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© A.S. Kamzin 1, G. Caliskan 2, N. Dogan 2, A. Bingolbali 3, V.G. Semenov 4, I.V. Buryanenko 5

1 Ioffe Institute,

St. Petersburg, Russia
2 Department of Physics, Gebze Technical University,

Kocaeli, Turkey
3 Department of Bioengineering, Yıldız Technical University,

Istanbul, Turkey
4 St. Petersburg State University,

St. Petersburg, Russia
5 Peter the Great Saint-Petersburg Polytechnic University,

St. Petersburg, Russia

E-mail: ASKam@mail.ioffe.ru

Received May 29, 2022

Revised May 29, 2022

Accepted May 30, 2022

The effect of surface functionalization with citric acid on the properties of magnetic nanoparticles (MNPs)
ZnxFe3−xO4 (x = 0; 0.25; 0.5; 0.75; 1.0) synthesized by the hydrothermal method was studied. To study the

properties of MNPs, X-ray diffractometry (XRD) and energy dispersive X-ray spectroscopy (EDS) were used.

The magnetic properties of the samples and the phase state of MNPs were studied using a physical property

measurement system (PPMS) and Mössbauer spectroscopy (MS). It has been established that the sizes of crystallites

and the crystal lattice parameter of ZnxFe3−xO4 MNPs change with increasing Zn2+ concentration. The low values

of the coercive force and the presence of a doublet on the MS indicate the presence of both ferrimagnetic and

superparamagnetic components.
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1. Introduction

The uniqueness of the properties of magnetic nanopar-

ticles (MNPs), which differ significantly from their bulk

analogues, attracts great interest of researchers both from

the point of view of fundamental studies of the properties of

MNPs [1–4], and practical applications (see for example [5]
and references there), including use in various fields of

biomedicine, such as to enhance the contrast of magnetic

resonance imaging (MRI), for drug delivery, nanoprobes

for imaging in-vivo, treatment of magnetic hyperthermia,

etc. [6–10]. The MNPs required for biomedicine should

have high values of magnetization, a narrow particle size

distribution and, most importantly, have biological compat-

ibility. To produces such materials, MNPs of magnetite

(Fe3O4) doped with transition metals such as zinc (Zn2+),
nickel (Ni2+), manganese (Mn2+) and copper (Cu2+) are

intensively studied [11–14].
The structural properties, size, morphology, surface

condition and chemical homogeneity of the MNPs de-

pend on the synthesis method. To obtain the re-

quired MNPs and controlled synthesis of particles with

specified magnetic properties, various methods are used:

co-deposition, hydrothermal synthesis, microwave com-

bustion, sol-gel-spontaneous combustion, spray pyrolysis,

etc. [15–23].
However, the introduction of MNPs into a living organism

is unacceptable for a number of reasons. First, human

physiological environments (blood, etc.) biochemically

easily recognize viruses, bacteria, etc., as well as foreign

materials, which are then passivated by the immune system.

In addition, synthesized MNPs can be toxic and not biolog-

ically compatible. In connection with these requirements,

hybrid MNPs of the core/shell type are created, the pro-

tective shell of which is silicon dioxide [24] or biologically
compatible iron oxides [25,26]. Secondly, magnetic liquids

(ML), developed for introduction into a living organism,

are a mixture of MNPs dispersed into an aqueous medium

or other liquids. In this case, MNPs with stability of

properties in the liquid, demonstrating and maintaining

the proper state of dispersion under specified physico-

chemical conditions are required. To do this, the chemical

composition of the surface of the particles is modified

(functionalized) and hybrid colloidal MNPs (HCMNPs) are
formed, which make it possible to obtain homogeneous ML

with high colloidal stability, biocompatibility and lack of

toxicity. Functionalization changes the properties inherent

in the surface of MNPs.
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Various coating materials are used to create HCMNPs,

including citric [27,28], ascorbic [29], tartaric [30] acids,

dextran [31], graphene oxide [32–34] and others [35–39].
Accordingly, citric acid (CA) can be adsorbed on the surface

of iron oxide nanoparticles [40]. Among the various small

molecules, citric acid (C6H8O7), a biocompatible short-

chain tricarboxylic acid, is used to prepare water-stable iron

oxide nanoparticles for biomedical applications [41]. The

CA coating also prevents agglomeration of the MNPs and

makes the surface of the nanoparticles hydrophilic.

With their unique multifunctional synergetic characteris-

tics, colloidal hybrids (HCMNPs) have attracted consider-

able research interest, as they represent a new and break-

through application in a wide variety of fields, including

biomedicine [28–32,36,38,39]. However, despite the large

number of works on the synthesis of HCMNPs, the exper-

imental data obtained on the influence of different coatings

on the magnetic properties of the MNPs are far from

sufficient, and the available ones are quite contradictory.

This paper investigates the properties of magnetite MNPs

depending on the concentration of substitute ions Zn2+

(ZnxFe3−xO4 at x = 0, 0.25, 0.5, 0.75, 1). The unusual

magnetic properties of the ferrites ZnxFe3−xO4 attracts

researchers to their studies, including for biomedical applica-

tions [14,40–43]. In the reference [40] a quantitative analysis
of the dependence of the specific absorption rate of the

nanoparticles ZnxFe3−xO4 (0 ≤ x ≤ 0.5) with dimensions

of 16 nm on the strength of the applied magnetic field

was carried out and it was established that the specific

absorption rate increases to x = 0.3, and then decreases.

Even a small amount of Zn ions introduced into magnetite

can significantly increase the saturation magnetization of the

MNPs ZnxFe3−xO4 [44,45]. Ferrimagnetic properties can be

observed in the MNPs of zinc ferrite at temperatures well

above the magnetic ordering point (∼ 10.5K). The choice

of ions Zn2+ for doping magnetite is justified by the fact

that ions Zn are characterized by the absence of toxicity.

Another task was to study the effect of CA cover-

age (functionalization) on the properties of the MNPs

ZnxFe3−xO4. Therefore, MNPs ZnxFe3−xO4, functionalized

CA (ZnxFe3−xO4@CA) were also synthesized and compar-

ative studies of the properties of the obtained MNPs were

carried out. The choice of CA for the functionalization of

MNPs ZnxFe3−xO4 is based on the fact that CA has unique

qualities such as biocompatibility, non-toxicity and solubility

in water.

For the synthesis of the studied MNPs ZnxFe3−xO4, a

hydrothermal method was used. The method was first

developed in 1845 and is a simple, cost-effective and

environmentally friendly method [46,47]. However, the

magnetite MNPs synthesized by the hydrothermal method

usually had rounded, but rather fuzzy shapes; therefore, it

is necessary to modify the hydrothermal synthesis method

in order to obtain quasi-spherical MNPs of given sizes.

The novelty of this study lies in the study of changes in

the crystal structure and magnetic properties of magnetite

MNPs during doping with zinc (ZnxFe3−xO4), as well as

during the functionalization of the surface of the MNPs

ZnxFe3−xO4 with citric acid. Another objective of this

work was to modify the hydrothermal synthesis method to

produce the MNPs ZnxFe3−xO4@CA with high magnetic

characteristics and small dispersion in size required for

biomedical applications.

2. Experimental methods

2.1. Synthesis of MNPs ZnxFe3−xO4

(x = 0, 0.25, 0.5, 0.75, 1.0)

For the synthesis of MNPs ZnxFe3−xO4, at x = 0, 0.25,

0.5, 0.75, 1.0, iron chloride tetrahydrate (FeCl2 · 4H2O), iron
chloride hexahydrate (FeCl3 · 6H2O), zinc chloride (ZnCl2)
and ammonium hydroxide (NH4OH, 25% ammonia) were

used from Sigma Aldrich with a minimum purity of 99%.

ZnxFe3−xO4 (at x = 0, 0.25, 0.5, 0.75, 1.0) particles are

synthesized hydrothermally. The precursor for the produc-

tion of ZnxFe3−xO4 nanoparticles consisted of 4mMol salts

FeCl3 · 6H2O, FeCl2 · 4H2O and ZnCl2, dissolved in 40ml

distilled water. Then, 5ml of 25aqueous solution of NH4OH

was added to the solution. The resulting solution was stirred

with a mechanical stirrer at 500 rpm at room temperature

for 2min in a nitrogen atmosphere. The solution was placed

in a Teflon seal autoclave and kept at 180◦C for 12 hours.

The autoclave was then naturally cooled and the resulting

precipitate was washed three times with distilled water and

separated with a magnet. Analysis of the resulting powder

showed that these are particles of ferrite ZnxFe3−xO4.

For functionalization with citric acid, the resulting

ZnxFe3−xO4 particles were mixed with 50ml of deionized

water and 3mMol of citric acid. The resulting solution

was stirred in an ultrasonic bath at 65◦C. Then, 1ml of an

aqueous solution of NH4OH was added to the mixture and

mechanically stirred for 30min in a nitrogen atmosphere.

The final products of black color were then washed with

deionized water and dried at 60◦C for 2 h and were ready

to study their characteristics.

2.2. Research methods of MNPs ZnxFe3−xO4

The structures of the lattices of the synthesized

MNPs were determined using the X-ray diffractome-

ter (XRD) Rigaku 2200 with CuKα-radiation with wave-

length λ = 0.154 nm (at 40 kV and 35mA) in the range of

diffraction angles from 10◦ to 90◦ (2θ) with scanning pitch

of 0.02◦ . The magnetic hysteresis loops of these samples

were measured using the Quantum Desigrn Model 6000

physical property measurement system (PPMS). The mag-

netic properties of the nanoparticles, namely the saturation

magnetization Ms, the coercive field Hc and the residual

magnetization Mr, were derived from the loops of magnetic

hysteresis.

The magnetic properties and phase state of the syn-

thesized MNPs were investigated using Mössbauer spec-

troscopy, which has a high sensitivity to nuclear ultrafine
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interactions and allows unambiguous identification of iron

oxides [14,25,26,33,34,48–50], which is not available to

other methods. Mössbauer spectra (MS) of the synthesized

MNPs were obtained using a spectrometer with registration

of gamma-quanta from the source Co57(Rh) in the geometry

of transmission through the sample. The speed scale

is calibrated using foil α-Fe with thickness of 6 µm at

room temperature. Mathematically experimental MS were

processed using a specialized program [51], which describes

the spectral lines by peaks of the Lorentz shape by the

method of least squares. The complexity of the analysis

required a procedure for reconstructing the probabilities

of the distribution of effective magnetic fields Heff from

experimental MS using the program [51]. The discrepancy

between the theoretical values of the parameters of ultrafine

interactions (UFIs) is determined by statistical deviations.

In the procedure of minimizing the functionality χ2, the

program searches for optimal values of parameters, namely

the width, intensity and position of spectral lines. Using the

positions of the spectral lines on the speed scale, the UFI

parameters are calculated: IS — isomeric shift of Mössbauer

lines, QS — quadrupole splitting, Heff — effective magnetic

field.

3. Experimental results and analysis

3.1. Results of XRD studies

The crystal structure and phase identification of the

magnetic nanoparticles were established using the X-ray

diffraction (XRD) performed on powder samples. Figure 1

shows the X-ray diffraction pattern of the samples. The

position and relative intensities of all diffraction peaks

can be attributed to the crystallographic planes (220),
(311), (222), (400), (422), (511) and (440), corresponding
to the cubic crystal structure of the magnetite spinel,

which correspond to the JCPDS map � 00-019-0629 [52].
In the sample Zn0.75Fe2.25O4@CA an impurity phase of

hematite (α-Fe2O3) was detected. A comparison of

the XRD data of Zn0.75Fe2.5O4 and Zn0.75Fe2.25O4@CA

MNPs showed that the effect of citric acid covering the

MNPs on the crystal structure of ZnxFe3−xO4 particles

is absent. The severity of the XRD peaks in the case

of Zn0.75Fe2.25O4@CA indicates a higher-order crystallinity

than other samples.

The average crystallite sizes D (nm) are calculated using

the Debye−Scherrer equation [53] and the line of maximum

intensity (311). The results of the calculations are shown in

Fig. 2, which shows that the particle size increases with the

doping of magnetite with Zn, with the exception of samples

Zn0.25Fe2.75O4@CA and ZnFe2O4@CA.

The lattice parameters α of the samples were calculated

using the equation (1):

α = dhkl

√

h2 + k2 + l2, (1)

where dhkl — the interplane distance describing the distance

between the planes of atoms, hkl — Miller indices. The
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Figure 1. X-ray diffractograms of ZnxFe3−xO4@CA nanoparti-

cles, at x = 0, 0.25, 0.5, 0.75 and 1.0, designated 1, 2, 3, 4 and 5,

respectively. Lines belonging to Fe2O3 are marked with an

asterisk (⋆).
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Figure 2. Particle sizes (curve 1) and crystal lattice parameters

(curve 2) of MNPs ZnxFe3−xO4@CA depending on the number

of ions Zn, calculated from X-ray diffractogram data.

average value of α for the MNPs of magnetite was equal

to 8.418 Å, which is close to the value of bulk magnetite

(8.396 Å), and not maghemite (8.3315 Å) [32]. The

largest value of the lattice parameter in Zn0.75Fe2.25O4@CA

indicates that the sample is a mixture of normal and inverse

structures. As can be seen in Fig. 2, the lattice parameter

increases when Zn is doped, and then decreases, which

seems to be due to the distribution of the cations Zn2+ and

Fe3+ in the internodes.

3.2. Results of studies of magnetic properties

Magnetization changes in the magnetic field M(H) of

ZnxFe3−xO4@CA samples obtained using PPMS in the

range of the external magnetic field from −60 kOe to

+40−6Oe are shown in Fig. 3.

Physics of the Solid State, 2022, Vol. 64, No. 10
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Table 1. Magnetic characteristics of MNPs ZnxFe3−xO4@CA at 300K

Sample Ms, emu/g Mr, emu/g Hc, Oe
SQR

K, J/m3 nB, µB(Mr/Ms)

Fe3O4@CA 40 0.46 15 0.011 937.5 1.65

Zn0.25Fe2.75O4@CA 60 0.01 28 0 2700 2.51

Zn0.5Fe2.5O4@CA 60 0 24 0 2250 2.53

Zn0.75Fe2.25O4@CA 60 0 41 0 3843 2.56

ZnFe2O4@CA 60.01 0 28 0 2625 2.59
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Figure 3. Hysteresis loops of nanoparticles ZnxFe3−xO4@CA.

The numbers 1, 2, 3, 4 and 5 indicate the concentrations of Zn (x)
in samples 0, 0.25, 0.5, 0.75, 1.0, respectively.

MNPs ZnxFe3−xO4, as well as coated with CA MNPs

ZnxFe3−xO4@CA demonstrate at 300K a nonlinear depen-

dence of magnetization on a magnetic field. Table 1 shows

that the saturation magnetization of Ms increases from

40 emu/g to 60.01 emu/g with an increase in substitution

with ions Zn from 0 to 1.

The residual magnetizations of the Mr of the sam-

ples are negligible, and the coerciveness of the Hc

varies between 15−41Oe. This indicates the homo-

geneity of the studied particles that are in the super-

paramagnetic phase. Particle sizes Zn0.75Fe2.25O4@CA,

as shown in Fig. 2, is larger than other samples,

which may cause the high coerciveness of these particles

at 300K.

The hysteresis loop rectangularity ratio (SQR) shows

the ratio of the residual magnetization values Mr to the

saturation magnetization values of Ms. The SQR values cor-

respond to the superparamagnetic behavior of the particles

behavior of the particles studied. The theoretical limits of

0.50 and 0.83 define a unidomain structure with uniaxial and

cubic anisotropy according to Stoner−Wohlfarth theory [54].
The obtained SQR values were less than 0.5, which may be

due to the effects of surface spin disorder.

4. Mössbauer spectrometry of MNPs
of ferrites

The main advantages of Mössbauer spectroscopy are that

this method allows you to confidently establish the phase

composition, the distribution of ions in non-equivalent posi-

tions, the magnetic structure, the percentage of compounds

with iron and ultrafine interactions in iron-containing mate-

rials [24–26,33,34,48–50]. This is due to the possibilities of

Mössbauer spectroscopy for the unambiguous identification

of iron oxides, which is practically inaccessible to other

methods.

Mössbauer spectra (MS) obtained at room temperature

(300K) of MNPs ZnxFe3−xO4 (0 ≤ x ≤ 1) are presented in

Fig. 4, a. Figure 5, a shows the MS of MNPs ZnxFe3−xO4,

placed in an external magnetic field with a strength of

1.7 kOe, oriented parallel to a beam of gamma-radiation.

Figure 6, a shows MS of MNPs ZnxFe3−xO4, whose surface

is functionalized (coated) with citric acid. Obtained from

the experimental MS (Figs. 4, a, 5, a and 6, a) proba-

bility functions of the distribution of effective magnetic

fields P(Heff) are presented in Figs. 4, b, 5, b and 6, b,

respectively.

An important feature of magnetic particles is superpara-

magnetic relaxation, which occurs when particle sizes are

so small that thermal energy overcomes the energy of

anisotropy and the orientation of the magnetization of the

particle changes from one direction of the light axis to

another [55,56]. This feature significantly complicates the

MS of MNPs ZnxFe3−xO4, as can be seen in Figs. 4, a,

5, a and 6, a. Therefore, to process the experimental MS

of MNPs ZnxFe3−xO4, a complex procedure was used to fit

and restore functions from the MS P(Heff) [51]. The process
of such fitting includes: (1) a set of sextuplets whose

relaxation times exceed the limit of the time window of the

experiment (10−8 s), and therefore reveal blocked particles,

(2) quadrupole doublets formed from superparamagnetic

particles whose relaxation times are less than the value

of the time window (10−8 s), and (3) Zeeman sextuplets

with wide lines whose relaxation times are intermediate.

Analysis of P(Heff) curves makes it possible to establish

the components of sextuplets (and doublets) and draw

conclusions about the belonging of these components to the

corresponding iron oxides and positions of Fe ions in the

crystal lattice [25,26,33,34,50]. The method of processing

14 Physics of the Solid State, 2022, Vol. 64, No. 10
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Figure 4. a) Experimental Mössbauer spectra of MNPs ZnxFe3−xO4 (for x = 0, 0.25, 0.5, 0.75, and 1.0) at room temperature and their

model representations. Sextuplets, designated as A, refer to the ions Fe in the A-sublattice, Bi (where the i varies from 1 to 4) — to the

Fe ions in the B-sublattice, D — Fe particle ions in the paramagnetic phase. S — Zeeman sextuplets of Fe ions in the surface layer of

particles. b) Functions P(Heff) reconstructed from experimental Mössbauer spectra of MNPs ZnxFe3−xO4 using the program [51].

experimental Mössbauer spectra using the program [51]
allows for their qualitative analysis [25,26,33,34,50].

The accuracy of fitting model spectra to experimental

data is determined by the magnitude of the deviation

of experimental values from models χ2, which in our

cases is in the range from 1.1 to 1.2. This indicates

a good coincidence of the models used with the ex-

perimental data and, consequently, the reliability of such

processing of experimental spectra. Model spectra ob-

tained by mathematical processing of experimental spectra

using the program [51] are shown in continuous lines.

Using the positions on the velocity scale of absorp-

tion lines, the parameters of ultrafine interactions (UFIs)
were calculated, namely, isomeric shifts (IS), quadrupole

splitting (QS), effective magnetic fields Heff, given in

Tables 2, 3 and 4.

The values of isomeric shifts IS are given relative to the

metal foil of α-Fe. These tables also show the subspectrum

areas (Sq) indicating the number of Fe ions at their

respective positions.

4.1. Mössbauer studies of MNPs ZnxFe3−xO4

Mössbauer spectra (MS), obtained at room temperature

(300K) of MNPs ZnxFe3−xO4 (0 ≤ x ≤ 1) without citric

acid coating and in the absence of an external magnetic

field, are presented in Fig. 4, a. It should be noted

that the experimental MS of ZnxFe3−xO4 (Fig. 4, a) are

Physics of the Solid State, 2022, Vol. 64, No. 10
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Table 2. The widths of the first and sixth lines (G) of Zeeman splitting, as well as the isomeric shifts (IS), quadrupole splitting (QS),
effective magnetic fields (Htexte f f ) and subspectrum area (Sq) for iron ions at room temperature at ZnxFe3−xO4 without coating depending

on Zn ion content (x)

ZnxFe3−xO4 Component G, mm/s IS, mm/s QS, mm/s Heff, T Sq, %

A 0.462± 0.011 0.337± 0.002 0.003± 0.004 48.94± 0.02 31

B1 0.547± 0.015 0.336± 0.002 0.003± 0.004 46.58± 0.03 35

x = 0 B2 0.481± 0.000 0.352± 0.005 0.016± 0.010 43.63± 0.06 15

B3 0.548± 0.000 0.293± 0.011 0.162± 0.021 40.72± 0.11 9

B4 1.115± 0.000 0.545± 0.026 0.078± 0.047 37.91± 0.23 11

A 0.527± 0.129 0.313± 0.019 0.032± 0.036 45.19± 0.20 14

x = 0.25
B1 0.817± 0.310 0.371± 0.020 0.067± 0.043 42.55± 0.33 13

B2 0.940± 0.390 0.368± 0.029 0.062± 0.051 38.81± 0.48 25

S 1.167± 0.285 0.383± 0.024 0.040± 0.047 34.14± 0.53 48

A 1.013± 0.000 0.305± 0.027 0.077± 0.054 43.09± 0.16 7

x = 0.5
B1 1.801± 0.184 0.462± 0.026 0.192± 0.054 37.18± 0.24 16

S 2.519± 0.227 0.363± 0.014 0.074± 0.033 25.63± 0.45 72

D 0.432± 0.036 0.343± 0.006 0.423± 0.013 − 5

A + B 1.708± 0.000 0.242± 0.071 0.185± 0.133 34.00± 0.54 10

x = 0.75 S 1.600± 0.000 0.354± 0.039 0.005± 0.074 17.30± 0.60 67

D 0.479± 0.025 0.344± 0.004 0.450± 0.010 − 24

Fe2O3 0.489± 0.000 0.376± 0.028 0.230± 0.055 50.41± 0.23 7

x = 1.0 D1 0.364± 0.042 0.336± 0.003 0.392± 0.034 − 31

D2 0.506± 0.010 0.344± 0.002 0.700± 0.041 − 63

similar to those obtained, for example, in [14,42,57–61].
Figure 5, a shows the MS of MNPs ZnxFe3−xO4, obtained

by superimposing an external magnetic field with a strength

of 1.7 kOe at room temperature. MS of MNPs ZnxFe3−xO4,

coated with CA — MS of MNPs (ZnxFe3−xO4@CA) are

shown in Fig. 6, a. The dots on the MS (Figs. 4, a, 5, a and

6, a) indicate experimental values.

The MS of MNPs ZnxFe3−xO4 are systematically changed

with an increase in the amount of zinc as shown in

Fig 4, b. So, at x = 0 MS consist of wide lines of

Zeeman sextuplets. An increase in the amount of Zn

(x = 0.25) leads to a decrease in intensity, a decrease in

the amount of splitting and an increase in the widths of

the Zeeman lines. The large widths of the Zeeman lines

of the MS of ZnxFe3−xO4 samples indicate the distribution

of effective magnetic fields acting on the nuclei of Fe3+,

which, in turn, indicates the particle size distribution.

With a further increase in the amount of zinc (x = 0.5),
there is a gradual collapse of Zeeman sextuplets and the

appearance of doublet lines in the zero velocity region.

At the x = 0.75 on the MS of MNPs ZnxFe3−xO4 the

intensity of the lines of Zeeman sextuplets decreased

significantly (Fig. 4, a), and the intensity of the doublet

line increased significantly, whereas at x = 1.0 the Zeeman

lines disappear and only the lines of the doublets are

observed.

Obtained from the experimental MS of MNPs

ZnxFe3−xO4 (Fig. 4, a) functions P(Heff) (Fig. 4, b) differ

from the functions for macrocrystals of spinel ferrites (SF)

(not shown here), which observe only two maxima belong-

ing to iron ions in two non-equivalent sublattices. On the

function P(Heff) of MNPs ZnxFe3−xO4 at x = 0 (Fig. 4, b)

two maxima can be distinguished, one of which (denoted

as V) is at Heff ≈ 49T, and the other at Heff ≈ 40 T (denoted

as S). Starting from the maximum (V) at Heff ≈ 49 T, the

values of P(Heff) are lowered as
”
tail“ in the direction

of reducing the effective fields. An increase in the

concentration of Zn ions (x = 0.25 and 0.5) leads to an

elongation of this
”
tail“ up to Heff ≈ 10T at x = 0.5.

This means that as the number of Zn ions increases in

ZnxFe3−xO4, the number of small particles increases and the

particle size distribution area increases. At the same time,

the reduction in the size of the MNPs occurs smoothly.

14∗ Physics of the Solid State, 2022, Vol. 64, No. 10
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Table 3. The widths of the first and sixth lines (G) of Zeeman splitting, as well as the isomeric shifts (IS), quadrupole splitting (QS),
effective magnetic fields (Htexte f f ) and subspectrum area (Sq) for iron ions at room temperature of MNPs ZnxFe3−xO4 in external

magnetic field with a strength of 1.7 kOe depending on Zn ion content (x)

ZnxFe3−xO4 Component G, mm/s IS, mm/s QS, mm/s Heff, T Sq, %

A 0.427± 0.025 0.300± 0.005 0.051± 0.010 48.73± 0.05 28

x = 0.0 B1 0.605± 0.057 0.330± 0.006 0.043± 0.011 46.50± 0.08 42

B2 1.123± 0.102 0.386± 0.012 0.108± 0.025 41.40± 0.27 30

A 0.585± 0.044 0.315± 0.008 0.013± 0.015 46.00± 0.12 21

x = 0.25
B1 0.617± 0.124 0.315± 0.021 0.029± 0.040 43.42± 0.14 13

B2 0.729± 0.173 0.431± 0.023 0.085± 0.046 40.66± 0.20 10

S 1.417± 0.138 0.362± 0.010 0.017± 0.017 33.62± 0.42 56

A 0.816± 0.133 0.407± 0.017 0.319± 0.034 43.61± 0.17 15

x = 0.5 B1 1.711± 0.148 0.261± 0.015 0.300± 0.029 38.10± 0.23 34

S 4.849± 0.636 0.287± 0.032 0.278± 0.062 25.84± 0.38 52

A + B 0.695± 0.353 0.413± 0.071 0.098± 0.139 36.22± 0.41 7

x = 0.75 S 2.170± 0.610 0.338± 0.036 0.016± 0.071 29.49± 1.03 77

D 0.590± 0.074 0.337± 0.011 0.540± 0.035 − 16

A + B 0.722± 0.148 0.521± 0.039 0.244± 0.075 28.09± 0.27 12

x = 1.0 D1 1.555± 0.208 0.267± 0.050 0.689± 0.229 − 63

D2 0.528± 0.124 0.353± 0.014 0.562± 0.030 − 25

At x = 0.5 in the region from 0 to 5 T on the curve

P(Heff) a line appears, the intensity of which increases to

a maximum with an increase in the content of Zn ions to

x = 1.0. This line, corresponding to the doublet on the

MS, indicates that at x = 0.5 in the MNPs ZnxFe3−xO4,

small particles are formed in the paramagnetic state, the

magnetic blocking temperature Tb of which is higher than

the room state, and the number of such particles increases

when replaced with Zn ions from x = 0.5 to x = 1.0. It

should be noted that a doublet with similar UFI parameters

was observed for MnxFe3−xO4 in [14].

The peak on the function P(Heff), denoted as S, with

an increase in the number of ions from x = 0 to x = 0.5

becomes better solvable and moves away from the V line

towards smaller values Heff. At x = 0.75 on the P(Heff)
function, two clearly resolved peaks are observed. It can

be assumed that the peak, designated as V, belongs to iron

ions located inside (in volume) of ZnxFe3−xO4 particles,

whereas peak S is formed by Fe ions located in the surface

layer of the MNPs. The affiliation of the peak S to the Fe

ions located in the surface layer of the studied particles

is based on the fact that the decrease in Heff of surface

ions is significantly less than the change in Heff when

replacing the Fe ion in the crystal structure with the Zn

ion. Thus, at Zn concentrations between 0.25 and 0.75

MNPs ZnxFe3−xO4 are core/shell particles in which the

magnetically ordered core is surrounded by a shell where

the superexchange interaction and therefore the effective

magnetic fields are less than in the volume of the particle,

as shown in [25,62,63]. Another possible explanation is

the formation in the surface layer of particles of a beveled

structure of magnetic moments relative to the orientation of

moments in the volume of MNPs [64–66].

At x = 1.0 on the function P(Heff) two lines are

observed, the line in the region of 0−5T indicates the

presence in the sample of small particles in the paramagnetic

phase. The maximum in the region Heff ≈ 50T refers to the

Zeeman sextuplet (ZS), the analysis of the UFI parameters

of which indicate its belonging to hematite (or maghemite).

Features of the functions of P(Heff) (Fig. 4, b) reflect

the complex magnetic structure of the studied MNPs

ZnxFe3−xO4, which cannot be explained only by the fact

that when Zn ions are introduced, the distribution of ions

surrounding iron ions changes.

Analysis of MS (Fig. 4, a) and functions P(Heff) showed

that for a satisfactory description of MS of ZnxFe3−xO4

(0 ≤ x ≤ 1.0) according to the criterion χ2, it is necessary

to use the superposition of several partial ZS and doublet.

Therefore, to obtain quantitative information about the

values of the parameters of ultrafine interactions, the

experimental MS of MNPs ZnxFe3−xO4 (Fig. 4, a) were

processed using models individual for each concentration
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Table 4. The widths of the first and sixth lines (G1) of the Zeeman sextuplets, as well as the isomeric shifts (IS), quadrupole
splitting (QS), effective magnetic fields (Htexte f f ) and subspectrum area (Sq) for iron ions at room temperature of MNPs functionalized

with citric acid ZnxFe3−xO4@CA, depending on Zn ion content (x)

ZnxFe3−xO4 Component G1, mm/s IS, mm/s QS, mm/s Heff, T Sq, %

A 0.337± 0.003 0.330± 0.001 −0.017± 0.001 50.33± 0.01 17

x = 0.0 B1 0.415± 0.002 0.309± 0.000 0.017± 0.001 48.86± 0.01 47

B2 0.985± 0.006 0.587± 0.001 0.016± 0.002 45.66± 0.01 36

A 0.382± 0.013 0.287± 0.002 −0.040± 0.004 48.40± 0.03 12

x = 0.25
B1 0.497± 0.026 0.344± 0.002 0.025± 0.004 46.79± 0.04 27

B2 0.668± 0.035 0.418± 0.003 0.035± 0.006 44.41± 0.04 11

B3 1.405± 0.035 0.464± 0.004 −0.024± 0.007 41.03± 0.09 50

A 0.554± 0.018 0.311± 0.003 0.012± 0.005 46.06± 0.03 15

x = 0.5
B1 1.085± 0.033 0.457± 0.003 0.011± 0.005 42.11± 0.04 55

S 1.308± 0.062 0.488± 0.007 0.057± 0.013 36.43± 0.10 20

D 0.339± 0.005 0.357± 0.001 0.369± 0.002 − 11

A 0.257± 0.003 0.371± 0.001 0.215± 0.002 51.55± 0.01 13

x = 0.75
B1 1.727± 0.075 0.443± 0.006 −0.000± 0.012 40.21± 0.06 19

S 6.269± 0.417 0.475± 0.013 −0.074± 0.024 27.63± 0.29 50

D 0.309± 0.002 0.357± 0.001 0.369± 0.001 − 18

x = 1.0
D1 0.364± 0.042 0.336± 0.003 0.392± 0.034 − 31

D2 0.506± 0.010 0.344± 0.002 0.700± 0.041 − 63

of Zn, differing in the number of partial sextuplets and

doublets. The obtained UFI parameters are given in Table 2.

The change in ultrafine fields as a function of Zn

concentration can be explained on the basis of Neel theory

of molecular and superexchange fields. According to this

theory, the contribution to the ultrafine magnetic field

is due to the strongest exchange interactions of A−B,

and the contributions due to the exchange interactions

A−A or B−B are very small, and therefore they can be

neglected. Ions Zn, being diamagnetic, do not participate

directly in exchange interactions. The replacement of Fe3+

ions with Zn2+ weakens the superexchange interactions of

Fe3+A−O2−−Fe3+B, and therefore the ultrafine magnetic

field is expected to decrease with increasing concentration

of Zn ions.

The MS also shows that as particle size decreases, ultra-

fine magnetic fields decrease and SC line widths increase.

Fluctuation of magnetization vectors in the direction close to

the direction of easy magnetization leads to the dependence

of ultrafine fields on particle size [55,56].

MS allows to reliably identify spectral lines belonging to

the ions Fe2+ and Fe3+, by their chemical shifts, which

are ∼ 0.2−0.5mm/s for Fe3+ and ∼ 0.9−1.1mm/s for

Fe2+ [67]. However, in the case of SF MNPs, the IS

values belonging to iron ions in the high-spin state of Fe3+,

as a rule, are in the range of 0.3−0.6mm/s [50]. There

are not higher values of the chemical shifts (from 0.9

to 1.1mm/s), which belong to the Fe ions in the low-

spin state of Fe2+. As can be seen from Table 2, IS

values are in the range of 0.3−0.5mm/s. This means

that in the studied MNPs ZnxFe3−xO4 there are only

iron ions in the high-spin state of Fe3+. According to

Table 2, the IS values for various ZS differ little, and

this does not allow to identify the belonging of lines to

non-equivalent positions of Fe ions on the basis of IS.

Therefore, the identification of the ZS is based on the

results of the works [68,69] which showed that in the SF

MFe2O4 (M — metal ions) the ultrafine magnetic field of

Fe ions in A-nodes is greater than in B-nodes. Therefore,

in the MNPs ZnxFe3−xO4 (Fig. 4, a) ZS with a maximum

value of Heff represents the ions Fe3+ at position A. The

remaining ZS (Bi , where i varies from 1 to 4) with

smaller Heff characterize Fe3+ ions at position B having

different environments.

The average Tb in Mössbauer experiments is defined

as the temperature at which half of all iron atoms have

a magnetic moment fixed in space during the measure-

ment timeline, which on the MS is observed as Zeeman
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components (blocked behavior), whereas for the other

half the moments oscillate, giving a pure zero value and

observed on the MS as a doublet line (unblocked behav-

ior) [70]. On the spectra of ZnxFe3−xO4 at 0 ≤ x ≤ 0.25,

only the ZS lines are observed, and at 0.25 < x ≤ 0.75

there are lines of doublets whose area is significantly

less than the area of the ZS, indicating that the blocking

temperature of these particles is above 300K. In the

case of the MNPs ZnFe2O4 (x = 1.0), the ZS area is

much smaller than the area of the doublets, indicating

that Tb is significantly lower than room temperature. At

temperatures below Tb, each value of the ultrafine field can

be related to the volume of the particle [64], so the field

distribution P(Heff) can be converted to the particle size

distribution.

4.2. Mössbauer studies of MNPs ZnxFe3−xO4

in external magnetic field

Mössbauer studies of samples in strong (tens of tesla

strength) external magnetic fields (EMFs) obtained new

unique information about the existence of non-collinearity

of magnetic moments on the surface of the MNPs relative

to the moments of Fe ions located in the volume of the

particle [70,71]. In addition, the use of strong EMFs

can significantly increase the resolution of the ZS lines

and, consequently, the accuracy of MS processing and the

distribution of Fe ions at non-equivalent positions of the

crystal lattice [70–72].

A significant influence of weak magnetic fields (on
the order of or less than 1 kOe) on the shape of the

Mössbauer spectra of MNPs was observed as early as the

late 1960s [73,74]. In theoretical insights, it was shown

that the Mössbauer spectroscopy with the superimposition

of weak EMFs (with a strength of hundreds Oe) allows us

to study the dynamic effects associated with the processes

of fluctuation of the magnetic moment and transition to the

paramagnetic state, since in the EMFs the ultrafine structure

of the superparamagnet stabilizes and increases the spin

relaxation time (see, for example, [75,76]).

In this regard, the Mössbauer measurements of the

MNPs ZnxFe3−xO4 at room temperature were carried out

when the EMFs was applied with a strength of 1.7 kOe,

parallel to the gamma-radiation beam. The experimental

MS of MNPs ZnxFe3−xO4 (Fig. 4, a) changed significantly

when applying the EMFs (Fig. 5, a). The large MS

line widths of ZnxFe3−xO4 samples in the EMFs also

indicate the distribution of Heff acting on the cores of

Fe3+ in the nanoparticles, which, in turn, indicates the

particle size distribution in the samples under study. Using

the procedure [51], the MS (Fig. 5, a) were decomposed

into partial sextuplets and doublets corresponding to the

distribution of the ultrafine field (Hhf), shown in Fig. 5, a

in solid lines. The P(Heff) functions obtained from the MS

(Fig. 5, a) and the UFI parameters are shown in Fig. 5, b

and in Table 3, respectively.

On the MS of MNPs ZnxFe3−xO4, measured in EMFs

at x = 0 (Fig. 5, a), the best resolution of spectral lines is

observed compared to MS of MNPs ZnxFe3−xO4 (Fig. 4, a),
because the intensities of the second and fifth lines of the

ZS have significantly decreased due to the parallelism of

the EMFs to beam of gamma-radiation. An increase in the

amount of Zn (x = 0.25) leads to a decrease in the intensity

and increase in the widths of the Zeeman lines, as well as a

decrease in the amount of ZS splitting.

A further increase in the amount of zinc (x = 0.5)
leads to a gradual

”
collapse“ of ZS and the appearance

of doublet lines in the zero velocity region. At x = 0.75

and 1.0, the intensities of the doublet lines increased

significantly, while the intensities of the ZS lines decreased,

but unlike the MS of ZnxFe3−xO4 without EMFs, they did

not disappear completely. This indicates the stabilization

of relaxation processes in the studied particles ZnxFe3−xO4

when applying EMFs. Unfortunately, the EMFs intensity of

1.7 kOe is insufficient for better resolution of spectral lines

and calculation of the distribution of iron ions from MS to

non-equivalent positions of the crystal lattice.

The P(Heff) functions, derived from the MS of MNPs

ZnxFe3−xO4 in the EMFs (Fig. 5, a) are shown in Fig. 5, b,

and they differ from the functions restored for MNPs

ZnxFe3−xO4 without the EMFs (Fig. 4, b). So, when

x = 0 (Fig. 5, b), on the function P(Heff), you can select

two peaks, denoted V and S. The formation of these

peaks is due to the reasons discussed in detail in para-

graph 4.2. Small differences are explained by the fact

that the external magnetic field stabilizes the dynamics of

the behavior of particles in the superparamagnetic region.

Thus, when measuring without EMFs, the two-humped

curve (x = 0.75) is observed in the range from 5 to

47 T, whereas when measuring in EMFs such a curve is

observed in the region Heff from 16 to 42 T (Fig. 5, b).
In addition, the line in the region from 0 to 5 T appears

at x = 0.5 (measurements without EMFs, Fig. 4, b), and

when measured in EMFs, this line is observed at x = 0.75

(Fig. 5, b), and its intensity increases with an increase in

the proportion of Zn ions to 1.0. All this indicates that

the EMFs stabilize the dynamics of the superparamagnetic

behavior of the MNPs ZnxFe3−xO4. The line belonging to

magnetite (or maghemite) observed for the MNPs ZnFe2O4

(Fig. 4, b) is absent on the MS of MNPs ZnFe2O4, obtained

by applying the EMFs. This is probably due to the fact that

the intensity of the magnetite (or maghemite) lines is so

small that they are not observed on the MS in the EMFs

against the background of the field-induced ZS.

Thus, Mössbauer studies in the EMFs also indicate that

at Zn concentrations of 0.25 to 0.5 MNPs ZnxFe3−xO4 are

particles consisting of a magnetically ordered nucleus and

shell in which the superexchange interaction and, therefore,

the effective magnetic fields are less than in the volume

of the particle, or in the surface layer a beveled structure

of magnetic moments relative to moments in the volume

of MNPs is formed.
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Figure 5. a) Experimental Mössbauer spectra of MNPs ZnxFe3−xO4 (for x = 0, 0.25, 0.5, 0.75 and 1.0) at room temperature in an

external magnetic field with a strength of 1.7 kOe and their model representation. Sextuplets, designated as A, refer to the ions Fe in the

A-sublattice, Bi (where the i varies from 1 to 4) — to the Fe ions in the B-sublattice, D — Fe particle ions in the paramagnetic phase.

A+B — the ZS of Fe ions in the surface layer of the particles. b) Functions P(Heff) reconstructed from experimental Mössbauer spectra

of MNPs ZnxFe3−xO4, using the program [51].

4.3. Mössbauer studies of MNPs ZnxFe3−xO4

coated with citric acid ZnxFe3−xO4@CA

In order to study the effect of surface functionalization

by citric acid on the properties of ZnxFe3−xO4 particles,

MS of MNPs ZnxFe3−xO4@CA (0 ≤ x ≤ 1) were removed

at 300K, shown in Fig. 6, a. The probabilities of the

distribution Heff and the calculated parameters of the UFIs

are presented in Fig. 6, b and in Table 4, respectively,

restored from the experimental MS.

MS of MNPs coated with citric acid ZnxFe3−xO4@CA

(Fig. 6, a), differ significantly from the MS of uncovered

MNPs ZnxFe3−xO4 (Fig. 4, a). So, at x = 0, the widths

of the ZS lines are quite narrow and the resolution is

good enough. This allows us to describe them with three

ZSs. Substitution with Zn ions (x = 0.25 and x = 0.5)
leads to a significant increase in the widths of the ZS,

indicating the distribution of Heff, which, in turn, indicates

the particle size distribution. This also reduces the width of

the splitting of the ZS, which means a decrease in particle

sizes. On the MS of ZnxFe3−xO4@CA at 0 ≤ x ≤ 0.25,

only the ZS lines are observed, indicating that in these

particles Tb below room temperature. At x = 0.5 against

the background of the ZS, a clearly allowed doublet is

observed, the intensity of which increases with an increase

in Zn, and at x = 1.0 only the lines of the doublet remain.
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Figure 6. a) Experimental Mössbauer spectra of room temperature MNPs coated with citric acid ZnxFe3−xO4@CA (for x = 0, 0.25,

0.5, 0.75 and 1.0) and their model representations. The sextuplet for iron ions in the tetrahedral sublattice is denoted by the letter A,

in the octahedral sublattices — B1, B2 and B3, and the doublets defined by paramagnetic phase particles — D. b) Functions P(Heff)
reconstructed from the experimental Mössbauer spectra of MNPs ZnxFe3−xO4@CA using the program [51].

MS of MNPs ZnxFe3−xO4@CA at x = 0.75 is described

by three ZSs, one of which has clearly defined lines, and

the UFI parameters of this sextuplet indicate its belonging

to hematite (or maghemite), which is consistent with the

XRD data. The intensities of the lines of the second

ZS at x = 0.75 (Fig. 6, a) are insignificant, and the value

of Heff ≈ 40 T suggests that this ZS refers to Fe ions located

in the volume of MNPs Zn0.75Fe2.25O4. A value of Heff

of the third sextuplet, equal to ∼ 28T, indicates that this

ZS belongs to the iron ions in the surface layer of these

particles.

At x = 1.0, the ZS lines disappear completely, and the

MS, as can be seen in Figs. 4, a, 5, a and 6, a, as well as in

Tables 3, 4 and 5, are described in two doublets belonging to

the Fe3+ ions. The statement that iron ions are in a high-spin

state is based on the values of isomeric shifts corresponding

to the ions Fe3+ [67]. The affiliation of doublets to A-

or B-sublattices was determined by the values of isomeric

shifts, namely, a doublet with a smaller isomeric shift refers

to iron ions in a tetrahedral A-position. A smaller isomeric

shift for Fe ions in A-positions than in B-positions is formed

from -due to the higher covalence of the Fe−O bond in

A-position.

On the probability functions of the distribution of effective

magnetic fields P(Heff), recovered from MS of functional-

ized MNPs ZnxFe3−xO4@CA (Fig. 6, b), at x < 0.5, one

can observe a curve,
”
the tail“ of which, with an increase in

the concentration of Zn stretches out towards smaller Heff.

However, this elongation of the
”
tail“ is less than in the case

of the particles ZnxFe3−xO4. This means that increasing

the amount of Zn to x = 0.5 leads to an increase in the

particle distribution of ZnxFe3−xO4@CA by size, but it

is significantly smaller than for particles ZnxFe3−xO4. At

these concentrations of Zn on the functions P(Heff) two

maxima can be distinguished, indicated in Fig. 6, b with

arrows with the letters V and S. Peak V refers to ions Fe

in the volume of MNPs. Shifting this maximum in the

direction of lower values Heff means a decrease in particle
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size. Another peak S belongs to the Fe ions in the surface

layer of the MNPs. An increase in the intensity of the

peak S in the region of 0 ≤ x ≤ 0.5 means an increase in

the thickness of this surface layer and a decrease in particle

sizes. At x = 0.5, a line appears in the region of effective

fields from 0 to 5 T, indicating that with such a number

of Zn ions particles are formed in the paramagnetic phase.

With an increase in the concentration of Zn substitute ions,

the intensity of this line increases, which means an increase

in the number of particles in the paramagnetic state.

At x = 0.75, there are three peaks on the P(Heff)
function. The peak at 35 T belongs to iron ions located

inside the particles Zn0.75Fe2.25O4, while the peak in the

region of 17.5 T is formed by Fe ions located in the surface

layer of the MNPs. A low-intensity line in the region

52 T indicates the presence of a small number of hematite

(or maghemite) particles in the magnetically ordered state,

which is consistent with the data of XRD studies. For

x = 1.0 on the function P(Heff) a peak no need observed

only in the region 0−5T, indicating that MNPs ZnFe2O4

consists of small particles in the paramagnetic state observed

at MS (Fig. 6, a) with doublet lines.

The results of Mössbauer studies of functionalized MNPs

ZnxFe3−xO4@CA also indicate that with substitution values

from 0 to 0.75, these MNPs are particles of the nucleus/shell

type. In this case, the nucleus is in a magnetically ordered

state, while the shell is in the magneto-unordered phase,

because the superexchange interaction and, consequently,

the effective magnetic fields in the surface layer are less

than in the volume of the particle, or in the surface layer

a beveled structure of magnetic moments is formed relative

to the moments in the volume of the MNPs.

With an increase in the concentration of Zn ions, the

intensities of the sextuplets lines decrease, the distance

between the sextuplets lines decreases, and at a concen-

tration of x = 0.25 and above, they begin to
”
collapse“. On

MS of ZnxFe3−xO4, coated with CA, at a concentration

of x = 0.5 and above, doublets with narrow lines are

observed. On MS of MNPs ZnxFe3−xO4, covered with CA

(at x = 0.75), Zeeman sextuplets (ZS) are observed, one of

which is clearly expressed because it has narrow lines. The

analysis showed that the UFI parameters of this sextuplet

are similar to the parameters of hematite. Therefore, when

Zn0.75Fe2.25O4 particles are coated with citric acid, hematite

(or maghemite) is formed (α-Fe2O3), the proportion of

which in the sample is ∼ 13%.

Analysis of MS and P(Heff) functions for ZnxFe3−xO4

particles (Fig. 4) and ZnxFe3−xO4@CA (Fig. 6) indicate that
coating of the particles with CA leads to their isolation from

each other, reducing or eliminating interactions between the

particles. It is important that the coating of the particles

leads to a decrease in the thickness of the paramagnetic

shell, and due to this, the diameter of the magnetically

ordered core increases. Coating leads to a decrease in the

blocking temperature, as observed in [77].

5. Size estimation of synthesized MNPs

Comparison of the obtained results with the published

Mössbauer data on particles ZnxFe3−xO4 allows us to

estimate the size of the MNPs studied. So in the

studies [14,42,57–61], the results of Mössbauer studies of

MNPs MnFe2O4 with sizes from 3 to 98 nm are presented.

MS of MNPs ZnxFe3−xO4, whose dimensions according to

the results of the XRD ranged from 21 to 7 nm [14], with

Zn substitution values greater than 0.2 are similar to the MS

shown in Fig. 4, a, with the same Zn content. With smaller

amounts of Zn ions, the ZS of non-equivalent sublattices

observed in [14] are allowed — unlike the MS shown in

Fig. 4, a, on which there is no resolution, indicating that the

particle sizes are less than 21 nm. Mössbauer spectroscopy

data obtained during the study of ZnxFe3−xO4 particles

with sizes from 15 to 117 nm indicate that on the MS

of particles of 15 nm at x = 0.5 against the background

of the ZS, a quadrupole doublet is observed, and with

an increase in particle size, the intensity of the ZS lines

increases [42]. In the same study [42] on particles Fe3O4

(x = 0) with dimensions of 38 nm MS was obtained with

split lines of ZS non-equivalent sublattices and the absence

of a paramagnetic doublet. In [57] on particles ZnxFe3−xO4,

the size of which increases from 40 nm (at x = 0.0) to

42 nm (at x = 1.0), doublet for the sample x = 1.0 even

at the temperature of liquid nitrogen was observed on

MS. This means that Tb is below 77K. Mössbauer particle

measurements of ZnxFe3−xO4 with dimensions ∼ 40 nm

demonstrated MS with splitting of Zeeman lines for non-

equivalent sublattices up to x = 0.5, and at x = 1, the

spectrum consists of a quadrupole doublet [57]. On the

MS of particles Fe3O4 with dimensions of 5.3 nm a wide

singlet is observed, whereas in the case of particles of

size 11 nm there is a ZS with a fairly good resolution of

lines [58]. Obtained in [59] MS of MNPs ZnxFe3−xO4 (at
0.01 ≤ x ≤ 0.8) for sizes from 3 to 10 nm are similar to

those shown in Fig. 4, a.

Analysis of the obtained experimental MS and com-

parison with the data published in the literature allows

us to conclude that when doped by Zn ions from x = 0

to x = 1.0, the dimensions of the MNPs ZnxFe3−xO4

smoothly change from 15 to 5 nm, which is not consistent

with the results of the XRD studies given in Fig. 2.

6. Conclusion

Magnetic nanoparticles ZnxFe3−xO4 (where x = 0, 0.25,

0.5, 0.75, 1) were synthesized by the hydrothermal method,

which were then coated with citric acid (CA). Compre-

hensive studies of the properties of the obtained MNPs

were carried out using XRD, magnetic and Mössbauer

measurements, depending on both the content of Zn

ions and their changes during the functionalization of CA

particles. X-ray diffractograms and Mössbauer spectra

showed that the synthesized MNPs are single-phase, have
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no foreign impurities and are in a superparamagnetic state.

The XRD data indicate an increase in the size of the MNPs

from 17 to 34 nm with an increase in the concentration of

Zn from x = 0.25 to x = 0.75. Analysis of the obtained and

published Mössbauer data showed that the size of the MNPs

gradually decreases from 15 to 5 nm when replaced with Zn

ions from x = 0 to x = 1.0. No differences in the properties

of CA-coated and uncoated MNPs were detected by the

XRD method. Data from Mössbauer studies indicate that

coating of the particles with CA leads to their isolation from

each other, reducing or eliminating interactions between

particles, reducing the thickness of the paramagnetic shell

and, thereby, increasing the diameter of the nucleus. Tb of

the particles is lowered when coating.

Thus, using the samples of the MNPs ZnxFe3−xO4, a

simple strategy of functionalization and modification of the

surface to create new multifunctional biocompatible materi-

als with superparamagnetism was demonstrated. Citric acid

coated MNPs ZnxFe3−xO4@CA due to the combination of

functionalization, biocompatibility and superparamagnetism

are promising for biomedical applications, in particular drug

delivery, magnetic hyperthermia, enhancement of image

contrast.
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[73] M. Eibschüts, S. Shtrikman. J. Appl. Phys. 39, 2, 997 (1968).
[74] R.H. Lindquist, G. Constabaris, W. Kündig, A.M. Portis.

J. Appl. Phys. 39, 2, 1001 (1968).
[75] S. Mørup, F. Bødker, P.V. Hendriksen, S. Linderoth. Phys.

Rev. B 52, 1, 287 (1995).
[76] M.A. Polikarpov, V.M. Cherepanov, M.A. Chuev, S.Yu. Shish-

kov, S.S. Yakimov. J. Phys.: Conf. Ser. 217, 1, 012115 (2010).
doi: 10.1088/1742-6596/217/1/012115

[77] S. Mørup, C.A. Oxborrow, P.V. Hendriksen, M.S. Pedersen,

M. Hanson, C. Johansson. J. Magn. Magn. Mater. 140−144,

Part 1, 409 (1995).

Physics of the Solid State, 2022, Vol. 64, No. 10


