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Samples with inversion parameter values (8) ranging from 0.27 to 0.14 while maintaining the crystallite size
value have been successfully fabricated from commercially available powders by mechanical grinding and
thermal annealing treatments at temperatures ranging between 400 and 600 °C. Detailed characterization studies
of these samples using X-ray, neutron diffraction and magnetic measurements have confirmed for the first time
the simultaneous coexistence at 2 K of short range antiferromagnetic and ferrimagnetic ordering for a wide range
of the inversion parameter. The magnetic phase diagram obtained is different from the one previously reported,
which shows at 2 K the coexistence of long range antiferromagnetic order and short range order for values of
inversion parameters less than 0.1 and the presence of a ferrimagnetic order only for values of § > 0.2. At room
temperature, the Rietveld analysis of NPD patterns and the magnetization curves showed a paramagnetic
behavior in the samples with § < 0.1. For the samples with higher cationic inversion, typical hysteresis curves of
ferrimagnetic materials were observed and the saturation magnetization values obtained agree quite well with
the net magnetic moment obtained from the Rietveld refinement of the neutron diffraction patterns.

1. Introduction arrangement.

Numerous investigations support that the equilibrium cation distri-

Oxide spinels comprise an important class of ternary compounds
described by the chemical formula MM’';04 [1], with a large variety of
physical properties and applications in many areas of technology [2-7].
An ideal spinel structure is referred to the Fd-3m space group and it
consists of a face centered cubic array of oxygen anions with one eighth
of the tetrahedral (A) and one half of the octahedral interstices (B)
occupied either with A%" and B3 cations. The cation distribution be-
tween A- and B-site leads to different long range ordering, which is
characterized by the inversion degree & defined as the fraction of
trivalent cations at the A positions [8]. Depending on the cation
arrangement, 8 can vary from O to 1 in normal and inverse spinels
respectively, assuming the value of 2/3 for a completely random
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bution of bulk zinc ferrites can be assumed to be completely normal (6 =
0) [9]. This material is paramagnetic down to very low temperatures,
with a transition temperature to antiferromagnetic (AFM) order of about
10 K [10]. However, depending on the sample preparation and thermal
treatment, this phase can present a metastable cation distribution with
some amount of Zn?" residing at the octahedral site and the corre-
sponding concentration of Fe3" then occupying tetrahedral sites [11,
12]. Associated with the partial exchange between cations, zinc ferrites
can present super-paramagnetism or ferrimagnetism behaviour at room
temperature [13,14]. The magnetic properties of the spinel ferrites are
governed by the type of cations on the A and B sites and the magnetic
interaction between them through the O?~ anions. It is elsewhere
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reported that exist three possible kinds of super-exchange interactions,
namely Jaa, Jpg and Jap [15]. In general, the magnitude of the inter-
action energy depends on the distance of the cations to the oxygen ions
and the angle formed by the bonds M-O-M’ [16,17]. Considering the
values of these two parameters, Néel stablished that in ferrites showing
ferrimagnetism, the A-B interaction is predominant over A-A and B-B,
and thus the net magnetic moment is the difference between the two
average sublattice moments. The absence of paramagnetic cations at A
sites in a zinc ferrite having the normal spinel structure would result in a
weak AFM interaction within the Fe™® cations at B sites below the Néel
temperature.

The magnetic structure of equilibrium ZnFe;0y4 is still not unequiv-
ocally determined despite almost 60 years of investigation. Koning et al.
have reported the appearance of well resolved superlattice lines in
neutron powder diffraction (NPD) patterns recorded at 4.2 K of well
stoichiometric samples with small Fe2t content [18]. Since these au-
thors reported a Néel temperature of about 10 K, the additional lines
would be associated with long range AFM ordering, which can be
indexed on a tetragonal magnetic unit cell for which a is equal to the
cubic unit cell and c is twice this value. However, several authors have
found the absence of superlattice peaks associated with long range AFM
order in many neutron studies performed with of ZnFe,O4 samples of
varying quality below the Néel temperature [10,19]. Instead a well
resolved and strong peak, they found broad diffuse peak located around
the (1 0 1/2) reflection, thus indicating a short range order (SRO) [20].
As a B site is octahedrally coordinated with edge-shearing connectivity
and the B-B distances are rather short, the supremacy of the nearest
neighbor interaction will be much reduced, and the magnetic structure
can adopt very complex orderings.

Both Hoffman et al. and Ehrhardt et al. have observed further fea-
tures by neutron diffraction measurements between 2 and 535 K per-
formed on coarse-grained ZnFe;O4 powders mechanically milled to
obtain mean particle sizes ranging from 50 to 8 nm [21,22]. They re-
ported that starting coarse grained samples present an antiferromagnetic
long-range order (LRO) in the NPD patterns recorded at 2 K. When this
sample was milled, they found a significant decrease in the AFM LRO
reflection and the simultaneous appearance of a broad underlying hump
in the same angle region, showing the coexistence of the antiferro-
magnetic LRO with a SRO. The intensity of this broad diffuse peak de-
creases with increasing the inversion parameter. After extensive
grinding they observed that this peak disappears and intensity of the
(111) reflection increases, which is indicative of the increase of a mag-
netic contribution at low temperature. These magnetic features are
consistent with the AFM coupling of Fe3* cations in tetrahedral and
octahedral sites. These authors have included all these results in mag-
netic phase diagrams to explain evolution with the temperature of the
magnetic behavior of the nanostructured ZnFe;O4 as functions of mean
particle size or mean inversion parameter. These diagrams show several
magnetic regions, but only one of them contains the coexistence of two
simultaneous magnetic orders (antiferromagnetic LRO and SRO) for & <
0.1 below 10 K. The rest of magnetic behavior regions in this diagram
only include a magnetic order, which can be SRO, cluster glass or
ferrimagnetic. In summary, the magnetic behavior at 2 K originates from
the combination of AFM LRO and SRO at § < 0.1, which when increasing
the inversion parameter gives way first to AFM SRO and for values
higher than 0.2 to ferrimagnetism [21].

The objective of this work is to understand the relationship between
the microstructural parameters determined by the Rietveld refinement
and the magnetic behavior of the zinc spinel ferrite for values of the
inversion parameter lower than 0.27 and from these results to evaluate
the different magnetic orders present both at 2 K and at room temper-
ature. For this goal, it is very important to compare very carefully the
results obtained using XRD with those obtained from NPD to determine
which microstructural parameter can be obtained with greater precision
from each diffraction technique. Detailed characterization studies were
performed on samples with inversion parameter values ranging from
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0.27 to 0.14 while maintaining the crystallite size, using X-ray, neutron
diffraction and magnetic measurements. Finally, it is expected to further
clarify the effect of the cation distribution between A- and B-site on the
saturation magnetization and its evolution with the temperature from
the contribution of different superexchanges interactions.

2. Experimental procedure

Stoichiometric ZnFe;04 particles with a low value of the inversion
degree were obtained by the conventional ceramic synthesis (sample
SCO) or annealing a commercial high purity zinc ferrite supplied by
Alpha Aesar at 1100 °C for 2 h (sample COM 1100). For the conventional
ceramic synthesis, a 1:1 M ratio mixture of ZnO and a-Fe2O3 (both 99%
purity supplied by Alpha Aesar) was grounded to a very fine powder.
The resulting powders were pressed into pellets with an uniaxial press
and sintered at 1200 °C for 24 h. After this treatment, the samples were
air cooled to room temperature. Finally, samples with different values of
the inversion parameter were prepared from the commercial zinc ferrite
by means of a mechanical milling process followed by an annealing
treatment. For this goal, a certain amount of powder was introduced
together with stainless steel balls of 10 mm into a stainless steel jar of
250 cm? in ball-to-powder weight ratio of 10:1 and then milled in a
planetary ball mill Retsch PM4 at an average rotation speed of 275 rpm.
The milling process was interrupted after 50 h since in a previous work it
was confirmed that the inversion parameter was no further increased for
higher times [12]. Then, milled powders were annealed for 1 h at 400,
500 and 600 °C (samples COM 50-400, COM 50-500 and COM 50-600,
respectively).

The samples were initially characterized by powder XRD at Room
Temperature (RT) using a Co radiation in a Bruker AXS D8 diffractom-
eter equipped with a Goebel mirror and a LynxEye detector. XRD spectra
were collected in Bragg-Brentano geometry using Co radiation (A =
1.789 A) over a range from 10 to 120° with a step width of 0.01° for
avoiding Fe fluorescence. The nuclear and magnetic structure has been
studied by means of NPD at 2 K and RT at Institut Laue Langevin, Gre-
noble (France) with the high flux D1B (A = 2.52 }0\) and the high reso-
lution D2B (A = 1.59 A) diffractometers. D2B’s detector has 128 cells
spaced by 1.25° permitting to record the NPD pattern from 26 = 6° to
160° with an angular resolution of 0.05°. Powder samples were placed in
vanadium cans of 5 mm in diameter and mounted onto a standard
cryostat. Full diffraction patterns were obtained employing an acquisi-
tion time that was adjusted to obtain X-ray and neutron profiles of suf-
ficient quality (optimal counting statistics). Thus, the average collecting
time of high resolution NPD (D2B) was 3 h, while D1B data were
collected in 30 min.

The obtained XRD and NPD patterns were analysed using the version
6.0 of the TOPAS (Bruker AXS). Because of the importance of using the
precise wavelength value in these refinements, a separate measurement
with the same instrument setup was performed with a standard of Si
powders. The obtained diffraction pattern was fitted by fixing the lattice
parameter of Si to 5.4308 A and the incident neutron wavelength was
refined. Background was built with a 12-term Chebychev polynomial.
Then, Rietveld refinements were performed using as starting points the
standardized structure for zinc ferrite taken from Pearson crystallo-
graphic database, where oxygen anions occupy 32e Wyckoff positions,
whereas the Fe and Zn cations are located at 16c and 8b positions,
respectively [23]. The refined parameters included only the lattice pa-
rameters (a), scale factors, the unique fractional coordinate of the oxy-
gen atom (u = x = y = z), the degree of inversion & (constraining the
occupation of octahedral and tetrahedral sites to keep neutral the sam-
ple and to preserve the stoichiometric composition), background and
two theta offset.

In spinels, the variation of the tetrahedral and octahedral bond dis-
tances associated with local inhomogeneity in the cation distribution
can be similar to the dynamic displacements associated with thermal
vibrations. Thus, the refined Debye-Waller factor (B) provides
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information relating to the total magnitude of the local displacements,
both static and dynamic components. Unfortunately, separating the
thermal contribution to the atomic displacement parameter in a labo-
ratory XRD measurement is far from trivial, as the analysis is entirely
based on the angular decay of peak intensities. Thus, obtaining reliable
data may not be possible since the accuracy of the refined B value is
subject many factors like local variation of the inversion parameter,
thermal diffusion scattering, dispersion, anomalous levels of incoherent
scattering associated with fluorescence effects, dependence of the
extinction factor on the mosaic crystal size ... Some of these problems
associated with laboratory XRD measurements can be overcome by
using neutron radiation that offers the particular advantage that there is
no angular dependence to the diffracted signal. The intensity of the NPD
peaks within the same family should be the same after the correction of
multiplicity, Lorentz and Debye-Waller factors when the system is
paramagnetic and does not present a short-range order. However, a
contribution from the magnetic structure at low 2 theta linked to the
inversion parameter causes a high level of uncertainty in any evaluation
of the local displacements within a sample from any observed decay of
diffraction peak intensity. In other words: the correlation between the
inversion parameter (occupancy) and Debye-Waller factor is too strong
in our system to determine simultaneously both parameters from the
Rietveld refinement. Therefore, the isotropic temperature factors (Biso)
used in Rietveld refinements were fixed to the values reported by O’Neill
to avoid unphysical values [9].

The determination of crystallite size and lattice strain simultaneously
from line broadening of the XRD and NPD patterns has been carried out
by the double Voigt approach [24]. For this analysis, the instrumental
contribution to peak broadening was removed using the diffraction
pattern of a corundum and NayCazAlyF14 measured at room temperature
by XRD and NPD, respectively. The errors quoted on these parameters
are the estimated standard deviations produced by the Rietveld re-
finements. At this point, it should be noted that the results obtained for
domain size and strain parameters present a limited reliability (ranging
from 10 to 20%) associated with a large standard deviation.

In order to describe the intensity of the magnetic diffraction peaks in
the case of the samples showing ferrimagnetic long range order at the
diffraction temperature, an additional magnetic phase was included in
the model used for the refinement of the NPD patterns by the Rietveld
method. Thus, the nuclear contributions was calculated separately by
using the spinel structure with the Fd-3m symmetry, together with a
separate second phase that contains only the cations that contribute to
the magnetic reflections. For this goal, it can be used a description of the
magnetic structure in the spacer group P1 to refine all of the allowed
magnetic modes. Since too many degrees of freedom have to be used in
this approach to adjust the magnetic diffraction, and the zinc spinel
ferrite only exhibits a limited number of magnetic reflections, the ob-
tained magnetic moment can be quite inaccurate. Thus, it was selected
and tested the Shubnikov BNS space-group R-3m’ (166.101) for
modelling the ferrimagnetic structure due to the analogy that exists
between the structural properties of the zinc spinel with the Fe304, but
considering the different arrangement of Fe cations in each case [25,26].
Besides, the lattice parameters of the magnetic phase were linked to the
parent spinel and the scale factors were adjusted to take into account the
difference in volume of both cells.

The quality and stability of the refinements were determined quan-
titatively by the Figures of Merits (FoM) or R-factors such as the statis-
tically expected least-squares factor (Rexp), the weighted summation of
residual of the least-squares fit (Rwp) and the goodness of fit (GoF or chi-
square, whose limit tends to 1) [27].

Magnetic characterization as a function of applied field up to 5T has
been performed using a standard superconducting quantum interference
device (SQUID) MPMS (from Quantum Design) magnetometer. Hyster-
esis cycles have been measured at 5 and 300 K.
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3. Results
3.1. Microstructural characterization

The reflection observed in the X-ray and D2B neutron diffraction
patterns taken at RT in all samples studied match those of stoichiometric
ZnFey04, as shown in Fig. 1 for the commercial high purity zinc ferrite
annealed at 1100 °C. Only the sample prepared by the ceramic route
showed some impurity peaks corresponding to ZnO, but in a mass
fraction lower than 1%. It can be observed large differences in the
relative intensities of the different peaks between XRD and ND patterns
that are associated with differences between form factors and scattering
lengths.

Although XRD and NPD can provide similar information, most of the
structural results that have been published on spinel ferrites have been
obtained using XRD, as NPD is a very expensive technique with limited
access. Thus, it very important to evaluate and compare very carefully
the results obtained by both techniques to determine if the results ob-
tained by XRD are sufficient for the complete microstructural charac-
terization of this material. On the other hand, it is very important to
consider the trade-off between intensity and resolution when using a
neutron source. The use of a high-resolution powder diffractometers
such as the D2B is essential to refine a crystal structure, and for deter-
mining low differences in lattice parameters. In addition, it allows
obtaining precise information on the microstructure of the sample from
the analysis of peak shapes. However, the small number of these types of
diffractometers available and the very slow data collection when using
them, critically increase the pressure on instrument time and make the
accessibility difficult. The choice of a general-purpose instrument such
as the D1B can be an optimal solution, if the information obtained is
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Fig. 1. Diffraction patterns recorded at room temperature of a commercial high
purity sample annealed at 1100 °C (sample COM 1100) using a) laboratory x-
ray and b) high resolution neutron sources.
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complemented with that which can be obtained with greater precision in
a conventional X-ray diffractometer. The values of the structural pa-
rameters and their standard deviations obtained from the Rietveld
refinement of both XRD and NPD patterns are reported in Table 1. It is
expected that neutron data will provide more reliable inversion pa-
rameters since between Zn and Fe there is a more noticeable difference
between their neutron scattering lengths (bz, = 5.68 vs. bge = 9.45 fm)
than their X-ray scattering factors (Zz, = 30 vs. Zge = 26) [28]. On the
other hand, although the contribution to overall XRD scattering in-
tensity by O is significant smaller in the presence of high Z elements like
Fe and Zn, the neutron scattering length for this element is large (bo =
5.803 fm). Thus, NPD is a better approach than XRD to determine the
positions of oxygen atoms precisely. As shown in Table 1, the inversion
parameter and the O-positions obtained from the NPD patterns recorded
on both D1B and D2B diffractometers agree quite well. On the other
hand, X-ray and D2B neutron data generally benefit from higher reso-
lution, and therefore lattice parameters, crystallite size and lattice strain
determined from their diffraction patterns coincide. It should be noted
that as crystallite size and lattice strain are determined simultaneously
from line broadening, it is expected a typical standard deviation for
these parameters ranging from 10 to 20%. Although the reliability these
parameter determined from the patterns recorded in the D1B diffrac-
tometer is sacrificed, it is a very valuable tool for studying the magnetic
structure of this material since it allows obtaining high number of counts
on a reasonable timescale.

The neutron diffraction data recorded in the D1B diffractometer at 2
K for all the samples investigated are represented in Fig. 2. In these
figures, one can observe the presence of an additional highly asymmetric
shaped broad and diffuse peak at 26 between 10 and 20°. This feature

Table 1
Microstructural parameters obtained after Rietveld refinement of the diffraction
patterns recorded using laboratory x-ray and neutron sources.

Sample Lattice Inversion O-Position Crystal. p-defor-
parameter degree (8) x=y=12) size (nm) mation
A) (e)

COM 8.4489 (5) 0.05 (1) 0.2416 (9) >150 -
1100
XRD

CoOM 8.4498 (5) 0.05 (1) 0.2397 (3) >150 -
1100
ND D2B

SCO XRD 8.4408 (5) 0.10 (1) 0.2398 (9) >150 -

SCO ND 8.4436 (5) 0.09 (1) 0.2386 (3) >150 -
D1B

SCO ND 8.4433 (5) 0.11 (1) 0.2398 (3) >150 -
D2B

COM 50- 8.4352 (5) 0.15 (1) 0.2411 (5) 18 (1) 0.0016
600 )
XRD

COM 8.4376 (5) 0.11 (1) 0.2406 (3) 19 (1) 0.0018
50-600 2)
ND D1B

COM 50- 8.4331 (5) 0.19 (1) 0.2415 (5) 16 (1) 0.0019
500 3)
XRD

COM 8.4450 (5) 0.14 (1) 0.2413 (3) 21 (1) 0.0020
50-500 (2
ND D1B

COM 8.4336 (5) 0.15 (1) 0.2411 (3) 15 (1) 0.0012
50-500 (€]
ND D2B

COM 50- 8.4322 (5) 0.28 (2) 0.2424 (5) 15 (1) 0.0020
400 2)
XRD

COM 8.4373 (5) 0.20 (2) 0.2414 (3) 14 (1) 0.0019
50-400 2)
ND D1B

COM 8.4306 (5) 0.21 (1) 0.2414 (3) 15 (1) 0.0014
50-400 4
ND D2B
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Fig. 2. Neutron diffraction patterns recorded at 2 K for the samples SCO (A),
COM 50-600 (B), COM 50-500 (C) and COM 50-400 (D).

vanished at temperatures above 10 K and it is absent in the measured
recorded at RT. This may be the footprint of a short-range spin-spin AFM
ordering. Then, it is obvious that the B-B super exchange interaction also
comes into play for the magnetic properties below 10 K. It is worth to
point out that the intensity of this broad peak decreased with the
inversion degree of the spinel structure.

3.2. Bulk magnetization

The magnetic properties of the samples at 5 and 300 K were recorded
up to maximum applied field of 50 KOe. As shown in Fig. 3 all magne-
tization curves are not saturated up to the maximum applied field. S-
shaped hysteresis curves observed in this figure show the coexistence of
two contributions: one characterized by a linear dependence of the
magnetization due to the presence of a paramagnetic phase, and the
other one with ferromagnetic-like behaviour, which was associated with
a ferrimagnetic contribution that saturates at high fields. On the other
hand, the samples COM 1100 and SCO show only the paramagnetic
component at 300 K.

In order to determine the saturation magnetization associated with
the ferrimagnetic contribution, the paramagnetic one was subtracted
considering that the magnetic susceptibility is the results of the sum of
all magnetic contributions. Thus, it includes paramagnetic (PM),
diamagnetic (DM), and ferrimagnetic components and at 5 K also an
AFM one. As at high magnetic field (HF) the ferrimagnetic component is
saturated, it can be discarded and only the paramagnetic, diamagnetic
and AFM orderings vary with the applied field. In Table 2 is given the
values for the saturation magnetization derived from the hysteresis
curves. Comparing these results with the microstructural parameters of
Table 1, it can be observed that the magnetization increases with
increasing the inversion degree.

4. Discussion

In spinel structures, as both the crystallographic and magnetic unit
cells are the same having identical symmetry relations, the nuclear and
magnetic Bragg peaks occur at the same scattering angles. Therefore, the
magnetic reflections superimposed the nuclear ones. From bulk mea-
surements, we have concluded that our spinels can show a ferrimagnetic
ordering. Due to strong form factor dependence with scattering angle,
the magnetic contributions in the neutron diffraction pattern rapidly fall
off for high reflection angles, and the additional contribution in the
intensity occurs only at the lower 2 theta positions. Thus, discrepancies
between the observed and calculated intensities in the (111), (220) and
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Fig. 3. M(H) curves recorded at 5 K (left panel) and 300 K (right panel) for the samples SCO, COM 1100 °C, COM 50-400, COM 50-500 and COM 50-600.

Table 2

Lattice parameters and magnetic moments at 300 and 2 K obtained by the
combined analysis of the XRD and ND patterns recorded at 300 and 2 K and
values of the saturation magnetization determined from the hysteresis curves.

Sample Lattice ) Ma (p8) Mg Mg = |Mp M,
Parameter (A) (pB) + M| (k8)
SCO 300 K 8.4410 (3) - - - 0
SCO0 2K 8.4325 (3) -1.17 1.9(1) 0.7 (2) 0.65"
15)

COM 50-600 8.4364 (5) 1.4 (1) 1.6 (1) 0.2 (1) 0.27
300 K

COM 50-600 8.4279 (3) -1.6 (2) 2.5(1) 0.9 (2) 1.02°
2K

COM 50-500 8.4376 (5) -2.54 2.77 0.23 (17) 0.31
300 K (15) 8)

COM 50-500 8.4307 (3) -2.78 4.00 1.22 14 1.36"
2K 13) 7)

COM 50-400 8.4350 (5) -2.57 3.22 0.65 (14) 0.77
300 K 12) @

COM 50-400 8.4311 (3) -3.67 5.61 1.94 (8) 2.20°
2K @ ®3)

2 Measured at 5 K

(222) reflections may be found for the NPD when this order is present, as
observed in Fig. 4 for the refinement of ND pattern recorded at 2 K on the
D1B diffractometer with the 50-COM 400 sample.

When both magnetic and nuclear Bragg reflections coincide, it is not

E (311) (400)
24000 | A=2.5286 A

=]

23000 |-

i (111)

=

= 2000 | (220)

P, (222)

£'1000 L

n

c

"g 0 I I I I I ]
= 20 30 40 5 60 70 80

20 (degrees)

Fig. 4. Comparison of the observed (blue solid line) and calculated (red line)
ND pattern obtained after Rietveld refinement of the ND pattern obtained at 2 K
on the D1B diffractometer for the COM 50-400 sample. The differences be-
tween experimental data and the fitted simulated pattern are plotted as a
continuous grey line at the bottom. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

so obvious to separate both contributions. The high correlation between
the contribution associated with cation occupancies and magnetic mo-
ments may lead to unsatisfactory fits, and to differences between the
inversion parameter determined by the Rietveld refinement of the XRD
and NPD patterns. Comparing the results shown in Tables 1 and 2, it is
observed an increase with 8 of both, the difference between the value of
the inversion degree determined from the refinement of the XRD and
NPD patterns and the saturation magnetization associated with the
ferrimagnetic contribution. Thus, it was concluded that discrepancies
among some microstructural parameters obtained by the Rietveld
refinement of both types of diffraction data may arise from an increase
on the magnetic scattering contribution with & associated with the
strong magnetic interaction between Fe3* cations on A and B sites
antiferromagnetically coupled.

The refinement of the NPD and XRD data alone have provide
different values for some microstructural parameters because the
different interaction mechanisms of the neutron and the X-ray with the
sample makes the uniqueness of a result obtained sometimes question-
able. This problem can be eliminated by the simultaneous Rietveld
refinement of both diffraction patterns, including a magnetic phase in
the refinement of the neutron data to account for the magnetic contri-
bution that may appears when some Fe>! magnetic ions are occupying
also A sites. Although annealing at high temperature may lead to cations
reordering and changes on the crystallite size and microstrain, Hoffman
et al. have reported that in nanostructured ZnFe,O4 samples micro-
structural parameters like inversion degree, fractional coordinate of the
oxygen atom and particle size remain unchanged up to ~525 K
compared with the value at room temperature [21]. Thus, these pa-
rameters were simultaneous refined and constrained to the same value
for the patterns recorded at both 300 and 2 K using laboratory x-ray and
neutron sources. The value of the lattice parameters at room tempera-
ture was also constrained to be the same both for XRD and NPD profiles,
but it was set as a variable both, the sample displacement correction in
the XRD pattern and zero shift error in the NPD pattern, to include an
extra degree of freedom to the peak positions. Besides, independent
magnetic moments were included in the refinement for the NPD data
recorded at 300 and 2 K under the assumption that the cation distri-
bution in the magnetic structure at both temperatures is the same. As the
Shubnikov BNS space-group R-3m’ was used for the refinement of the
magnetic structure, two values for the magnetics moments were ob-
tained: My for the cations at the tetrahedral positions and Mg for the
octahedral Fe(2a) and Fe(2b) cations in Wyckoff positions 3b and 9e.
The best-fitted microstructural parameters obtained by the combined
analysis after Rietveld refinement of the XRD and NPD patterns recorded
at 300 and 2 K are given in Tables 2 and 3. As shown in Table 3, the good
quality of these fits is accompanied by low values of the R-factors and
GoF.

The refinement NPD data showed that the spins at A and B sites are
aligned anti-parallel, suggesting that the magnetic structure is

12052



M.A. Cobos et al.

Table 3

Ceramics International 48 (2022) 12048-12055

Values obtained for the microstructural parameters constrained to the same value in the combined analysis of the patterns recorded at both 300 and 2 K using lab-

oratory x-ray and neutron sources.

Sample Inversion degree (5) O-Position (x =y = z) Crystal. size (nm) p-defor-mation (¢) Rwp Rexp GoF
SCO 0.10 (1) 0.2398 (1) >150 - 2.79 8.27 2.96
COM 50-600 0.14 (1) 0.2408 (1) 17.4 (5) 0.0016 (1) 3.12 2.47 1.26
COM 50-500 0.18 (1) 0.2414 (1) 16.5 (5) 0.0019 (1) 3.51 2.70 1.30
COM 50-400 0.27 (1) 0.2419 (1) 14.1 (5) 0.0019 (1) 3.27 2.65 1.26

ferrimagnetic. It can be observed in Table 2 that all samples present a net
magnetic moment at 2 K, but at room temperature only the COM
50-400, COM 50-500 and COM 50-600 samples present a net magnetic
moment. Although the magnetic moments of the SCO sample were
included as parameters to be refined in the Rietveld analysis of its NPD
pattern measured at 300 K, a value of ~0 was obtained for both, M and
Mg, in agreement with the paramagnetic behaviour observed at 300 K in
Fig. 3 for this sample.

Fig. 3 also shows that COM 50-400, COM 50-500 and COM 50-600
samples present at 300 K S-shaped hysteresis curve typical of a ferri-
magnetic response characterized by the absence of coercivity and
remanent magnetization. Cobos et al. using the ZFC-FC procedure have
reported a blocking temperature (TB) below room temperature for zinc
ferrite samples characterized by crystallite size and inversion degree
similar to those reported in Table 2 for these three samples [14]. The
thermal energy will be sufficient to suppress ferromagnetic (FM)
behaviour of the particles of these three samples at room temperature.
Thus, they become superparamagnetic, which means that although their
magnetization curves do not show hysteresis, they magnetization values
(Ms, M, and Mp) are typical of ferromagnetic substances.

The distances between the magnetic ions along with the M-O-M’
angles play a crucial role in determining the magnetic exchange in-
teractions, and therefore greatly affect the magnetic characteristics. As
the inversion parameters increases, it can be observed in Tables 1 and 3
that the fractional coordinate of the oxygen atom also increases due to
the adjustment of the structure to accommodate differences in the
effective radii of the cations in the tetrahedral and octahedral sites.
Thus, the Fe3™-O-Fe' angles associated with the A-B and B-B in-
teractions that are determined from the refined structural model varies,
respectivley, from 121.8 and 94.8° in the sample with § = 0.05 to 122.5
and 93.8° in the sample with § = 0.27. According to the semiempirical
rules reported by Goodenough and Kanamori [29,30], a bond angle
above 120° results in an strong AFM coupling between the Fe3* cations
on octahedral and tetrahedral lattice sites. These rules also predict a
weak FM superexchange interaction between Fe*3 cations on the octa-
hedral B-sites under angle of ~ 90°. However, the increase of this angle
to values higher than ~ 94° for § < 0.27 determines that coupling be-
tween Fe>" cations on B sites can varies from FM to AFM, making it
possible to observe macroscopically the existence of an AFM order in
both, the NPD patterns and the magnetic measurements recorded at 2
and 5 K, respectively.

It is obvious that the degree of inversion plays an important role for
the magnetic properties. In the absence of inversion, it is present only
the AFM superexchange B-B interaction, i.e. the AFM coupling between
the Fe cation which occupies only octahedral positions. When some Zn
cations from tetrahedral sites are exchanged with Fe, this cationic
inversion results in the formation of a local AFM coupling between Fe
ions at tetrahedral sites with their closest neighbors Fe at octahedral
positions. It is elsewhere reported that the A-B interaction is the stron-
gest nearest-neighbor magnetic coupling in spinel ferrites. Uhl et al.
have calculated theoretically that in magnetite the second strongest
superexchange coupling occurs ferromagnetically between two nearest-
neighbors Fe cations, both at the octahedral site [31]. Thus, the AFM
interaction between Fe cations located on octahedral and tetrahedral
sites can locally induce the formation of FM coupling between the
neighboring Fe cations on octahedral sites. The formation of local FM

coupling between Fe ions at octahedral sites in a nominally antiferro-
magnetic zinc ferrite has been confirmed by Rodriguez Torres et al. [32].
This would cause an extended superexchange interaction B-O-A-O-B that
gives rise to a ferrimagnetic ordering. The existence of third-neighbor
Fe3" spins coupled antiferromagnetically has been also pointed out by
Kamazawa et al. from their measurements on a single crystal of ZnFe;O4
[33].

It has been reported in previous works that spinel zinc ferrite can
present AFM or ferrimagnetic order depending on the inversion
parameter [12-14]. NPD data confirm that both, short range (SRO) and
long range (LRO) antiferromagnetic order can coexists at 2 K for values
of the inversion parameter lower than 0.1 [21,22]. These studies have
also shown that at this temperature an increase in inversion led first to
AFM SRO and to a ferrimagnetic state for values greater than 0.2.
However, we have confirmed for first time that both short range anti-
ferromagnetic and ferrimagnetic ordering can coexist simultaneously at
2 K for values of the inversion parameter ranging from 0.05 to about 0.3.
As the inversion parameter is increased, it can be observed in the NPD of
Fig. 5 that the intensity of the FM like contribution increases and
therefore the magnetization obtained by both, the M — H curve and
Rietveld refinement, shown in Table 2. On the other hand, Fig. 2 shows
that this increases in the FM like ordering is accompanied by a decrease
in the intensity of the broad peak associated with the AFM ordering. It
can be concluded that there is a local competition in the structure be-
tween the AFM and FM coupling of Fe cations at the octahedral sites
induced by the AFM superexchange A-B interaction.

As the A-B superexchange interaction is significantly stronger than
the B-B, higher thermal energy is required to overcome it and disorient
the magnetic moments. We consider that the FM component dominates
at high temperature, but the AFM B-B component gradually will be
strengthened at low temperature, giving rise to a competition with the
third-neighbor AFM interactions B-A-B. As a result, the magnetic
structure may become magnetically frustrated and the system magnet-
ically inhomogeneous, causing that the AFM long range order (LRO)
would be suppressed [34]. Thus, below the Néel temperature small
antiferromagnetic domains and disordered domain walls could form.

5. Conclusions

The main result of the structural and magnetic characterization
performed in the spinel ZnFeyO4 can be summarized as follows:

(1) XRD and NPD data alone have been used to characterize the
microstructure present in this material, but different values for
some microstructural parameters can be obtained due to the
different interaction mechanisms of the neutron and the X-ray
with the sample. This problem has been be eliminated by the
simultaneous Rietveld refinement of both diffraction patterns,
including a magnetic phase in the refinement of the neutron data
to account for the magnetic contribution that may appears when
some Fe>" magnetic ions are occupying also A sites.

(2) Unlike previous studies, we have confirmed for the first time the
simultaneous coexistence at 2 K of short range antiferromagnetic
and ferrimagnetic ordering when the inversion degree 5 is lower
than ~0.3. The neutron diffraction patterns recorded at this
temperature showed a diffuse peak at low angles associated with
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Fig. 5. Comparison of the observed (blue solid
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short range antiferromagnetic B-B interaction and the Rietveld
refinement of these patterns confirmed the presence of a ferro-
magnetic like order that was associated with an extended
superexchange antiferromagnetic B-A-B interaction.

(3) Although both ordering are present at 2 K, the antiferromagnetic
contribution decreases and the ferrimagnetic contribution in-
creases as the inversion degree increases. As a result of the
competition between these two interactions, it may be originated
frustration in the magnetic structure that causes the suppression
of the antiferromagnetic long range order (LRO).

(4) At room temperature, the samples with § < 0.1 behave para-
magnetic, while for the samples with higher cationic inversion,
typical hysteresis curves of ferrimagnetic materials were recor-
ded, characterized by the absence of coercivity and remanent
magnetization. Due to a crystallite size lower than 20 nm, ferri-
magnetic zinc ferrite particles can behave superparamagnetically
at RT.
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