Physics of the Solid State, 2024, Vol. 66, No. 4

12,05

Structural and magnetic properties of Co;_.Zn,Fe;04 (0 < x < 1)
nanoparticles for biomedical applications
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Magnetic nanoparticles of Zn-substituted CoFe;O4 spinel ferrites Coj_xZnxFe,O4 (at x = 0.0, 0.2, 0.4, 0.6,
0.8, 1.0) were successfully synthesized by chemical co-precipitation. The structural, morphological and magnetic
properties of the obtained particles were studied and characterized by X-ray diffraction (XRD), vibrating-sample
magnetometry (VSM), Raman and Modssbauer spectroscopy. The introduction of zinc ions causes noticeable
changes in the structural and magnetic properties of spinel ferrite. The sizes of particles of Co;_xZnyFe,O4 change
from 10 to 3nm with an increase of the number of Zn ions according to X-ray data and their sizes change from
15 to 4 nm according to Mossbauer data. It was found that the saturation magnetization increases with an increase
of the amount of Zn to X = 0.4 and gradually decreases with a further increase of the concentration of Zn. The
important information about the difference between the magnetic structures of the surface layer and the volume of
particles was obtained for the first time using Mossbauer spectroscopy without external magnetic fields. A collinear
ordering of spin moments is observed in the volume of magnetic nanoparticles of ferrite Co;_xZnyFe,O4, whereas
a canting spin structure is observed on the surface of particles because of the impact of the surface. The mechanism
of transition of spinel ferrite MNPs from a magnetically ordered to a paramagnetic state with the introduction of
paramagnetic ions is described. Studies have shown that the obtained nanoparticles are perspective in view of

biomedical applications.
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1. Introduction

The unique character and complexity of predicting the
properties of magnetic fluids (MF), created in 1960 for
NASA space programs, resulted in the active development
of fundamental studies of MF for practical application [1-3].
MF are colloidal systems consisting of magnetic micron
or nanoscale particles dispersed into a carrier liquid [3,4].
MNPs are evenly distributed by thermal motion in the
carrier fluid due to their small size and react to the
magnetic field as a whole. Currently, MFs are used
as magnetic-liquid high-vacuum seals; tilt angle sensors,
magnetic separators, acoustic speakers, shock absorbers
and dampers, water purifiers from petroleum products.
Biomedicine is the most important application of MF,
namely: targeted drug delivery [5,6], contrast enhancement
of magnetic tomography and X-ray diagnostics, magnetic
hyperthermic therapy (MHT) of malignant tumors [7,8].

Antitumor drugs are harmful to a living organism,
therefore they are mixed with a magnetic liquid and injected
into the blood, then the resulting mixture is concentrated at
the affected area using an external magnet, thus causing no
harm to the body. Magnetic nanoscale particles (MNPs)
introduced with the MF into the organ affected by a
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malignant tumor are heated to temperatures of 43—46°
when an alternating magnetic field is applied and their
heat destroys malignant cells without damaging healthy
ones [7,8]. MHT cancer treatment does not require surgical
intervention, and does not affect other organs being a local
treatment, since there are no MNP in them.

The properties and applications of a MF are determined
by the complex characteristics of its components (magnetic
particles, dispersion medium and stabilizer). MNCs are the
main component of MF, forming its properties, magnetic
and physical parameters [9,10]. For this reason numerous
papers and reviews are devoted to creation of MNCs
that have required properties and are effective for specific
applications [9-18]. The MNPs used in biomedicine are
subject to strict requirements: biological compatibility,
biodegradability, high colloidal stability. In addition, these
MNPs shall be successfully delivered to a given organ,
and in small quantities and, therefore, they shall be highly
efficient, as, for example, when generating heat in MHT [7].

Numerous studies have shown that magnetic materials of
spinel ferrites (SF) (MFe,04, where M — metal ions), have
the required parameters for MF. Studies have shown that
ferrite CoFe,O4 has the most important properties for MF
among the spinel ferrites, adaptable by the divalent metals
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Mn, Mg, Ni, Zn, etc. introduced into the ferrite [11-18].
The wide range of applications of spinel ferrites MNP is
determined by the fact that parameters such as particle size,
particle size distribution, crystallite shape, ion distribution
over non-equivalent lattice positions, etc. are very sensitive
to factors such as synthesis method, chemical composition,
annealing temperatures. All this allows controlling the
properties of spinel ferrites during synthesis and obtaining
spinel ferrites with the required characteristics [12-26].

For biomedical applications, as it has been found in recent
years, the most attractive spinel is CoFe,O4, in which cobalt
is replaced by ions of Zn ions (Coj_xZnxFe,04) [14,19-28].
The controlled synthesis of high-quality MNPs spinel ferrites
and the study of their properties are attributable to both
the need to understand the basics of nanomagnetism from
a scientific point of view and to their adaptations for a
variety of practical applications. Coj_xZnyxFe;O4 spinel
ferrites are synthesized by various synthesis methods such
as hydrothermal, combustion, ball mill grinding, sol-gel, wet
chemical sintering, spark plasma sintering, co-precipitation
and also a combination of these techniques with high-
temperature calcination [3,9,10,13-17]. Various applications
of such materials are shown in Ref. [18,19,23-30].

This paper is devoted to the synthesis by co-precipitation
of MNPs CoFe,O4 with substitution of Co with Zn ions
(0.0 <x < 1.0) and studies of structural, microstructural,
and magnetic properties of ferrites Coj_xZnyFe,Oy4 (here-
inafter CZFO). The synthesized CZFO MNPs were studied
by X-ray diffraction (XRD), Raman scattering spectroscopy,
magnetic measurements and Mossbauer spectroscopy.

2. Materials and methods of experiments

2.1. Synthesis of MNP Co;_,ZnFe,0,
(where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0)

There is no single global synthesis method that could
be applied to create MNPs with desired chemical and
physical characteristics. The method used for synthesis
depends on the required set of particle properties. The
method of co-precipitation has a number of advantages: low-
cost and environment friendly reagents are used, instead
of hazardous organic solvents; significantly short reaction
time; high crystallinity of particles, no special washing
procedures (see [30] and references there). The synthesis of
MNPs of spinel ferrites of Coj_xZnyFe,O4 (X = 0.0, 0.2,
04, 0.6, 0.8 and 1.0) based on the above was performed
by the method chemical co-precipitation [31], modified
by the authors [18]. The calculated amount of salts of
FeCls - 6H,0 (97%), CoCl, - 6H,O (97%), ZnCl, (99%)
was dissolved in distilled water (DW) separately with
careful stirring for obtaining stoichiometric compositions.
The obtained solutions were taken in appropriate quantities
for the synthesis of the SF of the required compositions, and
were intensively mixed for 1h to improve the homogeneity
of the solution mixture. A heated NaOH (2 M) solution was
added to the resulting mixture in drops as a precipitating

agent for achieving pH =10 and for co-precipitation. The
resulting mixture was kept at 80°C for 60 minutes and then
cooled to room temperature. The synthesized powders were
filtered, the resulting precipitate was washed in DW using
magnetic decantation and then dried in an electric furnace
at a temperature of 60° C for 12h. The dried powder
was crushed in an agate mortar and fired at a temperature
of 300°C for 3h for obtaining nanoscale particles. The
synthesized materials were analyzed using SEM-EDS, and
it was found that the compositions of the obtained powders
were consistent with the components used for the synthesis
of spinel ferrite particles of Co;_xZnyxFe,O4 (at x = 0.0,
0.2, 04, 0.6, 0.8, 1.0). X-ray powder diffractometer (XRD),
vibration magnetometer (VM), infrared and Maossbauer
spectroscopy were used for structural, morphological and
magnetic studies of synthesized powders.

The phase composition of synthesized CZFO MNPs and
crystallite sizes were determined from the X-ray diffraction
profile using a Shimadzu-6100 X-ray powder diffractometer
with Cu-Ka radiation at a wavelength ol = 1.542A in
the angle range 20, from 20 to 80° with scanning speed
1°min~!. The average size of the crystallites in the samples
was calculated from the width of the diffraction line of
maximum intensity (311) using the Scherrer formula [32].

Raman scattering spectra were obtained in the range
(200—900 cm~!) using Jobin-Yvon spectrometer (T64000)
and a detector with a charge-coupled device with liquid
nitrogen cooling. An argon-ion laser line with a wavelength
of 514.5nm with a power of ~ 0, 2mW was used for optical
excitation of the samples. All spectra were obtained at room
temperature.

The magnetic properties of the studied samples were
studied using a vibrating magnetometer at a maximum
value of the applied magnetic field of 10kOe at room
temperature.  Saturation magnetizations (Ms), residual
magnetizations (Mr) and coercivity (Hc) were determined
from the obtained hysteresis loops.

Mossbauer spectroscopy was used to study the properties
of synthesized MNPs, which is an informative method for
studying materials. The Mossbauer measurements were
performed on the isotope >’Fe with recording of gamma
radiation in the transmission geometry through the studied
sample. The reference signal in the system of motion of
the Doppler modulator in the spectrometer had a shape of
triangle to set a speed with constant acceleration. Co>’ in
the rhodium matrix was the source of yp-radiation. The
speed scale was calibrated using a foil of a-Fe with a
thickness of 6 mkm at room temperature, and calibration
was carried out using a laser interferometer for higher
accuracy. The studied MNPs were placed in a special plastic
container to prevent oxidation in air. The amount of the
sample according to the content of Fe3’ was adjusted so
that the content of the isotope Fe>’ was ~ 10 mg/cm?.

The Mossbauer spectra (MS) of the studied MNF CZFO
were acquired at a room temperature. The experimental
MS mathematical processing was carried out using the
program [33], which describes spectral lines with Lorentzian
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Figure 1. a — X-ray images of MNPs of Co;_xZnxFe,04 (0 < X < 1.0), b — the changed position of the peak of maximum intensity (311)

depending on the zinc content.

peaks using the least-square method. The divergence
of theoretical values of the hyperfine interaction (HFI)
parameters is determined from the statistical deviations. The
program searches for optimal values of parameters such
as intensity, width and positions of spectral lines in the
procedure of minimization of the functional of y2, The
experimental MS processing was carried out taking into
account contributions of ferrite-spinel corresponding to ions
Fe3* in octahedral and tetrahedral nodes of the spinel crystal
lattice. The parameters of the hyperfine interactions (HFI)
were calculated from the positions of the lines in MS:
IS — the isomeric shift (mm/s), QS — the quadrupole
shift (mm/s) and Hy — the effective magnetic field (T) on
iron ion nuclei. The divergence of theoretical values of the
parameters of hyperfine interactions is determined from the
statistical deviations [33].

3. Results and discussion thereof

3.1. Structural properties

Figure 1,a shows X-ray diffraction patterns (XRD) of
synthesized CZFO MNPs. It should be noted that the
diffraction patterns shown in Figure 1,a are similar to the
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lines published in [34-37]. Lines (220), (311), (400), (422),
(511) and (440) observed in Figure 1, a agree well with the
results shown on the maps of the International Diffraction
Data Center (IJCD) for CoFe;O4 (IJICDNe 00-022-1086)
and Coj_xZnyFe,O4 (IICDNe 98-016-6201 to —6204) and
with Miller indices of the cubic spinel structure of the space
group Fd3m The large widths of the diffraction lines are
explained by the nanometric sizes of the particles of the
studied ferrites.

Figure 1,b shows that the diffraction peak shifts from a
smaller angle to a larger one with the increase of concen-
tration of Zn?*. The shift of the peak position between
the ferrites CoFeyO4 (20 = 35.43°) and X;_xZnxFe;O4
(20 = 35.06°) is A@ = 0.37°, which is consistent with the
values obtained in [34-37]. The lattice parameters and the
average sizes of crystallites depending on the content of Zn
ions are shown in Figure 2. The lattice constants were
calculated using the distance between the two planes d
and ¢ with their corresponding parameters (hkl) and the
obtained values confirm that the synthesized CZFO particles
belong to cubic spinels. Figure 2 shows that the lattice
constant increases from 8.375 to 8430 A with an increase
in the number of ions of Zn?* which is consistent with
the literature data (for example [36]). The reason for the
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Figure 2. 1 — the crystallite sizes Coj_xZnxFe;O4
(0<x<1.0) (1) and 2 — the lattice constants depending on
the ion concentration Zn>" (x) according to X-ray diffraction data.

increase of the lattice constant is that ions of Co?* with a
radius of 0.78 AA are replaced in ferrite Coj_xZnyxFe,O4
by larger ions of Zn®>* with a radius of (0.82A). The
average crystallite sizes in the samples, calculated using
the maximum intensity line width (311) according to the
Scherrer formula [32] decrease from 10.5 to 3.4nm with an
increase of the content of ions of Zn?>* as can be seen in
Figure 2.

3.2. Raman scattering spectroscopy of MNP
of Co;_xZnyFe;04 (0.0 < x < 1.0)

Raman-scattering spectroscopy (Raman scattering — RS)
is a non-destructive method that is very sensitive to the po-
sitions of cations that change the corresponding vibrational
modes. Therefore, the RS is a method of identifying the
structural properties of SF [36-43]. Oscillations of metal
ions in the crystal lattice are usually observed in the range
of 1000—400 cm'.

Figure 3 shows the resonance Raman scattering (RS)
spectra of CZFO MNPs at room temperature. It worth
noting that the obtained spectra (Figure 3) are similar to
the spectra published in Ref [36-43]. All the features
of RS of the light in the studied region can be attributed
to the vibrational modes (Alg, Eg and 3T2g) of cubic
spinel (space group Fd3m), which confirms the formation
of spinel ferrite [36]. There are no signs of additional
phases in the RS spectra (Figure 3). Figure 3 shows
that the spectral bands are broadened, which is usually
observed in case of inverse spinel ferrites. The broadening
is attributable to the statistical distribution of Fe3*, Zn%t+
and Co?* over (A) and [B] nonequivalent positions of the
spinel crystal lattice. The changes of vibrational modes are
observed depending on the number of Zn ions (Figure 3):
a— ~620 and ~670cm™!, b — ~400cm~! and ¢ —

~ 310cm~!. The integral intensity of the highest frequency
mode of the RS (~ 620 cm™!) decreases with the increase
of Zn content (Figure 3). Figure 3 shows that the Raman
mode at ~ 670cm™!, is associated with oscillations of the
bonds Fe-O4 or Co-O4, occupying (A) positions is not split,
but includes modes of both bonds, which is similar to what
is observed in Ref. [36]. The vibrational energy of the peak
~670cm~! does not change with an increase of the Zn
content,which is consistent with the data of [36], but differs
from the results obtained with an increase of the energy of
such a peak with an increase of the number of Zn ions in
the MNP of ZnyMg; _xFe;O4 [43]. Thus, the number of
bonds of Fe-O4 or Co-O4 in tetrahedral positions decreases
with the increase of Zn content, which is consistent with the
Mossbauer data.

The origin of vibrational modes in the region of
620—650cm~! remains controversial. For example,
Ref. [43] attributed the mode ~ 650cm™! to the bonds of
Zn-06 in [B] positions. However, if this hypothesis is cor-
rect, then an increase of the integral area of this mode with
an increase of the Zn content will indicate an increase of the
number of bonds Zn-O6 in [B] nodes, which is inconsistent
with the Mossbauer data indicating that the content of Zn>*
ions increases more sharply in (A) positions. Therefore,
based on the trend observed in the Raman spectra, it
can be argued that the mode at ~ 650cm™! belongs to
the bonds of Zn-O4 in (A) positions, whereas the mode
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Figure 3. Raman spectra of MNP of Coj_xZnyFe;O4

(0 <x <1.0).
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Figure 4. a — magnetic hysteresis loops of MNPs of Co;_xZnyFe;04 at room temperature in the field range from —20 to +20kOe.
Numbers 7,2, 3,4,5 and 6 denote here the curves obtained with the ion substitution values of Zn** x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0
respectively; b — the saturation magnetization (Ms) depending on the concentration (X) of Zn** ions in MNP of Co;_xZnyFe,O,.

at 620cm~! should be attributed to Zn-O6 bonds in B-
positions. However, the above picture does not agree with
the observed features of Raman lines with a peak below
600cm~!. All these modes should have been associated
with vibrations of M-0O6 in octahedral positions according
to the initial hypothesis. Therefore, any significant changes
of Raman modes below 600 cm ™! cannot be expected with
the preferential placement of ions of Zn>* in (A) positions,
since these modes would be associated with ion oscillations
in [B] nodes.

3.3. Magnetic properties

Saturation magnetization (Mg) of CZFO MNPs at a
room temperature are shown in Figure 4 depending on
the concentration of Zn (0 < x < 1.0), measured in the
region of external magnetic fields +£20kOe. TFigure 4,a
shows that the value is Mg = 67 emu/g at X = 0.2A, and
it becomes maximum (79 emu/g) at X = 0.4. The value
decreases to 18emu/g at X =1 with a further increase
of the Zn concentration. The value of Mg at x =0, as
seen in Figure4,b is ~ 58 emu/g at 300K, whereas it is
equal to 81 emu/g for the volumetric analog [37,44]. The
value of Ms in MNP of Coj_xZnkFe,O4 synthesized by
the sol-gel method [40] is similar to the value obtained
in our study, and the value of Mg is slightly higher
in the polyol synthesis of CZFO MNP (82emu/g) [37].
Such an increase of Ms should be mainly attributable to
a deviation of the structure from the thermodynamically
stable distribution of cations, as assumed on the basis of
structural studies [37]. It should be noted that the resulting
value of Mg = 79emu/g (Figure 4,a) is the largest for
MNP of Co;_xZnyFe,O4 synthesized by co-precipitation:
774emu/g [24], 67emu/g [30], 54emu/g [45], and also
more than the value of CZFO MNPs synthesized using
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other methods [14,35,41,46-50]. The spread of the values of
the peaks Mg may be attributable to different distributions
of cations over spinel sublattices, nonstoichiometry, and
particle quality.

Spinel ferrites of cubic structure have nonequivalent
tetrahedral (A) and octahedral [B] sublattices populated
by metal ions and the magnetic ordering is determined
by super-exchange interactions between the ions of these
sublattices through oxygen ions. The magnetic moments of
these sublattices in the Neel model are oriented antiparallel
to each other [51] and their spin moments are collinear [52].
In this case, the total magnetization is equal to the difference
of the total magnetic moments of Mg and My ions of the
sublattices [B] and (A), respectively, i.e. (Mg —My) [51].
The change of the magnetic moment (Mp) with an increase
of the concentration of Zn’>* can be explained on the basis
of the distribution of cations and the magnitude of super-
exchange interactions of ions in (A) and [B] nodes. Ions
of Zn?>* with zero magnetic moment and ions of Fe3*
have a strong preference for arrangement in a tetrahedral
(A) sublattice. However, zinc ions introduced into the ferrite
spinel displace Fe’* ions from (A) to [B] nodes. Thus,
the magnetization (A) of sublattice decreases because of
the increase of the number of non-magnetic Zn ions in
it, whereas the magnetic moment of [B] nodes increases
because the number of ions of Fe** in [B] nodes increases
as they are displaced by Zn ions from (A) to [B] positions.
Thus, the total magnetization (Mg — Mj,) of the CZFO
MNPs increases with an increase in the concentration of
Zn X =0 ions to X = 0.4 because of the changes in the
super-exchange interactions of the magnetic ions of the
sublattices (A) and [B]. The magnitudes of the magnetic
moments M and Mg depending on the number of Zn ions
were calculated in Ref.[24], using the distribution of metal
ions (Fe**, Co?* and Zn?*) in MNP of Co;_xZnyFe,Os.
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Calculations showed that the value of My increases with
the increase of zinc concentration to X = 0.2, which can
be attributed to the collinear two-lattice model of Neel [51].
However, this model cannot explain the decrease of Mp
(and therefore M) at concentrations of Zn greater than 0.2.
It is necessary to the Japhet—Kittel model (J-K) [52] for
this purpose, in which the crystal sublattice [B] of spinel is
divided into two [B1] and [B2], whose magnetic moments
are equal in magnitude, oppositely directed and canting,
and the spin moments of the three ferrite sublattices form
a triangular orientation. The maximum value of Ms should
correspond to the transition from a collinear ferrimagnetic
structure of the Neel type to a canting spin structure of the
Japhet-Kittel type [53]. With an increase of the amount of
Zn*, the dimensions of the CZFO MNP often decrease,
which increases the surface/volume ratio and, some of the
magnetic ions are missing due to the surface, reducing
super-exchange interactions in the surface and subsurface
layers. As a result, this leads to non-collinearity (canting
structure) of the spin moments in the surface layer and a
decrease in Ms.

3.4. Mossbauer studies of NP Co;_,Zn,Fe,0;,

Mossbauer spectroscopy provides unique data on the
phase composition, local electronic configurations, magnetic
structure and magnetic relaxation phenomena of nanoscale
systems [18,30,54,55]. It should be noted that a large
number of papers have been devoted to the Mossbauer
studies of MNP of Co;_xZnyFe,04 [18,27-30,36,43,56-63)].
Figure 5,a shows Mossbauer spectra (MS) of MNP of
Coj_xZnyFe;O4 SF at room temperature where the experi-
mental values are shown by dots. Figure 5,a shows that the
MS of CZFO MNP consist of Zeeman splitting lines that
widen asymmetrically towards the center of the spectrum.
Doublet lines appear against the background of ZS in the
region of ,,of zero™ velocities at X = 0.8 on the MS, the
intensity of which increases with an increase of the number
of ions of Zn.

Experimental MS of MNP of Co;_yxZnyFe,O4 recorded at
room temperature (Figure 5, a) are similar to those observed
in [18,28-30,36,43,56-59 | with appropriate numbers of Zn
ions, but differ from those published in [61-63]. MS of MNP
of CoFe;0O4 shown in Figure 5, a differs from the spectra of
macroscopic cobalt ferrite crystals, which show resolving
lines of two ZS belonging to Fe ions in nonequivalent
positions (A) and [B] of SF [64].

The mathematical processing of experimental MS of
MNP of Coj_xZnkFe,O4 cannot be performed only by two
ZS belonging to Fe ions in nonequivalent lattice positions
of a macroscopic spinel crystal due to the large width
and asymmetry of the MS lines (Figure 5,a). Therefore,
a model consisting of several ZS and, if necessary, a
quadrupole doublet was used to process MS using the
program [33]. The model ZS and doublets obtained during
such processing are shown in Figure 5,a by lines with
appropriate designations. The good consistency of the

models used with the experimental MS of Co;_yxZnyxFe;O4
MNP is indicated by the minimum values of the difference
between the model and experimental values shown above
each spectrum, as well as the values xz, located within
1.0—-1.2. The HFI parameters listed in the table were
calculated using the positions of spectral lines in MS of
Coj_xZnyFe;O4 MNP. Isomeric shifts (IS) are given relative
to the metal foil a-Fe.

The impurity (secondary) phases of iron oxides appear
on the MS of spinel ferrites as additional ZC or doublets,
with HFI parameters. The lines of any impurity phase in
quantities of at least 3at.% iron can be easily identified
on the MS. No secondary phase lines were found on the
experimental MS of the CZFO MNP (Figure 5,a), which
indicates the absence of additional phases in the studied
MNP and this is consistent with the XRD and Raman
scattering study data.

Fe?* and Fe** ions are reliably identified in Mdssbauer
spectroscopy because of significant differences of their
chemical shifts, varying from 0.2 to 0.5 mm/s for Fe**, and
from 0.9 to 1.1 mm/s for Fe>* [19]. It can be seen from
the table that the IS values of Fe ions in the [B]- and (A)-
positions are within 0.33—0.47 mm/s, which indicates the
high-spin state of iron Fe’*. This is consistent with the
values of IS, which are in the range of 0.3—0.6 mm/s for SE.
The values of chemical shifts from 0.9 to 1.1 mm/s belonging
to iron ions in the low spin state of Fe’* are missing.

One of the issues of Mossbauer spectroscopy is the
determination of the affiliation of the observed ZS to Fe ions
occupying the corresponding nonequivalent positions (A)
and [B]. It is stated in [65] that the sextiplets with the
largest values of IS and Hey in MFe,04 SF belong to ions
of Fe** of octahedral [B] positions surrounded by the six
nearest neighbors Fe3*. A sextiplet with a lower IS value
and H.g refers to ions of Fe3* tetrahedral (A) nodes [65].
Calculations in Ref. [66] showed that the covalence of the
Fe(A)—O bond is greater than that of Fe[B]—O, which
qualitatively explains why the spin density transfer from (A)
to [B] ions in the spinel structure is more effective than the
other way around. A number of studies showed that the
hyperfine magnetic field of Fe ions in (A) nodes is greater
than in the [B] nodes MFe,O4 SF [62,66-71]. Therefore,
the relation of the ZS (Figure 2) to the iron ions of (A)-
and [B]-sublattices was determined based on the value of
Hes, and not based on the values of IS, which coincide
within the error limits for iron ions of (A) and [B] positions.
The ZS with the largest value of Hy is related to Fe
ions in (A) nodes, sextiplets with successively decreasing
fields in accordance with the contributions determined by
the binomial distribution [66] refer to Fe ions occupying
the [B] positions.

The MS presented in Figure 5,a, as well as in most
papers on the Mossbauer studies of the SF consist of
asymmetrically widened velocities of the ZS lines towards
zero. Such spectra are formed by sextiplets belonging to iron
ions in the spinel structure and surrounded by a different
number of nearest Fe’>* neighbors. The number of nearest
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Figure 5. a — Mossbauer spectra of MNPs of Co;_xZnyFe,04 (0 < x < 1.0) at room temperature. The dots show the experimental
values, and the model components are shown by solid colored lines: The sextiplet (A) belongs to Fe ions in tetrahedral (A) positions,
sextiplets B1, B2, B3 and B4 belpng to Fe ions in octahedral [B] nodes, paramagnetic doublet belong to D. Sextiplets S belong to Fe ions
occupying positions in the surface layer of particles. b — the distribution functions P(H.q) reconstructed from experimental Mossbauer
spectra of MNP of Co;_xZnyxFe,04 using the program [33].
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neighbors is determined by the random placement of metal
ions at the nodes of the crystal lattice and is described by
the binomial distribution [66]:

P(k) = <E> (1 —p)" K n=6, k=0,...,6, (1)

where P(K) is the probability of finding Zn atoms in the
amount of k in the immediate environment of Fe atoms
from the sublattice B, and p corresponds to the probability
of finding Zn atoms in the sublattice A, in our case p = X.

The studied CZFO MNPs contain three different cations
(iron, cobalt and zinc), which significantly increases the
probability of a random distribution of these cations across
the nodes of the crystal lattice and results in the for-
mation of several octahedral [B] positions with different
surrounding. The super-exchange interaction of (A)—[B]
determines the hyperfine ion fields in (A) positions whose
nearest neighbors are twelve ions in [B] positions and,
therefore, less dependent on the random distribution of
cations across [B] nodes. Only six cations of (A) nodes
are the nearest neighbors for ions of Fe [B] positions.
Consequently, a change of the distribution of cations
at [B] positions by only 1/12 part affects the effective
fields of Fe ions at (A) nodes, whereas the distribution
of cations at (A) positions changes the effective ion field
of Fe [B] nodes by 1/6 [66]. The transfer of spin density
from (A) to [B] ions in the spinel structure is more efficient
than the other way around, which can be qualitatively
explained by the fact that the covalence of the Fe(A)—O
bond is greater than the covalence of Fe[B]—O bond [66].
As a result, the effective magnetic field in the SF tested
by (A) ions of Fe*, does not depend on the distribution
of magnetic ions across [B] nodes, whereas the hyperfine
[B] field of Fe ions significantly depends on the nearest ion
surrounding of (A) nodes. Taking into account the above,
the models used to process the MS of the CZFO MNPs
gave a satisfactory conformance to the experimental MS
according to the criterion y2.

MS of CoFe,O4 MNPs (Figure 5,a) when x =0 con-
sist only of sextiplets. An intense quadrupole doublet
appears on the MS on the ZS background when the Zn
quantity increases to X = 0.8. The sextiplets disappear
when the number of Zn ions increases to X = 1.0, and
only the paramagnetic doublet remains on the MS. Such
changes in MS of Co;_xZnxFe,O4 MNP with an increase
of Zn concentration are explained by superparamagnetic
relaxation [68,69]. The MS consists of a doublet If the
relaxation time 7 of nanoparticles is less than the time of
the Mdssbauer measurements (ny = 1077 s for >’Fe). A ZS
with good line resolution is observed on the MS at 7 >> 7.
The temperature at which the areas of the sextiplets and
paramagnetic doublet are equal in the MS is called the
blocking point Tp. The analysis of the spectral line areas
of the components in the MS of Co;_xZnkxFe,O4 MNPs
(table) suggests that the temperature T, decreases with an
increase of the number of Zn ions and it becomes lower

than room temperature at X = 0.8, which is consistent with
the data of magnetic measurements.

Figure 5,a shows that a sextiplet is observed on MS of
Co; _xZnyFe;04 MNP, except for the sextiplets (A) and [B],
which is denoted as S, whose effective fields are smaller than
the fields of iron ions of (A) and [B] positions, and the line
widths are much larger. Similar MS have been observed
in many studies, for example, [36,43,56,69-71,72-79], but
the reasons for the formation of such spectra have been
explained in different ways (see [80] and the references
there). It was assumed in [57,81,82], that the S-type
sextiplet belongs to iron ions located in the surface layer
of MNPs, but no arguments were given to support this
assumption.

Let’s consider the reasons for the formation of the
S sextiplet in the MS of CZFO MNP. The theoretical
foundations for the formation of ferrimagnetism in ferrites
are given by Neel [51] on the basis of the super-exchange
interaction of iron ions of tetra- (A) and octahedral
[B] sublattices, orienting magnetic moments in antiparallel
directions (antiferromagnetic ordering). The development
of Neel’s theory was the assumption of Japhet and Kittel
(J-K) [52] that [B] sublattices are further subdivided so that
the magnetic moments of all sublattices are arranged in the
form of a triangle. The final confirmation of the Neel model
for MNP was obtained by Mossbauer studies using large
external magnetic fields (EMP) [79]. But, a special opinion
was expressed in Ref. [83], based on the analysis of the line
widths of the experimental MS of NiFe,04 MNP, that the
particles should have a Japhet—Kittel spin structure. The
existence of a canting structure J-K in MNP was confirmed
by Mossbauer studies in large EMP [36,43,62,69-71,73-78],
but it was not found that the canting structure belongs
specifically to the surface layer of particles.

The assumption of the existence of a canting spin
structure mainly on or near the surface was made on
the basis of Mossbauer studies in large EMP of ultrafine
particles py-Fe,03 [84]. These particles were described as
core/shell type MNPs, the core of which has an antifer-
romagnetic ordering of spin moments, and spin moments
in the surface layer are oriented at some angle to their
antiparallel direction in the core [84]. The Mdossbauer
spectroscopy in large EMP was widely used to confirm
such a model (see [84,85] and references there). However,
the heterogeneity of the ensemble of particles in size,
superparamagnetic phenomena, strong dependence on the
preparation technology, etc. significantly complicated the
task of studying surface properties on the example of
nanopowders. In addition, it is impossible to distinguish
the magnetic structures of the volume and the surface layer
of the particle using traditional Mossbauer spectroscopy
data by transmittance of gamma radiation through a sample
located in a large EMP. Nevertheless, explanations for the
existence of a canting structure in the surface layer were
justified by the exceptional role of the surface [86].

The existence of an anisotropic layer on the surface
in ferromagnetic crystals was theoretically predicted by
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Values of widths of the first and sixth lines (G) of Zeeman sextiplets, as well as isomeric shifts (IS), quadrupole splits (QS), effective
magnetic fields (Hcr) and line areas (In) of Fe ions in tetrahedral (A), octahedral [B] positions, in the surface layer (S) and doublets (D)
in Coi—xZnyxFe;04 MNPs depending on the number of Zn ions (X)

X Component G (mm/s) IS (mm/s) QS (mm/s) Hew(T) In (%)
A 0.374 £ 0.000 0.463 £ 0.004 0.002 £ 0.007 49.53 £0.03 20
B1 0.382 £ 0.000 0.230 + 0.003 0.014 £ 0.006 48.87 £0.03 26
0.0 B2 0.417 £ 0.000 0.328 £ 0.005 0.022 £ 0.009 46.99 £ 0.06 17
B3 0.491 £ 0.000 0.323 £ 0.006 0.004 £0.013 44.90 £ 0.08 13
S 1.198 £ 0.077 0.367 £0.012 0.029 £ 0.022 41.64 £0.16 24
A 0.392 £ 0.000 0.371 £ 0.006 0.070 £0.011 49.95 +0.06 11
B1 0.427 £ 0.000 0.253 £ 0.005 0.138 £ 0.009 48.82 £ 0.09 14
0.2 B2 0.560 + 0.000 0.354 £ 0.004 0.068 £ 0.008 47.42 +0.06 29
B3 0.608 + 0.000 0.311 £ 0.007 0.021 £0.014 44.86 +0.07 18
B4 0.803 £ 0.000 0.375+0.013 0.059 £ 0.027 41.35+£0.13 13
S 1.462 £ 0.000 0.393 £0.029 0.045 £ 0.050 36.63 +0.32 15
A 0.392 + 0.000 0.335 £ 0.006 0.005 £0.011 49.84 £ 0.07 12
B1 0.441 + 0.057 0.328 4+ 0.005 0.012 £0.010 48.21 £0.07 17
0.4 B2 0.555 £ 0.000 0.343 £ 0.004 0.010 £ 0.009 46.08 £0.10 25
B3 0.663 £ 0.000 0.341 £ 0.009 0.001 +£0.017 43.04 +£0.11 17
B4 0.668 + 0.000 0.372 £ 0.015 0.036 £ 0.030 39.40+£0.17 10
S 1.462 + 0.000 0.413 +0.031 0.030 £ 0.052 34.21 +£0.42 19
A 0.520 £ 0.024 0.331 £ 0.004 0.005 £ 0.008 47.90 £+ 0.05 10
B1 0.745 £ 0.000 0.342 + 0.003 0.001 £ 0.007 45.82 £0.07 24
0.6 B2 0.857 £ 0.000 0.317 £ 0.004 0.022 £ 0.007 42.87 +0.06 21
B3 1.340 + 0.000 0.353 £ 0.006 0.037 £0.010 38.41 +£0.08 26
S 1.734 £ 0.000 0.347 £ 0.013 0.040 £ 0.024 29.69 +0.16 19
A+B 1.689 + 0.000 0.268 £ 0.040 0.053 £0.078 47.18 £0.24 12
0.8 S 3.380 + 0.000 0.401 £ 0.048 0.196 + 0.084 25.47 +£0.48 28
D 0.669 + 0.009 0.339 £ 0.001 0.679 £ 0.004 - 60
10 D1 0.313 £ 0.059 0.223 £0.014 0.735 £0.017 - 6
’ D2 0.607 £ 0.006 0.350 £ 0.005 0.655 £ 0.003 — 94

L. Neel in 1954 [87]. However, experimental studies of
the structure and properties of the surface layer attracted
attention much later (see [88-90] and references there), and
property studies were conducted on thin films and nanoscale
powders, because the surface/volume ratio increases many
times in these materials and the surface spins of Fe ions
become dominant. But, as mentioned above, such materials
are challenging for studying the properties of the surface
and volume.

All these difficulties are overcome in case of usage of
macroscopic crystals, but there were no techniques in those
years that allow direct comparison of the properties of
the surface layer of macrocrystals with bulk properties.
New unique opportunities for studying properties and phase
transitions in thin surface layers of macroscopic crystals
using the method of ,,simultaneous gamma, X-ray and elec-
tron Mossbauer spectroscopy (SGXEMS)“, first proposed
and implemented in an automated system [90-92]. The
uniqueness of the SGXEMS method lies in the fact that the
information provided on the properties of the surface layer
and the volume of the crystal is extracted simultaneously,
and using a single method (the Maossbauer effect), which
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allows direct comparison of experimentally obtained data
on the state of the surface and volume of the crystal
Later, the SGXEMS method in foreign literature was called
»simultaneous Triple Radiation Mossbauer Spectroscopy
(STRMS)“ [93,94].

The first direct experimental confirmation of the existence
of a ,transitional® (in the terminology of that time) layer
on the surface of macroscopic crystals of Fe;BOg, within
which the orientation of the magnetic moments of iron
ions smoothly deviates (as it approaches the surface)
from directions in volume was obtained by the SGXEMS
method [88,89]. The presence of a ,transitional surface
layer (or in modern terminology ,,of a canting structure®)
in hexagonal ferrites BaFe;;0;9 and SrFe;;O19, doped
with diamagnetic ions Sc and Al, was first confirmed
by SGXEMS method [95-98]. The transitional surface
layer was not found in MFe ;09 hexaferrites (where
M — Ba, Sr or Pb) without diamagnetic substitution
by the SGXEMS method [99]. The analysis of model
MS for MFe ;019 ferrites showed that the thickness of
the transitional layer in these crystals cannot exceed units
of nm [99], which is less than the experimental accuracy
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of ~ 5nm, but coincides with the value obtained from
theoretical calculations by Neel [87]. Consequently, the
doping of hexaferrite crystals with diamagnetic ions resulted
in the breakage of super-exchange bonds that complement
the breaks due to the surface, and the thickness of the
Hransitional“ layer (or a layer with a ,canting structure®)
increases [95-98]. The transitional surface layer (or a
canting spin structure) [95-98] found on the surface of
ferrite macrocrystals should be preserved even when the
crystallite sizes are reduced to nanowalls.

It can be stated that the sextiplet S belongs to Fe ions
in the CZFO MNP whose nearest neighbors are one or
two magnetic ions. However, the table shows that the
difference of the values of Heg ions of [B] sublattice and
sextiplet S is significantly greater than in case of substitution
of one or even two Fe ions with diamagnetic one [66] in the
immediate environment of [B] ions. The large line widths
of the S component and the large difference of the effective
fields of the S and [B] sextiplets indicate that the S sextiplet
is formed by surface and subsurface iron ions that lost some
of the super-exchange bonds, both due to the surface and
diamagnetic ions.

It should be noted that the state with different magnetic
structures of the volume and the surface layer in the SF
MNP cannot be observed by other methods other than
Mossbauer spectroscopy. This is explained by the fact that
SF MNP are single-phase, well crystallized, and consist
of a single material. This distinguishes SF particles from
core/shell composites, in which the core and shell are
made of different magnets, for example, magnetite and
maghemite [100]. Therefore, the results of the work were
confirmed by the Mdssbauer studies [30,80], in which, for
the first time without the use of high magnetic fields (expen-
sive equipment), it was shown that the volume and surface
layer of SF particles have different magnetic structures: the
particles are ordered ferromagnetically in the volume (non-
Gel structure), and they are ordered ferrimagnetically in the
surface layer (Japhet—Kittel structure).

3.5. Distribution of effective magnetic fields
P(H eff) in COI_XZI"IX Fe204

The use of Lorentzian lines in the absence of resolution of
sextiplets is not effective to obtain the distribution functions
of the effective magnetic field P(H.gx), which occurs due
to the local inhomogeneity of the cation distribution. The
most reliable method is the MS processing using the
Voigt function as a spectral line if Fe ions are located in
different types of local environment [101,102]. Therefore,
functions P(Hes) were restored using the program [33]
describing MS by Voigt lines from the experimental MS
of Coj_xZnyFe;04 MNPs (Figure 5,b). Function P(Heg)
at X = 0 (Figure 5,b) differ from the curve P(H.g) of the
macrocrystals of CoFe,04 SF, at which two maxima of iron
ions are observed, occupying nonequivalent positions (A)
and [B] in the ferrite structure [64].

A peak is observed at X < 0.4 on the functions obtained
for MNP of Co;_xZnyFe;04 (Figure 5,b) P(Heg), that is
asymmetric in the direction of smaller effective field values.
This asymmetry is explained by the fact that Fe ions in
the [B] sublattice have a different number of Fe ions in
their environment, described by the distribution (1). The
position of the peak shifts towards smaller ones effective
fields with an increase of the number of substitution ions Zn
(Figure 5,b) indicating that the substitution of Zn ions
results in a decrease of H.y and the proportion of the
magnetically ordered state. At the same time, the intensity
of the line in the range from 0 to 1.3T, corresponding
to the doublet lines in MS, increases. Zeeman lines and
a paramagnetic phase line are observed on the function
P(Her) at X = 0.6 suggesting that some fraction of the
MNP underwent transition into the paramagnetic state.
All particles are in the paramagnetic phase at x = 1.0.
The features of the functions P(H.g) (Figure 5,b) reflect
the complex magnetic structure of the studied MNPs of
Coj_xZnyFe;O4, which cannot be explained only by the
redistribution of Zn ions surrounding iron ions, and it is
necessary to take into account the impact of the surface.

The analysis of experimental Mossbauer spectra (Figu-
re 5,a) and published results of Mossbauer studies (see [30]
and references there) suggests that the sizes of the studied
CZFO MNPs vary from 15 up to 4nm, when Zn ions are
substituted from 0.0 to 1.0, which is consistent with the
X-ray data.

4. Conclusion

The systematic studies of Coj_xZnkxFe,O4 MNPs were
carried out, depending on the concentration of Zn ions
(x =0.0,0.2,04, 0.6, 0.8 and 1.0), synthesized by a simple
co-precipitation method. The structural and morphological
properties of MNPs were studied using X-ray diffraction
(XRD), Raman and Mossbauer spectroscopy. Data from
XRD, Raman scattering and Mossbauer spectroscopy con-
firm that the studied particles are single-phase and have
a cubic structure of spinel ferrites (FS) Coj_xZnyxFe,O4
(space group Fd3m) in the entire range of substitution by
Zn ions. It was found by the Raman scattering method,
that CoFe,O4 MNPs have a normal spinel structure, and
Co?* and Fe** cations are redistributed between tetra- and
octahedral positions when doped with Zn>* ions and the
structure is transformed into a mixed ferrite. It was found
that the average crystallite sizes decrease from 10 to 3nm
and from 15 to 4nm, respectively with an increase of
the number of Zn ions from X =0.0 to X = 1.0 based
on X-ray diffraction and Mossbauer data. Experimental
Mossbauer spectra indicate the typical superparamagnetic
behavior of Coy_yxZnyFe,O4 MNPs. The introduction of Zn
ions into Coj_xZnyFe,O4 at X > 0.6 results in the transition
to the paramagnetic state of a thin layer on the surface of
particles, the thickness of which increases with the increase
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of the number of introduced Zn ions, and the entire particle
becomes paramagnetic at X = 1.0.

The conclusions of the papers [30,80] were confirmed,
which showed for the first time using Mossbauer spec-
troscopy without an external magnetic field that there is a
canting spin structure of the JafertKittel type on the surface
of ferrite MNPs, due to the impact of the surface, whereas
there is a collinear ordering of spin moments of the Nelev
type in the volume of particles. The mechanism of the
evolution of SF MNPs from a magnetically ordered state to
a paramagnetic state with the introduction of paramagnetic
ions is described. The results obtained are important for
the development and creation of magnetic nanoparticles for
various applications, including biomedical ones.
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