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Abstract

A study of the microstructures and magnetic properties of nanosize
Zn ferrite (ZnFe;O4), Mn ferrite (MnFe,O4), and the cation deficit
Zn—Mn ferrites Zn0_7OMn0_23Fe],3904 (Sl), Zn0'4]Mn0_50Fe1.g4O4 (S2) and
Zng 1sMng ¢7Fe; 8504 (S3) was performed. The crystallite size for all
samples was determined by x-ray powder diffraction (XRPD) analysis using
four different methods, and was close to the particle size found from
transmission electron microphotography. Among different methods of XRPD
line broadening analysis it seems that the cubic harmonic function method is
more precise and reliable than the Warren—Averbach and simplified integral
breadth methods. M(T) and M(H) magnetization curves at different
fields/temperatures indicate superparamagnetic behaviour of the samples.
Asymmetric hysteresis loops and differences in coercive fields, Hc_ (FC) —
Hc_(ZFC), are discussed by both the core/shell model of nanoparticles and spin
canting. The magnetic measurements with a maximum in the FC magnetization
branches, the difference in M /Mg versus H/ T curves above Tp.x (temperature
of maximum in ZFC magnetization), the nonlinearity in Hc versus T2, the
remanence/saturation ratio value, Mgr/Ms and observation of the Almeida—
Thouless line for low-field magnetization data (T, versus H 2/3) indicate that
the samples consist of an interacting ferrite nanoparticle ensemble.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Nanoparticles have unique physical properties as a consequence of dimensional reduction.
Their properties are either significantly modified (e.g. coercive field, Curie temperature,
saturation magnetization) or new ones that are not present in the bulk. Below some critical
dimension, magnetic particles become single domain and show superparamagnetic (SPM)
behaviour [1-3]. The magnetic properties of such particles are well described by the Néel
model [4], where the magnetic anisotropy energy E 4 is a key factor in determining the magnetic
behaviour of nanoparticles. Below the blocking temperature 7g, the thermal energy is not
strong enough to overcome E, and particle moments are blocked. Above Tp, the thermal
energy and applied field move the magnetization direction of the nanoparticles away from
their easy axis and particles show superparamagnetism. In the Néel model the particles are
considered to be non-interacting. On the other hand, when interparticle interactions are strong
enough, a magnetic phase transition from a superparamagnetic to a collective superspin glass
(SSG) occurs [5, 6]. However, in real nanomaterials the magnetic properties are governed both
by the intrinsic magnetic anisotropy energy and interparticle interactions.

Magnetism is an area where microstructure is vital but poorly understood at the
microscopic level. From the technical point of view, the magnetic characteristics of materials
crucially depend on their microstructure [7]. A similar situation exists in conventional
transition metal magnets, where control of the microstructure is the central task in the
development of alloy systems with desirable technical properties (coercivity, remanence
and permeability). Experimental studies of nanosize materials are often concerned with
the influence of particle size and its distribution on magnetic properties, such as blocking
temperature, coercivity, remanence and saturation magnetization. To the best of our
knowledge, no systematic studies of the relationship between microstructure determined
from diffraction data and the magnetic properties of nanoparticles have been made.
Nowadays, progress in both instrumentation and data analysis facilitates systematic size—
strain crystallographic studies, which together with magnetic measurements provide a better
understanding of the above-mentioned relationships in nanomagnetism. This was one of the
goals of the present study.

Cubic nanosize spinel ferrites with the general formula MFe,0, are well known, important
materials for applications such as high-density information storage media, drug delivery,
medical diagnostics, ferrofluids, electronic devices, and catalysts [8, 9]. Also, nanometre
scale ferrites are a current topic of basic research in nanomagnetism. In the unit cell of spinels,
oxygen ions form close packing, with M>* and Fe** ions distributed between tetrahedral A
(8a) and octahedral B (16d) interstitial sites. In most cases ferrites with the spinel structure
have (M, Fe);0; stoichiometry, where the cation/anion ratio is 3/4, although deviation from
stoichiometry is possible [10, 11]. In cation-deficient spinels, the vacancies present lead to
modification of the cation valence, thus influencing the physical properties. For example, an
increase in the initial permeability of Zn—Mn ferrites with increasing non-stoichiometry [12],
or a significant variation of permeability in Mg—Mn ferrites even for a small deviation of
stoichiometry was found [13].

In a previous paper [11] we presented results on the cation distribution and size—
strain analysis obtained by the Rietveld method in nanosized Zn and Mn ferrites, and also
in the cation deficit Zn—Mn ferrites Zng70Mng23Fe; 8904 (S1), Zng 41 MngsoFe; 3404 (S2)
and Zng gsMng ¢7Fe; 3504 (S3) obtained by thermal decomposition of appropriate mixed
complex compounds with acetylacetone (2,4-pentadione) ligands [11]. Our previous work
was continued with the following aims:
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(a) to analyse structural and microstructural data applying the Warren—Averbach and
simplified integral breadth methods and to compare them with the results obtained using
the cubic harmonic function method, and

(b) to study the magnetic properties of these samples by DC magnetization measurements.

2. Experimental section
2.1. Magnetization and TEM measurement

Zero-field-cooled (ZFC) and field-cooled (FC) magnetizations were measured in the
temperature range 2-350 K, and in an applied field of 100 Oe, using an MPMS XL-5 SQUID
magnetometer. Hysteresis loops were measured at 5 and 350 K for all samples. For sample
S1 the hysteresis loops were also measured in different applied fields (50 Oe-2 kOe) and at
different temperatures (2—80 K). The latter M (T') measurements were made in both ZFC and
FCregimes. In the FC regime the sample was cooled in a 50 kOe field down to low temperature,
and measurement was made from 50 kOe up to —50 kOe, and vice versa.

Transmission electron microscopy (TEM) was performed on a Philips M400 equipment.

2.2. Size—strain microstructure analysis procedure

The x-ray line broadening was analysed by the Breadth computer programs [14]. The
Breadth program calculates microstructural parameters according to the Warren—Averbach
and simplified integral breadth methods [15, 16]. The x-ray line broadening of the hhh (h =
1,...,5and hh0(h = 2, ..., 6) reflections was analysed. Input data for the Breadth program,
such as unit-cell parameters, peak positions (20m,x), FWHM (full width half maximum) and
Lorenz/Gauss mixing components (1), were taken from the output of the FullProf program
givenin [11].

3. Results and discussion
3.1. Size—strain microstructure analysis

At the beginning of this section we briefly summarize the results obtained in our previous
study [11] on the cation distribution obtained by the Rietveld crystal structure refinement.
The cation distribution in ZnFe,04 was partially inverse with 14% of Zn>* ions at octahedral
16d sites, while MnFe, 0,4 was a normal spinel. The cation distribution in non-stoichiometric
(Zn, Mn, Fe);_ ;04 (§ = 0.18-0.30) was found to be (Zn,Mn,_,)g, [Fe._, ]164, With a random
distribution of vacancies. Based on the refined occupation numbers for ternary samples [11],
we calculated the vacancy concentrations. The parameters ¢ and v were as follows: ¢ = 0.07,
v = 0.11 for sample S1, ¢ = 0.09, v = 0.16 for S2 and ¢ = 0.15, v = 0.15 for S3.
Non-stoichiometry in Zn—Mn ferrites was accompanied by a cation valence change, i.e. partial
oxidation of Mn?* to Mn** [11].

To analyse the influence of vacancies and other structural misfits on the magnetic behaviour
of the spinels studied, it is important to define, as precisely as possible, the microstructure of
the investigated samples. Therefore, in sections 3.1.1-3.1.3 we present, compare and discuss
our obtained results, particularly the role of specimen preparation on the size—strain results,
different size—strain analysis results and applied methods.

3.1.1. Role of specimen preparation on obtained size—strain results. The role of the specimen
and the crystallite statistics for an x-ray powder diffraction (XRPD) experiment (experiment
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involving intensity measurements) are very important. An increase of the data collection time
showed no effect on the crystallite statistics. The number of crystallites that contribute to the
diffraction spectrum is limited by their size, the volume of the specimen in the beam, and
whether the specimen was moving during the measurements. There are a number of ways
to increase this number for a given instrument. The easiest way is to reduce the crystallite
size to dimensions around 1 pum, but this is not always possible. Therefore, the specimen
size could be the limiting factor in the experiment. However, we prepared ultrafine powders
of Zn—Mn ferrites with average grain sizes of a few hundred dngstroms [11]. The intensities
obtained in the XRPD patterns were reliable, as was proved by the low accuracy parameters
for the Rietveld refinements (see table 1 in [11]). In this way, we were able to conclude that
our profile analyses were accurate and reliable.

3.1.2. Comparison of size—strain analysis results. In order to analyse precisely and reliably
the crystallites’ size/strain relationship and their anisotropy in the nanoparticle samples under
consideration we used four different methods for the x-ray diffraction line broadening analysis:
Warren—Averbach and simplified integral breadth (incorporated in the Breadth computer
program), as well as refinements of the TCH-pV parameter and cubic harmonic function
methods (incorporated in the FullProf computer program). Previously we obtained [11] the
size and strain of crystallites using the FullProf program which, for the sake of comparison,
are shown in table 1. The same table also contains results obtained by the Breadth program
for crystallite domain sizes aj, surface-weighted (D)s and volume-weighted (D)y. The
volume-averaged domain sizes evaluated from the simplified integral-breadth method in the
approximation of Cauchy—Cauchy (D)cc, Cauchy—Gauss (D)cg, and Gauss—Gauss (D)gg
distribution of crystallites and strains are also given. The root mean square strains (RMSS)
over the distances (D)s/2. ((62) ys2)- (D)v/2 ((62) iy 2)- a;(<s2>i{2) and infinity ((¢2)¢/2.)
are also presented in table 1. The upper limits of strain from the simplified integral-breadth
methods in the approximate Cauchy—Cauchy, (82)&? , Cauchy—Gauss, (sz)gé and Gauss—

Gauss, (82)(]3/5 distribution of crystallites and strains are also shown.

From the results obtained by the Breadth and FullProf programs, it could be concluded
that in the binary spinels the crystallites are bigger in ZnFe,O4 than in MnFe,0,, while the
RMSSs are lower in ZnFe,O4 than in MnFe,O4. The anisotropy of x-ray line broadening is
significantly higher in the binary than in the ternary spinels S1, S2 and S3. The strain-induced
x-ray line broadening anisotropy is about twice as high in ZnFe,O4 (21.4%) than in MnFe,O4
(10%). In the ternary samples the crystallites are a little bigger in S3 than in S1 and S2,
while the RMSSs are a little higher in S2 and S3 than in S1. The anisotropy of x-ray line
broadening decreases as the vacancy concentration § increases: 13.3% for S1, 3.8% for S2
and 4.1% for S3. The average apparent crystallite size increases with increase of the cation
deficit in the 8a tetrahedral position. Results obtained by the Breadth program indicate that the
magnitude of broadening is given mostly by the Cauchy component. In figure 1, crystallite size
and RMSS strain distributions are presented. As the crystallite size decreases the distribution
pV becomes increasingly narrow, indicating a uniform crystallite distribution for a smaller
crystallite size. The RMSS strain distribution over the distance L is more or less the same for
all specimens. Between 50 and 1000 A, which should be the limit for grain sizes (see the TEM
results presented below), the RMSSs are between 0.003 and 0.0015. This is an indication that
the prepared ultrafine ferrite powders are of a good crystallinity. Thus we were able to perform
reliable diffraction experiments.

The four different methods are not in complete agreement. On a relative scale, the size—
strain analysis results are in agreement. All methods indicate that the crystallite size and the



Table 1. The microstructure size—strain parameters for cation-deficient Zn,MnyFe,Oy.

ZnFey 04 Zng.70Mng.23Fe1.8904 (S1) Zng41Mng.s0Fe1.8404 (S2) Zng,18Mng.67Fe1.8504 (S3) MnFe,; 04

Hkl hhh hh0 hhh hh0 hhh hh0 hhh hh0 hhh hh0
Warren—Averbach method
ag A) 5.6 5.7 4.1 4.5 3.5 34 4.5 4.5 0.8 2.8
(D)s (A) 108 £3 103 £3 57+1 611 56+1 57+1 74+ 1 71+1 48+ 1 46+ 1
(Dyv (A) 184 +4 179+ 4 113£3 121 +£3 110£2 113+£7 146 + 4 140 £ 5 96 +2 91+2
(82><l[/)2>s/2 x10° 2.6+0.1 25+£0.1 2.74+0.05 2.60+0.05 3.8+0.1 3.93+£0.04 3.03+£0.06 3.05+0.09 48+0.1 48+0.1
(82)21/)2)\,/2 x 10° 2.00 £0.09 1.92£0.08 1.99+0.03 1.89+0.04 2.69+£0.07 2.83+0.03 2.22+0.04 2.23+£0.06 3.47=£0.08 3.49+0.09
(82>i§/2 x 10° 78+03 74+03 7.0£0.1 6.6+£0.1 106 £03 1124+0.1 84402 83+02 14.0+04 13.7+04
()2 x 100 44+£06 50+£05 610£008 6.15£0.08 50+£01 69+£02  75+02 79+01  874£0.06 9.07+0.07
Simplified integral breadth method
(D)cc (A) 218 222 124 137 128 141 176 176 121 116
(D)cg (A) 188 186 115 124 113 119 152 148 103 97
(D)gg (A) 184 182 114 123 111 116 148 145 100 94
(82>(l:/c2 x 10° 1.92 1.98 1.47 1.53 2.51 3.01 2.30 243 3.80 3.85
()5 x 100 261 2.59 2.57 2.47 3.64 3.98 3.14 3.19 5.02 5.00
(52>IG/G2 x 10° 3.29 3.26 3.41 3.26 4.67 5.03 3.97 4.02 6.28 6.28
FullProf

Average apparent 277(10) 146(7) 146(2) 204(1) 128(4)
size (A) [11]
Average mixing  1.4(3) 1.5(2) 2.6(1) 2.4(1) 4.0(4)

strain x 103 [11]
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Figure 1. Crystallite size distribution (a) and RMSS strain distribution (b).

strain change non-systematically with the increase in Mn concentration. On an absolute scale
there are discrepancies among these methods due to the different mathematical formalism
regarding the description of the x-ray diffraction line broadening [14-20].

Comparing Warren—Averbach and simplified integral breadth methods it can be seen that
the crystallite size and the strain, measured in the directions [111] and [110], are almost equal
within experimental error. The parameter values, calculated in different directions, could be
obtained from the refinement of the regular TCH—pV function, but the results could strongly
depend on the correlation between refined FWHM parameters.

The domain size aj, surface-weighted (D)s and volume-weighted (D)v crystallite sizes
obtained by the Warren—Averbach method are different due to their different definitions [20].
The ratio (D)v/(D)s is close to 2 for all the specimens presented in table 1. The RMSS
over the distance (D)v/ 2((82): g\, /2), i.e. in the centre of the crystallite (obtained from
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the Warren—Averbach method), is in good agreement with the upper limit of strain (ez)lc/c2
(obtained from the simplified integral breadth method in the approximate Cauchy—Cauchy
distribution of crystallites and strains). The RMSS over infinity ((82>(13/a2uss) is not in agreement
(within the estimated errors) with the strains obtained from the simplified integral-breadth
methods in the approximate Cauchy—Cauchy (82)(1:/(? , Cauchy—Gauss (sz)lc/é and Gauss—Gauss
(%) gé distribution of crystallites and strains, although these values should be close. The best
agreement is between ((sz)gazuss) and (sz)ng. The averaged values of apparent crystallite size
and strain obtained by the refinement of the TCH—pV parameter value and the cubic harmonic
function method are in good agreement. The crystallites obtained from the refinement of the
TCH-pV parameter and cubic harmonic function methods are about 70% larger, while the
strains are close to the values obtained from the Warren—Averbach and simplified integral
breadth methods. Values in parentheses for crystallite size and strain represent the maximal
deviation from the average value, and are a measure of the crystallite size and strain anisotropy.

3.1.3. Comparison of size—strain analysis methods. None of the methods applied for size—
strain analysis is perfect. The integral breadth analysis is an oversimplification based on
an arbitrary assumption of integral-breadth components due to size—strain effects (Cauchy—
Cauchy, Cauchy—Gauss, etc). The Warren—Averbach analysis is based on the assuming of a
TCH-pYV profile function in FullProf. The refinement using cubic harmonics is arbitrary, too.
This method applies symmetry conditions to the coefficients both for strain and for the size
effects. While it is acceptable for the strain part (as we have used it), it is absolutely arbitrary
for the size component. For the strain part, this model, even if it assumes symmetry restrictions
compatible with the tensor properties, still deals with Cauchy and Gauss components of the
line profile, thus a priori assuming a Voigtian profile shape.

The line profile parameters refined by the FullProf computer program are used as an input
in the Breadth program. This means that the Breadth program does not use the original
experimental data, but a representation in terms of Cauchy/Gauss profile components in
the form of the TCH-pV profile function. As a consequence the results of the size—strain
analysis are constrained by this hypothesis. The Warren—Averbach method is performed on
experimental data and is a numerical method. The Breadth program constrains results to be
compatible with the Voigtian profile. That is an arbitrary assumption. Among the different
methods of x-ray line broadening analysis applied it seems that the cubic harmonic method
is more precise and reliable than the Warren—Averbach and the simplified integral breadth
methods for the following reasons: (i) the simultaneous refinement of structure (intensity
dependent parameters) and microstructure (profile dependent parameters), (ii) the possibility
of introducing symmetry constraints for the x-ray line broadening, (iii) the whole powder
pattern refinement at the same time, and (iv) the precise and simultaneous separation of x-ray
line broadening due to a strain or size effect for all reflections.

3.1.4. Particle shape and size versus crystallite size. In order to see the difference between
crystallites and particles in the samples studied we analysed the particle shape and size
distribution from the TEM micrograph (figure 2) for the ferrite S1. For the other specimens we
assumed a similar difference between particles and crystallites. It seems that ferrite particles
are more or less isometric, i.e. spherical. The particle distribution for sample S1 is in the range
from 13 to 22 nm. This is close to values for the crystallite size (table 1). Hence, we can
conclude that on average each particle consists of one crystallite. This conclusion is important
for further discussion of the DC magnetization study in section 3.2.
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3.2
The

Figure 2. TEM microphotograph for S1 sample.

DC magnetization versus temperature

temperature dependences of ZFC and FC magnetization for all the investigated samples

measured in a field H = 100 Oe are shown in figure 3. The results are summarized in the
following statements:

®

(ii)

(iii)

ZFC and FC magnetization curves separate at the temperature of irreversibility 7., which is
assumed to be a value above which (Mpc— Mzprc)/ Mzpc isless than 1%. Theirreversibility
found, as well as the appearance of a maximum in ZFC magnetization at T, is typical
of both the superparamagnetic (SPM) and the spin-glass (SG)-like state, where T marks
the starting point of the blocking or freezing temperature, respectively. Magnetization
irreversibility was noticed in fields up to 1 kOe for sample S1. Namely, the Tj; — Tiax
difference diminishes with increasing field, and disappears at applied fields of 1-1.5 kOe.
ZFC magnetization markedly decreases below Tpn.x, while FC magnetization continues to
increase below Tj; up to its maximum value and decreases afterwards (except for the Mn
ferrite). Such magnetization behaviour is commonly ascribed to the presence of either
interparticle dipole—dipole interaction or exchange coupling [21], unlike the constant
increase of the FC branch that is observed for non-interacting particles [22]. Another
possible reason for the observed shape of the FC branch is the temperature dependence
of the anisotropy constant K [21]. In order to eliminate the difference in cooling/heating
rate during the FC experiment as a possible non-physical reason for the appearance of the
FC maximum [23], we performed additional measurements on sample S1 with a constant
cooling/heating rate, but the same shape of the FC branch was obtained.

The value of Tp,,x increases with the Mn content in the whole series of samples, except
for the Mn ferrite. Many different factors influence the Ti,x value in a nanoparticle
system, including structure- and microstructure-induced magnetic anisotropy, interparticle
interactions (dipole—dipole or exchange coupling) and applied field. In the following text
we consider the influence of several different types of anisotropy.

From the TEM micrograph, in the first approximation, it can be concluded that particles

of sample S1 are spherical. Also, analysis based on cubic harmonic functions showed that
the samples studied were composed of nearly spherically shaped crystallites [11]. Hence the
shape anisotropy can be neglected. The presence of microstrain in the crystallites (table 1

and

[11]), suggests that strain-induced anisotropy should be taken into consideration. As we

foundin [11], the x-ray line broadening due to the strain effect is significantly anisotropic. The
anisotropy of x-ray line broadening is significantly higher in binary than in ternary samples.
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Figure 3. The temperature dependence on magnetization of the samples: (a) ZnFe,Ou,

Znp70Mng 23Fe 8904 (S1) and Zng.41Mng soFe; 3404 (S2) and (b) Zng 18Mng 67Fe1 8504 (S3)
and MnFe; 04, measured after ZFC and FC in applied field of 100 Oe.

As is known from the literature [24], the next factor that could influence the anisotropy energy,
i.e. Thmax, 1s the particle size; a larger particle induces a larger anisotropy energy and a higher
blocking temperature. Therefore, a lower value of T},,x in Mn ferrite than in sample S3 may
be a consequence of different crystallites sizes; see table 1.

The crystalline anisotropy depends on the strength of the L—S interactions and the local
crystal field. The strength of the L—S coupling is different in the studied samples, due to the
differences in their chemical composition, stoichiometry and cation distribution. It was shown
that ternary samples S1, S2 and S3 are cation-deficient (non-stoichiometric) spinels [11].
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Figure 4. ZFC magnetization versus temperature at different fields (100 Oe-2 kOe). The arrows
denote the temperature of magnetization maximum (7iax ). The inset: Tiax versus H 2/3_ The line
is a fit to the Almeida—Thouless (AT) line.

Non-stoichiometry in Zn—Mn ferrites is accompanied by a cation valence change, i.e. partial
oxidation of Mn”* to Mn** occurs. The percentage of Mn** in the samples was found to be
S1 (84%), S2 (64%) and S3 (44%) [11]. The partial oxidation of Mn?* to Mn** in ternary
sample S3 is probably a significant factor in the above-mentioned 7, lowering in Mn ferrite.
Regarding the cation distribution, it should be noticed that in all samples Zn?** and Mn?**/Mn**
occupy exclusively tetrahedral sites, while Fe** cations are placed on octahedral sites [11].
Since the cation distribution is unchanged, it cannot be considered as a cause of the lower value
of Thhax in Mn ferrite (figure 3). Among other factors that influence the value of Tj,,x, we will
consider the existence of interparticle interactions and the influence of the applied field.
Further investigations of the nature of the magnetic state at lower temperatures involved
M (T) measurements in different applied fields (50 Oe-2 kOe) for sample S1. The ZFC
dependences obtained are shown in figure 4, where arrows denote positions of Tiax.
Magnetization measurements in fields of 50 and 150 Oe were made in a narrow temperature
region (60-170 K), and are not shown. A shift of the ZFC magnetization maximum to lower
temperatures with the increase of the applied field can be easily noticed in figure 4, where a
plot of the dependence of T versus (H?/?) is also depicted (inset). It can be seen that Tjax
strongly increases with the lowering of magnetic field, and shows linearity versus H2/3 at low
fields. The full line represents the fit to the Almeida—Thouless (AT) line given by the relation
Hpr(Tsg) ~ [1 — (TSC,)(H)/(TSG)(O)]3/2 [25], where Tsg(H) is assumed to be T (H) and
Ts(0) denotes the freezing temperature at zero-field (T, (H = 0)). Extrapolation of the AT
line to H = 0 gives a value of Tsg(H = 0) = 160 K. Since AT dependence is widely accepted
to be valid in spin-glass systems, we can consequently consider T« as the temperature of spin-
glass transition (i.e. the freezing temperature). The validity of the AT behaviour was found in
many different systems in which interparticle exchange interactions are present: in canonical
spin-glass systems, e.g. CuMn [26]; in amorphous bulk Fe, O3 [27]; in nanocrystalline Ni-
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Figure 5. Hysteresis loops of the investigated samples measured at 5 K. The inset: hysteresis loops
at 350 K.

ferrite with core/shell morphology of nanoparticles (where freezing of the spin-glass-like shell
was considered) [28]; and in the nanoparticle spinel ferrite Fe, 9Zng 1 O4 [29].

3.3. Hysteresis

The hysteresis loop of the investigated samples was measured at 5 K, figure 5. The obtained
M (H) curves are characterized by non-saturation of magnetization up to H = 50 kOe. The
magnetization Msg increases with the increase of manganese concentration for samples S1—
S3, and then decreases for Mn ferrite. The same behaviour is already seen in figure 3. We
consider non-stoichiometry accompanied with cation valence change (as was already discussed
in analysis of T}, behaviour) as well as particle size as main causes for this behaviour. The
magnetic moment of nanoparticles strongly depends on the particle size. Namely, the decrease
in particle size increases the surface to volume ratio, and more magnetic ions located at the
particle surface cause the surface uncompensated magnetic moments to become significant for
the net magnetization.

Magnetization versus field at 350 K (shown in the inset of figure 5) is typical for SPM
systems: up to 50 kOe magnetization does not saturate, and both remanence and coercivity
are zero. In figure 6 are depicted obtained values of normalized magnetization, (M /M g versus
H /T) for S1 sample measured in the superparamagnetic region, i.e. at temperatures of 200 and
300 K. The saturation magnetization Mg is obtained by extrapolating the M (1/H) dependence
to the 1/H = 0 value. It can be seen that magnetization curves do not coincide, so this could
be an indication of the interparticle interactions.

To further investigate the existence of interparticle and intraparticle interactions, we
measured hysteresis loops for sample S1 at different temperatures below Ti,.x. Measurements
at each temperature were made in both the FC and ZFC regime. The hysteresis loops obtained
in the FC/ZFC regimes at 2 K are shown in figure 7. Asymmetry of the magnetization loops
in the FC regime, as well as a shift of FC branch with respect to the ZFC branch, may
be observed. The Hc_(FC) — Hc_(ZFC) value is greater at lower temperature; see the
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Figure 6. Normalized magnetization versus H /T for Zng70Mng 23Fe; g9O4 at 200 and 300 K.
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Figure 7. Hysteresis loops for Zng 70Mng 23Fe| 8904 (S1) measured after FC and ZFC at 2 K (see
text).

inset in figure 8. This value strongly decreases with increasing temperature in the region
2K < T < 8K, remains nearly constant up to 40 K, and finally decreases to zero at 80 K. The
observed results are commonly described by a core/shell structure of nanoparticles and spin-
canting. In the core/shell model nanoparticles are assumed to consist of an ordered core and a
disordered spin-glass-like shell. During field cooling a metastable surface spin configuration
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Figure 8. Variation of coercivity with temperature for Zng 70Mng 23Fe| 8904 (S1). The inset shows
the variation of loop shift.

is frozen, resulting in a net magnetic moment along the field direction. Exchange coupling
between spins in the ordered core with those in the spin-glass-like shell produces an additional
anisotropy term which makes the particle magnetic moment alignment along the field direction
more favourable [30-33]. On the other hand, taking into account the observed structural and
microstructural data (cation distribution, large concentration of vacancies, magnetic dilution
and change in cation valence), the spin canting in nanoparticles is a possible cause of the
hysteresis loop shift. Spin canting in spinel ferrites has been discussed; see, for example,
[34]. The main difference between measurements reported in figure 3 and 7 is in applied field
strength. M (T') measurements were conducting in a constant low field of H = 100 Oe, while
M (H) measurements were done starting from a high field of 5 T. Hence, the magnetization
difference (M (FC) — M (ZFC)) is small in M (H ) measurements (figure 7), while this difference
is huge in M (T') measurements (figure 3).

Magnetic anisotropy strongly affects the shape of hysteresis loops and controls the
coercivity and remanence. Size/strain analysis has shown that strain-induced anisotropy is
significant. Strain-induced anisotropy can cause unpredictable changes in magnetic properties.
Consequently, the observed hysteresis shape (figure 7) could also be induced by strain.

The change of Hc(ZFC) with temperature is presented in figure 8. Hc decreases with
increasing temperature, as could be expected. In non-interacting nanoparticle ensembles, the
Hc(T) dependence should obey the relation Hc = Hco[l — (T'/ Tg)'/?]1 [22]. The observed
deviation in linearity of the Hc(T'/?) curve is also attributed to the existence of interparticle
interactions.

Further, we considered the reduced remanence My /Ms of S1. The theoretical Mg /Ms
value of 0.5 for non-interacting single-domain particles with the easy axis randomly oriented
was found experimentally in some non-interacting nanoparticle systems, e.g. in Co ferrite [31].
Lowering of this value could be induced by internal strain [35]. A ratio of 0.15 at 5 K was
reported for Fe;04 with interparticle interactions [32]. The value Mg /Mg (2 K) = 0.2 obtained
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for sample S1 is probably induced by both internal strain and interparticle interactions. This
is another confirmation that the ferrites studied consist of interacting nanoparticles.

The results of DC magnetization measurements suggest a picture of interacting ferrite
nanoparticles with interparticle interactions comparable to or greater than the magnetic
anisotropy energy, Ea. Probably, single-domain nanoparticles (‘superspins’) undergo
collective freezing below T.x = Tsg. Consequently, a phase transition from interacting
superparamagnetic (SPM) to super spin-glass (SSG) state at Tp,x occurs in the investigated
ferrites.

4. Conclusion

To analyse the microstructural parameters (crystallite size and strain) both the Warren—
Averbach and simplified integral breadth methods were applied. The results were compared
with those obtained from the cubic harmonic function method. It seems that the cubic harmonic
method is more precise and reliable than the Warren—Averbach and simplified integral breadth
methods. Transmission electron micrography indicated that the particle size is on average
the same as the crystallite size. Therefore we can conclude that these ferrites are composed
of single-domain particles. DC magnetization measurements, ZFC and FC magnetization
at different temperatures and applied fields, as well as M (H) at different temperatures, all
indicate that the particles show superparamagnetic behaviour, even above room temperature.
The shift in hysteresis loops is explained by the core/shell morphology of nanoparticles and
spin canting. Reported dependences of Tiax(H), Hc(T) and Mg /Ms versus H/T, as well
as the maximum in FC magnetization, confirm the existence of interparticle interactions. The
structural and microstructural data found allowed a discussion of magnetic parameters such as
Tinax, magnetization values and My / Mg ratio. The lower value of T},,x in Mn ferrite compared
to that in sample S3 is probably a consequence of both different crystallite size (table 1) and
the established non-stoichiometry accompanied by the valence change (Mn?* to Mn**). The
AT line obtained shows the characteristics of a spin-glass system, so Ty could be attributed
to the freezing temperature.
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