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Mn1−xZnxFe2O4 nanoparticles (MZ NPs) owing to their Zn content dependent tunable magnetic properties have potential applications in
energy conversion devices and in nanomedicine. It is a well-recognised fact that magnetism of MZ NPs has critical dependence on degree
of Zn substitution at tetrahedral sites. In addition, the role of cation distribution between the tetrahedral and octahedral sites for a
particular degree of Zn-substitution, i.e. the degree of inversion (δ) also influences their magnetic characteristics. However, the exact
correlation between distribution of bivalent metal ions between tetrahedral and octahedral sites and corresponding magnetic characteristics
is not well understood. In order to explore this structural dependence of magnetic characteristics of MZ NPs, a series of Mn1−xZnxFe2O4

(x = 0−1) nanoparticles have been synthesized by chemical co-precipitation method. Saturation magnetisation and Curie temperature of
MZ NPs are strongly correlated with the degree of inversion and exchange interactions between the magnetic ions, while the coercivity
and remanence is independent of it and only depends on crystallite size. Both saturation magnetisation and Curie temperature decreases
with increasing Zn substitution into spinel matrix. This could be attributed to the weakening of strong (A-B) inter lattice super exchange
interaction instead partial substitution of Zn at octahedral Mn sites.
1. Introduction: In recent years, Mn1−xZnxFe2O4 (x = 0–1)
nanoparticles (MZ NPs) have attracted considerable interest
because of their technological importance in magnetic
hyperthermia, magnetic resonance imaging, data storage,
spintronics, sensors [1, 2] etc. They are also used in power
transformers: choke coils, noise filters and recording heads [3]. It
is also being considered as one of the promising candidate for the
preparation of magnetic fluids for heat transfer and energy
conversion devices [4, 5]. MZ NPs possess interesting magnetic
properties such as high magnetic permeability and low core
losses in addition to strong zinc (Zn)-content dependent saturation
magnetisation and Curie temperature. Magnetism in MZ NPs
largely depends on the degree of Zn substitution in spinel lattice,
synthesis method used and the conditions of preparation. MZ NPs
are being synthesised by various bottom-up techniques such as
hydrothermal [6], sol–gel [7], microemulsion [8], co-precipitation
[9] etc. each showing different magnetic characteristics, the origin
of which always remained unsettled [6–9].
MZ NPs are ferrimagnetic. They possess cubic spinel structure

with general formula AB2O4, where A and B refer to the tetrahedral
and octahedral cation sites, respectively. Type of cations and their
distribution between the two interstitial sites in the spinel unit cell
determine their intrinsic magnetic properties [10, 11]. This cation
distribution depends on the ionic radii of the cation [12].
ZnFe2O4 (i.e. x = 0) has normal spinel structure, where Zn2+ occu-
pies the tetrahedral sites due to its affinity for sp3 bonding with
oxygen anions, leaving all the ferric ions at the octahedral sites.
Owing to this the only possible interaction between the ferric
ions is intra-lattice (B–B) exchange interaction. Since (B–B) ex-
change interaction is very weak, ZnFe2O4 NPs are paramagnetic
at room temperature [13]. On the other hand, MnFe2O4 has
mixed spinel structure with degree of inversion, δ≃ 0.2. In this
case manganese (Mn) and ferric ions occupy both the tetrahedral
A-sites and octahedral B-sites. It was previously reported that
MZ NPs possess mixed spinel structure as cations Me2+ and Fe3+

occupy both the interstitial sites [14–16]. Attia [17] has reported
the cation distribution in MZ NPs. In MZ NPs, Zn ions always
occupy the A-sites while Fe and Mn ions are distributed between
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A- and B-sites. This distribution of Mn and Fe ions depends on
the degree of inversion and the Zn-content at A-site. Xuan et al.
[18] have reported increase in saturation magnetisation of MZ
NPs for small Zn substitution at A-sites followed by a decrease
in their saturation magnetisation for higher Zn substitution.
However, they could not reveal the strong magnetisation depend-
ence of MZ NPs on Zn-content at interstitial sites and role of
cation distirbutions. Rath et al. have also reported that the particle
size, lattice parameter and magnetic properties of MZ NPs depen-
dents on cation distribution. They have denoted decrease in particle
size and lattice parameter with increase in Zn concentration in terms
of the transformation from mixed spinel to normal spinel structure;
however, they failed to provide any experimental evidence for it. In
addition, they could not explain the observed magnetisation de-
pendence of MZ NPs on degree of zinc (Zn) substitution in the
spinel matrix [19]. Gopalan et al. have reported the impact of Zn
substitution on the structural and magnetic properties of chemically
derived nanosized MZ (x = 0–1). They have observed increase in
magnetisation of MZ NPs for x = 0.2–0.4 followed by a decrease;
however, they could not correlate it with the corresponding
structural changes taking place in the spinel matrix of MZ NPs
due to variation in the Zn substation at interstitial sites [20].
Varshney et al. [21] have studied the effect of site occupancy and
cation ordering on structural and vibrational properties of ZnxMn1
−xFe2O4, but no study on their magnetic properties have been
conducted.

From the literature survey it has been found that the role of
cations vis-a-vis their occupancies at tetrahedral and octahedral
sites are not clear as regards to their influence in deciding the
overall magnetic properties of MZ NPs is concern. It is in this
context a study of structural dependence of magnetic properties of
MZ NPs with varying degree of Zn substitution assume signifi-
cance. This Letter probes the influence of Zn substitution on mag-
netic properties (magnetisation, coercivity, remanence and Curie
temperature) of chemically co-precipitated MZ NPs and their cor-
relation with structural changes in the unit cell caused by varying
cation distribution between tetrahedral and octahedral interstitial
sites.
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Fig. 1 Rietveld refined XRD patterns of Mn1−xZnxFe2O4 (x = 0–1) NPs
2. Materials and methods
2.1. Materials: AR grade FeCl3 was obtained from S.D. fine-chem
Ltd., MnCl2.4H2O was purchased from LOBA chemicals.
ZnSO4.7H2O, NaOH and acetone were purchased from Merck,
India. All chemicals were used as-received without any
purification. Aqueous solutions were prepared in Milli-Q
ultrapure water (ρ = 18.2 MΩ).

2.2. Synthesis of MZ (x = 0–1) NPs: A series of MZ (x = 0–1) (MZ
NPs) NPs were synthesised by chemical co-precipitation of Fe3+,
Mn2+ and Zn2+ from their aqueous salt solutions [22, 23].
Aqueous solutions of MnCl2.4H2O, ZnSO4.7H2O and FeCl3 were
prepared by dissolving stoichiometric quantities of these salts in
300 ml distiled water. pH of the solution was adjusted to <2 with
dilute HCl. It was then added under constant stirring into 100 ml
aqueous solution of NaOH. The molar ratio of (MnCl2.4H2O +
ZnSO4.7H2O):FeCl3:NaOH was maintained as 1:2:8. The solution
pH was then adjusted to 11 with 1 M NaOH. It was stirred for
20 min. During this, metal salts get converted into their hydroxides

(1− x) Mn2+ + x Zn2+ + 2Fe3+ + 8OH−

−−−�93◦C
(1− x)Mn(OH)2 x Zn(OH)2 2Fe(OH)3 (1)

These metal hydroxides were then subjected to constant heating at
90°C for 3 h. During this time hydroxides transform to NPs of metal
oxides [24]

(1− x) Mn(OH)2x Zn(OH)2 2Fe(OH)3

−−−−−�90◦C/3 h
Mn(1−x)ZnxFe2O4 + nH2O (2)

Magnetic NPs were cooled to room temperature, magnetically
decanted and washed multiple times with warm distiled water.
The resulting black precipitates were washed with acetone and
dried overnight at 80°C.

3. Characterisation of MZ NPs: X-ray diffraction (XRD) studies
of MZ NPs were carried out on PAN analytical X’pert PRO powder
X-ray diffractometer. The X-ray diffractograms were recorded at
room temperature by using monochromatic CuKα radiation (λ =
1.5405 Å) in the 2θ range of 28°–70°. Diffractograms were
further refined by Rietveld refinement method by using Fullprof
suite programme. In the refinement, diffraction patterns were
modelled by pseudo-Voigt function. The assumed structure model
is spinel with space group Fd3m. Bivalent (Mn2+; Zn2+) and
trivalent (Fe3+) metal ions occupy the Wyckoff 8a and 16d
special positions, respectively and oxygen atoms are in 32e
special positions. To find out degree of inversion (δ) of bivalent
metal ions (Mn2+) between tetrahedral and octahedral sites, the
site occupancies of Mn2+, Zn2+ and Fe3+ ions were refined with
an assumption that the ratio of site occupancies of A- and B-sites
are A:B = 1:2. The quality of fit is confirmed by the goodness of
fit, χ2 and reliability factors, Rp and Rwp which represents the
weighted differences between measured and calculated diffraction
patterns. Transmission electron microscopy (TEM) image and
specific area electron diffraction (SAED) pattern of MZ NPs was
recorded on JEOL GEM 200 transmission electron microscope,
which was operated at 200 kV. Sample for TEM was prepared by
putting a drop of NP suspension in ethanol on carbon coated
copper grid. It was then vacuum dried overnight. Magnetisation
measurements of MZ NPs were carried out in the magnetic field
range of −4.5 KOe to 4.5 KOe on Lake Shore 7404 vibrating
sample magnetometer (VSM) at 25°C. The Curie temperatures of
MZ NPs were also determined from temperature dependent
magnetisation measurements. Magnetisation as a function of
temperature (M–T) was measured on 7404 VSM by using
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Lakeshore 74,035 single-stage cryostat oven assembly. The
measurements were performed from 300 to 600 K.

4. Results and discussion: Magnetic characteristics of MZ NPs
depend on the degree of Zn substitution and distribution of
bivalent metal ions between tetrahedral and octahedral sites. To
probe this structural dependence, powder X-ray diffractograms of
MZ NPs were recorded. Fig. 1 shows the refined X-ray
diffractograms of as-synthesised MZ NPs. In each diffractogram
six peaks were observed, which are indexed well with the spinel
structure (space group Fd3m) [20, 25].

Obtained best fit values of various structure factors and goodness
of fit parameters (χ2, Rp Rwp) are reported in Table 1.

In normal spinel lattice, all the bivalent metal ions occupy the
tetrahedral sites while all the octahedral sites are occupied by the
trivalent metal ions. In inverse, spinel half of the bivalent metal
ions occupy the tetrahedral sites while rest of them occupies the
octahedral sites and trivalent metal ions occupy the octahedral
sites. In mixed metal ferrite, both bivalent and trivalent metal
ions occupy both the tetrahedral and octahedral sites with different
degrees of occupancies. In MZ ferrite, which is mixed metal fer-
rites, bivalent metal ions partially occupy both the tetrahedral and
octahedral sites. It is observed from refined data that the lattice par-
ameter of MZ NPs increases with increasing Zn-content. This might
be because of the difference in the ionic radii of bivalent and triva-
lent metal ions occupying the tetrahedral and octahedral sites in
spinel lattice leading to different degrees of lattice strain into the
Micro & Nano Letters, 2017, Vol. 12, Iss. 3, pp. 151–156
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Fig. 3 TEM image and electron diffraction pattern (inset) of
Mn0.6Zn0.4Fe2O4 NPs

Table 1 Degree of inversion of MZ NPs

Sample Degree of
inversion, δ

Lattice
parameter

Rp Rwp χ2

Mn1.0Zn0.0Fe2O4 0.22 8.41838 17.5 18.5 1.3
Mn0.8Zn0.2Fe2O4 0.32 8.35689 1.12 1.40 1.1
Mn0.6Zn0.4Fe2O4 0.28 8.36746 12.7 17.1 1.3
Mn0.4Zn0.6Fe2O4 0.15 8.37792 2.92 4.04 1.1
Mn0.2Zn0.8Fe2O4 0.19 8.357486 3.62 4.15 1.1
Mn0.0Zn1.0Fe2O4 0 8.39503 1.64 1.95 1.1

Fig. 2 Effect of Zn substitution on crystallite size of Mn1−xZnxFe2O4 (x = 0–
1) NPs
spinel lattice. The ionic radius of Mn2+, Zn2+ and Fe3+ are, respect-
ively, 0.81, 0.74 and 0.68 Å, which are well above the void size of
tetrahedral A-site (0.28 Å) and octahedral B-site (0.52 Å). Thus,
introduction of Mn2+, Zn2+ and Fe3+ into the defects sites results
into the strained lattice. Owing to the smaller ionic radius of Zn
ion, amongst the bivalent metal ions (Zn2+, Mn2+), Zn occupies
the tetrahedral A-sites, while Mn2+ which are supposed to occupy
the tetrahedral sites only, now also partially occupies the octahedral
sites. The fraction of octahedral sites occupied by the Mn2+ ions or
the amount of tetrahedral sites occupied by the Fe3+ ions, referred as
degree of inversion ‘δ’ is responsible for this observed change in
lattice parameters. Rath et al. [19] have previously reported de-
crease in lattice parameter with increasing Zn ion substitution,
which they have attributed to the replacement of Mn2+ cations
having a larger ionic radii (r = 0.082 nm) by Zn2+ cations having
smaller ionic radii (r = 0.074 nm). However, they have not evalu-
ated distributions of occupancies of bivalent and trivalent metal
ions between tetrahedral A-sites and octahedral B-sites to support
their conclusion. The opposite trend in lattice parameter variation
observed in this Letter could be because of the compensation of
lattice strain decrease due to Zn substitution at Mn sites by the cor-
responding increase in it due to different degree of inversion with
increasing Zn substitution in spinel matrix of MZ NPs. Degree of
inversion ‘δ’ is also responsible for variation in the magnetic
characteristics of MZ NPs explained in the latter section of this
Letter.
To further probe the effect of Zn substitution on the particle size

and hence on their magnetic characteristics, analysis of peak broad-
ening in each diffractogram was performed by adopting the
Williamson–Hall (W–H) approach [26]. According to the W–H ap-
proach, crystallite size and lattice strain both contributes to the
X-ray peak broadening (β1/2). X-ray line broadening is the sum of
contribution from crystallite size and lattice strain present in the
sample, i.e.

b1/2 = bsize+ bstrain (3)

where βsize = λ/(L cos θ) and βstrain = 4η tan θ

b1/2 cos u = 4h sin u+ l/L (4)

where λ is the wavelength of X-rays, L is the full-width half
maximum of each diffraction peaks, θ is the angle of diffraction,
η represents the lattice strain and β1/2 is the average crystallite
size of NPs. If β1/2 cos θ is plotted against sin θ, the slope of the
line and intercept will provide estimation of the lattice strain and
crystallite size of the NPs, respectively. The variation in crystallite
size of MZ NPs obtained from W–H plot as a function of x is also
shown in Fig. 2. The highest crystallite size (19 nm) is observed for
x = 1 in MZ NPs, which is within the superparamagnetic limit of 25
nm generally observed in MZ NPs [26, 27]. The crystallite size of
MZ NPs decreases with increasing Zn-content in the spinel matrix
of MZ. The crystallite size varies between 9 and 19 nm for different
degrees of Zn substitution in MZ NPs. This variation in crystallite
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size indicates that Zn also acts as grain growth inhibitor during the
synthesis of MZ NPs [28]. These results are also in well agreement
with those reported in literature [20]. From XRD studies following
conclusions have been drawn. Diffractograms were further refined
by Rietveld refinement method by using Fullprof suite programme
[29, 30]. With increasing in the degree of Zn substitution, the lattice
parameter increases due to increase in the lattice strain caused
degree of inversion due to the partial occupation of both the octahe-
dral and tetrahedral sites by larger ionic radii Mn2+ ions. Increasing
Zn substitution in the spinel lattice also causes decrease in the crys-
tallite size of MZ NPs which will be later correlated with their mag-
netic properties.

Morphology of the NPs is another critical parameter that has sig-
nificant influence of magnetic characteristics and at nanoscale this
becomes even more influential due to morphological dependence
of quantum size effects. TEM is performed to understand the
morphology of as-synthesised MZ NPs. Fig. 3 shows the TEM
image and (SAED) pattern of as-synthesised MZ NPs. The TEM
micrograph of Mn0.6Zn0.4Fe2O4 NPs is shown in Fig. 3 as a repre-
sentative case. TEM images of other MZ NPs are identical to that
shown in Fig. 3 and hence omitted from the Letter. As can be
seen in the TEM micrograph as-prepared sample has near spherical
morphology. Heavy clustering of NPs is also observed in the micro-
graph, which is caused by the dipole–dipole interaction of small
magnetic NPs. This is a typical characteristic of bare magnetic
NPs in a colloidal state.

Magnetic properties (saturation magnetisation, Curie tempera-
ture, coercivity and retentivity) of MZ NPs depend on several
factors. The most influential one are the degree of Zn substitution
153
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Fig. 4 Specific magnetisation curves of the as-synthesized MZ NPs
a Magnetisation curves of Mn1−xZnxFe2O4 (x = 0–1) NPs
b Saturation magnetisation as a function of Zn- content
and degree of inversion ‘δ’ in addition to crystallite size and morph-
ology of NPs. We have previously understood the effect of Zn sub-
station on crystallite size and degree of inversion ‘δ’ on the lattice
parameter. Now, we will correlate them with the magnetic
characteristics of MZ NPs. Morphology of NPs is independent of
the Zn substation and hence will not be considered any further.
The specific magnetisation curves of the as-synthesised MZ NPs
obtained from room temperature VSM measurements are shown
in Fig. 4a. No hysteresis is observable in any of the samples irre-
spective of the degree of Zn substitution, indicating the superpara-
magnetic behaviour of all the as-synthesised MZ NPs [4, 5]. In each
M–H curve, with increasing applied field, the magnetisation of the
NPs increases exponentially. Magnetisation of the NPs undergo sat-
uration around H = 4.5 KOe. The variation in the saturation magnet-
isation (Ms) of MZ NPs as a function of degree of Zn substitution is
plotted in Fig. 4b. From this plot, it can be observed that the satur-
ation magnetisation of MZ NPs strongly depends on the degree of
Zn substitution. For small degree of Zn substitution, i.e. x = 0.2–0.4,
the Ms of the MZ NPs increases with increase in the degree of Zn
substitution. However, the saturation magnetisation of MZ NPs
decreases with further increase in the degree of Zn substitution
(x > 0.4).

Saturation magnetisation of NPs depends on their magnetic
moment and exchange interaction. In normal, spinel bivalent
metal ions (M2+) occupy all the A-site and Fe3+ ions occupy the
B-site. It can be schematically represented as

A B[ ]
Me2+[Fe3+]O2−

4

� � 0

In the inverse spinel, one half of the Fe3+ ions occupy A-site and
another half is at B-site. Their magnetic moments are mutually
compensated and the resulting moment of the NPs is because of
the magnetic moments of bivalent cations Me2+ at the B-site

A B[ ]
Fe3+[Me2+Fe3+]O2−

4

� � � 0

In mixed spinel bivalent metal ions M2+ and Fe3+ ions occupy both
A- and B-sites. The schematic formula for such mixed spinel is

A B[ ]
M2+

1−dFe
3+

d[Mn2+dFe
3+

1−dFe
3+]O2−

4

� � � � � 0
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where δ is the degree of inversion. It represents fraction of Fe3+

present at A-site. In all these spinel structures, sub-lattice A is at
tetrahedral sites and sub-lattice B is at octahedral sites. Interaction
between A and B sub-lattices in spinel structures consist of
inter-sub-lattice (A–B) super–exchange interactions and
intra-sub-lattice (A–A) and (B–B) exchange interactions.
Amongst these, the inter-sub-lattice (A–B) interaction is the stron-
gest. (A–A) is relatively weak as compared with (A–B) interaction.
It is generally ten times weaker than (A–B) interaction. (B–B) inter-
action is the weakest amongst the three [31, 32].

Bulk MnFe2O4 is expected to have normal spinel structure. When
the size of MnFe2O4 decreases to several nanometres, it trans-
formed into mixed spinel structure with degree of inversion,
δ = 0.1–0.3 [33]. From our X-ray refined data, the δ value for
MnFe2O4 is 0.22 (Table 1). This means that in MnFe2O4 NPs,
some of the Fe3+ ions which are at B-site in normal spinel will
now shift to A-site

A B[ ]
Mn2+0.78Fe

3+
0.22 Mn2+0.18Fe

3+
0.78Fe

3+[ ]
O2−

4

� � � � � 0

Accumulation of Fe3+ ions at A-site results into strong FeA
3+–FeB

3+

inter-lattice super–exchange interaction. As the (A–B) interactions
are much stronger as compared with MnA

2+–FeB
3+ interactions

and other (A–A) and (B–B) interactions, this would lead to
highest saturation magnetisation amongst the studied MZ NPs
[34]. However, the observed saturation magnetisation of 40 emu/g
is much smaller than the Ms value of bulk MnFe2O4, which is 80
emu/g [35]. This decrease in saturation magnetisation could be
caused by the formation of magnetic dead layer on the surface of
NPs due to the decrease in their particle size [18, 36].

Partial substitution of Zn2+ ions at A-sites increases the diamag-
netic contribution and reduces the Mn2+ ions at A-sites. This
weakens the FeA

3+–FeB
3+ and MnA

2+–FeB
3+ inter-lattice exchange

interactions, which result into decrease in the saturation magnetisa-
tion (21.5 emu/g) of Mn0.8Zn0.2Fe2O4 NPs (Fig. 4b)

A B[ ]
Zn2+0.2Mn2+0.48Fe

3+
0.32 Mn2+0.32Fe

3+
0.68Fe

3+[ ]
O2−

4

0 � � � � � 0

Further increase in Zn substitution (x = 0.4) again increases saturation
magnetisation from 21.5 to 26.6 emu/g. This increase inMs is caused
by two competitive processes. Increasing Zn-content increases the
diamagnetic contribution, which is contributing toward the decrease
Micro & Nano Letters, 2017, Vol. 12, Iss. 3, pp. 151–156
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Fig. 6 Plot of magnetic susceptibility (χ) as a function of temperature for
Mn1−xZnxFe2O4 (x = 0–0.8) NPs. Each χ against T curve is linearly extra-
polated to obtain the Curie temperature of magnetic NPs
in the overall magnetisation. At the same time, this decrease in
saturation magnetisation is compensated by corresponding increase
in MnA

2+–FeB
3+ inter-lattice exchange interactions

A B[ ]
Zn2+0.4Mn2+0.32Fe

3+
0.28 Mn2+0.28Fe

3+
0.72Fe

3+[ ]
O2−

4

0 � � � � � 0

Increase in the Zn2+ ions at A-site lead to an increased MnA
2+–FeB

3+

interaction. This enhanced A–B interaction dominates over the de-
creasing (A–A) interaction and thus lead to an enhancement in the
overall magnetisation of Mn0.6Zn0.4Fe2O4 NPs. Similar results have
been previously reported by Anantharaman et al. [37].
With further increase in Zn (x > 0.4), the Ms of MZ NPs

decreases. Similar trend was observed by Anantharaman et al.
[37]. They have attributed this change to transformation of mixed
spinel structure to inverse spinel structure. However, they did not
support their speculation with concrete experimental proofs.
Contradictory to their claim, we have observed no such deviation
from mixed spinel structure (except for ZnFe2O4, which is
normal spinel) as previously concluded from X-ray analysis. We at-
tribute this decreasing saturation magnetisation of MZ NPs with in-
creasing Zn substitution at tetrahedral A-site to enhanced
diamagnetic contribution of Zn, weakening A–B and A–A
interactions.
In ZnFe2O4, i.e. x = 1; there is no (A–B) or (A–A) interactions.

The only possible interaction is the very weak (B–B) interaction
between the two Fe3+ ions present at B-site. As this interaction is
very week, it shows a typical paramagnetic behaviour (Fig. 4a)

A B[ ]
Zn2+ Fe3+Fe3+

[ ]
O4

2−

0 � � 0

In some cases small magnetism is reported in ZnFe2O4 NPs [38,
39]. For example, after fast quenching, a small part of Zn2+ may
remain at the B-site and corresponding part of Fe3+ at the A-site.
Typical degree of inversion ‘δ’ reported in the literature is of the
order of 0.1 [40]. This type of ZnFe2O4 manifests non-compensated
ferri or anti-ferromagnetism; however, in our case we did not find
any evidence of such non-compensated spins.
To further probe the superparamagnetic characteristics of MZ

NPs, their coercivity (Hc) and retentivity (Mr) have been determined
from the M–H loops in Fig. 4a. Both Hc and Mr are plotted as a
function of Zn-content in Fig. 5. For x > 0, Hc and Mr have near
zero values indicating that the as-synthesised MZ NPs are superpar-
amagnetic. For x = 0, i.e. MnFe2O4 NPs, both Hc and Mr have
slightly higher values. The origin of this small ferrimagnetism
could be ascribed to the presence of NPs having larger grains as
Fig. 5 Coercivity and retentivity of Mn1−xZnxFe2O4 (x = 0–1) NPs
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evidenced from their relatively larger crystallite size. Another im-
portant magnetic property of MZ NPs that too depend on the
degree of Zn substitution is their Curie temperature (Tc). Curie tem-
perature of MZ NPs has also been determined from high-
temperature VSM measurements. Fig. 6 shows the normalised sus-
ceptibility (χ) of various MZ NPs as a function of temperature. The
linear region of χ→T curves has been extrapolated and its intercept
on the x-axis gives the Curie temperature. Curie temperature of MZ
NPs as a function of Zn-content ‘x’ is also shown in Fig. 7. Curie
temperature of MnFe2O4 is highest (652 K), which monotonously
Fig. 7 Effect of Zn-content on the Curie temperature of Mn1−xZnxFe2O4 (x
= 0–0.8) NPs
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decreases with the increase in the Zn-content. The Tc of MZ NPs
drops to 361 K for x = 0.8. MZ NPs with Zn-content have stronger
(A–B) exchange interaction, which is also responsible for their high
Curie temperature. As the Zn-content in the MZ NPs increases, the
(A–B) intra-lattice exchange interaction weakens leading to de-
crease in their Curie temperature.

5. Conclusion: Irrespective of degree of Zn substitution, MZ NPs
crystallises into mixed spinel structure with degree of inversion
‘δ’ 0.15–0.32. Saturation magnetisation and Curie temperature of
MZ NPs are strongly correlated with the degree of inversion and
exchange interactions between the magnetic ions, while the
coercivity and remanence are independent of it and only depends
on crystallite size. Both saturation magnetisation and Curie
temperature decreases with increasing Zn substitution into spinel
matrix. It is attributed to the weakening of strong (A–B)
inter-lattice super–exchange interaction instead partial substitution
of Zn at octahedral Mn sites.
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