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Abstract 
The synthesis of FeO3 and YFe1–xNixO3 (x = 0.1; 0.15; 0.2; 0.3; 0.5) nanocrystals was performed under the conditions of a 
self-propagating wave of glycine-nitrate combustion and their characterization and determination of the effect of Ni2+ 
doping of yttrium ferrite on the magnetic properties of nanopowders.
The technology for the synthesis of yttrium orthoferrite nanoparticles (with and without doping with Ni2+ ions) by the 
glycine-nitrate combustion method at a ratio of G/N = 1 and 1.5 without adding a gelling agent to the reaction mixture and 
using ethylene glycol/glycerol is described. For the characterization of nanopowders based on YFeO3, the following were 
determined: phase composition and crystal structure (X-ray diffraction (XRD) method); size and structure of nanocrystal 
particles (transmission electron microscopy (TEM)); elemental composition of the samples (local X-ray spectral microanalysis 
(LXSMA)); magnetic characteristics (field dependences of specific magnetization).
Thermal annealing of the synthesized samples at 800°C for 60 min led to the formation of the о-YFeO3 main phase. Undoped 
samples of yttrium orthoferrite were characterized by a particle diameter in the range of 5-185 nm, depending on the gelling 
agent used. YFe1-xNixO3 particles had a predominantly round shape with a size of 24 to 31 nm; the non-monotonic dependence 
of the average particle diameter on the dopant content was revealed: as the amount of dopant added increased, the average 
crystallite size tended to decrease. Nanopowders of undoped yttrium orthoferrite exhibit antiferromagnetic behaviour of 
magnetic susceptibility with temperature. The change in the magnetic properties of the nickel-doped YFeO3 nanocrystalline 
powders was due to the incorporation of Ni2+ into the Fe3+position, which led to the formation of a material with more 
pronounced soft magnetic properties at a substitution degree of 0.1. Samples with high degrees of substitution (x = 0.15 
and 0.3) were also characterized by paramagnetic behaviour at temperatures above 100 K.
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1. Introduction
The preparation of nanocrystalline perovskite-

like orthoferrites of rare-earth elements (REE), as 
well as solid solutions and composite materials 
based on them, is now one of the most intensively 
developing areas of research of material science 
[1–5]. Interest in this class of inorganic substances 
is mainly due to the possibility of using the 
properties of REE orthoferrites as multiferroics, 
which are practically important for use in data 
storage, gas sensors, and fuel cells [6–8].

One of the brightest representatives of 
this class is YFeO3, which possesses a variety 
of  important  propert ies  (mult i ferroic , 
semiconductor, photocatalyst in the visible 
light region, etc.) and is complemented by the 
economic feasibility of using materials based 
on it due to the highest prevalence of yttrium 
among the entire series of rare earth elements 
[9–11]. YFeO3 nanopowders can be obtained by 
co-deposition [12], hydrothermal synthesis [13], 
sol-gel technology, and other methods [14, 15].

The tendency of nanoparticles to agglomerate 
is an important factor affecting the size of clusters 
in a solution and, hence, their physicochemical 
properties [15–18]. Recently, the method for 
obtaining complex oxide systems in a combustion 
wave and, in particular, glycine-nitrate combustion 
method (GNC) has been actively used. GNC 
allows to ensure high chemical homogeneity of 
substances by mixing the initial components at 
the molecular level at relatively low temperatures 
[19–22]. The main advantage of this method 
is the achievement of a narrow particle size 
distribution, therefore GNC is actively used for 
the synthesis of nanocrystalline YFeO3 [23, 24]. 
However, the influence of gelling agents on the 
process of formation of yttrium orthoferrite 
nanocrystals (with and without doping) under the 
conditions of a self-propagating wave of glycine-
nitrate combustion, their size, structure, and 
magnetic properties of the resulting composition 
still remains unexplored. 

Particular attention is paid to the study of the 
magnetic properties of yttrium orthoferrite doped 
with doubly charged cations [25 – 28]. For example, 
it was shown in [29] that the doping of YFeO3 
with cobalt provides an increase in the magnetic 
permeability of the material and a broadening of 
the hysteresis loop, caused by an increase in the 
angularity of the magnetic moments of atoms in 
antiferromagnets. Therefore, the cation of the 
transition element Ni2+ with defective d–shell was 
chosen for the doping of yttrium ferrite. Due to 
the similarity in physicochemical properties and 
dimensional parameters according to the system 
of Shannon radii (r(Ni2+) = 0.69 Å), nickel, most 
probably, should occupy the positions of iron in 
the ferrite lattice (r(Fe3+) = 0.65 Å) [30].

In this regard, the aim of the study was the 
synthesis of YFeO3 and YFe1xNixO3 nanocrystals 
under the conditions of a self-propagating 
wave of glycine-nitrate combustion, their 
characterization and determination of the 
influence of doping of yttrium ferrite with Ni2+ on 
the magnetic properties of nanopowders. 

2. Experimental
The starting materials were pure iron (III) 

and yttrium nitrates – Fe(NO3)3·9H2O (pure) 
and Y(NO3)3·6H2O (chemically pure), glycine 
(aminoacetic acid) C2H5NO2 (analytical grade), 
the amount of which in relation to metal nitrates 
G/N varied from 1 to 1.5. In the general case, 
polyatomic alcohols are used as gelling agents. 
Due to the use of polyatomic alcohols the 
polyesterification of chelates occurs; in this study, 
chemically pure glycerol C3H5(OH)3 and ethylene 
glycol C2H4(OH)2, were used as gelling agents. As 
a result, a uniform distribution of Y (III) and Fe 
(III) metal ions is achieved in the initial precursor, 
during subsequent heat treatment of the 
precursor a complex oxide powder, corresponding 
to the main phase of YFeO3 is formed. 

The procedure for the synthesis of nanocrystals 
was as follows. The Y(NO3)3·6H2O, Fe(NO3)3·9H2O 
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and C2H5NO2 were dissolved in 200 ml of distilled 
water. In addition to glycine, ethylene glycol 
or glycerol was added to the solution of metal 
nitrates. The amount of gelling agent was 
changed depending on the main components, 
G/N = 1 and G/N = 1.5, respectively. The boiling 
was performed for 120 minutes. The resulting 
gel was subjected to thermal heating, as a result 
of which the self-sustaining exothermic reaction 
involving glycine (aminoacetic acid) developed. 
The final product (in powder form) was annealed 
in a muffle furnace at 800°C for 60 minutes. These 
thermal annealing parameters were chosen based 
on our previous results on the co-deposition of 
nickel-doped YFeO3 nanocrystals [31]. It was also 
shown that under these conditions, the formation 
of a single-phase yttrium orthoferrite product 
with a perovskite structure and particle sizes 
up to 160 nm occurs. A further increase in the 
temperature and time of annealing is undesirable, 
since it leads to coarsening of particles and their 
agglomeration. 

The phase composition and crystal structure 
of the synthesized samples were determined 
by X-ray diffraction (XRD, diffractometer 
Thermo ARL X’tra (CuКa radiation, l = 0.154018 
nm, 2q = 20–70º, step = 0.02º). The particle 
size was determined using the transmission 
electron microscopy (TEM, Carl Zeiss LIBRA 
120). For the determination of the elemental 
composition of the samples, electron probe X-ray 
microanalysis (EPMA, JEOL-6580LV scanning 
electron microscope with an INCA 250 energy-
dispersive microanalysis system) was used.

M e a s u r e m e n t s  o f  t h e  t e m p e r a t u r e 
dependences of the magnetic susceptibility up 
to helium temperatures were carried out using 
the PPMS (Physical Properties Measurement 
System). The same installation was used to 
measure the hysteresis loops of sample 5 (see 
below) with ferrimagnetic ordering in fields 
up to 6.4 MA/m. The magnetic properties of 
the remaining samples were measured using 
LakeShore vibrating magnetometer model 7407. 
The samples were sealed in polyethylene capsules 
about 4x4 mm in size and laminated for the 
prevention of the movement of powder particles 
during measurements. The capsules were fixed on 
the magnetometer holder with a Teflon tape. The 
magnetic field during measurements was applied 

in the plane of the capsule. The measurements 
were carried out in a cryostat at temperatures of 
100 and 300 K. 

3. Results and discussion
As can be seen from the XRD data (Fig. 1) 

thermal annealing at a temperature of 800°C for 60 
minutes of undoped samples, synthesized under 
the conditions of glycine-nitrate combustion with 
the ratio G/N = 1 without adding a gelling agent 
to the reaction mixture (diffraction pattern 1) 
and with the addition of ethylene glycol at ratios 
G/N = 1 and G/N = 1.5 (diffraction patterns 2 and 
3), led to the formation of yttrium orthoferrite 
powders. At the same time, for both G/N = 1 and 
for G/N = 1.5 using glycerol as a gelling agent, 
in addition to the main YFeO3 phase (cards No.: 
48-0529 and 39-1489), the presence of Y2O3 
impurities (card No: 20-1412) was established, 
as can be seen from diffraction patterns 4 and 5 
in Figs. 1 (see Table 1).

On diffraction patterns of yttrium ferrite 
samples (Fig. 2, beginning of numbering in Fig. 1, 
diffraction patterns 6 and 7), doped with Ni2+, 
under conditions of glycine-nitrate combustion at 
G/N = 1 without the use of gelling agents, followed 
by thermal annealing at 800 ºС for 60 minutes, 
peaks of the main yttrium orthoferrite phase 
were observed (cards No.: 48-0529 and 39-1489). 
In addition to reflections of the main phase, 
diffraction patterns No. 6 and 7 contain one 
impurity peak of yttrium oxide with insignificant 
intensity (card No. 20-1412). When glycerol (Fig. 2, 
diffraction patterns No. 8 and No. 9) and ethylene 
glycol (Fig. 2, diffraction patterns No. 10 and No. 
11) were used, the presence of the main phase of 
yttrium orthoferrite and an insignificant number 
of peaks of Y2O3 oxide was observed (Fig. 2).

The determination of the particle size of 
YFe1–хNixO3 nanopowders (x = 0.1; 0.15; 0.2; 0.3; 
0.5), based on the broadening of X-ray diffraction 
lines (calculated using Scherrer equation) and 
transmission electron microscopy, provided the 
following results (Table 2). The calculation using 
Scherrer equation (XRD) showed that with an 
increase x from 0.1 to 0.3 Dav of nanocrystals varies 
from 27±2 nm to 47±4 nm, respectively (XRD). As 
follows from the TEM data, nickel-doped yttrium 
ferrite nanoparticles with a nominal degree of 
doping x = 0.15 at G/N = 1.5 with the addition 
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Fig. 1. X-ray diffraction patterns of YFeO3 powders, obtained by the glycine-nitrate method, with a different 
ratio of G/N components and various gelling agents after thermal annealing at 800°C, 60 min: 1 – G/N = 1 
without the addition of a gelling agent; 2, 3 – G/N = 1 and 1.5, respectively, gelling agent – ethylene glycol 
C2H4(OH)2; 4, 5 – G/N = 1 and 1.5, gelling agent – glycerol C3H5(OH)3

Fig. 2. X-ray diffraction patterns of powders thermally annealed at 800°C, 60 min: 6 – YFe1–хNixO3 (x = 0.1) at 
G/N = 1 without the addition of a gelling agent; 7 – YFe1–хNixO3 (x = 0.2) at G/N = 1 without the addition of a 
gelling agent; 8 – YFe1–хNixO3 (x = 0.15) at G/N = 1.5, gelling agent – glycerol C3H5(OH)3; 9 – YFe1–хNixO3 (x = 0.3) 
at G/N = 2, gelling agent – glycerol C3H5(OH)3; 10 – YFe1–хNixO3 (x = 0.15) at G/N = 1.5, gelling agent – ethylene 
glycol C2H4(OH)2; 11 – YFe1–хNixO3 (x = 0.3) at G/N = 2, gelling agent – ethylene glycol C2H4(OH)2 
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of ethylene glycol (Fig. 3a) and glycerol (Fig. 3b) 
were characterized predominantly by a spherical 
shape, their diameter was in the range from 4 to 
50 nm (Fig. 3).

As can be seen from Table 2 the data 
obtained show the non-monotonic nature of the 
dependence Dav from the content of the dopant. 
As the amount of added dopant increased, the 
average crystallite size tends to decrease; such 
a decrease may be caused by the peculiarities of 
the chemical structure of gelling agents (ethylene 
glycol/glycerol).

The results of the study of the elemental 
composition by the local X-ray spectral 
microanalysis are shown in Table 3.

Determination of the elemental composition 
of the samples showed that the actual content 
of each element in them is quite close to their 
nominal composition (Table 4).

The field dependences of the magnetization of 
undoped samples synthesized without the use of 
a gelling agent and with the addition of ethylene 
glycol are shown in Figs. 4–5. Samples in a field 
of 1270 kA/m at T = 100 K (Fig. 4a) and 300 K 
(Fig. 4b) do not reach magnetic saturation (flip 
transition). The field dependences of the specific 
magnetization are straight lines (the noise on the 
dependences was primarily associated with the 
smallness of measured magnetization values), the 
maximum measured values of the magnetization 
for these samples in a field of 1270 kA/m were in 
the range of 0.25–0.36 A m2/kg at a temperature 
of 100 K and 0.12–0.30 A m2/kg at a temperature 
of 300 K (Table 5). The magnetic properties of 
the samples were comparable to those for the 
pure YFeO3 phase, synthesized by the deposition 
method [32]. The specific magnetization of pure 
YFeO3 phase in a magnetic field of the same 

                                                                    a                                                            b
Fig. 3. TEM images (a, b) of YFe1–хNixO3 powder (х = 0.15), in the ratio G/N = 1.5, gelling agent – C2H4(OH)2 
(a, Sample No. 10) and C3H5(OH)3 (b, sample No. 8), annealing – 800°C, 60 min

Table 1. Results of X-ray phase analysis of YFeO3 and YFe1–хNixO3nanopowders

№ Composition G/N Gelling agent Additional phase
1 YFeO3 1 – –

2 YFeO3 1 С2H4(OH)2 –

3 YFeO3 1.5 С2H4(OH)2 –

4 YFeO3 1 С3H5(OH)3 Y2O3

5 YFeO3 1.5 С3H5(OH)3 Y2O3

6 YFe0.9Ni0.1O3 1 – Y2O3

7 YFe0.8Ni0.2O3 1 – Y2O3

8 YFe0.85Ni0.15O3 1.5 С3H5(OH)3 Y2O3

9 YFe0.7Ni0.3O3 2 С3H5(OH)3 Y2O3

10 YFe0.85Ni0.15O3 1.5 С2H4(OH)2 Y2O3

11 YFe0.7Ni0.3O3 2 С2H4(OH)2 Y2O3
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value was J = 0.242 A m2/kg. In the given range 
of magnetic fields and temperatures, the material 
exhibits paramagnetic behaviour. In this case, the 
temperature dependences of the magnetization 
indicate the existence of an antiferromagnetic 
type of ordering at low temperatures. The linear 
approximation of the curve section crosses 
the abscissa axis in the region of negative 
values, which indicates the presence of an 
antiferromagnetic type (Fig. 5b). The maximum 
of the direct dependence of the susceptibility, 
corresponding to the Neel temperature, can be 
observed at temperatures below 2 K, however, 

the existence of local ordering can be observed 
up to 100 K.

According to the literature data, yttrium 
ferrite is a weak ferromagnet, which demonstrates 
the phenomenon of spin reorientation - rotation 
of the antiferromagnetism axis under the 
action of a magnetic field [15]. The magnetic 
properties of undoped sample 5, synthesized 
with the addition of glycerol as a gelling agent 
at G/N = 1.5, in a wide range of magnetic fields 
demonstrated the presence of a wide hysteresis 
loop, which is characteristic of materials with 
an antiferromagnetic type of ordering with an 

Table 2. Average diameter of YFe1–хNixO nanocrystals (x = 0.1; 0.15; 0.2; 0.3) after annealing at 800 °C 
for 60 min 

Method of 
determination

Dav, nm

sample № 6
(х = 0.1)

sample № 7
(х = 0.2)

sample № 8
(x = 0.15)

sample № 10
(x = 0.15)

sample № 9
(x = 0.3)

sample № 11
(x = 0.3)

XRD 27±2 40±4 24±2 40±4 47±4 26±2
TEM 31±3 26±2 17±5 31±2 24±9 28±5

                                                           a                                                                               b
Fig. 4. Hysteresis loops at a) 100 K and b) 300 K of YFeO3 samples (annealing at 800°C, 60 min) synthesized at 
component ratios: G/N = 1 without the addition of a gelling agent (1) and G/N = 1 and 1.5 with the addition of 
ethylene glycol (2, 3)

Table 3 Results of X-ray microanalysis and the determination error of the content of elements in 
YFe1–хNixO3 samples obtained by glycine-nitrate combustion, after thermal annealing at 800 °C, 60 min

Sample №

Nominal 
composition of 

samples 
Elemental composition, at %

х Y Ni Fe O С
6 0.1 15.9±1.8 0.8 ±0.1 11.9±0.6 55.0±3.4 16.0±1.0
7 0.2 13.1±1.6 2.3±0.2 10.9±0.6 58.6±3.8 15.1±1.0
8 0.15 10.1±1.4 3.1±0.2 6.8±0.4 63.0±4.5 17.0±1.2
9 0.3 10.1±1.4 3.1±0.2 6.8±0.4 61.0±4.5 19.0±1.2

10 0.15 18.4±1.8 1.1±0.1 14.2±0.6 50.9±2.8 15.3±0.9
11 0.3 18.4±1.8 1.3±0.1 14.2±0.6 50.8±2.8 15.3±0.9
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uncompensated magnetic moment (Fig. 6). At 2 K, 
the field dependences of the magnetization also 
show a waisted hysteresis loop, which indicates a 
more expressed spin reorientation phenomenon 
[15]. It should also be noted that for the samples 
synthesized using glycerol, the formation of an 
impurity phase of yttrium oxide was observed.

The hysteresis of the field dependences was 
also observed for a sample of yttrium orthoferrite 
with a low degree of nickel doping. For a sample 
with a degree of substitution x = 0.1 at G/N = 1 
without the addition of a gelling agent to the 
reaction system, hysteresis behaviour, indicating 
the presence of an uncompensated magnetic 

moment was observed in the range of magnetic 
fields up to 1270 kA/m (Fig. 7, Table 6). In this case, 
in the region of magnetic fields with a strength 
of about 1000 kA/m, an inflection in the field 
dependence of the magnetization was observed, 
the appearance of which may indicate the onset of 
the spin reorientation process, but the process itself 
can be observed only when stronger magnetic fields 
were applied. The absence of magnetic saturation 
of the samples in the presented range of magnetic 
fields also should be noted. At the same time, 
the coercive force in the given partial cycles was 
about 50–80 kA/m (both at 300 K and at 100 K), 
which is an order of magnitude lower than the 

                                                    a                                                                                                       b
Fig. 5. Temperature dependence of magnetic susceptibility (a) and inverse susceptibility (b) for sample 1 from 
Table 5 (for samples 2 and 3, the dependences were similar)

Fig. 7. Hysteresis loops of sample 6 with nominal 
composition YFe0.9Ni0.1O3 (annealing at 800 °C, 60 min) 
at G/N = 1 without the addition of a gelling agent

Fig. 6. Hysteresis loops of sample 5 synthesized with 
glycerol at different temperatures. At 2 K (black line) 
there was a tendency to transition to the antiferro-
magnetic state
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coercive force of the undoped sample measured 
under similar conditions (about 520–550 kA/m). 
Thus, the doping of yttrium ferrite with nickel to 
a small extent allows obtaining materials with a 
softer magnetic behaviour of the uncompensated 
magnetic moment and smaller spin reorientation 
fields.

For samples with high degrees of substitution 
(x = 0.15, x = 0.3) and obtained using glycerol and 
ethylene glycol as gelling agents in the range of 
magnetic fields up to 1270 kA/m, paramagnetic 

behaviour was observed at temperatures above 100 
K with a susceptibility of about 10-5-10-6 (Fig. 8).

Other YFe1–xNixO3 (х = 0.15 and 0.3) samples 
No. 8 and 9, synthesized using glycerol as a gelling 
agent in the ratio G/N = 1.5 and 2, respectively, 
as well as YFe1–xNixO3 (х = 0.15 and 0.3) samples 
No. 10 and 11, obtained with the addition of 
ethylene glycol in the same ratio G/N = 1.5 and 2, 
demonstrated paramagnetic behaviour. 

Thus, during the formation of yttrium 
orthoferrite nanopowders (with and without 

Table 4 Results of X-ray microanalysis for YFe1-хNixO3samples obtained by glycine-nitrate combustion 
after thermal annealing in 800 °C mode, 60 min

Sample № G/N Gelling agent х Nominal composition Real composition 
of samples

6 1 - 0.1 YFe0.9Ni0.1O3 YFe0.92Ni0.08O3

7 2 - 0.2 YFe0.8Ni0.2O3 YFe0.83Ni0.17O3

8 1.5 С3H5(OH)3 0.15 YFe0.85Ni0.15O3 YFe0.75Ni0.25O3

9 2 С3H5(OH)3 0.3 YFe0.7Ni0.3O3 YFe0.69Ni0.31O3

10 1.5 С2H4(OH)2 0.15 YFe0.85Ni0.15O3 YFe0.79Ni0.21O3

11 2 С2H4(OH)2 0.3 YFe0.7Ni0.3O3 YFe0.73Ni0.27O3

Table 5 Magnetic characteristics of undoped YFeO3 nanopowders (annealing at 800°C, 60 min), 
measured at 100 and 300 K

№ G/N Gelling agents Particle size (TEM), 
nm

J(100K),
A·m2/kg

J(300K),
A·m2/kg

1 1 – ~5-145 0.26 0.23
2 1 С2H4(OH)2 ~5-150 0.36 0.16

3 1.5 С2H4(OH)2 ~20-185 0.33 0.26

                                                    a                                                                                                    b
Fig. 8. Field dependences of the magnetization for samples thermally annealed at 800°C, 60 min: 8 – nominal 
composition YFe0.85Ni0.15O3 at G/N = 1 with the addition of glycerol, 9 – nominal composition YFe0.7Ni0.3O3 at 
G/N = 2 with the addition of glycerol, 10 – nominal composition YFe0.85Ni0.15O3 at G/N = 1.5 with the addition 
of ethylene glycol, 11 – nominal composition YFe0.7Ni0.3O3 at G/N = 2 with the addition of ethylene glycol 
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doping) under the conditions of a self-propagating 
wave of glycine-nitrate combustion in the region 
of the stoichiometric parameter G/N from 1 
to 2, materials that exhibit different magnetic 
properties were formed. Fine adjustment of the 
magnetic characteristics by changing the G/N 
ratio of components and using various gelling 
agents in the synthesis of nanocrystals is possible.

4. Conclusions
Yttrium orthoferrite nanocrystals (with and 

without doping) were synthesized under glycine–
nitrate combustion conditions at G/N = 1 and 1.5 
without adding a gelling agent to the reaction 
mixture and using ethylene glycol/glycerol. 
It was established that thermal annealing for 
an hour at 800 °C led to the formation of the 
main phase of o-YFeO3. For undoped yttrium 
orthoferrite samples, a particle diameter of the 
order of 5–185 nm was characteristic, depending 
on the gelling agent (TEM) used. The study of the 
magnetic characteristics demonstrated that YFeO3 
samples, synthesized with the use of ethylene 
glycol as a gelling agent, were characterized by 
antiferromagnetic behaviour up to extremely low 
temperatures (below 2 K), and the use of glycerol 
as a gelling agent in a similar process led to the 
formation of particles with an uncompensated 
magnetic moment, most probably caused by the 
weak ferromagnetism of yttrium ferrite, which 
exhibits a magnetically hard response. In the case 
of yttrium orthoferrite doped with Ni2+, under the 
same conditions, particles were characterized by a 
predominantly rounded shape with a size of 24 to 
31 nm (TEM). Changes in the magnetic properties 
of YFeO3 nanocrystalline powders doped with 
nickel was due to the incorporation of Ni2+ (r(Ni2+) 
= 0.69 Å) in the position of Fe3+ (r(Fe3+) = 0.645 Å), 
which led to the formation of a material with more 

expressed soft magnetic properties at a degree of 
substitution of 0.1. Samples with higher degrees 
of substitution also exhibited paramagnetic 
behaviour at temperatures above 100 K.
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