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In this work, we are showing the results of the X- and Q-band electron magnetic resonance measure-
ments of ultra-small Zn;_,Mn,Fe,O,4 nanoparticles (ca. 8 nm) with a very narrow size distribution. The
chosen synthetic route allows for precise structural modifications with a broad concentration range (x =
0, 0.2, 0.5, 0.8, 1). The crystal structure was evaluated by means of X-ray diffraction, while cell parameters
were calculated using Rietveld refinement. EMR spectral studies indicated that the prepared nanoparticles
were superparamagnetic. The linewidth of EMR signal for any ferrite material generally originates from
two sources: (a) magnetic dipole—dipole interactions among particles and (b) interparticle superexchange
interactions between magnetic ions through oxygen ions. Observed effects are more complex inter-
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actions than in pure zinc and manganese ferrites. As a result of the study, a relationship was observed
between the composition of the material and the magnetic properties with striking antiferromagnetism
and ferrimagnetism change. Hence, by structural modification of materials, the magnetic character (FM—
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1. Introduction

Ferrite-type compounds described with the general chemical
formula AFe,0,, where metal cation A can be commonly rep-
resented by Zn**, Mn**, Co>*, Ni**, Fe*", etc. are a fairly broad
subgroup of inorganic materials belonging to the larger spinel
family depicted by the cubic crystal structure assigned to the
Fd3m (no. 227) space group.'™ The unit cell is composed of
two subnets. The one with A** cations has a Ty point symmetry
with tetrahedral coordination by O~ anions, while the second
constitutes Fe*" cations in 6-fold coordination that forms high-
symmetry octahedral crystallographic sites Oy. In the general
case, the ionic distribution is mixed, and it can be represented
by [A,_sFe]’[AFe,_;]’0,, where & is called the inversion para-
meter that specifies the fraction of Fe*" ions located at A sites.
Consequently, if § is 0 or 1 it represents the normal and
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inverse spinel, respectively. Interestingly, ferrites can show
crystallographic site occupancy inversion between the posi-
tions of A" and Fe*" cations. It leads to the formation of an
inverted spinel with a net cationic disorder that can be
strongly dependent on the synthetic route.>® This phenom-
enon is more pronounced for nanomaterials, where the degree
of inversion can be higher than that in bulkier crystals. It is
also worth noting that ferrite structures existing in bulk form
only as normal spinel at the nanoscale can show a high cat-
ionic site disorder characteristic of inverted ferrites.’

The most well known representative of the nanoferrite
family is the magnetite Fe;O, (FeFe,O,) where iron has a
mixed Fe** and Fe®* valency. However, unless it is surface-pro-
tected, magnetite is highly prone to oxidation into o-Fe,03."°
This chemical transformation results in a drastic change in
magnetic properties and can have a detrimental effect on
certain bio-related applications due to a change of physical
properties characteristic."* To avoid that, one of the possibili-
ties relies on the usage of more chemically stable AFe,O, fer-
rites, for instance ZnFe,O, or MnFe,0,. Both compounds are
generally defined by the normal spinel structure.”® However,
upon particle size reduction, some cationic disorder can be
observed, especially at the nanoscale. The degree of inversion
in ZnFe,0, and MnFe,0, was shown to depend quite strongly
on the fabrication technique.®”'> What makes them particu-
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larly interesting is that they offer extraordinary particle size-
dependent physicochemical properties that can be fine-tuned
by chemical approaches.”*™® The range of applications is wide
and includes electronic devices,’”” telecommunications,®
hyperthermia,'® virus sensor detection,*® batteries,> cataly-
sis,”> contrast agents for magnetic imaging resonance
(MR1),>*** drug delivery platforms,* gas sensing,*® etc. Mixed
zinc-manganese ferrites (Zn,_,Mn,Fe,0,) are of great interest,
as their properties can be shaped by structural
modification.'®*>*” A careful reader can find numerous
reports on the synthetic routes towards ferrite compounds
such as coprecipitation,®® hydrothermal,’® sol-gel,>® solid-
state,”® rapid hot-injection,*' thermal decomposition,*” etc.

Many antiferromagnetic materials have been reported to
have a positive Curie-Weiss temperature, which is a sign of
ferromagnetic interactions.***® This behaviour was explained
by the coexistence of competing antiferromagnetic and ferro-
magnetic interactions. In fact, ZnFe,0, is a model system for
studying competing interactions. The normal (Zn)*(Fe,)’0, is
antiferromagnetic, but the exchange of only a few Zn-Fe
cations between sites gives place to (an,gFe)a[ZnFez—ﬁ]bO4.
Recent evidence for such coexistence of ferrimagnetic clusters
within an antiferromagnetic matrix*”’° allows for correlation
of Zn-Fe exchange with the anomalous increase in positive
Curie-Weiss temperature despite the antiferromagnetic char-
acter of sample.*® If the A ion is magnetic, AFe,O, can be
decomposed into two inequivalent magnetic sublattices,
denoted as O (octahedral) and T (tetrahedral), respectively.*’
The diamond-like T sublattice is not frustrated within the
nearest neighbour (NN) interaction, whereas in the presence of
antiferromagnetic (AFM) interactions within the sublattice, the
pyrochlore-like O sublattice can host a large NN frustration.*'
The ions within a sublattice often interact ferromagnetically
(FM), and the ions between two sublattices interact
antiferromagnetically.*>*>** Some spinel compounds can
cause the interaction of AFM between ions at O sites, which
leads to geometric frustration.***> Consequently, the general
magnetic behaviour depends on the strength of the exchange
interactions between O-O (Joo), T-T (Jrr) and O-T (Jor).***°

All Fe*" ions are coupled to each other via a superexchange
pathway through A sites, and their interactions are very weak.
The normal ZnFe,O, spinel shows long-range antiferro-
magnetic ordering at Ty = 9-11 K.*”*®* Magnetization was
found to increase with grain size reduction. This characteristic
is generally associated with an increase in cation inversion and
a decrease in grain size.*>*%%°

Electron magnetic resonance spectroscopy (EMR) is a tech-
nique used to study chemical species with unpaired electrons.
EMR spectroscopy also plays an important role in understand-
ing organic and inorganic radicals, transition-metal com-
plexes, and biomolecules. Among many experimental research
methods used to study the magnetic properties of ferrite
nanoparticles, EMR proves to be a very sensitive and provides
information on local magnetic properties, the correlation
between particle moments and the internal field
distribution.®** The properties and range of EMR appli-
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cations depend mainly on the frequency band used. The
maximum geometrical size of the object that can be examined
by the EMR method is directly proportional to the wavelength
of the microwave. As the frequency of the microwave signal
increases, the ability to detect closely located resonance lines
increases. EMR is a universal technique that provides valuable
information on a variety of paramagnetic systems. This is
favoured by high measurement sensitivity, selectivity, the
ability to measure a specific compound in the presence of
many other wunidentified compounds, relatively short
measurement time, or uncomplicated sample preparation.
The information extracted from EMR spectroscopy includes
the identity and atomic oxidation state of atoms, properties of
free radicals, the local environment around the unpaired elec-
trons, and the hyperfine interaction of nuclei with unpaired
electrons.

When Zn,_,Mn,Fe,0, is subject to a strong magnetic field,
an induced magnetic potential energy splits the spin state of
unpaired electrons (Zeeman effect) accordingly. Afterwards,
simultaneously applied microwave frequencies are absorbed
by the unpaired electrons, which can cause the transition from
one spin state to another. This mechanism can be affected by
several interactions such as the hyperfine interaction and the
zero-field interaction, etc. We focused on investigating the
influence of the Zn/Mn content on the microstructure, mag-
netic properties, and EMR characteristics of Mn-Zn ferrite
nanoparticles, without neglecting the effect of the contribution
of Fe ions. It is also worth recalling that in 1947 Néel was inter-
ested in the so-called spinel ferrites of formula Fe,O;MO,
where M is a 3d divalent metal cation (e.g. Fe**). The magnetic
properties of these materials, with spontaneous magnetiza-
tion, were not understood in detail. Néel called them non-com-
pensated antiferromagnets “ferrimagnets”.’®

In this work, we conducted an in-depth characterisation of
the chosen physical properties of ultrasmall (ca. 8 nm)
Zn,;_,MnFe,0, nanoparticles with narrow size distribution fab-
ricated by the non-hydrolytic approach. The main focus was on
detailed EMR characteristics. We observed that the positive
Curie-Weiss temperature obtained from macroscopic measure-
ments of the inverse susceptibility, at temperatures well below
the Curie temperature of the ferrimagnetic clusters, is
assigned to the superparamagnetic behaviour of clusters of
atoms with a net magnetic moment originated through A-B
superexchange interactions. The linear thermal dependence of
the inverse of susceptibility appears only at temperatures
above the blocking temperatures of these superparamagnetic
clusters. Thus, the apparent Curie-Weiss temperature was
expected to be in the range of the blocking temperatures
corresponding to the cluster size distribution. It is important
to note that this temperature is not the critical one for a phase
transition, but it corresponds to the temperature at which the
relaxation time of the magnetic moment is similar to the
measurement time.*® The EMR method makes it possible to
measure the magnetic properties of materials in a way that
other methods cannot. In some respects, the EMR can be
more sensitive than SQUID because it responds only to mag-
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netic ions with unpaired spin, whereas SQUID responds to
both magnetic ions (seen in the EMR) and elements (atoms).

2. Experimental
2.1. Synthesis of Zn,_,Mn,Fe,0, nanoparticles

The preparation procedure of the pure ZnFe,0,, MnFe,0,4, and
mixed Zn,_,Mn,Fe,0, ferrites was based on the non-hydrolytic
thermal decomposition technique in high boiling solvent i.e.
benzyl alcohol (99% Thermo Scientific) as previously described
by Bilecka et al.’” with our amendments. As a source of metal
cations, the respective acetylacetonate complexes were chosen
Zn(acac),H,O (99% Thermo Scientific), Mn(acac), (97%
Thermo Scientific) as well as Fe(acac); (99% Thermo Scientific)
where necessary were chosen. Since all ferrites were prepared
using the same protocol, only the example of fabrication of
Zny sMn, sFe, 04 will be explained. In other cases, the recalcu-
lation of the main chemical quantities is mandatory to keep
the adequate stoichiometry ratio for a given compound. The
fabrication of Zngs;Mn,sFe,O, involved 1.25 mmol of Zn
(acac),-H,0, 1.25 mmol of Mn(acac),, and 5 mmol of Fe(acac)s.
Handling of all chemicals was carried out under the protective
atmosphere of N, using an acrylic glovebox (GS Glove Box
Systemtechnik GMBH P10R250T2, Germany) equipped with
automatic pressure gas control to protect them from possible
deterioration. The metal complexes were dissolved in 70 ml of
benzyl alcohol facilitated by sonication for 20 min in a cap-pro-
tected 100 ml two-neck glass flask. Since the zinc complex con-
tains crystalline water before synthesis, the mixture tempera-
ture was raised to 120 °C for 1 hour to remove it.
Subsequently, the flask was moved directly to the set-up con-
taining the heating mantle, reflux column, and Pt-100 sensor
connected to the automatic temperature controller (LTR 2500,
Juchheim, Germany). The temperature was quickly increased
to the boiling point of benzyl alcohol (205 °C) and left for
4 hours under constant reflux. After that, the reaction was
stopped, and the flask with the final product was cooled to
room temperature. The resulting black powder was separated
and purified from the mother solution by washing/centrifu-
gation cycles with ethanol (96% Chempur, Poland) and resus-
pended for long-term storage. The other ferrites were prepared
by repeating the same procedure. Samples for TEM imaging
were prepared in the form of suspensions of ethanol, while,
for other experiments, ferrites were dried in a Petri dish at
60 °C for approximately 1 hour.

2.2. Characterization of nanoparticle physicochemical
properties

The powder X-ray diffraction technique was used to evaluate
the structural properties of Zn,;_,Mn,Fe,O, nanomaterials with
the help of the Bruker D8 Advance diffractometer. As an X-ray
source, a Cu lamp (1.54 A) was used, and to cut the K, line Ni
filter was mounted. X-ray patterns were collected in the 15-70°
26 range with a 0.02° step while the integration time was set to
0.8 s. Zinc-manganese ferrite samples were ground before the

This journal is © The Royal Society of Chemistry 2025
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experiment with the agate mortar and then placed in a special
holder. All recorded reflections were compared with the refer-
ence standards of the Crystallography Open Database’® follow-
ing card numbers 1010130 for ZnFe,O4, 2300583
Zny ,Mng gFe;04, (¢) Zng sMng sFe;04, (d) Zng sMng ,Fe;0,, as
well as 1528316 for MnFe,0,, respectively. Rietveld refinement
was performed using the fundamental parameters approach
implemented in MAUD software.’® A five-polynomial coeffi-
cient background, sample displacement, unit cell parameters,
scale factor, Popa microstructure rules,’ and occupancy
factors (only for (II) to (IV)) were sequentially refined. The pres-
entation of the X-ray data and the analysis were performed
using Origin Pro 2019 9.6 software (OriginLab, USA).

A Tecnai Osiris X-FEG (FEI Company, USA) transmission
electron microscope (TEM) operating at 200 kV was used for
nanoparticle (NP) imaging and evaluation of particle size, dis-
tribution, and morphology. The sample preparation involved
the sonication of ferrite-containing ethanol suspensions (ca.
25 pg ml™") and placing a droplet of colloids on a 200 mesh
carbon-coated copper grid (EM Resolutions, United Kingdom).
The grids with the deposited materials were dried overnight
under dust protection. Image analysis was performed in
Image] freeware software (v. 1.8.0_1720). The concentration of
particles in stock solution was determined using the Radwag
MYA 5.4Y scale through three independent repetitions and
final mass averaging.

Elemental analysis of mixed zinc manganese ferrites was
performed using a Tescan Vega 3 scanning electron microscope
(SEM) equipped with a Bruker Nano XFlash 6130 detector for
energy-dispersive X-ray spectroscopy analysis (EDS). All samples
for SEM-EDS analysis were prepared by placing a dry powder on
a carbon tape attached to the aluminium-made holder. Data
analysis was performed in a dedicated Bruker Esprit software
(v. 2.1.1.1.17430) provided by the manufacturer.

Magnetic resonance measurements were performed on
X-band (v ~ 9.4 GHz) and Q-band (v ~ 34 GHz) with modu-
lation of the magnetic field at 100 kHz and 50 kHz, respect-
ively, by a Bruker multifrequency and multiresonance FT-EPR
ELEXSYS E580 spectrometer with X-band with a sensitivity of 7
x 10° spins per 0.1 mT having a resolution of 2.35 (micro) T or
even better.®’ Temperature dependence measurements were
carried out at room temperature, and as a function of tempera-
ture in the X-band in the range from 95 K to 300 K using a
Bruker liquid nitrogen gas-flow cryostat with 41 131 VT digital
controller, and in the Q-band in the range from 4 K to 300 K,
using an ESR 900 liquid helium gas-flow cryostat from Oxford
Instruments with Mercury iTC digital controller. Samples con-
taining approximately 20 mg of sample powder were placed in
4 mm diameter quartz tubes.

3. Results and discussion
3.1. Physicochemical characterization of materials

The diffraction patterns for the zinc, manganese, and zinc-
manganese nanoferrites were measured using the XRD tech-
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Fig. 1 Graphical representation of the recorded X-ray patterns of pure
and mixed zinc—manganese ferrites along with fitting results obtained
through Rietveld refinement.

nique and are presented in Fig. 1. In all cases, characteristic
reflections were recorded that match with a reference standard
card (COD database), namely 1010130 and 1528316 that were
ascribed to the crystalline structure of ZnFe,O, and MnFe,0,
cubic Fd3m (no. 227) crystalline structure. No additional peaks
were detected, which confirmed the structural purity of the
obtained phases and the absence of impurities. The main
feature observed for all compounds relies on a significant peak
broadening. This effect was associated to the presence of a
small crystallites with comparable full width at half maximum
(FWHM) values (1.3 26, [220] plane) between samples. The
average size of the crystals was calculated by using the well-
known Scherrer method defined by the following equation:

kA

p=— 2
cos O/ — B>

where k is a constant (0.89) that approximates the particle mor-
phology, 4 is an X-ray source wavelength (1.54060 A), f, depicts

(1)
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the apparatus broadening (0.05), # stands for FWHM, and finally
0 represents the angle ascribed to the maximum peak position
chosen for the analysis ([220] reflection).®® The calculated crystal-
lite size (D) was around 6 nm for the whole group of fabricated
compounds. The parameters of the unit cells were calculated
using a well-established Rietveld refinement (see Fig. 1) and col-
lected in Table 1. In the case of mixed Zn,_,Mn,Fe,0, ferrites
for more accurate fitting of the COD standard card no. 2300583
was chosen, while in Fig. 1 only two referenced patterns for
ZnFe,0, and MnFe,0, are presented for clarity. As one can see,
the calculated cell parameter a and cell volume did not differ
significantly. It can be seen that a parameter of pure ZnFe,O,
and MnFe,0, due to the complete exchange of smaller Zn** to
Mn** cations shows a pronounced increase. The effect was
expected since the ionic radius of Mn>" at the tetrahedral site is
greater than Zn?*, 0.66 and 0.6 A, respectively.® In the case of
mixed ferrites, the effect of the Mn*" substitution on a para-
meter is not that striking and does not follow Vegard’s law as
one would expect. One possible explanation for this behaviour is
associated with the presence of cationic crystallographic site
occupancy inversion that probably becomes less pronounced
with higher concentration of Mn**. This observation is in-line
with previous reports on the possible formation of the inverted
ferrites at the nanoscale with a strong cationic disorder that
depends on the fabrication technique.””

The size of the pure and mixed zinc-manganese ferrite par-
ticles, their distribution, and morphology were estimated
using the TEM technique (Fig. 2 and 3). It should be noted
that the fabricated nanomaterials did not differ in size, which
was estimated to be 7.5 in all cases with a narrow distribution
(monodisperse particles). This is beneficial since all of the
observed effects will be associated only with that small particle
size. The morphology of all ferrites is close to spherical with
the presence of less regular particles with a tendency to form
agglomerates. This behaviour is very typical for the synthesis
of nanomaterials without the addition of any surface-blocking
agents that will lead to a reduction of the surface energy
responsible for agglomeration. Concerning particle size, good
correspondence was found with the crystallite size estimated
by the Scherrer formula, meaning that individual particles
seen in TEM are represented as single crystallites.

Table 1 Unit cell parameters, cell volume, and refine factors for the pure and mixed zinc—manganese ferrite nanoparticles calculated using the

Rietveld refinement

Crystal data

Chemical Formula ZnFe,0, Zny gMng ,Fe, 04 Zny sMng sFe,04 Zny ,Mng gFe, 04 MnFe,0,
Crystal system, space group Regular, Fd3m

a, (,A 8.4388 8.4259 8.4370 8.4355 8.4473
V(A%) 600.95 598.20 600.57 600.25 602.77

zZ 8

Radiation type Cu Ka

Refinement

R 0.0208 0.0216 0.0218 0.0210 0.0206
WR 0.0261 0.0269 0.0273 0.0261 0.0258

S 0.32 0.32 0.33 0.32 0.32
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Fig. 2 TEM images of the pure and mixed zinc—manganese ferrites obtained by the non-hydrolytic approach.
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Fig. 3 Particle size distribution plots of pure and mixed zinc manganese ferrites.

SEM images as well as element maps of the Zn;_,Mn,Fe,O,
nanoferrites are shown in Fig. 4. It is evident that after
manganese doping, the Mn>" signal increases, while Zn>*
decreases significantly. It is, together with the XRD data, a
straightforward proof of the Mn>" incorporation into the
structure of zinc ferrite for a broad concentration range.
The content of the manganese ratio was calculated from the
EDS data to be sufficiently close to the desired final
composition, ie., 19% for x = 0.2, 46% for x = 0.5, and 71%
for the x 0.8, respectively. Some deviation from the
expected content of Mn®>" might be caused by the standard
error of the EDS analysis (5%) and losses during substrate
transfer.

The EMR characteristics of Zn,_,Mn,Fe,0, ferrites samples
were studied by electron magnetic resonance spectroscopy.
The authors determined the resonance field (B..s) and reso-
nance linewidth (Bp,) from measured EMR spectra to under-

This journal is © The Royal Society of Chemistry 2025

stand the homogeneity and crystalline anisotropy of
Zn,_,Mn,Fe,0, ferrites. Representative EMR spectra of
Zn,;_,Mn,Fe,0, ferrites are plotted in Fig. 5.

Various magnetic parameters such as resonance linewidth
(Bpp), Lande’s splitting factor (effective g-value) of
Zn;_,Mn,Fe,0, ferrite nanoparticles are listed in Table 2.
The g-value is a function of the molecular motion, the symmetry
of the ions, and the paramagnetic properties, which is also a
constant of proportionality between the field and frequency. The
effective g-value is calculated using the following relation:**

hv

gzﬁv (2)

where 7 is a Planck constant, v is the microwave frequency, g is
Bohr magneton, and B is the magnetic field at the resonance.
The linewidth of the EMR signal for any ferrite material gener-

Dalton Trans., 2025, 54,1935-1947 | 1939
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Fig. 4 EDS and SEM elemental mapping of the Zn;_,Mn,Fe,O,4 nanoparticles. EDS was performed covering a sample area of 250 pm X 250 ym in

each case.

ally originated from two sources: (a) magnetic dipole-dipole
interactions among particles and (b) interparticle superex-
change interactions between magnetic ions through oxygen
ions. Linewidth may get broadened or narrowed depending
upon the interaction inside the material. The large linewidth

1940 | Dalton Trans., 2025, 54,1935-1947

and effective g-value increase due to leading dipole-dipole
interactions, while the small linewidth and effective g-value
increase due to leading superexchange interactions.®® In
addition, the line parameters were analyzed as a function of
temperature.

This journal is © The Royal Society of Chemistry 2025
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Fig.5 EMR spectra of Zn; ,Mn,Fe,O, nanoparticles at room
temperature.

The material studied Zn,_,Mn,Fe,O, is a complex structure
with various magnetic interactions. It is a kind of combination
of two materials, MnFe,0, and ZnFe,0,. A detailed analysis of
the line parameters is planned in a separate article, including
the calculation of the spin Hamiltonian. In the case of MnFe,0,,
Fe-3d electrons occupy the crowded B-site while Mn-3d occupy
the less electrons crowded A-site. From this anomalous behavior
for the Fe 3d energy states position, electrons are not able to
share the conduction mechanism (—8 eV away from Fermi level).
The conduction mechanism in the spinel depends mainly on
the super exchange between sites (A and B, for example between
Mn and Fe cations through oxygen). Therefore, the Fe-3d elec-
trons site for this cycle of conduction (Fe, O, and Mn) is
missing. From the above anomalous explanation of density of
states figures, it can be observed that a ferrimagnetic spin
current between Fe-3d and Mn-3d through O-2p is yielded
according to spin open or closed loop.** Spin open loop:

(1) Fe-O spin exchange interaction in minority channel
between —10 and —8 eV;

Fe-3d | +0-2p — Fe-3d + O-2p |, (3)

(2) O-O spin exchange interaction between minority and
majority;
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O-2p | (minority) + O-2p(majority) — O-2p T, (4)

(3) O-Mn spin exchange interaction in majority channel
between —2 and 0 eV.

0O-2p 1,Mn-3d — O-2p,Mn-3d T, (5)

Spin closed loop: this p-d overlap is the origin of the ferri-
magnetic superexchange interaction between tetra and octa-
hedral sites in ferrites, which are characterized by high hardness,
further confirming the p-d overlapping for oxygen, and that TM
is too much strong.*” In the case of ZnFe,0,, the susceptibility y
is the sum of all magnetic contributions, paramagnetic (PM),
diamagnetic (DM), AFM, and FM-like. It can be described as:

X =Xxpm + oM + Yarm + M- (6)

On the other hand, at high fields, only the PM, DM, and
AFM orderings vary with the field since the others are satu-
rated.®® Therefore, FM-like contributions can be discarded at
HF, and high-field susceptibility yir can be described as:

XHF = YpM + XpM + YAFM- (7)

Consequently, the ferri-, ferro-, and/or superparamagnetic
contributions can be evaluated by calculating yxr and subtract-
ing it from the entire magnetization curve.’” Theoretical calcu-
lations show the influence of inversion within a single unit
cell, the smallest local inversion (&) is either 0 or 1/8, the last
corresponding to the exchange of a single Zn/Fe pair in the
unit cell. Assuming that only a single Zn/Fe exchange can
occur in a cell, around 40% of the unit cells suffer a single Zn/
Fe cations exchange when the macroscopic § is as small as
0.05. Unit cells with . = 1/8 are FiM (40%) with a magnetic
moment of 5.9u5,>” while for 8. = 0 the cells are AFM (60%).
This illustrates the dramatic effect that § ~ 0 can have on the
magnetic and calorimetric properties.

Cobos et al.*® show for ZnFe,0,, that the magnetic entropy
increment can be associated with the AFM to PM transition,
and the small experimental value of 8.7 J mol™"* K" indicates
that only 29% of the sample has evolved from AFM to the para-
magnetic phase. In summary, instead of the expected 60%,
only 29% of the sample appears to be AFM ordered.*®

To briefly recap, the contribution of ZnFe,0, gives a narrow
line, while the line of MnFe,O, is several times wider. The
observed spectrum consists of a line from the Fe*" ion (a line
of about 150 mT), and a broad line that is a superposition of
at least two components. In addition, a narrow line (about
350 mT) is also visible. As the concentration of Mn ions

Table 2 The EMR parameters and Curie temperature of the of Zn,_,Mn,Fe,O,4 nanoparticles

ZnFe,0, Zny gMng ,Fe, 04 Zny sMng sFe,04 Zny ,Mn, gFe, 04 MnFe,04
Effective g-factor 2.010 2.014 2.124 2115 s 2.253
Bpp (MT) 33.60 56.03 113.46 133.67 108.40
Qcw (K) 89.1 75.6 5.6 -112.0 -183.6
c 1.57 x 107" 3.88x 107" 8.32x107° 14.58 x 1071° 71.43 x 1071°

B, - resonance linewidth, Qcw ~ paramagnetic Curie temperature, C - Curie constant.

This journal is © The Royal Society of Chemistry 2025
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increases, the width of the resonance line also increases. The
only exception is MnFe,0,, due to the fact that the effective
g-factor comes from the superposition of the line. The spec-
trum of the Fe**-coupled pair (Fe**-O-Fe*") in Fe,0; is known
to give a resonance line with an effective g-factor around 2.0.
So, the effective g-value, 2.169, for the MnFe,0; sample can be
attributed to the superexchange interaction between the Fe®*
ions. A weak signal observed at about effective g-factor 4.2, in
addition to the intense spectral line, can be attributed to an
isolated Fe*" in the orthorhombic field.*”*®

As the temperature increases, the signals gradually get
sharper and more symmetrical, with a shift to a high field (see
Fig. 6). Furthermore, with increasing temperature, a sharp
decrease in the line width and an increase in the intensity of
the EMR signal is observed (Fig. 9). This is because the
thermal fluctuation of magnetic moments can reduce the
extent of the anisotropic contributions to the free energy
density and the effective magnetic field (the superpara-
magnetic effect).®® In this event, at elevated temperatures very
narrow resonance spectra are observed, while at low tempera-
tures the thermal fluctuations are gradually frozen out, and
the magnetization direction is blocked, resulting in the broad-
ening of the resonance line.

Broadening and shift to lower magnetic fields of magnetic
resonance spectra with increasing temperature are typically
observed for superparamagnetic (SPM) nanoparticles, and ana-
logous cases can be found in a number of systems.®® However,
for SPM particles, whose direction of magnetization fluctuates
at a rate faster than the Larmor frequency, this results in a
narrow resonance line because of an averaging effect of this
fluctuation on the magnetocrystalline anisotropy. With a
decrease in the temperature, the resonance line of the SPM
particle broadens as the averaging effect of thermal fluctu-
ations is reduced and the direction of magnetization is
blocked, first in bigger and progressively in smaller particles.
Thus, the narrow resonance line at room temperature, which
progressively broadens with a reduction in temperature, once
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Fig. 6 Temperature dependence of X-band EMR spectra of
Zng gMng 2Fe,O4 nanoparticles.
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again confirms the superparamagnetic behavior of the pre-
pared samples.®®

In ferromagnetic materials, magnetic domains are in a
fragile state of equilibrium, and the Bloch wall, which is a
narrow transition region at the boundary between magnetic
domains, moves with very low applied fields. In fact, LFMA is
associated with the dynamics of magnetic domains in
material.”® The existence of this absorption at room tempera-
ture is an indication of the ferromagnetic state of the material
used to detect magnetic order. For bulk samples, the
LFMA signal is used to determine the Curie temperature of
ferromagnetic compounds.”™”?> Above 28 nm, the existence of
LFMA shows that these compounds are in a magnetic multi-
domain state, and a flat response for compounds with
smaller size shows that they are in a single-domain state.
The absence of the LFMA signal in ferromagnetic compounds
is a good indication of the superparamagnetic state in
samples.”? By size reduction, the nanocrystalline passes from a
particle with several magnetic domains to a monodomain
particle; the latter is either in a single-domain state or in a
superparamagnetic state. Low-field absorption cannot deter-
mine the intermediate state. Particles belonging to the single-
domain state are characterized by the
magnetocrystalline anisotropy energy, consequently the direc-
tion of magnetization is ‘frozen’. This characteristic has an
effect on the linewidth of resonant absorption; a comparative
analysis can reveal the critical size of changes in magnetic
states.

In the higher temperature range, the paramagnetic region,
the line is relatively narrow and more regular. When the temp-
erature is lower, we observe a widening of the line along with
its deformation (the upper part), the centre moves along with
the lower part of the line. The lower the temperature, the
deformation increases. In the Q-band we observe a clear separ-
ation of the line (Fig. 7).

Increasing the content of manganese the value of the
effective factor g increases, from 2.008 to 2.169 (for 100% Mn

maximum
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Fig. 7 Temperature of dependence of the Q-band EMR spectra of
MnFe,O,4 nanoparticles.
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ions). A similar relation occurs for the width of the line. For
ZnFe,0,, the line is the narrowest (33.6 mT). We observe an
increase in line width to 130.6 mT for 80% manganese.
Finally, for 100% Mn ion, the width is 108 mT, which is less
than described above, due to the fact that we are facing two
components of the resonance line that are offset from each
other. Still, as a result of the summation, we will eventually get
the widest recorded line. If the ZnFe,O, component is
missing, the line from the MnF,0, component becomes nar-
rower. The superposition of the two components of the line
causes the relationship shown in Fig. 8 to change rapidly at
temperatures around 120 K. This is particularly visible at con-
tents of 50% or more manganese.

We used the Curie-Weiss law to analyze the temperature
dependences of the integral intensity, which is directly pro-
portional to the magnetic susceptibility y. A linear increase of y
(T) at higher temperatures can be fitted to the Curie-Weiss law:

(x —x0) " = (T = Qew)/C, (8)

where C is the Curie constant. The first term describes the
asymptotic high temperature behavior, with C being the
asymptotic Curie temperature and Curie constant, respectively.
The magnitude measures the antiferromagnetic coupling
strength between the two sublattices,®’ while C is the sum of
the sublattice Curie constants, that is, ¢ = CT + c0.'”*?
Observation of three magnetic states in MnFe,O, single
crystals.*®

Qcw is the paramagnetic Curie temperature, y, temperature
independent coefficient to calculate the magnetic per-
meability, and the Pauli term for paramagnetism.”* Based on
the theory, the inverse relationship of intensity (1/Int) is
shown as a function of temperature for Zn,_,Mn,Fe,O, nano-
particles samples (Fig. 9). Obtained values of Curie tempera-
tures and Curie constants for all samples shown in Table 2.

Fig. 10(a-e) show the dependence of the inverse intensity as
a function of temperature for Zn, ,Mn,Fe,O, nanoparticles
obtained in the X-band for EMR lines in a higher magnetic
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Fig. 8 Temperature dependence of the effective g-factor for
Zn;_yMn,Fe,O,4 nanoparticles obtained in the X-band.
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Fig. 9 Temperature dependence of peak to peak line width for
Zn;_yMn,Fe,O,4 nanoparticles obtained in X-band.

field (about 350 mT). Due to the antiferromagnetic character
of the B-B and A-B superexchange interactions in spinel fer-
rites, the experimental finding of a positive value of the appar-
ent Curie-Weiss temperature may be surprising. As
Lotgering”” indicated, the measuring temperature should
increase to 800 K to observe the straight line with negative
Curie-Weiss temperature due to the antiferromagnetic A-B
coupling, which gives rise to the ferrimagnetic clusters. On the
other hand, the negative Curie-Weiss temperature associated
with the B-B antiferromagnetic coupling could only be
observed for § = 0 (for example, with ideal ZnFe,O, samples,
in which there is no trace of ferrimagnetic clusters). However,
since this ideal case is difficult to achieve, the previously
reported anomalous sign for the Curie-Weiss temperature can
be understood as a consequence of superparamagnetism
associated with the almost unavoidable presence of a few ferri-
magnetic clusters.’® We observed a non-linear increase in Q,
values for the increase in Zn content (Fig. 10f) as well as devi-
ations from the designated Q.,, from the literature. We identi-
fied the following reasons for these differences (1) only values
for pure compounds are given in the literature; (2) particle size
affects the Curie temperature’® that is especially manifested
for nanoparticles with dimensions in the range of a few to
several nanometers, thus observed changes in Q. of several
tens of K; (3) it is not insignificant that our measurements
involve materials being a combination of Zn and Mn, so more
complex magnetic interactions are to be expected than for
single compounds.

Observed effects are more complex interactions than in
pure zinc an manganese ferrites. As a result of the study, a
relationship was observed between the composition of
the material and the magnetic properties with striking antifer-
romagnetism to ferrimagnetism change (see Fig. 10f).
Hence, by modifying the composition of materials, we have
the possibility of controlling the magnetic properties (FM-
AFM-FiM).
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Fig. 10 Inverted integrated intensity as a function of temperature for (a) ZnFe,Oy; (b) Zng 2Mng 2Fe>04; (€) Zng sMng sFex04; (d) Zng gMng gFexOy4; (e)
MnFe,0,4, as well as dependence of the determined temperature Q.,, on chemical composition of ferrites (f).

4. Conclusions

Ultra-small Zn,_,Mn,Fe,0, nanoparticles with an average crys-
tallite size of 8 nm were synthesized using a convenient non-
hydrolytic route by thermal decomposition of zinc and manga-
nese complexes in high-temperature boiling organic solvent.
Fabricated materials did not differ in particle size and showed
a narrow distribution while being close to spherical mor-
phology. The visible tendency to form agglomerated structures

1944 | Dalton Trans., 2025, 54,1935-1947

is due to the lack of surface surface-blocking agents that, if
necessary, can be used for applications where it is mandatory.
The chosen synthetic approach allows for control of the chemi-
cal composition within a broad concentration range, which
additionally has a significant effect on the final physico-
chemical properties as shown by EMR spectroscopy.

EMR spectral studies indicated that the prepared nano-
particles were superparamagnetic. The linewidth of EMR
signal for any ferrite material generally originated from two
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sources: (a) magnetic dipole-dipole interactions among par-
ticles and (b) interparticle superexchange interactions between
magnetic ions through oxygen ions. The presented EMR lines
are obtained from contributions from ZnFe,O, and MnFe,O,.
The contribution of ZnFe,0, gives a narrow line, while the line
of MnFe,0, is several times wider. The observed spectrum is
composed of a line originating from the Fe*" ion (a line
around 150 mT) and a broad line that is a superposition of at
least two components. A narrow line (around 350 mT) was also
analyzed. An increase in the width of the resonant line was
observed, proportional to the increase in Mn concentration in
the sample. The only exception is MnFe,0,, due to the fact
that the effective g-factor comes from the superposition of the
line.

In the higher temperature range, the paramagnetic region,
the observed lines are relatively narrow and regular. With a
decrease in the temperature, a broadening of the line is
observed along with a deformation of the upper part, with the
centre of the line moving along with the lower part. The lower
the temperature, the greater the deformation becomes.
Performing measurements in the Q-band allowed us to
observe separated resonant lines. Both ZnFe,O, and MnFe,0,
can be decomposed into two inequivalent magnetic sublat-
tices, denoted as O and T, respectively. The T sublattice is not
frustrated in the NN interaction, whereas in the presence of
AFM interactions within the sublattice, the O sublattice can
host a large NN frustration. While the ions within a sublattice
often interact FM and the ions between two sublattices interact
AFM, some spinel compounds can give rise to the interaction
of AFM between ions at the O sites that leads to geometric
frustration. As a result, the overall magnetic behavior depends
on the strength of the exchange interaction between O-O
(Joo), T-T (Jrr) and O-T (Jor). We observe a non-linear
increase in Q., values with an increase of Zn content. Such
complex behavior is caused by the size of the particles as well
as chemical structural modification that leads to more
complex magnetic interactions than that expected for pure
compounds.
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