronic devices [4]. Thus, efforts are made to produce TM
metal doped wide bandgap semiconductor exhibiting

room temperature ferromagnetism (RTFM). Zinc oxide
(ZnO) is II-VI wide band gap (Eg~ 3.37 eV) and large exci-
ton binding energy (60 meV) compound semiconductor
with hexagonal wurtzite structure of P6;mc space group
[5]. Requirement of Curie temperature above room tem-
perature (RT) and intrinsic ferromagnetism (FM), rather
than the ferromagnetism because of magnetic clusters
or secondary phases of dopants for spintronics applica-
tion makes transition metal doped ZnO a favorable sys-
tem owing to observation of RTFM in several ZnO based
system including Mn-, Fe- and Co-doped ZnO [6]. Results
quite contradictory to each other are reported for ferro-
magnetism in transition metal doped ZnO. Liu et al. [7]
reported RTFM and explains it as the intrinsic property of
Fe doped ZnO. Reports suggesting that transition metal
does not play any role in the magnetism of Mn and Fe
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doped ZnO thin films are also available [8]. Bhargava et al.
[9] observed ferromagnetism in Cr doped ZnO. Taher
et al. [10] observed ferromagnetism in nanostructure Co-
doped ZnO thin films reasonably caused by the oxygen
vacancies introduced in the films during the hydrother-
mal growth. RTFM was also reported by Mishra et al. in
Fe doped ZnO nanostructures synthesized using chemical
root and attributed its cause to Zinc vacancy (Zn,) while
Wei et al. also observed ferromagnetism in Fe doped ZnO
and attributed it to secondary phase for high doping con-
centration [11, 12]. Even though large numbers of reports
are available in literature, there is a conflict for the origin of
observed room temperature ferromagnetism in the transi-
tion metal doped ZnO DMS.

In the present work, our aim is to provide a better
understanding of the origin of room temperature ferro-
magnetism. For this purpose, diluted magnetic semicon-
ductor Zn,_,Fe,O with different doping concentration
(x=0,0.01, 0.02, 0.03, 0.04, 0.05) is synthesized via hydro-
thermal method. The magnetic property is studied by
using vibrating sample magnetometer (VSM). The struc-
ture and surface morphology is investigated by X-ray dif-
fraction (XRD) and field emission scanning electron micro-
scope (FESEM). The optical properties are studied with the
help of UV-visible and photoluminescence (PL) spectra.

2 Experimental details

Zn,_Fe O (x=0,0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles
are prepared by hydrothermal method. An aqueous solu-
tion of 1 M zinc nitrate hexahydrate 5 M sodium hydroxide
and 1 M ferric nitrate nonahydrate solutions are prepared
in double distilled water. Zinc nitrate hexahydrate and
ferric nitrate nonahydrate solutions are mixed according
to the required amounts and stirred at room tempera-
ture. Sodium hydroxide solution is added dropwise to it.
After being stirred for 2 h, the mixture is transferred into a
200 ml Teflon lined stainless steel autoclave and is kept in
an oven at 100 °C for 6 h. It is then allowed to cool down
naturally at room temperature. The obtained product is
washed with distilled water and dried at 100 °C for 24 h.
The samples are then heated at 500 °C for 2 h. Figure 1
shows the flowchart depicting hydrothermal method used
for the synthesis of Zn,_,Fe,O (x=0, 0.01, 0.02, 0.03, 0.04,
0.05).

The structural and morphological characterizations
of the samples are performed using X-ray diffractometer
(Model: Smartlab XRD) and field emission scanning elec-
tron microscope (FESEM, Model: Carl Zeiss Ultra Plus).
The optical properties are studied by using UV-visible
spectrophotometer (Model: Cary 60 UV-Vis) and photo-
luminescence spectrophotometer (Model: Cary Eclipse
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Fig. 1 Flowchart depicting hydrothermal method used for the syn-
thesis of Zn,_,Fe,O

Fluorescence Spectrophotometer). Vibrating sample mag-
netometer (VSM, Model: Quantum Design VERSALAB) was
used for magnetic characterization.

3 Structural analysis
3.1 X-ray diffraction

Figure 2a shows the XRD pattern of Zn,_,Fe,O nanoparti-
cles. The diffraction peaks in the XRD pattern corresponds
to the diffraction of (100), (002), (101), (102), (110) planes
indicating the formation of hexagonal wurtzite structure
of ZnO with a space group P6;mc. Furthermore, no traces
of impurity or secondary phases within the detection limit
of XRD and no obvious diffraction patterns of Iron (Fe) spe-
cies such as Fe, Fe,0;, and Fe;0, are found in the samples
of 1-5% Fe doped ZnO. The result indicates the successful
incorporation of all Fe ions in the host ZnO crystal lattice. It
is seen from the XRD pattern that with an increase Fe con-
centration the peak shifts towards the lower angle as com-
pared to the pristine ZnO up to 3% doping and then again
shift towards the higher angle being nearly equal to that
for pristine ZnO at 4%. These results may be ascribed to the
valence state of Fe ions. Fe ions are capable of existing as
Fe?*, Fe®* stably in compounds. In this paper, dopant ions
are introduced into the host ZnO through ferric nitrate, so
Fe would be in Fe3* valence state. It is known that zinc act
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Fig.2 a XRD pattern of Zn,_Fe,O (x=0, 0.01, 0.02, 0.03, 0.04, 0.05). b XRD pattern of first three peaks of Zn,_,Fe O (x=0, 0.01, 0.02, 0.03,

0.04, 0.05)

as a reducing agent in changing Fe3*-Fe?* [24]. So, transi-
tion of Fe3*-FeZ* is much expected as the host being ZnO
in this case. The existence of Fe in Fe?" is reported where
the diffraction angle decreases with Fe concentration
while the existence of iron as Fe*" is reported where the
diffraction angle increases [13-15]. Taking the peak posi-
tion into consideration and from the existing reports, it can
be inferred that Fe?* and Fe3* coexist in the Fe doped ZnO
samples [16]. The shifting of peaks may also be due to the
strain developed in the lattice due to doping. Broadening
of peak, apart from its shift can be explained based on
grain size reduction with Fe atom incorporation in ZnO.
The ionic radii of Fe?*, Fe** and Zn?* are 0.078, 0.068 and
0.074 nm respectively [17]. Substitution of Zn?* with Fe?*,
Fe3* in the lattice site may cause lattice distortion resulting
in strain in ZnO because of the difference in ionic radii of
Fe?* and Fe** with Zn?* [18]. Fe ions need to have a bal-
anced state of 2+ for maintaining the charge neutrality to
properly substitute Zn?* ionic sites. So, the balance state
Fe3" is likely to distort the lattice structure for maintaining
the charge neutrality [19].

Figure 2b shows a large difference in intensity of
XRD peaks for 1% and 3% Fe doped ZnO. The difference
in intensity is due to the difference in their crystalline
quality [13, 20]. The full width half maximum (FWHM)
increases for 1% Fe doped ZnO indicating the decrease
in the crystalline quality compares to pristine ZnO. The
decrease in crystalline quality may be because of the lat-
tice disorder and strain experience due to the incorpora-
tion of Fe ions in ZnO matrix [21]. But as the doping of
Fe increases to 2%, FWHM value decreases suggesting

an increase in crystalline quality. The crystalline quality
then again keeps on declining with the increase in dop-
ing up to 5% as implied by the increase in FWHM value.
The increase in the crystallinity of the 2% Fe doped ZnO
in our experiment may be ascribed to the formation of
favorable nucleation centers from the dopant atoms
for ZnO crystal growth. The decline in crystalline qual-
ity in 5% doping may be because of the saturation of
newer nucleation centers or because of the ionic radii
difference of Zn?* and Fe ions [18]. Substitution of a
large number of Fe ions in Zn?" lattice sites leads to an
increase in lattice distortion causing a lager strain which
affects the crystal growth of ZnO.

The (101) preferred orientation with maximum inten-
sity has been observed in the XRD pattern. The average
crystallite size (D) of the samples is estimated from XRD
line width of (101) peak by using Scherrer’s equation [22].
The crystalline size value of pristine and Fe doped ZnO is
shown in Fig. 3. The crystallite size is in accordance with
the FWHM values. The calculated values of g, ¢, ¢/a, D, d,
volume, bond length, internal parameter (u) and distortion
degree (R) are given in Table 1 [22].

The c/a ratio of pristine ZnO as well as Fe doped sam-
ples is less than the c/a ratio of ideal stoichiometry wurtz-
ite structure ratio i.e. 1.633 indicating the presence of
oxygen vacancies and zinc vacancies [23]. The calculated
values of bond length vary from 1.9692 to 1.9735. Varia-
tion of bond length is not monotonous with doping con-
centration. The non-monotonous variation of bond length
may be because of the strain present in the samples and a
slight change in Ris also observed [24].
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Fig.3 Average crystallite size and FWHM of Zn,_,Fe,O (x=0, 0.01,
0.02, 0.03, 0.04, 0.05)

3.2 SEM analysis

The morphology of the synthesized Zn,_,Fe,O (x=0, 0.03,
0.05) materials are studied by field emission scanning
electron microscope (FESEM). The FESEM images imply
the change of shape and morphology of ZnO nanopar-
ticles with doping. Figure 4a shows formation of a mix-
ture of rod like and nanoflakes like morphology in pris-
tine ZnO. In contrast, the Zn, 4,Fe; ;0 and Zn gsFe (50
doped ZnO in Fig. 4b, c respectively showed cone-like
particles that are formed may be due to the asymmetrical

and multidimensional growth of ZnO particles [25]. It is
difficult to say something about the average grain size of
the pristine and doped samples as the particles seems to
be agglomerated for these images.

Energy dispersive X-ray analysis (EDAX) study is carried
out for observing the elemental composition of synthe-
sized samples and to verify the successful incorporation
of dopants and the formation of ZnO nanoparticles. EDAX
signals of pristine ZnO and Zng 4sFe, ,sO are shown in
Fig. 5. For pristine ZnO nanoparticles, sharp signals of Zn
and oxygen were found confirming the formation of ZnO
nanoparticles. For Fe doped sample, Fe signals in addition
to Zn and oxygen were also found, confirming the success-
fully incorporated of Fe in the ZnO.

4 Optical properties
4.1 UV-visible analysis

We explore and analyze pristine and Fe doped ZnO nano-
particles energy bandgap using UV-visible spectroscopy.
The optical bandgap of the pristine and Fe doped sample
is calculated by using the Tauc relation. Figure 6a shows
the Tauc plot and the variation of bandgap with doping
concentration is shown in Fig. 6b. Values of the bandgap
are also tabulated in Table 2.

Table 1 Structural parameters of Zn,_,Fe,O (x=0, 0.01, 0.02, 0.03, 0.04, 0.05)

Zn,_Fe 0 a=b@A) @) c/a D(nm)(101)  d(A)(101)  Volume (&>  Bondlength () v R

x=0 3.2355 51845  1.6024  31.1940 2.4653 47.0007 1.9692 0.379826  1.019122
x=0.01 32434 51961 16020  27.7665 2.47186 47.3385 1.9739 0.379879  1.019327
x=0.02 3.2474 51990  1.6009  29.3585 247318 47.4810 1.9759 0.38005 1.02
x=0.03 3.2494 52020  1.6009  27.9918 2.4745 47.5655 1.97708 0.380064  1.020055
x=0.04 3.2415 51845  1.5994  26.4017 2.46792 47.1743 1.9717 0.380303  1.020993
x=0.05 3.2435 51932 16011  24.4524 2.47186 473119 1.9735 0.380025  1.019901
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Fig.4 SEM micrographs of Zn,_Fe,O.a x=0, b x=0.03 and ¢ x=0.05
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Table2 Summary of bandga

(Ep) of Zn,_,Fe,0 )(/x= 0, 0.019, P ZmFe0 £ (V)

0.02, 0.03, 0.04, 0.05) x=0 3.456
x=0.01 3.459
x=0.02 3.464
x=0.03 3.478
x=0.04 3.5
x=0.05 3.516

The exciton Bohr radius of ZnO is much larger than
the obtained average crystallite size. Therefore, the
quantum confinement effect is not the major reason
for the change in the bandgap of prepared samples
[26]. The increase in bandgap may be due to the strain
experienced by the doped sample. The result obtained
is in agreement with the result reported by Parra-Palo-
mino et al. [27] where they observed a large blueshift in

bandgap as the concentration of the dopant increase.
The obtained bandgap is also in accordance with the
result obtained by Hammad et al. [15] who explain the
blue shift behavior based on Moss-Burstein theory.
According to this theory, ZnO nanoparticle is n-type
semiconductor and due to doping the Fermi level shifts
inside the conduction band. The absorption edge shifts
to higher energy as the states below such shifting in the
conduction band are filled leading to the widening of
bandgap. The shifting of Fermi level towards the conduc-
tion band may be attributed to the additional carriers or
d-d transition from Fe. Rekha et al. and Arun et al. also
explain the blue shift behavior of their sample based on
the Moss-Burstein theory [28, 29]. The increase in band-
gap or the blue shift behavior for the Fe doped sample
with respect to that of pristine ZnO may also be because
of the sp-d exchange interaction of localized d electron
and band electrons as explained by Pal Singh et al. [30].
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4.2 Photoluminescence (PL) characteristic

The PL properties of pristine and Fe-doped ZnO nanopar-
ticles are also studied. The photoluminescence is recorded
at room temperature with an excitation wavelength of
330 nm. Figure 7 shows the PL spectra at RT for all the
samples. The inset of Fig. 7 represents the PL spectra of
pristine ZnO deconvoluted into six peaks. Even though PL
spectra of ZnO have been studied extensively, the source
of visible range emission bands remains controversial. The
typical photoluminescence spectra of ZnO have emission
bands in the UV and visible regions. Usually, the UV lumi-
nescence peak is considered as the characteristics emis-
sion of ZnO and it is ascribed to the band edge emission
or transition of exciton [31]. Itis exciting to note that there
is no UV emission peak in the PL spectra of prepared sam-
ples. This signifies that the recombination of exciton pairs
of the prepared samples occurs at the non-radiative cent-
ers [32]. The disappearance of UV emission peak may also
be attributed to a much higher intensity of visible emis-
sion due to an increase in defect density or it may also be
because its excitation energy is significantly lower than its
bandgap energy [33].

PL spectra confirmed that all the samples exhibited six
peaks in the visible region. The peak near 416 nm (2.98 eV)
in the PL spectra arises due to violet emission. This may
arise because of the transition from conduction band
(CB) to deep holes trapped levels above the valence band
(VB) [34]. A single distinct peak centered about 458 nm
(2.70 eV) in the blue band (2.75-2.63 eV) may be attrib-
uted to the direct recombination of a conduction electron
in the CB and a hole in the VB [35]. The blue green emis-
sion peak centered about 486 nm (2.55 eV) may occur

()

Intensity

W 0 5w s 6o
Wavelength (nm)

Intensity (a.u.)

v 1 . T v T T
350 400 450 500 550 600
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Fig.7 PL spectra of Zn,_,Fe, O (x=0, 0.01, 0.02, 0.03, 0.04, 0.05) and

=X X

the inset represents the deconvoluted spectra of pure ZnO
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because of the electronic transition of donor level Zn; to
acceptor level Zinc vacancy (V5,)) [36]. Green emission peak
centered about 528 nm (2.35 eV) is credited to defects
related to oxygen vacancies because of the recombina-
tion of photogenerated holes and electron trapped by
singly ionized oxygen vacancies (V) [37]. V, are known
as color centers (or F centers) and are also an important
set of point defects in oxides. In the ZnO lattice, it shows
three dissimilar charged states as F**, F¥, F°. The F* oxy-
gen vacancy which is singly occupied can contribute in
activating bound magnetic polarons (BMP) and magnetic
moment in DMSs. However, F** and F° vacancies do not
induce FM in ZnO since they have spin zero ground states
[14]. The broad peak centered about 584 nm (2.12 eV) in
the range 550-600 nm (2.25-2.06 eV) is dedicated to the
defect related transition originating from excess oxygen.
Non-shifting of luminescence peaks in the visible range
indicates that the intrinsic defects are consistent in all the
samples [24]. Quenching of the luminescence peaks may
be because of non-radiative recombination or may be due
to the preferential occupation of Fe** ions by photogen-
erated electrons inducing trap centers [38].

5 Magnetic properties

To study the effect of Fe doping on the magnetic behavior
of ZnO, the magnetization versus applied magnetic field
curve obtain from VSM data performed at RT is studied.
Figure 8 shows the M-H curves of Zn,_,Fe, O (x=0, 0.01,
0.02, 0.03, 0.04, 0.05) nanoparticles. It is observed that the
M-H curves of the pristine and doped samples do not sat-
urate even at high applied fields. The M-H curve for all the
samples comprises a linear part possibly because of the
small paramagnetic (PM) and superparamagnetic (SPM)
contribution in addition to a distinct ferromagnetic order-
ing confirmed by hysteresis behavior of the curve at lower
field region [39]. Pristine ZnO ferromagnetism termed as
d° ferromagnetism may arise because of the presence of
V, defects and is supported by the PL spectra [40]. There
are also reports indicating the role of Zn; and V in main-
taining pure ZnO magnetic behavior. RTFM may be due to
extrinsic phenomena such as the formation of cluster or
secondary phase of dopant ions and intrinsic phenomena
such as exchange interaction [30]. The XRD pattern indi-
cates that there is no formation of secondary phases such
as Fe,0;, Fe;0,, etc. Therefore, the observed ferromag-
netism in our sample cannot be attributed to the forma-
tion of the secondary phase or cluster due to the doping
of Fe. So, it may be because of the intrinsic phenomena
and not due to the extrinsic phenomena. Number of mod-
els and concepts has been proposed to explain the room
temperature ferromagnetism such as (a) hole mediated
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Zener mean-field model (b) carrier-mediated RKKY (Ruder-
man-Kittel-Kasuya-Yosida) mechanism (c) donor impurity
band exchange model, in this, the FM in DMSs is due to an
indirect exchange donor electrons and this form a BMPs

and (d) direct interactions (such as double or superex-
change mechanism). RKKY is not valid as it is based on free
electrons and ZnO is a semiconductor and cannot be con-
verted into metal, double exchange mechanism is also not
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possible because of the very dilute doping of the sample
[41]. Hole mediated Zener field model of ferromagnetism
may also be excluded since ZnO is an n-type semiconduc-
tor [42]. So, the observed ferromagnetism for our sample
can be centered on the substitutional behavior of Fe and
can be understood based on bound magnetic polarons
(BMPs) due to defects. F* is known to be paramagnetic
that can activate bound magnetic polaron and these BMPs
interact leading to the formation of magnetic domains
[43]. As a result, the singly occupied V, may assume to be
the cause of ferromagnetism. The interaction between V,
and Fe ions may lead to the formation of BMP in doped
samples. The saturation magnetization (M) is obtained by
drawing a tangential line from the high field loop to the
zero-field and is extrapolated. The intercept of the tangent
on magnetization axis is taken as the value of M,. M, value
increases up to 4% Fe doped samples and then decreases
for 5% Fe doped ZnO. The enhancement in magnetization
may be because of the overlapping of more Fe ions into
the ferromagnetic domain with the increase in volume
occupied by BMPs in accordance with the explanation
given by Hsu et al. for Co-doped ZnO [44]. The decrease in
magnetization may be because of the random distribution
of some Fe ions leading to the decrease in net magnetiza-
tion as mention by Igbal et al. [45]. The result obtained is
in accordance with the report given by Agarwal [46] where
they observed a decrease in magnetization at higher Cu
concentration. Table 3 shows the value of saturation mag-
netization (M), coercivity (H_), remanence (M,).

Models describing the FM and SPM/PM behavior of
magnetization curves are not found. The non-saturating
hysteresis loop is a phenomenon commonly observed in
thin films magnetic oxides. The slope of non-saturation
term is known as high field susceptibility. Non-saturation
of magnetization is also observed by Margulies [47] in
Fe;O, films grown by sputter deposition on crystalline sub-
strate and is term as anomalous. The approach to satura-
tion magnetization problem has been discussed in detail
by Chakazumi and Charap [48].

Assuming that the presence of restoring force increases
with the advance of magnetization towards saturation,

Table 3 summary of M, H,, Mg, Mg/Ms of Zn,_Fe O (x=0, 0.01, 0.02,
0.03, 0.04, 0.05)

Zn,_Fe, O M, (emu/g) H.(Oe) Mg (emu/g)  Mg/M;
x=0 0.08056 147.63 0.0082 0.10179
x=0.01 0.08792 106.668 0.00326 0.03708
x=0.02 0.11985 80.702953 0.00385 0.03212
x=0.03 0.12492 81.247 0.00354 0.02834
x=0.04 0.5655 359.0395 0.113 0.19982
x=0.05 0.42228 79.6043 0.01267 0.03
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the law of approach to saturation magnetization can be
expressed as

where M is the actual magnetization value observe at H
and the value of constant Q corresponds to its saturation
value. g, b, c and e are constants. The term -%= is credited to

\/p

the point defects or magnetic anisotropy fluctuation on
the atomic scale. The term g originated from the local
internal stresses caused by dislocation and to voids or non-
magnetic inclusions. % is credited to the weak and large
scale fluctuations in the bulk anisotropy. The last term eH
is negligible and hence ignored. It is caused by spontane-
ous magnetization by the external field. The high field
susceptibility fitting curve is shown in Fig. 9. Table 4 shows
the value of Q g, b, and c.

6 Conclusion

In this work structural, optical and magnetic properties of
Zn,_,Fe O (x=0, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles
synthesized by hydrothermal method has been studied.
XRD results show that the particles exhibited a hexagonal
wurtzite structure without any impurity phase and suggest
that Fe?" and Fe3* ion coexist. Blueshift of optical band gap
has been observed for the increase in Fe concentration. PL
spectra show the absence of near band edge and all the
observed emission peaks are in the visible region. Weak
room temperature ferromagnetism even for the pure ZnO
has been observed. The observed hysteresis loop has not
been saturated even at high field, may be due to PM and
SPM contribution. The observed ferromagnetism is intrin-
sic and is attributed to BMP.
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Table4 ValuesofQ, a, b, c

Zn,_JFe O Q a b c

x=0 0.1484 39.6404 —579.4606 70,772
x=0.01 0.2956 81.9868 —2249.0897 575,636
x=0.02 0.7094 93.2831 —2751.9501 750,506
x=0.03 0.7781 103.6176 —3459.7957 1.2702E6
x=0.04 1.9021 74.4994 —1858.4025 417,449
x=0.05 21417 91.8403 —2718.9081 751,129
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