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Nanocrystalline Ni-doped gadolinium oxide (Gd; goNig 1003_s5, GNO) is syn-
thesized by co-precipitation method. The as-prepared sample is annealed in
vacuum at 700°C for 6 h. Analyses of the x-ray diffractogram by Rietveld
refinement method, transmission electron microscopy and Raman spec-
troscopy of GNO recorded at room temperature confirmed the pure crystal-
lographic phase and complete substitution of Ni-ions in GdpOgz lattice.
Magnetization (M) as a function of temperature (T) and magnetic field (H) is
measured by a superconducting quantum interference device magnetometer,
which suggests the presence of ferromagnetic/antiferromagnetic phases to-
gether with a paramagnetic phase. From the M-T curve it can be shown that
the ferromagnetic phase dominates over para-/antiferromagnetic phases in
the temperature range of 300—-100 K, but from 100 K to 50 K, the antiferro-
magnetic phase dominates over ferro-/paramagnetic phases. Hysteresis loops
recorded at different temperatures indicate the presence of weak ferro-/anti-
ferromagnetism, which dominates in the low field region (~ 4000 Oe), above
which magnetization increases linearly. The sharp increase of magnetization
in M-T curve observed in the temperature range of 50-5 K confirms the
presence of dominating ferromagnetic plus paramagnetic phase over antifer-
romagnetic part. For the first time a combined formula generated from three-
dimensional (3D) spin wave model and Johnston formula is proposed to ana-
lyze the coexistence of different magnetic phases in different temperature
ranges. Interestingly, the combined formula successfully explains the co-ex-
istence of different magnetic phases along with their contribution at different
temperatures. The onset of ferromagnetism in Gd; goNig 1003_s is explained by
oxygen vacancy mediated F-centre exchange (FCE) coupling mechanism.
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INTRODUCTION

Dilute magnetic semiconductors (DMSs) have
drawn considerable attention due to their advanced
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technological applications in spintronics since the
last decade.’ In the family of DMS systems, room
temperature ferromagnetism (RTFM) in transition
metal (TM) ion-doped ZnO, SnOs, TiOs, CeO,, etc.?™®
have been observed by various researchers. In
addition, dilute magnetic dielectrics (DMDs) are
also an important area of research due to their
enhanced magnetic property at room temperature
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(RT) and high dielectric constant. Recently it has
been found that TM ion doped rare earth (RE) oxide
exhibits the property of DMD"'° with high dielec-
tric constant,' as well as high value of magnetlza-
tion compared to that of DMS due to high free ion
magnetic moment of RE ions (R**). Because of high
resistivity, high dielectric constant and large band
gap, rare earth oxides are the potential candidate
for new generatlon spin filter, magnetic sensor and
storage devices.'? In recent times, the magnetic
behavior of TM ion doped rare earth oxides such as
DY1 90C00.1003, 1 Eul 901*190‘10037(»14 Sm; goFeo.10
Os, 1 Sm; 9Cop. 103, Gdl.QOCOO.IOOSﬂS,l Gd;.90
Feg 1005_ ()18 and Tby goNig.1005'" were reported.
Petoral et al. 1nvest1gated the magnetic properties
of 5% Tb doped Gd05.2° So far as these authors’
knowledge, no report of magnetic ordering was
observed in Ni-doped GdyOs till now. Considering
the importance of rare earth oxides, particularly
Gdy05 as Gd®* is S-state ion with high value of free
ion magnetlc moment (~ 7.94 ug) and dielectric
constant'’ and in continuation of our earlier work,
here we report the preparation, structural refine-
ment, morphology, Raman spectroscopy and mag-
netic behavior of Ni%* ion doped gadolinium oxide
with composition Gd; goNig 1003_s (GNO) where the
percentage of doping is same with results of previ-
ous studies. In this manuscript we have investi-
gated the magnetic behavior of Gd; g9Nig 1003_s and
compared the magnetic propertles with avallable
results of Gd1.90000.1003 5, G’dl goFeo 1003 () and
5% Tb doped Gdy,03%° where the percentage of
doping is same. The crystallographlc phase of GNO
and the substitution of Ni%**-ions in the GdyO3 host
lattice are confirmed after analyzing the x-ray
diffractogram by Rietveld refinement. Analyses of
transmission electron microscopy (TEM) and
Raman observation of the sample also confirmed
the absence of any impurity phase in the sample.
Weak ferromagnetic ordering is observed in GNO at
RT in the low field region (at an applied field of
~ 4000 Oe) above which the magnetization
increases linearly with the applied field indicating
the strong paramagnetic behavior of GNO. In the
high field region (~ 5 T') the paramagnetic behavior
of Gdy,O3; dominates over ferromagnetic/antiferro-
magnetic behavior of the sample due to high
magnetic moment of the host cations. The onset of
ferromagnetism (FM) in GNO are successfully
explained by oxygen vacancy mediated FM or so-
called F-centre exchange (FCE) coupling mecha-
nism.%! In FCE mechanism an electron is trapped in
oxygen vacancy which acts as a coupling centre,
through which doped magnetic ions align in ferro-
magnetic order.

EXPERIMENTAL METHODS
Synthesis of Gdl_g()Nio_1003_5

The precursor materials for the preparation of
nanocrystalline GNO in simple co-precipitation

method were gadolinium oxide, GdyO3 (Alfa Aesar,
99.9% purity) and nickel chloride hexahydrate,
NiCly,6H50 (Sigma Aldrich, 99.9% purity). To pre-
pare Gd; g9Nig1905_5 by co-precipitation method,
first required amount of gadolinium oxide was taken
in a beaker and few drops of de-ionized water were
added in the gadolinium oxide to obtain the slurry.
Few drops of concentrated hydrochloric acid (HCI)
were added in the slurry to obtain a clear solution of
gadolinium chloride (GdCls3). The freshly prepared
solution of GdCl; was slowly heated at 60°C for
duration of ~ 3 h to remove the extra amount of
HCl and finally micro-crystals of GdCl; were
obtained. The micro-crystals of GdCl; were dis-
solved in 100 mL of triple distilled boiled water and
sonicated for half an hour. In another beaker
required amount of nickel chloride was taken and
100 mL of triple distilled boiled water was added to
obtain the nickel chloride solution and sonicated for
half an hour. To obtain a clear homogeneous
chloride solution, the solution of gadolinium chlo-
ride and nickel chloride were taken in a beaker and
200 mL of triple distilled boiled water was added to
it and sonicated for 1h. In a beaker sodium
hydroxide (NaOH) pellets were dissolved in triple
distilled water to obtain a diluted sodium hydroxide
solution. To obtain the co-precipitation, this newly
prepared diluted sodium hydroxide solution was
added drop wise in the chloride solution until the
pH of the solution was maintained at ~ 9 and as a
result the desired gadolinium hydroxide Gd(OH);
was precipitated. The co-precipitated particles were
washed several times by triple distilled boiled water
to neutralize the pH of the solution and to remove
extra ions. Finally, the co-precipitated particles
were filtered by vacuum filtration technique and
were dried at RT. The as-dried sample was annealed
at 700°C for 6 h in vacuum to obtain the desired
crystallographic phase and to enhance the oxygen
vacancy in the doped sample, which is helpful to
obtain magnetic ordering in GNO. Boiling condition
was maintained during co-precipitation to lower the
adsorbed oxygen in the water that may helpful to
enhance the oxygen vacancy in the sample.

Materials Characterization

The x-ray diffraction (XRD) pattern of GNO was
recorded using a Brukers Advanced D8 diffractome-
ter with Cu K, radiation (1 = 1.54184 A) in the 20
range from 20° to 75°. Transmission electron
microscopy (TEM) of GNO was recorded using
FEI, Tecnai G? F30-ST mlcroscope operated at
300 kV The same microscope is equipped with a
scanning unit, a high-angle annular dark field
(HAADF) detector for scanning transmission elec-
tron microscopy (STEM-HAADF) and the energy
dispersive x-ray spectroscopy (EDS, EDAX Inc.)
attachment to perform elemental analyses. Raman
spectra of GNO were recorded at RT in the wave
number range of 70-800 cm™! using a T64000
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Raman Spectrophotometer (J. Y. HORIBA). An
incident radiation of wavelength 632 nm emitted
from He-Ne Laser was used as the exciting radia-
tion in Raman spectrometer that interfaced with the
computer in the photon counting mode. Static
magnetic measurements viz., M versus T curve
under field cooled (FC) and zero field cooled (ZFC)
conditions, magnetization versus field (M-H) curves
were carried out at different temperatures from
300 K down to 5 K by using Quantum design
SQUID magnetometer.

RESULTS, ANALYSIS AND DISCUSSION
XRD and Rietveld Analysis

The x-ray diffractogram of GNO is shown in
Fig. 1. The positions of 20 and relative intensities of
diffraction peaks in the XRD pattern of GNO are in
good agreement with the cubic structure of GdsOs3
having space group Ia3 and are assigned according
to JCPDS file No. 43-1014. The average crystallite
size of the sample is calculated from the line
broadening of the 100% intense peak (222) in the
(XRD) pattern by wusing the Debye—Scherrer
equation

(D) = 0.894/ (B2 cos 0)

where (D) is the average crystallite size, 1 is the
wavelength of the incident x-ray radiation and 0 is
the corresponding Bragg angle. Here, f31/5 is the full-
width at half-maximum (FWHM) of the (222) peak.
The average crystallite size of GNO estimated using
Scherrer equation is 17 (1) nm which indicates the
nanocrystalline nature of the sample. To derive the
structural (lattice parameters, unit cell volume etc.)
and microstructural (coherent domain size/crystal-
lite size, micro-strain etc.) parameters, Rietveld
analysis of XRD pattern was carried out with the
help of a software MAUD.?? During the analysis of
XRD data, each profile was fitted with a pseudo-
Voigt function and all the parameters related to
structure/microstructure were considered as refin-
able parameters. The good fitting is also assessed
from the value of goodness of fit (GOF) and the
reliability parameters, namely R, (weighted profile
factor), Rexp, (expected weighted _Proﬁle factor), and
R), (the Bragg factor) defined as’

S w;(Li — Lic)? v
S T v
N-P
Rb — Z |Iz:kOIkOIkc| (3)
GOF — Ftw (4)

Igexp

(222)

10000 -
8000
6000
4000

2000 [

Intensity (Count)

20 30 40 50 60 70
20 (Degree)

Fig. 1. X-ray diffractograms and the fitted
Gd4.9oNip.1003_s obtained from the Rietveld analysis.

pattern  of

Here I;, and I,. represent the observed and calcu-
lated intensities at the ith step, I, represent the
intensity assigned to the kth Bragg reflection at the
end of the refinement cycles; w;= (1/I;,) is the weight
factor. N is the total number of points, which are
considered in the refinement and P denotes the
number of parameters refined. For the best fitted
pattern the value of GOF is around unity. Rietveld
analysis also confirms the cubic structure of GNO
with space group Ia3 and the value of lattice
parameter obtained from Rietveld analysis is
a =10.8325 A (+ 6 x 10~°) with GOF ~ 1.32. The
value of GOF (very close to 1) indicates that the
observed pattern is well fitted by the derived
pattern in the Rietveld refinement. The absence of
extra peak due to any probable impurity phase like
Ni or NiO clusters in the observed pattern con-
firmed the formation of pure crystallographic phase
of GNO. The average nanocrystallite size estimated
from Rietveld refinement of XRD pattern of GNO is
~ 19 (£ 0.5) nm. During Rietveld refinement of
XRD pattern of GNO we consider a mixture of
Gdy03 and NiO phase and with the progression of
refinement iterations it is observed that the volume
fraction of NiO phase diminishes gradually and
ultimately become zero. This fact ruled out the
formation of NiO phase in the sample. To find out
the role of oxygen vacancy on the introduction of
ferromagnetism in GNO, the oxygen occupancy was
also estimated during Rietveld analysis and the
corresponding value of oxygen occupancy is ~ 0.897,
which yields the formula unit of GNO to be
(Gd goNig.1003_5) with 6 =0.309. The results of
Rietveld refinement of the sample are summarized
in Table I. From the Rietveld analysis bond lengths
obtainedin GNQ are: 01-Gd1:2.51 A,01-Gd2:2.31 A,
01-Gd2: 2.39 A 01-Gd2: 2.44 A Whlle for undoped
Gd203 23 bond lengths are: 01-Gd1: 2.33 A 01-Gd2:

2.26 A, 01-Gd2: 2.32 A, 01-Gd2: 2.38 A respectively.

TEM Analysis

To study the morphology of nanocrystalline GNO,
TEM observations were carried out. Some low
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magnification micrographs, selected area electron
diffraction (SAED) patterns and lattice fringe pat-
tern of GNO recorded during high resolution TEM
(HRTEM) observations are shown in Fig. 2a, b, c,
and d. From the micrographs (Fig. 2a and b) it is
seen that the particles are agglomerated. We could
not measure the average particle size of GNO from
TEM micrograph due to high agglomeration of the
nanoparticles. Most of the nanoparticles have a
dumbbell-like shape. The SAED pattern of GNO is
shown in Fig. 2c. The different lattice planes corre-
sponding to GdgO3 were identified by calculating
the diameters of the different rings in the SAED
pattern and are also assigned in Fig. 2c. The lattice
fringe pattern of GNO is displayed in Fig. 2d. The

Table I. Results from Rietveld analysis of the
sample Gd,; 9oNig.1003_5 (GNO)

Cell (A) a: 10.8325 (£ 6 x 1073)
Strain 1.05 x 1072 (£ 1 x 107®)
Size (nm) 19 (£ 0.5)

R, (%) 1.95

Ry, (%) 1.52

Rexp (%) 1.48

GOF 1.32

separation between the consecutive parallel planeg
is calculated and the calculated value is 3.12 A
which corresponds to the lattice plane (222) of
Gdy03, which is assigned and marked in Fig. 2d.
From Fig. 2¢ and d it is seen that no lattice planes
other than Gd;O3 are observed. Thus, TEM study
also ruled out the presence of any impurity phase in
the sample of GNO, which confirms the complete
substitution of Ni**-ions in the lattice of GdyO3. This
observation is in good agreement with the results
obtained from Rietveld analysis of XRD pattern.
To investigate the chemical compositions of GNO,
STEM-HAADF-EDX analysis was performed and
the presence of Gd, Ni and O is confirmed. Figure 3a
shows EDX spectra of GNO. The trace of Cu and C
are appeared in the spectrum as we have used a
carbon coated Cu grid in TEM observation. No
traces of any impurity elements have been observed
in EDX spectra, which establish the purity of the
sample GNO. We have determined the weight
percentages of Ni and Gd in Gd; g9Nig.1903_s from
EDX measurement and the respective values are
4.72% and 95.28%, respectively. These values are
quite close with our chosen stoichiometry of 5% and
95%. STEM-HAADF image (Fig. 3b) indicates that
Gd and Ni are uniformly distributed in the doped
sample. Also, there is no trace of Ni or NiO clusters
in the sample. This is also in good agreement with

51/nm

J‘;;,-u » 10 nm'

Fig. 2. Results of HRTEM observations of Gd; goNio.1003_s (a) and (b) HRTEM micrographs (c) SAED pattern and (d) lattice fringe pattern.
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Fig. 3. (a) Energy dispersive x-ray (EDX) spectra of Gd; goNig.1003_s, (b) STEM-HAADF image.

the results obtained from Rietveld analysis and
Raman spectroscopy.

Raman Spectroscopy

Raman active phonon modes generated in Raman
spectra are the characteristics of different features
like crystallographic phase, presence of impurity,
structural defects etc. Generally, Gd,O5 exists in
both cubic (C-type) and monoclinic (B-type) struc-
tures. Luyer et al.?* studied experimentally and
theoretically the Raman spectroscopy of GdsOz in

both cubic and monoclinic phases. Zarembowitch
et al.?® performed experimentally the Raman spec-
troscopy of monoclinic B-type structure. Rietveld
analysis of the XRD pattern confirms cubic struc-
ture of GNO with space group Ia3. Raman-active
modes in cubic Gd>O3 has been predicted by Bloor
and Dean using the factor group analysis.?® Using
the factor group theory, the number of distinct
Raman active phonon modes in cubic phase of rare
earth oxide are 22 and the possible modes are 4E,,
4A,, 14F,, 5E,, 5A,, and 16F,”® where all the
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Fig. 4. Room temperature Raman Spectra of Gd; goNig.1003_; observed in the wave number range of 70-800 cm™"'.
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Table II. Results extracted from the observed Raman spectra of Gd; 9oNip 1003-5 at room temperature

Raman band position (cm™!)
obtained from cubic

C type structure of

Gd203 (Ref. 22)

Raman band
position (cm™")
obtained from

GdLgoFeo_wa_,; (Ref. 18)

Raman band
position (cm™)
obtained from
Gd;.99Nig.1003-5

Raman band
position (cm')
obtained from

Gd1_90000‘1003_5 (Ref. 17)

81m -
85vw —
95s -
108vw 102
119s -
135w -
145w 144
198w 185
235w -
299vw 257
316m 314
337vw -
361vs 354
401w -
413vw -
435sh 418
447Tm -
479vw -
568m 562
656

66 -
91 -
- 106
111 -
- 177
- 302
339 354
- 433
552 556
- 683
- 732

vw very weak, w weak, m medium, s strong, vs very strong, sh shoulder.

gerade (g) modes are Raman active, E, and A,
modes are Raman inactive and F, modes are
infrared active.?® In the observed Raman spectra
of GNO recorded at RT, Raman active modes are
located in the region between 70 cm ! and 800 cm ™ *
which are shown in Fig. 4. Here, eight prominent
Raman peaks are observed for the cubic phase of the
doped sample located at 106 cm™!, 177 cm™?,
302cm !,  354cm™', 433 cm!, 556cm Y,
683 cm !, and 732 cm 1. The absence of the char-
acteristic boson peak near ~ 90 cm ! corresponding
to amorphous phase of GdyO;3 indicating the well

crystallinity of the sample GNO and amorphous
phase is totally disappeared in GNO.?” From Fig. 4
it is clear that the strongest Raman peak of cubic
Gd,03 is observed at 354 cm 1. Garcia-Murillo et al.
studied the Raman spectra of 5% Eu®* doped GdsO5
where the Raman active modes were located at
93cm !, 117 em ™!, 3183 em ™', 359 cm ™', 442 ecm ™Y,
and 565 cm 1.2 Raman spectroscopy of Co doped
Gd203 (Gd1.90000.1003_5) and Fe doped Gd203
(Gd1.90Feq 1003_s) are also reported in our previous
works.'”'® The wave numbers of the corresponding
Raman peaks for doped and undoped Gd,O3 in the
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Fig. 5. Thermal variation of ZFC and FC magnetizations of
Gdq.g90Nip.1003_s. Inset is the enlarged view of ZFC and FC mag-
netizations in the temperature range of 300-290 K.

Sarkar, Mandal, Dalal, Bandyopadhyay, Satpati, and Chakrabarti

cubic phase are shown in Table II. The absence of a
Raman mode corresponding to the Ni cluster and
nickel-oxide®® in the observed Raman spectra of
GNO indicates the absence of these phases in the
sample, which is consistent with Rietveld refine-
ment of the XRD pattern and TEM observations of
GNO. Because of the doping of Ni-ions in the cubic
Gdy03 lattice, Raman modes are slightly shifted
from undoped Gd;O3; suggests that the dominant
fraction of Ni gets incorporated substitutionally into
the Gd,Os5 lattice and forms GNO. There are many
reasons for the shift of Raman modes, such as
oxygen vacancies within the material, disorder
induced defects or phonon confinement effects
etc.?? Zhang et al.>* suggested that oxygen vacan-
cies play a crucial role for shifting and broadening of
Raman modes. The change of bond length and bond
energy may be correlated with the shift of Raman
modes. The shift of Raman active modes in GNO
towards lower wave number region compared to
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Fig. 6. Magnetic hysteresis (M-H) loops of the sample Gd4 goNip.1003_s recorded at temperatures 300 K, 100 K, 70 K, 50 K, 20 K, and 5 K.

Insets are the loops in the full region of the applied field (~ 5 T).
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Fig. 7. Initial magnetization of the M—H curve recorded at 300 K and
20 K along with the fitted data using modified Langevin function.
Symbols: observed data, Solid Line: fitted by modified Langevin
function.

undoped Gdy03 may be attributed to the increase in
bond length in GNO and presence of oxygen vacan-
cies in the sample, which is also in good agreement
with the results obtained from Rietveld analysis.

Magnetic Properties

Figure 5 shows the M-T curves of GNO under
zero field cooled (ZFC) and field cooled (FC) condi-
tions. To measure FC magnetization, the sample
was cooled from 300 K down to 5 K with an applied
field of 200 Oe. It is apparent that FC and ZFC
curves are overlapped down to ~ 220 K, but the
enlarged view shows that FC and ZFC magnetiza-
tion values are different from 300 K, which is shown
in the inset of Fig. 5, implying that there is no
superparamagnetic effect at and below ~ 300 K.
From M-T curve it is seen that ZFC magnetization
increases slowly with the lowering of temperature
from ~ 300 K down to ~ 100 K. But below ~ 100 K
down to ~ 50 K, magnetization decreases with the
lowering of temperature and attains a minimum
value of ~ 0.157 emu/g at ~ 50 K, and below this
temperature down to ~ 5K magnetization
increases rapidly with the lowering of temperature.
The sharp rise in magnetization below ~ 50 K is the
characteristic of DMS/DMD material, which is due
to the uncoupled or weakly coupled TM ions. To
confirm the presence of magnetic ordering in GNO,
M-H loops were recorded with maximum applied
field of ~ 5 T. Some selected M—H loops recorded at
300 K, 100 K, 70 K, 50 K, 20 K, and 5 K are dis-
played in Fig. 6. The M—H loop of GNO recorded at
RT is a clear hysteresis loop in the low field region
(at an applied field of ~ 4000 Oe) and the extracted
values of coercivity, remanence and maximum
magnetization are ~ 25 Oe, 0.016 emu/g and
5.8 emu/g, respectively. In case of GNO, hysteresis

loops are prominent in the low field region
(~ 4000 Oe) which is evident from Fig. 6, but when
the loops are shown in the full region of the applied
field (~ 5 T) the behavior looks like paramagnetic
type. We have tried to fit the observed unsaturated
M-H curve using the modified Langevin function.
The modified Langevin function is expressed as

M = Ms[coth(uH /K3T) — (KT /uH)| + KH

The symbols have their usual meanings.'® The
initial magnetization of the M-H curve at 300 K
and 20 K along with the Langevin fitting is shown
in Fig. 7.

To find the dominating magnetic phase and to
explain the onset of nonlinearity in the low field
region (~ 4000 Oe) even at RT of GNO, we have
proposed a combined formula generated from 3D
spin wave model and Johnston formula, which
includes the term for paramagnetic, ferromagnetic
and antiferromagnetic to fit the M-T curve in the
ZFC condition. According to this, combined for-

mula!™ %31 hecomes
CH CuapH
M(T) = =+ %TN + M(0)(1 — AT?2) + Coc

The first term in the equation is for the paramag-
netic part of the host, the second term is the
antiferromagnetic contribution, the third term indi-
cates the ferromagnetic contribution arising from
the 3D spin wave model and the fourth term is the
temperature independent contribution to magneti-
zation. In the previous equation M(0) is the satura-
tion magnetization at T =0K due to the
ferromagnetic component, and A is a coefficient
correlated to the structural properties of the mate-
rial. The good fitting of the M-T curve in ZFC
condition using the combined formula is shown in
Fig. 8, which indicates that magnetization in the
full range of temperatures under the ZFC condition
is successfully explained by the combined formula.
The individual contribution of ferromagnetic, para-
magnetic and antiferromagnetic parts at some
temperatures such as 300 K, 200 K, 150 K, 100 K,
80 K, and 50 K obtained from the fitting of M-T
data under the ZFC condition using the combined
formula generated from the 3D spin wave model
and Johnston formula are given in Table III. The
extracted values of magnetization from fitting the
M-T data indicates that in region-1 (300-100 K) the
ferromagnetic contribution dominates over the
other two counterparts in the low field region and
the fitting parameters are M(0) = 0.158 emu/g,
C =0.003 emu K/g Oe, Cuar = 0.067 emu K/g Oe,
respectively. But in the high field region, the
paramagnetic behavior of the sample dominates
over ferromagnetic behavior due to the high mag-
netic moment of the host cations. In region-2 (100—
50 K) of M-T curve it is seen that below ~ 100 K
down to ~ 50 K the decrease of magnetization with
lowering of temperature may be due to the
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Fig. 8. Zero field cooled magnetization versus temperature curve of Gd, goNig.1003_; fitted with combined 3D spin wave model and Johnston
formula in the temperature range of (a) 300-5 K, (b) 300—100 K, (c) 100-50 K and (d) 50-5 K.

Table III. Contribution of different magnetic phases extracted from the observed magnetization versus
temperature curve of Gd; 9oNig 1003-; using the combined formula

Observed Magnetization due Magnetization due Magnetization due

Temperature magnetization to ferromagnetic to paramagnetic to antiferromagnetic
(K) value (emuw/g) contribution (emu/g) contribution (emu/g) contribution (emu/g)
300 0.138 0.117 0.002 0.019

200 0.16 0.136 0.003 0.019

150 0.17 0.143 0.004 0.02

100 0.176 0.006 0.042 0.123

80 0.175 0.005 0.052 0.137

50 0.16 0.088 0.06 0.004

dominating presence of antiferromagnetic ordering
over paramagnetism of the host cations and ferro-
magnetic ordering in the sample. The presence of an

The estimated value of antiferromagnetic exchange
interaction I%B = 74 K.

antiferromagnetic phase together with ferromag- In region-3 (50-5 K) the large value of the
netic plus paramagnetic phases is confirmed from ferromagnetic contribution and small value of the
the extracted values of the individual magnetization antiferromagnetic contribution indicates that in
obtained from the fitting of M—T data and the fitting this region the ferromagnetic phase dominates over
parameters are M(0) =5 x 10~* emu/g, the antiferromagnetic phase, indicating that ZFC
C = 0.021 emu K/g Oe, Car = 0.12 emu K/g Oe, magnetization increases rapidly with lowering of
respectively. Thus, due to the strong antiferromag- temperature. But due to the strong paramagnetic
netic contribution, the antiferromagnetic phase contribution of the host cations, the loops are not
dominates over paramagnetic plus ferromagnetic saturated. The lack of saturation in the loops
phases in region-2. In the M-T curve there is a demonstrates that a large fraction of nanoparticles
broad maximum at temperature Tax ~ 95 K and a are in paramagnetic phase. In region-3 the fitting

point of inflection at ~ 50 K. According to Bonner parameters are M(0) = 0.06 emuw/g, C = 0.015 emu
and Fisher, this behavior is the characteristics of K/g Oe, Car =0.001 emu K/g Oe, respectively.

the antiferromagnetic chain'®?®! and the antiferro- Actually, in the first phase of the fitting we have
magnetic exchange interaction follows the relation tried to fit the magnetic data into the entire
temperature region using one set of parameters,

KpTmax — 1989 namely, M(0), C etc. But here it seen that the values

J ' of M(0) and C in three different regions change due

to the change of domination of different magnetic
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Fig. 9. Atomic structure and bond angles of Gd; goNig.1003_s de-
rived from MAUD.

phases, and accordingly, the magnetic data in the
whole region are fitted quite satisfactorily. The
paramagnetic contribution comes from the strong
exchange interaction among the spins of Gd*>*
unpaired electrons.®? The presence of hysteresis
loops in the low field region is due to the presence of
ferromagnetic/antiferromagnetic ordering in the
sample and the unsaturated M-H loop is the
signature of the presence of paramagnetism. A
canonical antiferromagnet does not exhibit any sort
of hysteresis loop, but for nanoscaled antiferromag-
nets hysteresis can be observed.'® The introduction
of magnetic ordering due to impurities can be easily
ruled out by Rietveld analysis of the XRD pattern,
TEM and Raman analysis of GNO. Alhough differ-
ent mechanisms can explain the observed magnetic
ordering in the TM-ion doped DMS/DMD system,
the proper explanation of the onset of magnetic
ordering is yet to be explored. As the concentration
of magnetic cations responsible for the ordering is
low, i.e. the Ni cations, the observed magnetic
ordering cannot be explained by the carrier medi-
ated Ruderman-Kittel-Kasuya—Yosida (RKKY)
magnetic exchange mechanism reported by Hou
et al.®® The RKKY interaction is based on the
concentration of free carrier, but at such a low
doping Gds03 cannot transform into a metal. Coey
et al.,?! reported the oxygen vacancy mediated
ferromagnetism, which is related to the formation
of bound magnetic polarons. Among different possi-
bilities, the most plausible explanation for the
present case is the defect/oxygen vacancy mediated
F centre exchange (FCE) coupling mechanism, as
the sample is annealed in vacuum and the forma-
tion of oxygen vacancy in the sample can be
substantiated by the Rietveld analysis of GNO. In
FCE mechanism, an electron trapped in an oxygen
vacancy (Vo) forms the F-centre, and the trapped
electron occupies an orbital, which overlaps the d
shell of neighboring Ni ions. The magnetic exchange
interactions between Vg and Ni ions align most of
the spins of Ni ions around Vg, constitutes BMPs.
The magnetic behavior of doped diluted magnetic
semiconductors is characterized by the interaction
between large collective spins which are known as
bound magnetic polarons (BMPs).?* According to

the Hund’s rule and Pauli Exclusion Principle, spin
orientations of the trapped electrons and the neigh-
bouring Ni ions should be parallel in order to
achieve ferromagnetic ordering.®® Moreover, the
doping of Ni** jons may enhance the number of
oxygen vacancies in doped Gd;Os; to maintain
charge neutrality in the system. Antiferromag-
netism in GNO appears mainly due to the presence
of strong super-exchange interaction of Gd3*-
0?"Gd** and Ni**-0? Ni%**.*? According to FCE
mechanism the direct exchange interaction between
two Ni ions through oxygen vacancy is ferromag-
netic in nature which leads to the alignment of the
spin of the magnetic atom.2"*%3% The concentration
of BMPs at relatively high temperature is quite
low'”® and only few Ni ions are ferromagnetically
coupled through oxygen vacancies which contribute
weak ferromagnetic ordering in the sample.?> With
the lowering of temperature the decrease in thermal
randomization of magnetic spins and the increase of
FCE interaction mediated by oxygen vacancy due to
increase of BMP concentration favours the domi-
nance of FM phase in GNO and thus strengthens
the ferromagnetic exchange interaction at lower
temperature.”*%3% Again with the lowering of
temperature both polaron size and total intrapo-
laron exchange energy increase logarithmically and
probability of overlapping of BMPs and interactions
between BMPs increases, which leads to the promi-
nent long range FM ordering in the sample at low
temperature.®?*3” According to BMP model, the
coupling between two Ni®* ions through oxygen
vacancy (Ni2+-Ovacancy-Niz+) is ferromagnetic in
nature.?” In our case, only a few Ni%* ions under-
went coupling with the Oyacancy at high tempera-
ture. In addition, Gd*>*-0%* Gd* and Ni**-O* Ni**
antiferromagnetic super exchange interaction are
also present. Therefore, the presence of the Gd>*-
0%~ Gd?* and Ni%*-O? Ni?* antiferromagnetic super
exchange interaction in addition to the diluted Ni**-
Ovacancy-Ni2+ ferromagnetic exchange interaction,
magnetization of the Ni-doped Gd,O3 samples show
ferromagnetic/antiferromagnetic behavior at differ-
ent temperatures. In addition, paramagnetic behav-
ior due to host cations and ferromagnetic ordering
due to FCE interactions, the onset of antiferromag-
netic ordering based on superexchange interactions
and bond angles can also be explained with the help
of atomic structure of GNO derived from MAUD
which is shown in Fig. 9. Ni?* ions are mostly found
in the position (0.25, 0.25, 0.25), i.e., in the position
of Gd1. No Ni?* jons are found in the position of
Gd** ions ie. Gd2: (0.53, 0.00, 0.25). The bond
lengths among Gdl and Gd2 are AB=4.06 A,
AC=3.62 A, AD=4.06 A and the bond angles are
/AOB=114.3°, /A0C=95.0°, /AOD=109.9°. Corre-
spondingly, the bond lengths among Gd2 are
BC=4.07 A, CD=3.63 A, BD=4.07 A and the bond
angles are /BOC=119.6°, /COD=97.3°,
/BOD=117.5°. The strength of exchange interaction
is maximum when the bond angle is 180° and in this
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case the two spins (spins of Gd1 and Gd2) become
antiparallel. The strength becomes weaker as the
bond angle becomes smaller.®® Thus, here the
superexchange interactions responsible for the
onset of antiferromagnetic ordering in GNO could
be the interactions between the Gd°* ions at A and
B (A-B: 4.06 A, /AOB=114.3°), A and D (A-D:
4.06 A, /AOD=109.9°), B and C (B-C: 4.07 A,
/BOC=119.6°), B and D (B-D: 4.07A,
/BOD=117.5°). Also, 5% Ni substitution is found in
the position of Gd1. Thus, the superexchange inter-
actions A-B and A-D with Ni®" ions at A-position
and Gd3* ions at B- and D-positions contribute to
the onset of antiferromagnetism in GNO.
Compared to other previously reported work on
doped Gd,O3, room temperature ferromagnetism is
first observed in GNO. In our previous works on Co
doped Gdy05'" and Fe doped Gd,05'® paramagnetic
to ferromagnetic phase transition was observed at
~ 20 K. Petoral et al.?° investigated the magnetic
behavior of 5% Tb doped Gd;Os where hysteretic
behavior appeared at 5 K. Thus, it is revealed that
oxygen vacancy plays a key role in the magnetic
behavior of GNO formed by vacuum annealing and
charge neutrality in the system. In our earlier
works, Co doped GdyO3 (Gd;.90C00 1003_s)"" exhibits
paramagnetic nature with maximum magnetization
at ~ 300 K around 5.6 emu/g at 57T, Fe doped
Gdy05 (Gd;goFen.1005_5)'° exhibits paramagnetic
nature with maximum magnetization at 300 K
around 5.7 emu/g with a maximum applied field of
~ 5 T. Hazarika et al.* reported the superparam-
agnetic behavior of GdyO3 nanorod at 300 K with
maximum magnetization ~ 6 emu/g at 6 7. Patel
et al.®? reported that the paramagnetic behavior
with feeble antiferromagnetic contribution in Co
doped GdyO3 nanorod with maximum magnetiza-
tion at 300 K was ~ 0.06 emu/g with a maximum
applied field of ~ 2 T. But in the present system, we
have investigated the magnetic properties of Ni
doped Gdy03 (GdqgoNig.1003_5), where room tem-
perature ferromagnetism is observed in the low field
region (~ 4000 Oe), but with maximum applied field
of ~5 T dominant paramagnetic behavior with
maximum magnetization at 300 K is ~ 5.8 emu/g is
found. The formation of oxygen vacancy to maintain
charge neutrality in GNO plays a key role for the
enhancement of magnetization compared to Co and
Fe doped Gdy0s3. Also, the huge enhancement in the
magnetization of GNO compared to that of 5% Tb
doped Gds05%° may be attributed to the presence of
oxygen vacancy, which is achieved not only by
annealing the sample in vacuum, but also from
charge neutrality. In the case of the Co/Fe doped
Gdy03 system the situation may be different from
that of Ni doped systems. The enhancement of
magnetization normally depends on dopants as well
as on the vacancies. The probability of existence of
different valence states of Co/Fe (+ 2, + 3 and so on
valence states) is more plausible compared to that of
Ni. Because of this the creation of an oxygen

vacancy in Ni doped GdyO3 is more probable than
previous cases (Co/Fe doped Gd,O3 systems). Thus,
for the first time we have reported the room tem-
perature ferromagnetism in a doped Gdy,O3 system.
Thus, it is revealed that the increase of FCE
interaction mediated by oxygen vacancies in GNO
describes the enhanced magnetization compared to
other doped or undoped Gd,O3 reported so far.

CONCLUSION

Nanocrystalline samples of Gd; goNig.190s_s are
successfully prepared where the TM ions of Ni** are
entered in the cubic lattice of GdyO3. The oxygen
vacancy is enhanced due to annealing the as-
prepared sample in vacuum. The analyses of XRD,
HRTEM and Raman data do not find any impurity
of NiO or other, and the formation of a cluster of Ni-
atoms is not found in these analyses. Different
magnetic phases such as antiferromagnetic, para-
magnetic and ferromagnetic are found and duly
analyzed. Though different magnetic phases are
found in the magnetic measurements, the dominat-
ing phase depends mainly on two factors, namely,
value of the magnetic field and temperature. To
know the dominating magnetic phase at a given
temperature, the measured data are successfully
fitted by a combined formula consisting of 3D spin
wave model and the Johnston formula, and we have
considered this formula for the first time. The good
fitting of the magnetic data by the combined for-
mula successfully explains the dominating magnetic
phase as a function of temperature. This unique
approach will be helpful to analyze any magnetic
data to know the magnetic phase of the system. The
dominating magnetic phase such as paramagnetic
and ferromagnetic as evaluated from the analysis is
explained by FCE mechanism. The present doped
system with high value of magnetization would be
quite interesting for applications as DMD.
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