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Nanocrystalline Nig5ZngsFe,04 powders, synthesized by a combustion method are investigated by X-ray
diffraction, vibrating sample magnetometry and Mdssbauer spectroscopic techniques. We adopt a strat-
egy to systematically control the particle sizes between 4 and 45 nm simply by changing the elemental
stoichiometric coefficient, ®,, of the combustion mixture. Curie temperature of the superparamagnetic
particles of size 4 nm is higher than that of the bulk particles. Interestingly, bigger particles (45 nm) show a
comparable room temperature saturation magnetization and exceptionally very high Curie temperature
of 833 K, when compared to that of the bulk Nig 5Zng5Fe,04 material (563 K).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

NiZn ferrite with the spinel structure is a soft magnetic material
exhibiting high electrical resistivity and high magnetic permeabil-
ity, especially suitable for many applications at high frequencies,
e.g. antenna rods, suppression of electromagnetic interference,
broad band transformers, etc. [1,2]. Magnetic properties of the fer-
rites are mainly governed by the types of ions and their distribution
in two crystallographic sites [1,3]. For NiZn ferrite, Ni;_yZnxFe; Oy,
the cation Zn2*, Fe3* and Ni2* are distributed in the tetrahedral (A)
and octahedral (B) sites of a face centered cubic lattice formed by
02~ jons. It is well established that Zn?* and Ni%* jons have a strong
preference for the tetrahedral and octahedral sites, respectively and
pure phase of NiZn ferrite is thus expected to have a cation dis-
tribution represented by (ZnxFe;_x} )a[Ni{1_x;Fe{q1+x; 1804. Fe3* on
the other hand has a strong preference for the tetrahedral sites as
compared to the octahedral sites. Therefore, comparatively, the for-
mation of NiFe, 04-type structure is most favorable as both Fe>*and
Ni2* occupy their preferred sites with ease. However, with the
introduction of Zn?* in the system, a less favorable situation of Zn2*
pushing Fe3* to the octahedral site arises.

Over the past few years there has been an increased interest
in the study of nanocrystalline magnetic materials due to their
broad range of application potentialities such as in high density
magnetic storage, magnetic carriers for site specific drug deliv-
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ery and contrast enhancement in magnetic resonance imaging
[4-6]. Importantly, nanosized ferrite particles exhibit unusual mag-
netic properties, which are not observed in the bulk, such as
single domain behavior, superparamagnetism, metastable cation
distribution, reduced magnetization due to surface spin canting,
spin glass behavior and enhancement in the Curie temperature
[7-11]. Surface spin canting and collective magnetic excitation
in superparamagnetic particles lower its magnetization which
severely limit the applications of nanosized ferrite particles. There-
fore understanding and controlling the superparamagnetic features
of nanoparticles is important in order to fine tune the magnetic
properties for many potential applications including ferrofluid
technology and magnetic hyperthermia [12,13]. Several attempts
have also been made in the direction to synthesize nanosized
Ni;_yxZny ferrites, so as to obtain good dielectric properties and high
performance at relatively lower sintering temperature [14,15]. The
formation of pure phase of nanosized NiZn ferrite depends sensi-
tively upon synthetic routes. Among all the wet chemical synthetic
routes, glycine nitrate process (GNP) of combustion synthesis is an
important processing technique [16]. GNP is rapid, self-sustaining
and occurs at a low decomposition temperature of 200 °C. For the
complete combustion reaction to take place a stoichiometric molar
ratio of the oxidizer such as metal nitrates and a fuel such as glycine
is required, as shown in the following equation:

0.5Ni(NO3), - 6H;0 + 0.5Zn(NO3 ), - 6H;0 + 2 Fe(NO3 )5 - 9H0 + 20 NH,CH,COOH

9
! 1
Nig5Zng sFe;04 + %COZ + 780 H,O0 + 196N2
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Table 1

Sample code, metals to glycine molar ratio used for the synthesis and XRD data of NiZn ferrite obtained at 473 K.

Sample code Metal to glycine molar ratio

XRD particle size (1) nm Lattice parameter (A)

G1 1:0.25
G2 1:0.5
G3 1:1.0
G4 1:1.5
G52 1:2.0

4 8.402(2)

8 8.392(4)
24 8.388(1)
45 8.380(5)
55 8.379(2)

2 Impurities as ZnO, NiO and other phases detected.

The stoichiometry of the combustion mixture is expressed in
terms of the elemental stoichiometric coefficient, ®,, a parameter
used to describe the ratio of the fuel to oxidizer in a combustion
mixtures [17,18]. This is defined as,

Z(coefﬁcient of oxidizing elements in specific formula) x (valency)

F(—l)Z(coefﬁcient of reducing elements in specific formula)x(valency)

It is known that the chemical energy released from the exother-
mic reaction can be varied with the change in @,, thereby changing
the local heat of the system associated with the corresponding
combustion reactions. The mixture is stoichiometric when @, =1,
fuel-lean when @, >1 and fuel-rich when &, <1. This can allow
a systematic variation of the particle size obtained by controlling
the metal nitrate to glycine molar ratio [19]. With stoichiometric
and fuel rich combustion mixtures, the GNP method is well known
to give rise to inhomogeneous phases with submicron size parti-
cles. However, with fuel lean combustion mixture, an appropriate
metal nitrate to glycine molar ratio with an optimum complexant
and controlled combustion nature of glycine may offer a suitable
flame temperature near-smoldering combustion behavior to obtain
stable spinel nanoparticles [20]. In the present investigation we
adopt a strategy of varying elemental stoichiometric coefficient,
®, to systematically change the sizes and structures of the spinel
formed. It is therefore expected that the magnetic characteristics of
the NiZn, Nig 5Zng sFe, 04 ferrite particles synthesized by GNP will
be strongly dependent upon the combustion reactions with vary-
ing @,. It is also expected that multipoint rapid decomposition of
the complex with the simultaneous evolution of large amount of
gases favors the formation of nearly monodispersed nanoparticles
[19,20]. We demonstrate this aspect in the present investigation.

Studies on various aspects of nanocrystalline ferrites, synthe-
sized by different wet chemical methods, have been reported in the
literature [9,21-28]. For MnFe, 4, an increase in the Curie temper-
ature as high as 97 K, when compared with that of the bulk material
is reported, when the particle size is reduced to 7.5 nm [9]. Though
these changes have been explained in terms of finite size scaling,
it was later explained in terms of the changes in the distribution
of cations in the two different sites of the ferrite lattice, because
from finite size scaling effects a decrease in the Curie tempera-
ture from that of the bulk is expected [29-32]. Such enhancement
in Curie temperature is also observed for nanosized NiFe;04 and
Ni0~5Zn0‘5Fe204 [26,27]

In the present investigation we adopt the strategy of varying
elemental stoichiometric coefficient, @, to systematically control
the sizes and structures of the spinel formed. We report the obser-
vation of unusual magnetic behavior in the case of nanocrystalline
Nig 5Zng 5Fe; 04 powders of varying sizes. It is found that the Curie
temperature of the ferrite with size 4 (+1)nm is above that of
the bulk materials and it further increases with increasing particle
sizes. Increase in the Curie temperature, as high as 270 Kis observed
for NiZn ferrite of 45 (+1) nm size obtained from this method. This
unusual increase in the Curie temperature is explained on the basis
of an interesting evolution of off-stoichiometric mixed spinel phase
representing different cation distributions in the spinel lattice.

2. Experimental

Nig5ZngsFe;04 was synthesized from AR grade chemicals by the following steps.
Zinc nitrate was prepared by dissolving zinc powder in 8 N nitric acid. An appro-
priate molar ratio of the metal nitrates and glycine were mixed as mentioned in
Table 1. The resultant homogeneous solutions thus obtained were boiled under
reflux condition for 1h in a 1L capacity round bottom flask. Finally the solutions
were slowly evaporated on a water bath to form a viscous gel. The gels were allowed
to undergo rapid combustion reaction in a preheated furnace at 473 K. The sample
was kept at the same temperature for 4 h. The NiZn ferrites of different particle sizes
referred to as G1, G2, G3, G4 and G5 as indicated in Table 1 were synthesized. The
as-decomposed samples were characterized for its phase purity and crystallinity
by powder X-ray diffraction measurements (Philips, PW-1730) with CuKa radia-
tion using Ni filter. Magnetic measurements were carried out using a PAR EG &
G 4500 vibrating sample magnetometer (VSM). Field-cooled (FC) and zero-field-
cooled (ZFC) magnetization measurements were measured at 50 Oe by the standard
procedures. Mossbauer spectroscopy was performed at room temperature using
Co°’ source and the spectra were analyzed using software PCMOS obtained from
CMTE-FAST Electronik, Germany.

3. Results and discussion

Fig. 1 shows the powder X-ray diffraction patterns for the NiZn
ferrite powders G1, G2, G3, G4, and G5. For G1 (inset Fig. 1),
the reflections are extremely broad, indicating nanocrystalline
nature of the particles. The decreasing broadening of the differ-
ent reflections from G2 to G5 indicates increase in the particle
size. All the reflections in the XRD patterns correspond to the cubic
spinel structure which is corroborated by the simulated pattern for
Nig.sZngsFe;04 (a=8.382 A, JCPDS PDF #52-0278). However, for G5
additional reflections due to impurity phases such as NiO and ZnO
were observed (~1 5-20%, nominally based upon the XRD relative
intensities). It is however interesting to note that though all the
reflections in the XRD pattern of G4 corresponds to Nig 5Zng sFe; 04
phase, reflections corresponding to (400) and (44 0) planes show
asymmetric peaks and therefore presence of weak shoulder corre-
sponding to NiO may not be ruled out [33]. This implies that for
G4, formation of NiO may be accompanied by the formation of off-
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Fig. 1. Powder X-ray diffraction patterns of the different NiZn ferrite powders and
(S) simulated XRD pattern NigsZnosFe,04 with a=8.382 A.
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50 nm

Fig. 2. Transmission electron micrograph of the sample G1 and G4.

stoichiometric NiZn ferrite nanoparticles resulting into the lattice
distortion from the ideal spinel structure. However, further struc-
tural and magnetic studies are needed to identify and elucidate this
possibility.

The average crystallite sizes, as shown in Table 1, were calcu-
lated from the XRD line broadening using the Scherrer relationship
[34]. The TEM micrographs of G1 and G4, as represented in Fig. 2A
and B respectively, show the difference in the particle sizes, as evi-
denced from the XRD measurements. The cubic lattice parameter
values are comparable to that of the bulk values for G4 and G5 and
increases slightly with the decrease in the particles size for G1 to
G3. The slightly larger lattice parameter for the smaller particles
is due to the difference in the cation distributions leading to the
increase in the bond stretching and this result compares well with
the earlier reports on nanosized Niy5Zng sFe,04 particles [35,36].

Field dependent magnetization for the NiZn ferrite powders,
measured at room temperature, is shown in Fig. 3. The magne-
tization is very small for G1, which continuously increases with
increasing magnetic field and no magnetic hysteresis is observed
(see inset A of Fig. 3). This is typical of superparamagnetic behavior
as reported for nanoparticles of NiZn ferrite of size less than 10 nm

75F 10 A G4

-04 -0.2 0.0 0.2 04
H (kOe)

1 n 1 n 1

0 10
H (kOe)

Fig. 3. Field dependent magnetic behavior, measured at 300K, for G2, G3, G4 and
G5. Corresponding magnetization data for G1 is shown in the inset A and enhanced
scale magnetization for G2 is shown in the inset B.

[37]. For sample G2, although, no magnetic saturation is observed, a
thin hysteresis loop with coercivity of 19 Oe is observed (see inset B
of Fig. 3). This indicates for sample G2, there is a wide particle size
distribution with larger fraction of small particles and a smaller
fraction of large particles (>10 nm) which are not superparamag-
netic. For G3 and G4 the coercivity of 103 and 62 Oe respectively
is obtained which compares well with the earlier reports where
the maximum coercivity is observed for the particles ~30 nm size,
which is within the single domain size limit [37,38]. The room
temperature saturation magnetization values for the samples G1
and G2 are 1.8 and 16.5 emu/g respectively. The reduced value of
the magnetization is likely to be associated with the surface effect
arising from the broken exchange interactions and reduced coordi-
nation specifically at the surface of each of the particles. Moreover,
based upon the shape of the field dependent magnetization of the
sample G1, presence of strong canting due to Yafet-Kittel-type
spin arrangements may not be ruled out. In the disordered sys-
tem ZnxNi;_yFe,04 for 0 <x <1, presence of the Yafet-Kittel type
of canting has been well explained [39]. An increase in the satura-
tion magnetization values of 60 emu/g and 68 emu/g are obtained
for the samples G3 and G4 respectively, implying growth of the
particles. Interestingly, for the sample G5 with much bigger size
of 55 (+1)nm, a decrease in the saturation magnetization value
62.6 emu/g is obtained. Lowering of the magnetic order parame-
ters (MOP) in the sample G5 is expected and this is attributed to
the presence of the impurity phases.

The field-cooled (FC) and zero-field-cooled (ZFC) magnetization
for the superparamagnetic particles, measured at 50 Oe, is shown
in Fig. 4. The maximum in ZFC magnetization for the sample G1,
measured at 50 Oe, is at 90 K. The bifurcation of FC and ZFC mag-
netization above Tg and the continuous increase of magnetization
below this temperature indicate existence and distribution of the
magnetic anisotropy energy barrier and the slow relaxation of the
particles below this temperature. As seen from the inset Fig. 4,
much higher and broader Tg of 200K is obtained for the sample
G2, implying the superparamagnetic blocking temperature and the
broadness of the maximum increases with increasing particle size
and their distribution.

Fig. 5 shows the temperature variation of the magnetization of
the samples, measured at a low magnetic field of 50 Oe (Fig. 5A)
and at high magnetic field of 5kOe (Fig. 5B). The Curie tempera-
tures obtained from the low field measurements are 605, 645 and
833 K respectively for the sample G2, G3 and G4. The temperature
variation of magnetization of the sample G1 is measured at field



9002 S. Verma et al. / Journal of Alloys and Compounds 509 (2011) 8999-9004

0.32

0.30

0.28

0.26

M(emu/g)

0.24

0.22

020 " 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300
T(K)

Fig. 4. FC and ZFC magnetization curves of G1, measured at H=50 Oe, showing the
superparamagnetic behavior of G1. Inset: ZFC magnetization curve of G2.

5kOe (see inset Fig. 5B). The Curie temperature of sample G1 is
573 K. Interestingly, the Curie temperatures of all these samples
are larger than the reported value of 563 K for bulk materials [3].
Though, an increase in T¢ up to 665K is reported earlier [27], a
change in the Curie temperature to 833 K, as high as 270 K for G4 has
never been observed so far. It is known that in the Ni;_xZnyFe; 04
series, the T¢ value is highest for x=0, i.e. for NiFe;04 (858 K). T¢
decreases with increasing Zn content and the highest saturation
moment is obtained for the composition with x=0.5 (theoretical
6 wp; experimental at 300K is 3.4 g and at 0K is 5.2 g), whose
Tc is 563K [3]. The theoretical saturation magnetic moment for
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Fig. 5. Temperature variation of the magnetization of samples measured at an
applied field of (A) 50 Oe and (B) 5 kOe. Inset B: M vs. T plot for G1 at 5 kOe.

O '.
—~ 000 *
%) * \
= * |
c o
5 ...0' * T
: o *
E l
—
© *
N2 -
A Ry o] \
E 2 P * rx *
5 ol *|
2 o G4 —%— G4 *
S| & 0 ; \
S| l —O— Bulk NiZn
* .
s o |-e—NiFe,0, | ' |
300 400 500 600 700 O Y
T(K) Q

1 s 1 s 1 .%\ s 1 s 1 *m 1

300 400 500 600 700 800 900
T(K)

Fig. 6. A comparison of temperature variation of the magnetization of sample G4
with bulk Nig5Zng sFe; 04 and NiFe, 04 of comparable size, measured at 50 Oe. Inset:
Enhanced scale magnetization for G4.

NiFe,04 is 2 pp whereas the experimental value extrapolated to
0Kis 2.3 p. In the present case, for G4, the T¢ is obtained as 833K,
much closer to that of NiFe,04. However, the saturation magnetic
moment at 300 K is obtained as 2.95 pp and the value extrapolated
to 0K is 3.8 pg, which are much larger than that of NiFe,04. More-
over, the lattice parameter value of 8.380(5) A is much closer to the
value 8.374 A corresponding to that of bulk NiZn ferrite materials,
than that of 8.34 A for bulk NiFe,0, materials. In order to com-
pare the temperature variation of magnetization of the sample G4
with that of the bulk Nig 5Zng sFe;04 material and a pure phase of
NiFe,04 of comparable size (40 (£1) nm), magnetic measurements
on the fresh samples were performed in the small magnetic field
of 50 Oe. The NiFe,0,4 sample of comparable size was synthesized
by GNP method under identical conditions. The temperature vari-
ation of the magnetization of the samples, measured above 300K,
is represented in Fig. 6. For bulk NiZn ferrite, the magnetization
curve is similar to that of other multidomain ferrite where the mag-
netization increases slowly with increase in the temperature and
reaches to a broad maximum at a temperature just below the Curie
temperature, Tc. On the other hand, the magnetization curve for
NiFe,04 nanoparticles (40 (£1)nm) the magnetization increases
slowly till the temperature ~640K is reached, above which the
magnetization shows a steep rise just below Curie temperature,
Tc and further increase in temperature causes demagnetization
at the Curie temperature. Interestingly, for the sample G4, the
magnetization increases continuously above 300K with increas-
ing temperature to form a broad maximum at Ty3x1 ~ 400K above
which the rate of increase of magnetization is slow till the temper-
ature ~560 K and then rapidly increases forming a broad maximum
at Tpaxz ~ 640 K. This clearly indicates sample G4 is comprised of
mixed magnetic phases of different anisotropic energy barriers (see
inset A of Fig. 6). Further increase in the temperature results in the
demagnetization at T¢ of 833 K, which is as high as 270K, com-
pared to that of the bulk Nigs5ZngsFe;04 material. The cause for
this increase in T¢ needs to be sought in the presence of mixed mag-
netic phases on one hand and the formation of off-stoichiometric
NiZn phase with different cation distribution favoring enhanced
exchange interactions on the other hand.

In order to study the possibility of structural changes, chemi-
cal and coordination differences of iron in the nanocrystalline NiZn
particles, room temperature °’Fe Mdssbauer spectra for the sam-
ples are shown in Figs. 7 and 8. Mdssbauer spectra of G1 indicate
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Fig. 7. Room temperature >’ Fe Méssbauer spectra of G1, G2 and G3, Nig5ZngsFe;04
samples.

the superparamagnetic nature of the particles with the isomer
shift and line width values of 0.35 mm/s and 0.43 mm/s respec-
tively. Mossbauer spectra of G2 show the presence of one weak
magnetic relaxation spectrum and two doublets representing the
coexistence of both ferromagnetic and superparamagnetic phases.
The isomer shift and line width values of 0.33 (0.05)mm/s and
0.50 (0.01) mm/s respectively are observed for the weak magnetic
relaxation spectrum of G2. The observed isomer shift values for
the samples G1 and G2 compares well with that of the values
reported for Fe3* in NiZn ferrite powders [11,26-28,36,37]. The
superparamagnetic doublets in the Mdssbauer spectrum account
67% of the relative spectral areas corresponding to Fe3* jons of tetra-
hedral (A) and octahedral (B) sites. The Mdssbauer spectra of G3 are

Relative Intensity (arb. units)

-10 -5 0 5 10
Velocity (mm/s)

Fig. 8. Room temperature 57 Fe Méssbauer spectra of G4, Nig5ZngsFe;04 sample.

best fitted with two sextets. The unusual spectrum of G3 could be
attributed to the reduction in magnetocrystalline anisotropy and
large distribution of the magnetic hyperfine fields in the nanopar-
ticles as reported earlier [28,37,40]. The Fe3* ions present in each
site are expected to experience a distribution in the magnetic
hyperfine field due to the different numbers of nonmagnetic (Zn%*)
and magnetic (Ni2*) neighbors and different degrees of collective
magnetic excitations for the sample having wide particle size dis-
tributions [10,11]. The isomer shift values of ¢t =0.29 (0.01) mmy/s
and 8occ =0.33 (0.02) mm/s are consistent with the high spin Fe3*
state. The magnetic hyperfine field (AHyf) values of 46 (0.11)T
and 41 (0.38)T are observed at the A and B sites respectively,
which is smaller than those of the bulk particles [39]. The reduc-
tion in the magnetic hyperfine field for the nanoparticles is earlier
explained by Morup [41] in terms of collective magnetic excitation.
It is important to note that though quasistatic sextet of G3 shows
absence of superparamagnetism, decrease in magnetic hyperfine
filed could be explained from the collective magnetic excitations.
It appears from the recent literature survey in an assembly of single
domain NiZn ferrite nanoparticles that even though the particles do
not show superparamagnetic behavior in external magnetic field,
fluctuations of magnetization along easy axis of magnetization is
possible [10,11,27]. In the present study the sample G3 having the
size ~24 nm exhibit hysteresis at room temperature whereas slow
relaxation of the magnetization vector about easy axis of magneti-
zation has been reported in the Mossbauer spectrum of the sample.
This fluctuation of magnetization vector does not collapse the sex-
tets but will act instead to reduce the magnetic hyperfine field
and the result is similar to that observed for similar particle sized
Nig 35Zng gsFe; 04 ferrites [11]. The relative area within two sextets
for G3 offers interesting observations. For the bulk sample, con-
sidering the ideal situation where Zn%* and Ni?* ions prefers to
occupy tetrahedral and octahedral sites respectively, the ratio of
the intensities of A site to that of B site sextets is 0.33, with the
cation distribution of (Zn2*y 5Fe3*( 5) [Ni2*gsFe3*; 5] O4. However,
it is interesting to observe the ratio of the relative intensities due
to the Fe3* at the tetrahedral A site to octahedral B site for G3 is
0.428, which is higher than that of the ideal situation. The expected
cation distribution for the sample G3 is therefore (Zn%*5Fe3*g¢)
[Ni2*g sFe3*; 4] 04 This clearly indicates that some of the Fe3* ions
from that of B sites is migrated to that of the A site. The enhance-
ment of area corresponding to A sites indicate Fe has occupied more
than 8 out of 64 tetrahedral sites in the unit cell, contrary to that
of the normal structure of spinel. Similar unusual occupancy of
Fe3* in the tetrahedral and octahedral sites has also been reported
by others [10,26,27]. It is possible that extremely high chemical
energy released from the combustion reaction might have helped
to achieve this type of uncommon structure. The enhancement in
the A-O-B interactions is mainly achieved by the increase in the
number of magnetic Fe3* and/or Ni2* ions in the A sites and this
accounts for the enhanced Curie temperature of this sample. Any
increase in the A-O-B superexchange bond angle, as indicated by
the small increase in the cubic lattice parameter will also contribute
to the enhancement of Curie temperature. This type of enhance-
ment in the Curie temperature has been reported in the case of
NiZn, MnFe;0,4 and NiFe,04 ferrite nanoparticles and has been
explained in terms of increase in the strength of superexchange
(A-0O-B) interactions [26,27,32,42].

Madssbauer spectrum of G4 is shown in Fig. 8. It is interesting to
note that the acceptable fit of the spectra was obtained only when
the data were fitted with three sextets. Sextet with smallest iso-
mer shift of 0.28 (0.01) mm/s and magnetic hyperfine field of 48.7
(0.2) T is assumed to arise from the Fe3* ions occupying the A sites.
Sextet with highest magnetic hyperfine field of 50.13 (0.22) T and
isomer shift of 0.32 (0.01) mm/s is assigned to Fe3* ions in the octa-
hedral site. The third sextet with the smallest hyperfine field of 45.7
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(0.11) T and isomer shift of 0.44 (0.01) mm/s may be attributed to
the second octahedrally coordinated Fe3* ions. For G4, absence of
any quadrupole doublet rules out presence of ZnFe,04. Therefore,
any possibility of segregation of NiZn ferrite to NiFe; Oy is also ruled
out since no impurity phases involving Zn or Ni were detected in
the XRD pattern of G4. Formation of Fe30g4, for which the lattice
parameter is 8.39 A, saturation magnetization at room temperature
is 3.8 wp and the Curie temperature is 858 K, can be ruled out due to
the absence of Fe2*, as inferred from Méssbauer data. Another pos-
sibility for the higher magnetization is the formation of y-Fe, 03,
which also can be ruled out as unreacted ZnO were not detected in
the powder XRD of G4. Moreover, as the lattice parameter of G4 is
comparable to that of the bulk Nig 5Zng 5Fe; 04, it can be concluded
that G4 could be the off-stoichiometric NiZn ferrite phase with
much improved magnetic properties. The T¢ of 839K corresponds
to that of composition with x=0.03 for which the experimental
saturation magnetic moment at 0K is only 2.5 . Therefore, pos-
sibility for the formation of off-stoichiometric mixed spinel phase
with much stronger superexchange interaction cannot be ruled out.
To analyze complex spectra of G4, we take into considerations that
additional Fe3* site apart from the usual tetrahedral and octahe-
dral sites may be attributed to the local structural distortion of
ferrite structure due to the formation of off-stoichiometric NiZn
sample. The developing NiO type coordination (see XRD reflections
corresponding to (400) and (440) planes) on the surface of the
particles that has not undergone full precipitation may induce frus-
tration in the dipolar system. This may lead to the presence of a
much larger proportion of uncompensated surface spins on a fer-
romagnetic core of off-stoichiometric NiZn lattice. Therefore, the
presence of additional Fe3* site can be assigned to the frustrated
surface contribution resulting in different environments. There is
a direct correlation of the present result with the results obtained
earlier on NiZn ferrites studied by Mdssbauer spectroscopic tech-
nique [28] and spinel type MgAl,04 nanoparticles studied by Solid
State NMR [43]. However, much further work is clearly needed to
elucidate the quantitative description of off-stoichiometric NiZn
spinel phase, which is beyond the scope of the present paper.
Indeed, in the case of G4, exceptionally high Curie temperature of
833K is a due to the evolution of off-stoichiometric NiZn ferrite
core with frustrated surface spins.

4. Conclusions

Present results show the formation of nanocrystalline
Nigs5ZngsFe,04 with unusual magnetic properties when syn-
thesized by a combustion technique utilizing glycine as a fuel. The
particle sizes can be systematically controlled simply by changing
the elemental stoichiometric coefficient, ®., of the combustion
mixture. Curie temperature of the superparamagnetic particles of
size 4 (&1) nm is higher than that of the bulk particles. An increase
in Curie temperature to 645K is observed for the intermediate
sized particles (24 (£1)nm) and is a result of the deviation of cation
occupancy from that of equilibrium distribution in bulk materials.
Interestingly, bigger particles (45 (+1)nm) show a comparable
room temperature saturation magnetization and exceptionally
very high Curie temperature of 833K, when compared to that
of the bulk Nips5ZngsFe;04 material (563 K). Possibilities of the
formation of off-stoichiometric mixed spinel phase with frustrated
dipolar system predominantly on the surface of the particles are
explored. The relative area belonging to the tetrahedral A and
octahedral B crystallographic sites indicate that Fe atoms in the
unit cell occupy more than eight tetrahedral sites implying much
stronger A-O-B superexchange interactions. Clearly, the structural

and magnetic properties of the spinel ferrites are found to be a
complex function of synthetic route and the processing parame-
ters. The novel enhanced magnetic properties of the nanoparticles
can be beneficial for its potential applications.
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