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Abstract

ZnFe O, ferrite nanoparticles are arousing a great interest in the biomedical field, thanks
to their superparamagnetic behavior at room temperature. Functional properties depend
on composition, size, nanoparticle architecture and, in turn, on the synthesis methods.
Bulk ZnFe O, has the normal spinel structure (all Zn* ions in tetrahedral and all Fe** ions
in octahedral positions), but at the nanometric size inversion takes place with a cationic
mixing on divalent and trivalent sites. The sensitivity of the Raman probe to cation dis-
order favored the appearance of several works on a rich variety of nanosized zinc fer-
rites. An overview on these results is reported and discussed at variance with synthesis
methods, grain dimensions, and dopants. We add to this landscape our results from new
nanosized powder samples made by microwave-assisted combustion, with different dop-
ants (Ca, Sr on Zn site and Al, Gd on Fe site). A detailed analysis of Alg, Eg, 3Fzg Raman
modes has been performed and Raman band parameters have been derived from best-
fitting procedures and carefully compared to literature data. The vibrational results are
discussed taking into account the characterization from X-ray powder diffraction raction,
SEM-EDS probe, EPR spectroscopy and, of course, the magnetic responses.

Keywords: zinc ferrites, nanostructures, Raman spectroscopy, cation disorder

1. Introduction

Zinc ferrite is a very popular material widely used at the nanometric size in different applicative
fields [1-4]. ZnFe O, (ZFO) has a spinel structure and similarly to the whole ensemble of materi-
als with the general formula MFe O, displays unique physical and chemical properties. In par-
ticular, zinc ferrite exhibits a peculiar mixing of high-quality functional properties. Indeed its
magnetic, thermal, electrical, and mechanical properties coupled to a high chemical stability
allowed its usage in magnetic storage, ferrofluids, catalysis, and biomedical applications, as for
instance, theranostics and hyperthermia.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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224 Raman Spectroscopy

The spinel ferrite system can be written as (Me,_Fe )*[Me Fe, ]**O, and contains two Fe**
cations and a single divalent cation. The round and square brackets denote sites of tetrahedral
(A) and octahedral [B] coordination, respectively, while x represents the degree of inversion
defined as the fraction of the (A) sites occupied by Fe*. A completely inverse spinel is deter-
mined when the trivalent cations are equally distributed on tetrahedral and octahedral sites,
while the divalent cations fill up the remaining half of the octahedral positions.

A very important characteristic of the spinel system is that it admits an extremely large variety
of total solid solutions. The divalent cations are usually Zn*, Ni*, Mn*, Ba*, Cu*, but partial
substitutions of divalent or trivalent Fe ions are possible, preserving the spinel crystal struc-
ture. When zinc enters to form bulk zinc ferrite the system assumes a normal spinel structure
AB,O,: the oxygen atoms are arranged a network of close-packed face-centered cubic units;
the divalent Zn cations (A) occupy tetrahedral sites and trivalent Fe cations (B) octahedral
sites. Spinel unit cell is composed of 8 units builders. In the full unit cell, there are 8 Me*, 16
Fe* cations, and 32 anions oxide O [1-4]. In Figure 1, a scheme of the direct spinel structure
is reported.

The magnetic behavior of bulk ferrite system is strongly influenced by the nature, type, amount,
and distribution of cations. Let us consider a deeply studied system, the mixed Zn-Ni ferrites
(Zn,_Ni Fe O,, with 0 <x < 1). The end compositions are zinc ferrite, ZnFe,O, (for x =0), i.e., a
direct spinel, and nickel ferrite, NiFe,O, (x = 1), an inverse spinel. In direct spinel ZnFe O,, the
behavior is antiferromagnetic with a Néel temperature about 9 K, while for nickel ferrite is ferri-
magnetic with a Curie point about T =860 K [5]. The possibility to control the chemical compo-
sition allows to finely tailor the magnetic features. These different behaviors can be understood

looking at the magnetic interactions between B and A sites surrounding an oxygen [5].

In spinel ferrites, there are two sublattices: the tetrahedral one with one cation per formula
and the octahedral one with two cations per formula. The magnetic behavior is determined
by superexchange interactions between two transition cations separated by an oxygen. The
A-O-B interactions have an axial symmetry, and thus are highly more efficient than the B-O-B

Figure 1. The direct spinel-type structure; the red circles represent oxygen ions while the ochre and cyan solids represent
tetrahedral and octahedral units containing at the center Zn and Fe cations, respectively.
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interactions, characterized by a 90° angle. As a result, both spins on B sites are antiparallel to
the A spin. The magnetic response of spinel is thus determined by the cations distribution
on A and B sites. In inverse NiFe O,, B sites are occupied by both Ni* and Fe** ions and the
remnant Fe* is placed on the A site. The magnetic moment of Fe** on A site cancels with the
magnetic moment of Fe** on B site, and the resulting magnetic moment is the spin value for
nickel Ni** (2.3 Bohr magnetons). This is a strong interaction with a resulting high-tempera-
ture Curie transition. In the case of zinc ferrite, iron ions occupy the B sites and zinc is located
on the A site. Since Zn*" is a 3d" ion, it has no magnetic moment, and the only interaction is
B-O-B, leading to an antiparallel arrangement of spins. The spins are identical, and the mate-
rial becomes antiferromagnetic. The low Néel temperature clearly illustrates the weakness of
this superexchange interaction, as compared with A-O-B of the nickel ferrite case [5].

The behavior of bulk spinel-type ferrites change markedly moving to the nanoscale regime.
In particular, the insurgence of a superparamagnetic (SPM) behavior at room temperature
(RT) has been observed [6]. In systems that are ferro- and ferrimagnetic in bulk, SPM state can
appear when the grain size is reduced to 50 nm or less. In SPM phase, the thermal energy k T is
greater than the magnetic anisotropy energy, and therefore random fluctuations of the magne-
tization are possible. The magnetization of a SPM material, above the so-called blocking tem-
perature (T}), is equal to zero in the absence of an external field, and it rapidly increases under
application of an external field. This fact implies a closed sigmoidal shape of the M-H curve
without appreciable hysteresis. Experimentally, the value of T, typically corresponds to the
“merging point” of the zero-field cooled (ZFC) and field-cooled (FC) magnetization curves [5].

SPM is not the only magnetic phenomenon caused by the finite size effect of nanoparticles.
The reduction in size and the increase of the surface/volume ratio can, for example, produce
randomly oriented uncompensated surface spins, canted spins, and magnetically dead layer
at the surface [7].

Anyways, superparamagnetism is especially important in applications such as drug delivery
or MRI, where the nanoparticles exhibit no magnetic properties upon removal of the external
field and therefore have no attraction for each other, eliminating the major driving force for
aggregation. More importantly, superparamagnetic nanoparticles allow better control over
the application of their magnetic properties because they provide a strong response to an
external magnetic field.

For biomedical application, it is thus essential to finely control the functional parameters: satura-
tion magnetization (M), coercivity (H ), and blocking temperature (T,). This control can be made
by tailoring the material properties in terms of size, shape, composition (substitutions, doping,
cation distribution in the crystal structure), and shell-core design, with possible different chemi-
cal and physical structures of internal-core and surface-shell parts of the nanoparticle [7].

Alarge number of synthesis methods were reported, including conventional ceramic solid state
synthesis, high-energy ball milling, microwave-assisted combustion, sol-gel, hydrothermal,
co-precipitation, ultrasonic cavitation, and thermal plasma, with the peculiar aim to tune elec-
tric, catalytic, and magnetic properties, these last ones particularly appealing for biomedical
application [8]. In the following, the most widespread synthesis methods for ferrites will be
briefly described.
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1.1. Conventional ceramic method

The conventional solid-state reaction, starting from metal oxides or carbonates, is the oldest
method for the synthesis of ceramics, since it is economic, efficient, and easily scalable. In fact,
despite of some disadvantages, such as particle agglomeration and growth, it is still regularly
used to synthesize novel materials for the first time, also for the widespread diffusion of the
necessary equipment in academic laboratories.

1.2. High energy ball milling

The use of mechanical milling in the preparation of inorganic materials (ceramics, metals, and
alloys) has a long tradition. It is a cheap and relatively rapid method that, in some cases, guar-
antees the formation of the desired compounds without the need of other thermal treatment.
The tuning of ferrites nanoparticles could be obtained by changing milling container, speed,
time, ball-to-powder weight ratio, extent of filling the vial, milling atmosphere, presence of a
process control agent, temperature of milling, etc. [9].

1.3. Microwave combustion method

This method is actually one of the most diffused due to its numerous advantages: is a wet
chemical technique, enables fast reaction rate, chemical homogeneity, and high reactivity due
to the uniform heating produced by microwaves. Some drawbacks are represented by the diffi-
culty to vary the spherical form of particles and to control the valence states of the elements [10].

1.4. Sol-gel method

The sol-gel technique is a wet low-temperature method that provides products with a perfect
chemical composition and takes advantages over the others, owing to good stoichiometric
control and homogeneity, short preparation time and inexpensive precursors. Furthermore,
it provides nanoparticles with controlled sizes and defined morphology. Generally, for the
production of multicomponent oxides, alkoxides (substituted in some cases by acetates) are
put together in alcohol. In the sol-gel method water, alcohol, pH, concentration of alkoxides,
and controlled temperature are required for proper hydrolysis [11].

1.5. Hydrothermal method

The hydrothermal route is a convenient wet way to produce well crystalline materials, with par-
ticles with suitably tuned size and shape. The main advantage of hydrothermal synthesis over
conventional wet-chemistry methods is that it occurs under non-standard conditions, and that
non-classical crystallization pathways can be explored. Many factors can be varied such as tem-
perature, reagents ratio, solvents, and kind of salts to customize the ferrite nanoparticles [12].

1.6. Co-precipitation method

This method is probably the most favorable to produce nanoparticles, as well as simple and
very productive. A high homogeneity and uniformity can be easily obtained at moderate
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experimental conditions. In these last years, this kind of synthesis has been mainly used to
produce nanoparticles with peculiar magnetic properties, in particular superparamagnetism
for biomedical application. The particle growth is controlled only by kinetic factors, so by con-
trolling pH, temperature, ionic strength, salts nature or the Fe(II)/Fe(IIl) concentration ratio,
the shape and size of the nanoparticles can be customized [13].

1.7. Green synthesis

Recently, plant-based green syntheses of nanoparticles have attracted the attention of
researchers. Various green resources, like micro-organisms and plants, are available for these
syntheses. The extract of plants not only acts as reducing agent toward the metal ions in a
short time with respect to micro-organisms or the classical organic/inorganic substances, but
also provides high-yield nanosized particles. The preparation time of nanoparticles depends
upon the variety of plants and the concentration of phyto-chemicals. Plant-based green syn-
thesis of magnetic nanoparticles is still under research [14, 15].

Among the so-called physical methods, the most used to produce zinc ferrites are the following.

1.8. Ultrasonic cavitation method

Ultrasonic cavitation chemistry is useful for synthesizing a variety of compounds at milder
conditions. The major advantage of this method is that it affords a reliable and facile route
for the control of both the synthetic process and nanostructure of advanced materials. This
process also provides chemical homogeneity and reactivity through atomic level mixing and
phase pure crystalline materials can be prepared by annealing at reduced temperatures. In
addition, the use of additive components (stabilizers or surfactants, precipitants) and particu-
lar calcination requirements are avoided [16].

1.9. Thermal plasma

Thermal plasmas, such as direct current arcs and radio frequency (RF) plasmas, offer unique
advantages for the synthesis of ceramic powders due to the easily achievable high tempera-
tures and energy densities. In a RF thermal plasma flame, the gas temperatures may exceed
10* K independently of the gas composition. In addition, a high temperature gradient exists
between the hot plasma flame and the surrounding gas phase. The resulting rapid quench-
ing rate is favorable for producing fine particles with unstable structures in thermodynamic
terms [17].

The large variety of methods used to obtain zinc ferrites nanoparticles reflects on a very scat-
tered scenery in terms of properties of the obtained materials. This is not simply due to the
above-mentioned close correlation among functional parameters and morphology, gran size,
intentional doping, cation distribution, and nanoparticle architecture. Indeed, it is extremely
important to verify and control the magnetic, structural and chemical purity, and homogeneity
of nanoparticles because even low amount of extrinsic phases or elements can alter the
functional properties. In particular, it is very important to monitor the presence of unwanted
iron oxides phases, possible source of extrinsic contribution to the functional properties of zinc

227



228 Raman Spectroscopy

ferrites. In addition, several factors such as nucleation, growth, aggregation, and adsorption
of impurities can affect the morphology of prepared particles [18]. It is thus evident the need
to deeply characterize the materials with a multi-technique approach to reveal even subtle
effects due to unwanted alterations of the designed nanoparticles.

Usually, all the researchers give evidence of the magnetic properties measuring by SQUID
magnetometer or Vibrating Sample Magnetometry, Saturation magnetization (M), Coercivity
(H,), and Blocking temperature (T,). The local inspection about the source of magnetic behav-
ior is usually accomplished by combining *’Fe Mossbauer, XANES, XPS, and EPR investiga-
tions. Morphology and chemical compositions are usually investigated by TEM and SEM
techniques, the latter with the possibility to perform EDX analyses for elemental check.
Sometimes, LA-ICP is used to validate the composition. Crystalline structure quality is usu-
ally assessed by XRD analyses and micro-Raman measurements, that also allowed to estimate
the inversion degree.

Raman spectroscopy (RS) has been widely used to study spinel ferrites and in particular zinc
ferrites both for routine identification of materials [19] and for very fine investigations concern-
ing basic phenomena. This is due to an interesting overlapping between characteristics of RS
and properties of nanosized zinc ferrites: (i) RS sensitivity to cations distribution [20], (ii) RS
ability to reveal the presence of extrinsic iron oxides phases like hematite or magnetite [21],
(iii) possibility to use RS to monitor stability of spinel ferrites vs. light exposure or thermal
treatment [22], (iv) influence of nanometric scaling on Raman lines features—peak energies,
widths and shape [23], (v) possibility to evaluate the presence of unwanted impurities. In addi-
tion, it is important to note that Raman spectroscopy has been used to study Surface-enhanced
Raman scattering (SERS) when ferrites nanoparticles are functionalized for specific biomedical
applications [24].

In this chapter, we combine a brief overview on the literature about Raman data from dif-
ferent zinc ferrites nanoparticles to new Raman results by our group on pure and doped
zinc ferrites nanoparticles prepared by using the microwave-assisted combustion method.
In particular, we present data obtained from undoped ZnFe O,, Zn,_ Ca Fe,O, (x =0.05 and

24
0.25), ZnFe Gd O, Zn  Sr, Fe O, and ZnFe Al O, doped ferrites. The Ca substitution

is particularly iﬁi’lcer4estirf§5dlig5t02thz low toxicity c;)fl tﬁe substituent; on the other side, Gd
ions are commonly used as contrast agents for MRI. In all the cases, the Raman data are
accompanied by recalling functional parameters and synthesis procedures. For our samples,
a more complete description about synthesis, morphology, and magnetic behavior are out-
lined allowing a better comprehension about the powerful of Raman spectroscopy in this

kind of system.

2. Raman effect in ZnFe O, nanoparticles

ZnFe,O, spinel has a cubic structure that belongs to the space group Fd3m (O’,) consisting
of 8 molecules within the unit cell, for a total of 56 atoms; nevertheless the smallest Bravais
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cell contains 2 formula units for a total of 14 atoms. By the factor group analysis, it is pos-
sible to derive the following 42 modes in ZnFe O, spinel, 3 acoustic modes, and 39 optical
modes [19]:

AR +ER+F +3F,(R)+2A, +2E +4F (IR)+2F, (1)

where the (R) and (IR) identify Raman-active and infrared-active vibrational species, respec-
tively, and the rest of the modes are silent modes. The E_ and F, , ., , modes are doubly and
triply degenerate, respectively. The three acoustic modes belong to the F, species.

Thus in the Raman spectra of zinc ferrites, only five modes A, + E_+ 3F, should be
observed [25]. The three Raman-active F . modes are labeled F, (1), F,(2), and F,.(3), where
F, (1) is the lowest frequency F, mode and F, (3) is the highest frequency mode of this
vibrational species.

Figure 2 shows the spectra from two different ZFO prepared by our group. These spectra
are reported as an example of the features detected in the Raman spectrum of ZFO. The red
spectrum is obtained from pure ZFO, synthesized by solid state reaction (see Section 2.2.),
while the black curve is the Raman signal of an Al-doped ZFO sample synthesized by co-
precipitation method. In the region 100-800 cm™, three different spectral intervals can be
recognized for both samples: (i) 600-800 cm™ is the region of A, modes; (ii) 410-550 cm™
is the region of F,.(3) modes, and (iii) 260-380 cm™ should be the region of F,.(2) modes. At
lower frequencies, E_ and F, (1) are sometimes detected. Furthermore in the spectrum from
Al-doped sample, narrow extra peaks are detected at about 218, 285, and 395 cm™. These

Raman Intensity/ arb. units

1 1 ! 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800

-1
wavenumber/ cm

Figure 2. Raman spectra from two different ZFO prepared by our group: Pure ZFO synthesized by solid state reaction
(red curve) and Al-doped ZFO synthesized by conventional co-precipitation method (black curve). The latter will not be
further considered in the chapter.
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Raman lines are associated to the presence of hematite inside the irradiated volume [21]. At
higher energies, in the region 1000-1800 cm™ only second-order features can be revealed,
with a more intense feature just above 1300 cm™ in the Al-doped sample due to second-order
signal from hematite.

Briefly, we recall that micro-Raman measurements were carried out at RT by using a Labram
Dilor spectrometer equipped with an Olympus microscope HS BX40. The 632.8 nm light from
He-Ne laser was employed as excitation radiation. The samples, mounted on a motorized
xy stage, were tested with a 100x objective and with a laser spot of 1 um of diameter. The
spectral resolution was about 1 cm™. Neutral filters with different optical density were used
to irradiate the samples at different light intensities leading to power density values from
5x10° to 5 x 10° W/cm?. A cooled CCD camera was used as a detector and the typical integra-
tion times were about 2 min. The sample phase homogeneity was verified by mapping the
Raman spectra from different regions of each sample. The parameters of the Raman spectra
were extracted by using best fitting procedures based on Lorentzian functions. In this way,
the frequency, full width at half maximum, intensity, and integrated intensity of the peaks
were determined.

2.1. Brief overview from the literature

Even if in the literature the assignment of the specific atomic motions within the spinel lattice
during the Raman-active vibrations is controversial, it is common to explain the vibrational
dynamic in term of normal modes inside the two sub-units within the spinel unit cell: the
tetrahedral unit, AO, is comprised of the cation at the center of a cube and four oxygen atoms
in the nonadjacent corners; the octahedral unit consists of a cation surrounded by six oxygen
atoms, two along each dimensional axis, to form a BO, octahedron. It is accepted that the
highest-frequency A, mode is assigned to the symmetric breathing mode of the AO, unit
within the spinel lattice [26]. The oxygen atoms move away from the tetrahedral cations along
the direction of the bonds, with all the cations at rest. For all the other Raman modes, there
are some controversies about their assignments. In [27], all the other low frequency modes
are attributed to vibrations inside the octahedral sites (BO,). Besides the highest-frequency
Raman-active Fzg(3) mode is alternatively attributed to the antisymmetric breathing of the
AQ, unit [28], or to the asymmetric bending motion of the oxygens bonded to the tetrahedral
cations [29].

The F, (2) mode should be due to the opposite motion of cation and oxygen along one direc-
tion of the lattice [30]. In [30], the Eg mode is assigned to the symmetric bending motion of
the oxygen anions within the AO, unit, in agreement to other researchers [28]. Finally, more
agreement is found for F, (1) Raman mode, the lowest frequency one, due to the complete
translation of the AO, unit within the spinel lattice [31-34].

The controversial landscape of Raman modes in ZFO is summarized in Table 1, where we
report a brief overview on Raman results from nanosized pure zinc ferrites obtained by different
methods.
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Method Average Main Raman modes peak energy (cm™) References
size (nm) F, (0 E F,2  F06 A0 Other signals

SMC 3-25 150 265 350-400  450-500 630 (Zn-O) — [35, 36]
720 (Fe-O)

Honey-mediated 10-20 241 351 498 438 605 (Zn-O) 221, 286, 403 [37]

SGC 653 (Fe-O) a-Fe O,

SMC 20 160 265 370 450 637(Zn-0) 721 [38]
670(Fe-O) A,, maghemite

TD 4.7 159 254 364 459 665 — [39]

CG 13 — 351 452 490 650 (Zn-0O) — [40]
700 (Fe-O)

CP 5 — 330 480 — 660 — [41]

SG AC 21 262 357 497 — 682 — [42]

SGC 19.6 1749 3403 491 — 652.7 — [43]
688.6

HTF — 221 246 355 451 647 800 noise [27]

CP 7 23556 339.61 4874 — 664.97 — [23]

The data are listed at variance with synthesis method and grain size. For syntheses, we used the following acronyms:
S MC for soft mechanochemical, SG C for sol-gel combustion, TD for thermal decomposition, CG for citrate-gel, CP for
co-precipitation, SG AC for sol-gel autocombustion and HT F for high temperature flux.

Table 1. Overview on data from literature on Raman modes in pure ZFO nanoparticles.

At first, one can notice the absence of a clear correlation between grain size and peak positions
of A1g modes. Looking at the spectra, the effect of grain size reduction causes as expected an
asymmetric broadening of Raman bands and a decreasing of Raman intensities [44, 45]. A,
mode is mainly the most intense Raman feature; while in [27, 37, 46], the highest Raman signal
is the Eg mode. Besides, in ZFO, the nanometric regime is primarily the cause of inversion, with
marked influence on Raman spectra. Indeed in tetrahedra and octahedra a mixing between A
and B cations takes place and this mixing reflects on Raman modes due to different cations
involved for the same vibrational modes [35].

In Table 2, we summarize some results from nanocrystalline doped zinc ferrites and other
common ferrites.

Both for pure and doped nanoparticles zinc ferrites, it is difficult to derive general rules for
Raman modes behavior. Different parameters (synthesis, grain size, composition, and chemi-
cal purity) can give rise to competing effects with opposite effects on Raman features. In addi-
tion, it is evident from the reported data in Tables 1 and 2 that even the attribution of a certain
Raman signal to a specific mode is uncertain, in particular for F, and E, modes. Furthermore
for F, and E_modes, the analyses are complicated by the usually lower intensities. Recently,
even the attribution of Alg mode has been reconsidered. Some authors [50, 51] claimed that



Sample Method/ Average Main Raman modes peak energy (cm™) References
Synthesls  size (nm) F, (1) E, F, () F, ) A, Other signals
ZnFe  la,,0, SG AC 10 250 343 487 — 663 - [42]
Ni,.Zn, Fe,O, SMC 20 125 (Zn-0) 256 (Zn-O) 362 (Zn) 370 (Zn)  637(Zn-O) 721 38, 47]
200 (Ni-O) 323 (Ni-O) 480 (Ni) 480 (Ni)  670(Fe-O) A, maghemite

689(Ni-O)

Mn, Ni, .Zn FeO, C 9 — 336 482 540 636 (Zn-O) — [48]
680 (Fe-O)

Mn, Ni . Zn FeO, C 12 — 339 484 550 650 (Zn-O) — [48]
695 (Fe-O)

Mn, . Zn, FeO, CG 9 - 350 — 540 610 (Mn-0)  — [40]
650 (Zn-O)
690 (Fe-O)

Mn, Zn  FeO, SGC 94 217.7 275.3 386.5 490.8 591.3 240, 300 [43]
645.7 a-Fe,0O,

Co,.Zn, Fe 0, CP — 207.7 3145 468.5 551.7 6327A, (1)  — [49]
6932 A, (2)

NiFe,O, SMC 10 188 323 480 550 670 (Fe-O) 721 [38]
689 (Ni-O) A1g maghemite

CoFe O, DM 6 547.7 293.2 460.7 190.2 674.8 Alg (1) - [20]
6049 A, (2)

MnFe O, SGC 8.5 220.6 277 370.9 507.4 593 240, 300 [43]
638.7 a-Fe203

FeFe O, TD 49 190 290 453 535 671 720, 604, 496, 386 maghemite [39]

The data are listed at variance with synthesis method and grain size. For the acronyms, see the caption of Table 1. In addition, C stays for citrate and DM for double
microemulsion.

Table 2. Overview on data from literature on Raman modes in doped ZFO nanoparticles.
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the Raman band at around 650 cm™ is associated with the presence of Zn?* ions at B-sites.
This conclusion seemed to be supported by the dependence of its intensity with Zn content in
Mg, Zn Fe O, and by Mossbauer data. Nevertheless, some common features can be derived:
the mass of the tetrahedral cations is effective in the A, lineshape with different contribu-
tion clearly detectable, as expected in a simple “mass on a spring” model; the reduced grain
size causes a decrease in the total Raman yield; all the synthesis methods seem to be able to
produce nanoparticles with good crystallinity even if sometimes the Raman signals are quite
weak and broadened [22, 52]. Further worsening in the quality of Raman spectra has been
observed when ZFO NP is functionalized for specific biomedical applications [53].

In the Raman spectra of nanocrystalline, both pure and doped zinc ferrites or other ferrites, it is
common to recognize different contributions for each Raman mode, just due to different cations
involved in a specific vibration [47]. This behavior, the so-called two-mode behavior, is particu-
larly evident for the most intense A, mode above 600 cm™. If doping is considered, the Raman
lineshape is affected both by the inversion on A and B sites and by the substitution of divalent
or trivalent cations. Thus, the Raman signal in the more complex case could be the result of the
overlapping of three contributions due to vibrations inside (i) ZnO,, (ii) FeO,, due to inversion,
and (iii) the MeO, due to substitution. The two mode behavior is sometimes less detectable in
the lower frequency modes; where in some cases, a one-mode behavior cannot be excluded
[54]. The Raman studies on ZFO NP have usually the goal to characterize the structure of the
samples in view of the magnetic response, being the last affected by inversion and/or cationic
substitutions with magnetic ions. Raman data, and in particular the A; modes, are usually used
to perform best-fitting analyses using lorenztian curves and derive the integrated intensities
of the two (or three if substituents are considered) different contributions. With the empirical
formula x, (A)=[1-1L, /(L +1.)], one can derive the inversion degree; the lorentzian intensities

600
——2ZFO

Maghemite
Hematite

0

§=

2 400 |

£

©

=

w

c

(]

S

€ 200

€

[}

1

0 :ﬁlg i 1 ; ] T

200 400 600 800 1000

wavenumber/ cm’’

Figure 3.Simulated Raman spectra for ZFO, hematite and maghemite. The intensities are scaled to match the
experimental evidences on pure micrometric powders.
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can be multiplied by corresponding force constants even if it is not simply to derive a reliable
value [39, 47].

For this reason, an important issue in ZFO NP studies is to reveal in synthesized samples
the presence of iron oxides, like hematite and maghemite [5]. These oxides can infer an effec-
tive but extrinsic magnetic behavior with problems in terms of stability and aggregation if
used in biomedical applications. To characterize the spin ordering and understand the nature
of magnetic behavior, Mossbauer and neutron diffraction studies have been helpfully used
[55]. Nevertheless, in this frame also the Raman spectroscopy can play an important role.
Hematite (a-Fe,O,) belongs to the rhombohedral system while maghemite (y-Fe,O,) has a
cubic inverted spinel structure, thus from the point of view of Raman activity equivalent to
ZFO. These differences reflect on the Raman spectra. In Figure 3, we report the simulated
spectra for ZFO, hematite, and maghemite.

The Raman spectra of ZFO and maghemite are obviously quite similar with a total Raman yield
greater for the former. The main difference is the peak position of the A, . In ZFO, the ZnO, vibra-
tions are dominant and the peak is around 650 cm™, while in maghemite only the iron is present
and the energy peak is usually observed around or just above 700 cm™. On the contrary, the
Raman spectrum of hematite is markedly different having the main peaks in the lower energy
region. It is important to note that the Raman yield of hematite is approximately 10-20 times
higher than that of spinel-type ferrites, thus a small amount of hematite is enough to give clear
signatures in Raman spectrum. It is difficult to quantify this small amount because it is often
reported that for ZFO nanometric grains, surface shell of hematite or maghemite can be formed
[37, 56]. In this case, the surface sensitivity of the Raman technique can hinder a proper estima-
tion. A more difficult goal is to reveal the presence of few amounts of maghemite in ZFO by
Raman spectroscopy. Detailed best-fitting analyses are usually performed on the A, data, and
it is possible to infer about the presence of maghemite [38]; but the variability of peak energies
found both for pure and doped ZFO and the weak weight of maghemite contribution in Raman
signal hinder a reliable attribution simply based on Raman data. But, RS allows to monitor the
stability of maghemite to laser irradiation. Indeed, it is well-known that in the oxidation route
of iron ions maghemite is an intermediate metastable phase while hematite is the terminal and
stable one [57]. Using this approach, the presence of maghemite in ZFO can be indirectly evalu-
ated by the insurgence of hematite Raman signals under laser irradiation [58].

2.2. Experiments from pure and doped zinc ferrites obtained by microwave-assisted
combustion method

We focused on the microwave combustion synthesis method of Ca (on Zn site) and Gd (on Fe
site) substituted ferrites. Undoped ZnFe,O, and Sr, and Al doped samples were also synthesized
and used for comparison. All the samples have been investigated by X-ray powder diffraction
and SEM-EDX analyses as a complement of Raman results. The magnetic behavior has been
measured by SQUID magnetometry. All the experimental details are reported elsewhere [59].

We found, for all the samples, a superparamagnetic behavior with saturation magnetization
between 6 and 10 emu/g at the maximum applied magnetic field of 3 T, with a more effective
role played by Ca ions with respect to Gd ions substitution.
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2.2.1. Synthesis

The samples were synthesized by microwave-assisted combustion methodology (MW), a rapid
and green method as previously described, and by a conventional high energy ball milling.

For MW, the starting reagents were Zn(NO,), 6H,O and Fe(NO,), 9H,0 taken in stoichiomet-
ric ratio to obtain ZnFe O, and mixed in an agate mortar with a proper amount of citric acid as
fuel, as calculated from the propellant chemistry theory [60]. In brief, by taking into account
the reducing and oxidizing valences of the involved elements (Zn=+2, N =0, O =-2, Fe = +3,
C=4, H=1), we can calculate a global valence value of -15, =10, and +18 for iron nitrate, zinc
nitrate, and citric acid, respectively. We can write the balanced chemical reaction for the fer-
rite formation as 2:(-15) + 1-(-10) + x-(+18) = 0 and the mol amount of citric acid necessary to
reduce the nitrates oxidant amount is calculated as 2.22.

The mixture was placed in a ceramic crucible in a microwave oven for 30 min at 800 W: this
power ensures a temperature inside the oven between 450 and 500°C. This undoped sam-
ple will be named ZnFe. To obtain the doped samples, proper amount of Ca(NO,), 4H,0,
5r.(NQ,),, GA(NO,), 6H,O, and AI(NO,), 9H,0 were added to the previous reagents to obtain
the desired stoichiometry Zn ,Ca .Fe O, Zn, .Ca, .FeO, Zn  Sr  Fe O, ZnFe Gd O,
and ZnFe Al O,. The citric acid amount to add to the various mixtures was calculated as
explained. In the following, these samples will be named Ca005, Ca025, Sr005, Gd01, and

AlO1, respectively.

For comparison, an undoped ZnFe,O, sample was also synthesized by means of a classical
solid-state synthesis, starting from a stoichiometric mixture of ZnO and Fe,O, oxides ground
by ball milling in tungsten jars for 6 h at 500 rpm with intermediate periods of last. The mix-
ture was then treated in oven in air at 650°C for 12 h (heating rate 5°C/min, spontaneous cool-
ing to 25°C) and ground after cooling. This sample will be named ZnFe-SS.

2.2.2. XRD and SEM analyses

X-ray diffraction analysis was used to determine the sample purity, in particular to control the
effective cation substitution, the crystallite sizes and the eventual inversion degree of the spinel
by means of the structural and profile refinement based on the Rietveld method. In Figure 4,
the XRD patterns of the ZnFe-SS and ZnFe undoped ZnFe,O, samples are shown together
with Ca005 one. In all the cases, a pure ferrite sample is formed, whose peaks well agree with
the ZnFe O, cubic spinel structure (PDF card N. 89-7412). It is well evident a different peaks
broadening and crystallinity between MW and SS samples suggesting markedly different par-
ticle sizes, as can be expected due to the different experimental synthesis methodologies. For
the doped samples, XRD patterns demonstrate that the doping successfully occurred, because
neither traces of unreacted reagents nor phase impurities are present: only for Sr005, some low
peaks reveal the presence of small traces of strontium nitrate, as a residual of the reagent. The
structural refinement on the basis of the Rietveld method was performed on all the patterns
by using the known cubic spinel model: the main refined structural parameters are reported
in Table 3. It can be seen that the crystallite sizes are in the nanometer range: the values for the
microwave synthesis are all lower than 11 nm, while for ZnFe-SS a value of 22 nm is found.

235



236 Raman Spectroscopy

Ca005

311

220
511

- 8
q{
= ZnFe
| |
| 5
I\ | “
vl I '( IJ |'
| " J | | l 1
fi ZnFe-SS I\ { | 'wh g y I 1\
W.‘ A N 7 o \ - F \ [ \
|\‘F‘1‘,\ ’”-fi“W»L-‘Aa'a,\'m‘«wwr i f Iw'rv.--uf.w;-“} |"’u‘w.\wrwm»-wn,u.w‘|\W“m P '\x'w‘~;='~fn“~'.--«%m«

\||III\|!\\I|I]II|\\IIlJiII'\IIIJ\III‘III\‘\III|III\?

17 20 30 40 50 60 70
2 theta /°

Figure 4. XRD patterns of undoped ZnFe,O, obtained from microwave combustion and solid state methods together
with the Ca005 pattern. The bars of the expected angular positions of the spinel phase (JCPDS card 89-7412) are also
reported, together with the miller indices of the main peaks.

Cations distribution Impurities a/A Size/nm
ZnFe-SS [Zn, . Fe, 1, [Fe ,Zn 1, — 8.4386(6) 229
ZnFe [Zn, . Fe, J.[Fe ,Zn, ], — 8.4371(40) 111
Al01 [Zn, Fe, . [Fe, Al Zn ], — 8.4221(25) 8.4
Ca005 [Zn,4,Ca, sFe, sl [Fe, Zn; o] — 8.4343(17) 8.7
Ca025 [Zn,,,Ca,,Fe ] ,[Fe Zn ], — 8.4331(57) 5.5
Sr005 [Zn, ST, o Fe, o1 [Fe, o Zn, 15 Sr(NO,), 3.35 8.4380(13) 7.2
Gdo1 [Zn, sFe, ol Fe, G, Zn 1o — 8.4366(29) 8.4

Table 3. Cation distribution, impurity phases amount, lattice parameter, and crystallite size as derived from XRD
analyses.

The lattice parameters although may vary due to the different ionic radii of the dopants with
respect to Zn and Fe ions, are quite similar. On the other hand, a similar behavior for the lattice
parameter was found for the Sr substituted samples [10]. Only for Al doping the cubic param-
eter decreases with respect to the undoped sample: in fact, a value of 0.53 A is reported for AI**
ions radius with respect to 0.65 A of Fe* in high spin configuration [61]. The inversion degree,
i.e., the amount of Fe ions on Zn crystallographic sites, was also determined from the structural
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refinement. In all the cases, the inversion takes place, although not so markedly: only for Ca025
a value of 0.54 is reached. The easily induced inversion can be a consequence of the quickness
of the MW synthesis that in only about 30 min can produce a good level of crystallinity but with
atomic disorder. We also verified that Ca and Sr. ions seem to prefer the A site, while Al and Gd
ions the B one. This is certainly true when the substitution is about 5 atom%, while for Ca025 a
different model could be hypothesized. In fact, due to the preference of calcium for octahedral
coordination it is possible that these ions could be also located on Fe sites, so inducing a higher
inversion degree with respect to Ca005 and a small contraction of the lattice parameter.

In Figure 5a,b, SEM images of Gd01 and ZnFe-SS clear up the morphological differences
between the samples from MW synthesis and solid state, giving evidence of a higher surface/

- 2pm EHT=2000kV Signal A=SE1
Mﬂ?;,,. Z,f.LKX — WD = 85mm  Vacum Mode = HghVacuum  Dote 3 bar 3016

Element App Intensity Weight Weight Atomic
% % %
Conc.  Corm. Sigma

CK 5.40 0.1902 15.71 0.28 36.98
C) oK 18.73  0.5468 18.94 0.14 33.49

FeK 60.44  0.9330 35.82 0.15 18.14

ZnK 3705 08516 24.06 0.13 10.41

GdL 8.60 0.8690 5.47 0.09 0.98

Totals 100.00

d)

r

T 20pm 20pm " 20pm 20pm

Figure 5. SEM images of Gd01 (a) and ZnFe-SS (b); data (c) and color map (d) from EDS elemental analysis for Gd01
sample.
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volume ratio for MW samples with respect to solid-state one. From MW, rounded particles
(lower than 100 nm) aggregates with large and open pores, regardless the doping ion, can be
seen. This aspect can be due to the evolution of gases from nitrates and citric acid (such as NO,
and CO,) during the heating process in the microwave oven. The solid-state synthesis also
leads to aggregates, but with larger rounded particles. The electronic microanalysis allowed
us to verify that the stoichiometric ratio between the different elements was maintained in the
final products. In Figure 5¢, as an example, the EDS analysis of Gd01 sample is reported. The
atomic percentages of all the elements are in excellent agreement with the stoichiometric val-
ues, within the EDS detection limit, suggesting that the ferrites possess the expected composi-
tion and no ions loss occurred. The maps of the different elements show good homogeneity,
suggesting that Gd ions are well distributed in the sample. A similar behavior was observed
for all the undoped and the other doped samples.

2.2.3. Magnetic results

Hysteresis cycles at RT and at 10 K have been measured as well as the zero-field and field cooled
magnetization curves in temperature. The magnetic data have been carefully analyzed [59], and
they provide a basic proof of the RT superparamagnetic behavior, essential requirement in mag-
netic hyperthermia. Examples for the hysteresis curves at RT and 10 K are reported in Figure 6a
for the Ca005 sample, as well the relative ZFC and FC magnetization curves (Figure 6b).

The magnetic behavior for all the samples is summarized in Table 4, where all the functional
parameters are reported.

We found, for all the MW samples, a superparamagnetic behavior with saturation magneti-
zation at RT between 6 and 10 emu/g at the maximum applied magnetic field of 3 T, with a
more effective role played by Ca ions with respect to Gd ions substitution. A fair agreement
is found with the M, values reported in the literature for pure and doped zinc ferrite spinels
having comparable grain size and prepared by means of combustion synthesis or other meth-
ods [10, 60, 62-64]. In Znke O, the inversion promotes super exchange interactions, in turn
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Figure 6. (a) Hysteresis loops at 300 K and at 10 K (in the inset) for Ca005; (b) ZFC and FC magnetization data for the
same sample.
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T, T, H.(B00K M, (300K) M,, H (10K) M, _(10K) M, (10 K-30 kOe)
K) (K) (Oe) (emu/g) (300 K-30 kOe)  (Oe) (emu/g) (emu/g)
(emu/g)
ZnFe-SS 24 24 0 0 Linear behavior 80 0.6 30.4
(.3)
ZnFe 42 70 Negl Negl 8.7 (S shape) 115 3.3 38.2
Al01 50 100 Negl Negl 6.7 (S shape) 350 3.4 26.7
Ca005 45 100  Negl Negl 10.0 (S shape) 250 5.2 45.0
Ca025 52 70 Negl Negl 5.8 (S shape) 100 2.3 21.5
Sr005 53 85 Negl Negl 8.1 (S shape) 90 1.6 18.2
Gdo1 34 60 Negl Negl 6.7 (S shape) 115 2.8 43.7

Table 4. Different functional parameters derived from magnetization experiments: (i) the blocking temperature, T, as
defined in the introduction; (ii) the irreversibility temperature, T _, corresponding to the merging of ZFC and FC curves
and its distance from T, (T, gives suggestions about spin and structural disorder of nanoparticles also come from the
temperature); (iii) coercive field H, remnant and saturation magnetization (M, and M, ) both at RT and 10 K. The term

negligible (Negl) means lower than 5 Oe for H, and lower than 10 for M___ .

responsible of higher M values with respect to the regular spinel. Magnetization data give
evidence on the effective role of inversion degree, even if M, values correlate in a complex

manner with the spinel inversion.

2.2.4. Raman results

In Figure 7, the Raman spectra of pure and doped MW ZFO samples are reported together

with pure ZFO sample obtained by solid state synthesis.

Figure 7. Raman spectra at RT in the region from 100 to 800 cm™ for all the samples investigated.
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For all the samples, a well-defined first order Raman scattering pertinent to the ferrite phase
has been detected with the most prominent signals around 650 cm™ (A,, mode) accompanied
by the other modes at lower energy. The substantial invariance of the Raman features for all
the samples indicates a good stability of the spinel structure. The lower total Raman yield
and the broadening of the signals of MW samples are consistent with the lower density and
smaller crystallite size of the MW powders as derived by XRD analyses. Doping seems to
play a negligible role in the peak positions, with the exception of Ca025 sample. For this heav-
ily doped sample, the higher bands move at higher energies, while the F, (2) signal further
decreases in energy. For Ca and Gd samples, a weak feature at around 220 cm™, probably
due to the F, (1) mode, is present. By comparing the pure samples, we can notice a weak, but
observable, red-shift for all the Raman features of the MW sample. This fact is compatible
with the reduction of crystallite size (11 nm for ZnFe and 22.9 nm for ZnFe-SS). The peak
position of Alg moves from 642.5 to 638.5 cm™, while the Fzg(Z) peak is peaked at 345.0 cm™ for
ZnFe-SS sample and at 334.0 cm™ for ZnFe one.

The lattice parameter value could play a role in this red shift. According to [44], the
changes in Raman line position are related to the changes in the lattice parameter by the
relationship Aw, = -3 v (7)w,(q9)(Aa/a,), where v is the Gruneisen mode parameter and Aw,
is the shift of Raman line. The values of y taken by [27] are 0.72 for Alg mode and 1.88 for
the F, lower energy mode. From the lattice parameters reported in Table 3, we derive an
expected Raman shift of about 2.0 and 3.5 cm™ for A, and F, modes, respectively. The
measured shifts are greater and thus the lattice parameter by itself cannot account for the
observed Raman softening, for which the role of inversion in the spinel structure must be
considered.

As discussed in the previous section, all the Raman data in the region 200-800 cm™ have been
treated by best-fitting procedures. Due to the different involved masses, we used couples of
oscillators for the three main Raman features with an additional curve for the low energy
weaker signals. Even for higher doping levels (Al01, Gd01 and Ca025), we avoid to introduce
a third oscillator. A very satisfactory agreement with experimental data has been obtained. As
an example, we report the result for sample ZnFe-SS in Figure 8.
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Figure 8. A representative example of best-fitting of the Raman spectrum in the range of 100-800 cm™ for sample ZnFe-SS.
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In particular, for the whole set of samples, the A band is well fitted by the overlapping of
two signals: the first, centered at around 641 cm™, gives the main contribution and the second,
centered at around 685 cm™, results in a shoulder at higher energies. The energies are in good
agreement with those expected for modes inside ZnO, and FeO, units. From the intensities
of these bands, by applying the simple formula I /(I + I,,,), we could estimate the inver-
sion degree obtaining, for ZnFe-SS sample, i.e., our standard reference, a value equal to 0.095,
slightly higher than 0.07, derived from XRD analysis.

The results for inversion degree are reported in Figure 9, where the same parameter from
XRD analyses is already shown for comparison.

Even if absolute values from the two methods do not coincide, a common trend is evidenced
and the highest inversion is found for Ca025 from both the techniques. Anyway, the discrepan-
cies can be due to the different penetration depths of the two probes leading to the detection of
different structural features, especially when clustered nanometric particles are involved. XRD
sampling involves the bulk of the sample while Raman measurements probe mainly the sur-
faces, i.e., the most defective and disordered sample zones and thus it is not surprising that for
undoped and low-level doped samples higher inversion degree are derived from Raman. On
the contrary, for Al01 and Ca025 samples, a slightly higher inversion degree is derived from
XRD analysis. In these cases, we have the higher doping level; in addition the ionic radii of
Ca and Al ions are markedly higher and lower, respectively, than that of Zn and Fe ones with
respect to other samples, and the differences in ionic radii with respect to the substituted ions. In
fact, Ca ions are markedly greater, while Al markedly lower than Zn and Fe ones [61]. In addi-
tion, Ca025 powders exhibit the lower crystallite size. All these elements can lead to an increase
of inversion degree even in the core of nanoparticles. Finally, we remark that at higher doping
level, the contribution of substituents in Raman modes can give rise to a proper vibration at a
specific energy. The two Lorenztian model used to interpolate A, modes remain effective even
with minor physical meaning and the error in inversion degree estimation can grow.
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Figure 9. Inversion degree parameters obtained from Raman and XRD data as explained in the text, for all the synthesized
ferrite samples. For each sample several Raman runs have been performed in different sample zones to obtain an average
inversion degree with a range of variation of about 10%.

241



242

Raman Spectroscopy

Nevertheless, it is important to underline, as evidenced in Figure 10, that the best-fitting pro-
cedure with two lorentzian curves allows a very good interpolation of the experimental data.

Apart from the estimation of inversion degree, from the fitting procedures the Raman band
parameters have been derived for all the samples. Figure 11 shows the integrated intensities
and linewidths and allow to graphically appreciate what already observed above. A marked
decrease in total Raman yield for Ca025, especially for the component peaked at 648 cm™. This
component is the most affected by the substitution on A site, thus confirming the attribution
for this mode.

As a final remark, one can infer that all the Raman data from MW samples indicate a good
crystalline quality, absence of impurities or at least below the threshold of sensitivity, but
in any case in agreement with results from XRD and morphological and chemical analyses.
Thus, the magnetic functional parameters should be considered as intrinsic of the ZFO matrix,
eventually doped.

Anyway, from what discussed in Section 2.1, the Raman experimental set-up allows us to eval-
uate the stability of the pure and doped MW ZFO powders under laser irradiation and thus
to infer about the presence of cluster of maghemite. It is difficult to appreciate the presence of
maghemite directly from the Raman spectra, even after detailed spectral analyses. Hence, all
the samples were evaluated by means of thermal cycles. Neutral filters with optical density
equal to 2, 1, 0.6, 0.3, and 0 were used leading to power density values from 5 x 10° to 5 x 10°
W/cm?. The samples were tested in different regions.

In Figure 12a and b, we report the results from the sample Al01 and the sample Sr005, respec-
tively. These figures show two different behaviors in term of phase stability.
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Figure 10. Raman data and curves from best-fitting runs for (a) ZnFe and (b) Sr005.
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Figure 12. Raman spectra of Al01 (a) and Sr005 (b) samples collected during a thermal cycle. The samples were irradiated
for 5 min and then measured at the selected power density.
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The sample Sr005, even if thermally treated under laser light, remains stable showing the
same Raman spectrum during the whole laser-induced thermal cycle. Small peak shifts are
due to temperature effects on lattice parameters. On the contrary for Al01 sample, it is evi-
dent that upon irradiation, the Raman spectrum of the Al01 change markedly and the typical
Raman features of hematite appear when the sample is maintained under laser light having
a power density equal to 2 x 10° W/cm?® When the laser light is attenuated at the end of the
thermal cycle, the signal of hematite is still observable indicating a stable conversion. This
is an indirect proof that at the beginning of the thermal cycle nanoregions in the irradiated
volume had a structure different from the proper ZFO structure. It is likely that nanoregions
of maghemite or highly defective Zn deficient zinc ferrite layers were present. We underline
that the grain sizes for Al01 and Sr005 are similar.

Only three samples exhibit a stable pure zinc ferrite phase with no hematite detected at
the end of the thermal cycle: ZnFe-SS, Ca025, and Sr005. The first exhibited a paramagnetic
behavior, while the latter were found to be superparamagnetic. The phase stability proved by
monitoring the Raman spectrum under laser heating is fundamental to validate the quality of
the powders with good magnetic functional parameters, in particular in view of applications
in biomedical field.

3. Conclusions and outlook

This chapter gave a look on the potential of Raman spectroscopy when applied to nanosized
zinc ferrites. The nanostructured spinel ZnFe,O, display a peculiar mixing of high-quality
functional properties, and it is used in magnetic storage, ferrofluids, catalysis, and biomedi-
cal applications, as for instance theranostics and hyperthermia. For the latter applications, a
strong requirement is the superparamagnetic behavior at RT, which take place in zinc fer-
rites thanks to the nanometric scaling. This behavior has been revealed even in pure ZFO
nanoparticles due to the inversion between divalent and trivalent cations on the tetrahedral
and octahedral sites of the spinel-type structure. In this frame, thanks to its intrinsic sensi-
tivity to chemical and structural composition, Raman spectroscopy has been widely used to
monitor cations distribution in pure and doped zinc ferrites. In the first part of the chapter, the
state of the art concerning the results from Raman scattering in pure and doped zinc ferrites
has been presented in connection to the different synthesis methods employed to obtain high
quality nanostructured ferrites. It appears clear how detailed analyses on Raman data allow to
evaluate the influence of nanometric scaling on Raman lines features—peak energies, widths
and shape, to obtain information on the inversion degree, to reveal the presence of extrinsic
iron oxides phases like hematite or magnetite and to monitor stability of spinel ferrites vs.
light exposure or thermal treatment. This information is essential to assess the functional qual-
ity of the materials and it is essential to study and understand the close correlation between
functional parameters and morphology, gran size, intentional doping, cation distribution, and
nanoparticle architecture. Indeed magnetic, structural and chemical purity and homogeneity
of nanoparticles must be thoroughly verified because even low amount of extrinsic phases can
alter the functional properties. Indeed, low amount of hematite or maghemite can alter the
long-term stability of nanoparticles especially in biological environment, favoring aggregation.
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In the second part of the chapter, we presented original results from room temperature
micro-Raman studies on nanostructured undoped ZnFe,O, Zn _ Ca Fe,O, (x = 0.05 and 0.25),
ZnFe ,Gd, O, Zn ,Sr, Fe O, and ZnFe Al O, doped ferrites. The samples have been pre-
pared by using the microwave-assisted combustion method, a rapid, green, and simple syn-
thesis route, able to ensure good physical and chemical properties. We underline the relevance
of Ca substitution due to the low toxicity of the substituent; on the other side, Gd doping is
rarely reported in zinc ferrites. Raman experiments have been accompanied by detailed analy-
ses on morphological, compositional, structural, and magnetic characterization. Thus, results
from XRD, SEM-EDS are briefly presented as well as the magnetic behavior. A detailed analy-
sis of Alg’ Eg, 3F2g Raman modes has been performed and Raman band parameters have been
derived from best-fitting procedures and carefully compared to literature data. The results
have been discussed in relation with grain size, inversion degree and doping of zinc ferrite
spinel. An optimum purity level and homogeneity and crystallite sizes lower than 11 nm were
determined for the doped samples. The inversion degree of the different samples was derived
by both Raman and XRD data and a well agreement has been observed. The superparamag-
netism seems to be favored in Ca doped samples, while in Gd doped one it is almost negli-
gible. This is clearly associated to the inversion induced by the doping in the tetrahedral site.
In addition by Raman studies we evaluated the stability of pure and doped ZnFe,O, with
laser heating just to reveal the presence of maghemite in the samples. This set of data gives
evidence to the ability of Raman spectroscopy in a typical problem of solid-state material
science. Finally, the present results will be the bases of further works aimed to exploit SERS
effect using non-metallic nanostructured zinc ferrites eventually functionalized for specific
biomedical applications.
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