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Abstract Room-temperature multiferroic properties in Mg-
doped ZnO samples are reported wherein Mg replaces Zn
in the ZnO matrix and retains hexagonal wurtzite struc-
ture. The saturation magnetisation is increased from ~2 x
10~* emu/g to 3 x 10~* emu/g for the dilute doping of 2 %
Mg in pure ZnO and the ferroelectricity is also increased.
Higher concentration of Mg does not lead to a significant
enhancement in the magnetisation but improves the ferro-
electric properties. An X-ray absorption spectroscopic study
shows an enhancement in O vacancies with dilute doping of
Mg. The origin of the multiferroic behaviour is understood
based on their crystal and electronic structures.

Oxide semiconductors like ZnO, TiO, and SnO; have at-
tracted considerable research interest over the last few years
as these are proven to be multifunctional materials. These
are basic materials, which have applications in various fields
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of optical and electronic devices [1]. Along with the opto-
electronic device application, oxide-based materials are also
found to exhibit multiferroic properties where both ferro-
electricity as well as ferromagnetic order coexist. Tuning
of optical, magnetic and ferroelectric properties along with
semiconducting properties at room temperature (RT) is es-
sential for the numerous novel applications preferably in a
single-phase compound. Up to now, there are a very few re-
ports on the observation of room-temperature multiferroics
in oxide semiconductors. These properties have been ob-
served by Lin et al. [2] in Li- and Co-doped ZnO films
and Yang et al. [3] in Cr-doped ZnO thin films. More re-
search efforts are being made in this direction. However,
the observation of multiferroics at RT in ZnO and enhance-
ment in the saturation values by non-metal—ion dopants will
be an important step in terms of fundamental understand-
ing and novel applications. ZnO is known to have hexag-
onal wurtzite structure which lacks the centre of symme-
try and, hence, one expects ZnO to exhibit ferroelectric be-
haviour [4]. The origin and observation of magnetism in
semiconducting materials like ZnO, GaN etc. has been de-
bated. Earlier, the origin of magnetisation was thought to
be associated with the transition metal ion doping. How-
ever, the observation of ferromagnetism at RT in undoped
and non-metal-doped ZnO changed such understanding [5,
6]. In particular, defects like Zn and O vacancies, Zn inter-
stitials, grain boundaries and lattice distortions are found to
govern the magnetic ordering in oxide semiconductors. The
origin of magnetism in these oxides is also commonly re-
ferred to as ‘d°-ferromagnetism’. Many theoretical as well
as experimental studies resulted in limited understanding
about the possible mechanism. The origin of magnetism in
case of nanoparticles and thin films is supposed to be re-
lated with the reduced size effect, giving rise to the empha-
sis on the surface properties, or due to secondary phase after
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transition metal ion doping. The carrier exchange mediated
and bound magnetic polaron mechanisms are used to un-
derstand the defect-induced magnetism in the semiconduc-
tors [7]. Besides this, the ferromagnetism in case of these
oxides also depends upon the synthesis techniques. How-
ever, the observations of ferromagnetism in bulk materials
raise the controversy about the origin of magnetism in the
oxide semiconductors. Up to now, magnetism has been re-
ported in those systems where synthesis routes are followed
by wet chemical methods and thin-film technologies. These
methods, especially chemical methods, may have the pres-
ence of chemically absorbed moisture, nitrates and carbon,
as some organic medium is required for these methods. The
present study employs a conventional solid state reaction
method for the preparation of Mg-doped ZnO at dilute con-
centration. Since these properties are basically related to the
electronic structures of materials, one needs to use spec-
troscopic probes like near-edge X-ray absorption structure
(NEXAFS), which is an effective experimental technique to
know the sensitive nature of bonding between cations and
anions. The NEXAFS at the O K-edge arises mainly due
to the transition of O ls electrons to the conduction band
near the Fermi surface, which is dominated by the O 2p and
transition metal hybridised 3d orbitals.

The present study focuses on the structural, magnetic,
ferroelectric and electronic properties of dilutely Mg doped
ZnO samples. Znj_, Mg, O (0 < x < 0.05) samples were
synthesised using a solid state reaction method. The stoi-
chiometric amounts of ZnO and MgO (99.99 % purity, Alfa
Aesar) were mixed together and ground to obtain a uniform
mixture. The samples were calcined at 800 °C for 6 h and
sintered at the same temperature for 24 h to obtain the sta-
ble phase. X-ray diffraction (XRD) of the samples was car-
ried out by a Bruker D8 Advance X-ray diffractometer using
Cu-K, (1.5414 A) radiation. The magnetic measurements
were carried out using a Microsense EV-9 vibrating sample
magnetometer. Ferroelectric behaviour of the samples was
examined by recording polarisations vs electric field loops
at RT by a P—F loop tracer system (Marine India). NEX-
AFS measurements were done at the high energy spherical
grating monochromator (HSGM) BL20A1 beam line in the
National Synchrotron Radiation Research Centre, Hsinchu,
Taiwan with 1.5 GeV energy and 360 mA storage ring cur-
rent in top-up mode. All measurements were processed in an
ultra high vacuum (UHV) chamber (~1071° Torr) at 300 K.
NEXAFS data were recorded in total electron yield (TEY).

Figure 1 shows the XRD patterns and their Rietveld re-
finements obtained with the help of FullProf software [8].
The Rietveld refinement was carried out with the space
group P63mc using a pseudo-Voigt function for the re-
flection profile of all the samples. In the refining process,
wurtzite ZnO structure was selected as starting model struc-
ture and Mg ions were assumed to be incorporated into the
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Fig. 1 XRD patterns with Rietveld refinements of Zn;_,Mg,O
(x = 0,0.02 and 0.05) samples. Crystallinity is maintained with ab-
sence of impurity phases

ZnO lattice occupying Zn>" sites. The characteristic peaks
related to the impurities were not observed, confirming com-
plete substitution of Mg into the host material. However, the
(002) diffraction peak shifts towards higher scattering an-
gle with the substitution of Mg in the ZnO lattice due to
smaller ionic radius of Mgt ions (0.57 A) as compared to
that of Zn>* ions (0.60 A), resulting in compression of the
unit cell. For pristine ZnO, the lattice parameters for a-axis
and c-axis were found to be 3.249 A and 5.203 A, respec-
tively, which is consistent with an earlier report on ZnO [9].
The lattice parameter ¢ was observed to reduce and a to in-
crease slightly (~0.05 A) with doping concentration. The
local wurtzite parameter (u = a®/3c* + 0.25), which is the
relative displacement between Zn and O sublattices along
the c-axis, is found to increase and the ¢/a ratio to decrease
with Mg concentration. It is known from the wurtzite struc-
tures that the c/a ratio deviates from the ideal value when
the bonding character becomes more ionic [10]. The bond
length (Zn—0) is found to reduce with the enhanced Mg con-
tent from O to 0.05. This small structural distortion caused
by the bond-length variation is likely to drive the ferroelec-
tric behaviour in Zn;_, Mg, O systems.

Figure 2 shows the magnetic hysteresis curves measured
at RT for Mg-doped ZnO samples. The M—H curve of all
the samples exhibits a ferromagnetic feature. For ZnO, the
saturation magnetisation (My) value is found to be ~2 x
10~* emu/g at RT, which is consistent with previous re-
ports on ZnO, TiO,, In,O3 and HfO; [11, 12]. The origin
of magnetisation in these oxides is associated with various
kinds of defects present in the system. Oxygen vacancies
(O, ) are the prominent defects, which give rise to the mag-
netisation in oxide semiconductors. As is evident from the
graph, the value of saturation magnetisation (M) increases
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Fig.2 Magnetisation curves for ZnO and Mg-doped ZnO. Inset shows
the ferromagnetic behaviour of 2 % Mg doped ZnO

to 3 x 10~* emu/g for 2 % Mg content, implying that M is
closely associated with the Mg dopant. However, the value
of magnetisation observed in the present case is small as
compared to that of thin films and nanomaterials [13, 14].
The value of magnetisation for bulk samples in our case is
2 x 1074 emu/g, which is about two orders less than the
case of thin films/nanoparticles (0.05 emu/g for nanoflow-
ers and 1.5 x 10™2 emu/g for thin films) [15, 16]. Doping of
Mg in ZnO, which is a non-metallic dopant, has a significant
effect on magnetisation at dilute doping concentration. Fur-
thermore, the magnetic properties are tailored by Mg doping
in ZnO, because the introduction of Mg on the Zn site intro-
duces the lattice defects, in particular O,.

The existence of ferroelectric nature in Znj_,Mg,O
samples is confirmed by polarisation hysteresis curves, as
shown in Fig. 3. The values of remanent polarisation (Fy)
and coercive field (E.) for pristine ZnO were found to be
0.5 uC/cm? and 4 kV/cm. A similar type of ferroelectric be-
haviour is also reported for Li- and Mg-doped ZnO samples
[17, 18]. It can be seen from the graph that the remanent
polarisation value increases (1.34 uC/cm?) with the incor-
poration of Mg on the Zn site. The increase in the value is
attributed to the difference in ionic radii of the dopant Mg+
ions as compared to host Zn>* ions. When Mg?* ions re-
place the host 7Zn2t jons, this causes a structural distortion
induced along the polar c-axis. The ionic mismatch between
Mg and Zn ions causes Mg to occupy an off-centred po-
sition, giving rise to an electric dipole moment. Moreover,
from first-principle studies and the electronic configuration,
it was found that Mg contains no 3d electron [19, 20]. While
replacing Zn, it will enhance the ionic character and change
the Zn—O bond length along the polar c-axis, resulting in a
small structural distortion. If one considers the electroneg-
ativities of Mg and Zn, doping with Mg increases the ionic
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Fig. 3 Ferroelectric loop curves for Zn;_,Mg,O samples. Pristine
ZnO shows a weak ferroelectric nature compared to Mg-doped ZnO

character due to smaller electronegativity of Mg than Zn and
gives rise to lattice distortion. Evidently, the P—FE loop does
not saturate, implying that ferroelectric character in case of
ZnO is present but relatively small compared to BaTiOs3.
NEXAFS O K-edge spectra in transition-metal oxides
provide the information about the hybridisation between O
2 p electrons and transition-metal 3d electrons [21]. Figure 4
portrays the normalised NEXAFS spectra at the O K-edge
of Zn;_,Mg, O samples in total electron yield (TEY) mode.
Based on existing literature and band-structure calculations,
the various features in O K-edge spectra of ZnO are found
to arise due to the transition of electrons from occupied 1s
states to unoccupied 2 p-derived states. These are obtained
by hybridisation of O 2p orbitals with Zn 4s and 4p elec-
trons, as there are no empty 3d states in Zn. The broad
spectral features in the energy range 527-536 eV (peaks A
and B) correspond to the hybridisation of O 2p with the
highly dispersive Zn 4s states, thus forming the bottom of
the conduction band. The features in the energy range 536—
544 eV (peaks C, D and E) are due to the hybridisation of
the O 2p states with the Zn 4p states. Above 544 eV, the
features arise due to the O 2p states that extend to Zn higher
orbitals. The observed O K-edge spectrum of the ZnO sam-
ple is similar to that of previous studies [22, 23]. Further, the
spectral features of the NEXAFS O K-edge of Zn;_,Mg,O
samples are very similar to those of pristine ZnO samples.
However, there is a reduction in the intensities of all the
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Fig. 4 Near-edge X-ray absorption fine spectra for Zn;_, Mg, O sam-
ples at O K-edge. Inset shows the difference spectra of pristine
ZnO-Mg 2 % and pristine ZnO-Mg 5 % samples

peaks observed for Mg-doped ZnO samples. The decrease
in overall peak intensities is related to the reduction in the
number of unoccupied O 2 p-derived states. The occupation
of O 2p orbitals or further increase in the number of elec-
trons in O ions with the increase in Mg content may be at-
tributed to the smaller electronegativity of Mg (1.31 eV) as
compared to Zn (1.65 eV). Mg doping causes the effective
transfer of electrons to the O site, resulting in the reduc-
tion of unoccupied 2p states. The smaller electronegativity
of Mg increases the ionic character of Zn;_,Mg,O alloys,
which in turn is responsible for the enhanced polarisation
of doped samples. These results are in accordance with the
results obtained from XRD and ferroelectric measurements.

During high-temperature sintering of ZnO, O ions are
volatilised from host ZnO, resulting in dissociation of O
ions, causing O vacancies (O,) and Zn vacancies (Zn,) [16].
These are the two dominating defects in ZnO, which are
considered to be the possible origin of the magnetism.
Doping Mg in ZnO even in dilute concentration enhances
the non-centrosymmetrical crystalline structure of wurtzite
ZnO. Since polarity is an intrinsic property for these struc-
tures, it induces a spontaneous polarisation within the cell.
This leads to an internal electrical field, the amplitude of
which directly depends on the relative positioning of the
atoms in the unit cell and, therefore, on the lattice param-
eters. Presence of O defects acts in creating this multifer-
roic behaviour. Krishnamurthy et al. [24] understood the ori-
gin of magnetism in pristine ZnO thin films on the basis of
O vacancies due to the presence of peaks at 538-544 eV
(peaks D and E in our case) in NEXAFS spectra. In view
of this and the peaks D and E in our case (Fig. 4), oxy-
gen vacancies seem to be the origin of magnetism in the
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Fig. 5 [-V characteristic curves for Mg-doped ZnO samples

samples. Our previous study had indicated that O vacan-
cies are enhanced with the higher doping of Mg (PL spectra
in Ref. [9]). Hence, doping of Mg would create more de-
fects, particularly O vacancies, in the system and this leads
to higher magnetisation. On the other hand, due to the large
band gap of MgO (7.7 eV), Mg doping increases the resis-
tivity of host ZnO [25, 26] as observed by the increase in op-
tical band gap of ZnO after Mg incorporation [9]. In order to
further confirm the change in resistivity after Mg doping, /-
V measurements for these samples were performed, which
are shown in Fig. 5. In this figure, non-linearity of the /-V
curves is found to increase with increasing Mg concentra-
tion. A similar effect has also been observed for multiferroic
LuFe,04 [27]. These curves depict the increase in resistivity
after Mg doping. It may be contemplated that the presence
of Mg doping leads to localisation of charge carriers increas-
ing the resistance of the materials. The values of resistance
obtained after linear fitting of these curves are found to be
0.6 x 107 ©, 3.5 x 107 Q and 6.6 x 107 Q. Enhancement
in resistivity with Mg doping in ZnO is a general behaviour
of the Mg-doped samples and is consistent with the previ-
ous studies. Higher resistivity of Mg-doped samples reduces
the leakage current and favours the ferroelectric nature [28].
Also, due to the difference in ionic radii of the two ions
(Zn* and Mg?™1), the lattice distortion takes place that also
contributes to the ferroelectric behaviour. Even though the
signal of ferroelectricity is weak, it is not negligible, which
gives rise to many issues related to multiferroic nature in d°
systems. This is fundamentally important to understand the
origin of such complex manifestations in nature.

The coexistence of RT single-phase multiferroics is very
much limited so far. The ferroelectricity and ferromag-
netism have been independently studied in ZnO-based sys-
tems long before. However, the observed value of ferro-
electric behaviour in the present case is small as compared
to highly ferroelectric materials like Zr-doped PbTiO3 and
BiFeO3 [29]. In the present study, the bond length reduces
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with the Mg incorporation that causes off-centred distor-
tion and results in the dipole moment. Hence, on the ba-
sis of existing literature as well as the present indications,
the existence of ferroelectric nature in these samples cannot
be ignored even though similar P—E loops to those shown
are easily obtained on lossy dielectrics [30, 31]. However,
more research efforts need to be made in this direction for
the improvement of ferroelectric nature. The coexistence of
both ferromagnetic and ferroelectric nature at RT implies
the need for a new outlook in understanding the condensed
matter theory. Some of the exclusive nature identified by the
present theory has been proved to be inclusive. Critical ex-
amination implies the need for microscopic understanding
of the density of electronic states and how this gets modified
due to defects and, hence, influences magnetic and electric
transitions. Therefore, the observed multiferroic nature at
room temperature demonstrates another dimension towards
multifunctionality of ZnO for its possible application to ma-
terial and device designing in the near future.
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