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Abstract: Yttrium manganite, YMnO3, was doped with different concentrations of 

titanium (x = 0, 0.04, 0.08, 0.10, 0.15, 0.20) in order to improve the microstructural and 

multiferroic properties. The powders were prepared using sol-gel polymerization 

complex method from citrate precursors. Depending on the titanium concentration, the 

hexagonal structure and/or the rhombohedral superstructure are present in the sintered 

samples. The YMn1–xTixO3+δ (x = 0.10, 0.15, 0.20) ceramic samples showed 

significantly reduced density of microcracks, and of inter- and intragranular pores, and 

relative densities greater than 90 %. The structural parameters for YMn1–xTixO3+δ (x = 0, 

0.10, 0.15) were correlated with the results of magnetic and ferroelectric measurements. 

The most of titanium-doped samples showed a reduction of the leakage current density 

in comparison with undoped YMnO3, and their ferroelectric responses were slightly 

improved. The modifications in structural arrangement resulted in partial suppression of 

ideal antiferromagnetic ordering visible through decrease of the Néel temperature and 

Weiss parameter, as well as the appearance of weak ferromagnetism and increase of 

magnetization (especially, in samples x = 0.08, 0.10, 0.15). These changes in physical 

quantities most likely originated from incorporation of the uncompensated magnetic 

moments and possible spin canting induced by enhanced symmetry break of the 

superexchange bridges. 

 

Highlights 

 Synthesis of YMn1–xTixO3+δ (x = 0–0.20) powders using sol-gel polymerization 

complex method. 

 Synthesis method and doping reduced microdefects and increased ceramics’ 

relative density. 

 The leakage currents decreased in YMn1–xTixO3+δ ceramics upon doping.  

 Reduction in geometrical frustration of antiferromagnetic structure after Ti-

doping. 

 Enhanced weak ferromagnetic response in YMn1–xTixO3+δ (x = 0.10, 0.15, 0.08) 

samples. 
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1 Introduction 

 Multiferroic materials have been the subject of scientific research for many years 

because of their ability to simultaneously display two or more ferroic properties, such as 

(anti)ferromagnetism and ferroelectricity. Coupling between the electric polarization 

and magnetization allows control of magnetization by applying electric field and vice 

versa. It opens many possibilities for various technological applications, among which 

the most promising are in: sensors, spintronics, ferroelectric memory devices, 

microactuators, magnetic storage, piezoelectric sensors, among others [1–5].  

Yttrium manganite (YMnO3) belongs to the family of the rare-earth manganites, 

RMnO3, where R represents rare-earth element. Yttrium manganese oxide displays 

multiferroic properties, simultaneously being ferroelectric and antiferromagnetic [1]. 

Hexagonal yttrium manganite (h-YMnO3) has high ferroelectric Curie (TC ~ 900 K) and 

low Néel temperature (TN ~ 70 K) [6–10]. At room temperature, it exhibits non-

centrosymmetric, polar structure (space group P63cm) [8], consisting of alternative 

layers of seven-coordinated Y
3+

 ions and corner-linked MnO5 trigonal bipyramids [1, 

9]. Tilting of the MnO5 trigonal bipyramids towards the ab plane leads to displacement 

of the manganese ions from the centre of the bipyramid, causing the distortion of 

triangular lattice layers of Mn
3+

 in ab plane, which is a process considered as the 

trimerization of Mn
3+

 [7,8,9]. As a consequence, asymmetric displacement of Y
3+

 ions 

occurs, leading to the inequality of apical Y–O bond lengths and induction of electric 

dipole moments, electric polarization, and ferroelectricity [2]. These changes are 

attributed to the isosymmetric structural transition (the space-group symmetry and 

Wyckoff position occupations are preserved) at about 920 K, generated by a 

displacement of the manganese and oxygen ions in MnO5 bipyramides [11,12]. This 

improper ferroelectric distortion (P63cm → P63cm) induced a spontaneous electric 

polarization. YMnO3 is a geometrically frustrated antiferromagnet with noncollinear 

Mn
3+

 spins arranged in so-called 120° spin structure, in which differently oriented 
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magnetic moments of Mn
3+

 ions, located at vertices of the triangle in ab plane, form 

120º angles [10,13,14]. The spin of single Mn
3+ 

is coupled with three spins existing in 

Mn
3+

 trimer occurring in neighboring layer, leading to zero total spin [3]. 

Antiferromagnetic ordering originates from in-plane Mn
3+

–O
2-

–Mn
3+

 superexchange 

interactions, while interplane Mn
3+

–O
2-

–O
2-

–Mn
3+

 super-superexchange interactions 

enable stabilization of the three-dimensional magnetic structure [9,15–20]. 

The application possibilities of YMnO3 ceramics are limited by persistent 

microstructure defects (microcracks and micropores), which certainly contribute to the 

unfavorable reduction of material density [21]. Microcracking is a consequence of 

internal stress, which occurs during cooling process from high sintering temperature to 

room temperature, due to strong anisotropy of thermal expansion in hexagonal unit cell, 

characterized by a large value of thermal expansion coefficient. The expansion of 

sample and reopening of microcracks occur during the cooling below microcracking 

temperature (about 620 °C). The microcracks also occur because of high-temperature 

phase transition at about 1000 °C, from centrosymmetric P63/mmc to non-

centrosymmetric P63cm structure [8,21]. These microstuctural defects greatly affect the 

transport properties of material and lead to weakening of its ferroelectric response. The 

concentration of defects can be decreased by reducing the grain size below a critical 

value achieved through doping of the material. 

The doping is one of the most common methods for modifying physical 

properties of h-YMnO3. There is a number of studies about doping effect on h-YMnO3 

such as incorporation of Fe
3+

, Cr
3+

, Ga
3+

, Ti
4+

, Al
3+

, In
3+

 at Mn
3+

 site [22,23,24,3,10, 25, 

26], and Lu
2+

, Zr
4+

, Gd
3+

, Dy
3+

 at Y
3+

 site [27,28,29,9]. The presence of dopant in 

YMnO3 generally influences the unit cell volume and c/a ratio [3,8,25], and 

consequently affects antiferromagnetic and ferroelectric properties and magnetoelectric 

coupling [3,9,23,30]. 

Using titanium (Ti
4+

) as a dopant could change structural, microstructural and 

multiferroic properties of YMnO3. Similarity of ionic radii of Ti
4+

 (r = 0.51 Å, 

coordination number, CN = 5) and Mn
3+

 (r = 0.58 Å,CN = 5) allows the implementation 

of Ti
4+

 into YMnO3 lattice [31]. The partial substitution of Mn
3+

 with Ti
4+

 should 
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decrease concentration of oxygen vacancies, suppress reduction of Mn
3+

 to Mn
2+

, and 

also reduce the electrical conductivity of YMnO3, enabling the detection of the 

materials ferroelectric response. Ti-doping of YMnO3 should cause a decrease in the c/a 

ratio of the unit cell and in the grain size, leading to a reduction of the anisotropic 

thermal expansion [7,8,21,32].  

The partial substitution of Mn
3+

 with Ti
4+

 in YMnO3 resulted in the preparation 

of YMn1–xTixO3+δ. The  symbol had to be introduced into the chemical formula due to 

the maintaining of charge balance, indicating the necessary presence of interstitial 

oxygen atoms after Ti
4+

 introduction into the system. 

 In this work, we investigated the impact of different Ti
4+

 concentrations (x = 0 – 

0.20) on microporosity and microcracking, and elucidated its influence on structural, 

ferroelectric and magnetic properties of YMn1–xTixO3+δ ceramics. For the first time, the 

sol-gel polymerization complex method, especially suitable for the synthesis of doped 

systems, was used for the synthesis of YMn1–xTixO3+δ precursor powders. The 

predefined ratio of citric acid and ethylene glycol enabled the formation of the polyester 

network in which metal ions are uniformly distributed. As a result, homogeneous 

powders of controlled composition were obtained. Less energy and less time were 

invested in the sintering of the sol-gel prepared precursor powders in comparison with 

other synthesis methods (mostly, solid state synthesis method). 

 The aim was to determine the optimal composition leading to improved density 

and microstructure and, consequently, to the most pronounced magnetic and 

ferroelectric properties. Titanium was chosen as a dopant because the existing research 

indicated that Ti
4+

 insertion into the Mn
3+

-site reduces the microcracks concentration 

[8,10]. The correlation between structural, microstructural, and multiferroic properties 

of YMn1–xTixO3+δ ceramics was thoroughly explained depending on the dopant 

concentration.  

 

2 Experimental section 
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2.1 Preparation of ceramic powders and processing 

 The samples of YMn1–xTixO3+δ (x = 0, 0.04, 0.08, 0.10, 0.15, 0.20) were 

prepared using sol-gel polymerization complex (PC) method. Starting components were 

manganese(II) acetate tetrahydrate (Mn(CH3COO)2·4H2O, Sigma Aldrich, 99.99 %), 

yttrium nitrate hexahydrate (Y(NO3)3·6H2O, Alfa Aesar, 99.9 %), citric acid 

(C6H8O7·H2O, Lach-Ner, p.a.), ethylene glycol (C2H6O2, Fluka, 99.5 %) and aqueous 

titania sols. For aqueous titania sols, 20.0 mmol of titanium(IV) tetraisopropoxide 

(TIPT, Alfa Aesar, 97 %) was slowly mixed with 20.0 mmol of acetylacetone (acac, 

Alfa Aesar, 99 %) under continuous (10 minutes) stirring at room temperature. The 

obtained turbid yellow TIPT/acac precursor was added dropwise to 50 ml of 0.40 M 

aqueous solution of acetic acid (CH3COOH, Sigma Aldrich, 99.5 - 102.0 %) under 

continuous stirring, for 1 h, at room temperature, resulting in transparent yellow 

solution [33]. 

 Precursor mixture containing Mn(CH3COO)2·4H2O, aqueous titania sols and 

citric acid (CA) in molar ratio Mn
2+

 : Ti
4+

 : CA = (1 – x) : x : 4 was mixed with 50 ml of 

distilled water in a boiling flask. The solution was heated and stirred under reflux at 

60 °C, for 3 h. White precipitate of manganese citrate was produced and afterwards 

dissolved by adding aqueous NH3 (NRK Inženjering, 25 %) until pH value of the 

solution reached 6. Ethylene glycol (EG) was added to this solution in a molar ratio 

Mn
3+

 : Ti
4+ 

: CA : EG = (1 – x) : x : 4 : 30. Y(NO3)3·6H2O was dissolved in EG and CA 

in a molar ratio Y
3+

 : CA : EG = 1 : 4 : 30. Yttrium and manganese/titanium solutions 

were combined (Y
3+

 : (Mn
3+

 + Ti
4+

) = 1 : 1) in order to obtain precursor solutions, 

which were carefully heated for five days, until black precursor powder was produced. 

Their calcinations at 900 °C for 4 h (heating rate of 2 °/min) resulted in black YMn1-

xTixO3+δ (x = 0–0.20) powders. The YMn1-xTixO3+ powders were uniaxially pressed at a 

pressures of p = (2–6) t/cm
2
 (196–588 MPa) into pellets (diameter of 8 mm). Sintering 

was carried out in chamber furnace under ambient atmosphere for 2 h at: 1400 °C for 

YMnO3, YMn0.96Ti0.04O3+δ, YMn0.92Ti0.08O3+δ and YMn0.90Ti0.10O3+δ samples; 1450 C 

for YMn0.85Ti0.15O3+δ, and 1470 °C for YMn0.80Ti0.20O3+δ.  
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2.2 Characterization of ceramic samples 

Structural and phase composition analyses of pulverized ceramic samples were 

performed by X–ray diffractometer (PANalytical X`Pert PRO a1 MPD), using Cu–Kα1 

radiation (λ = 1.54056 Å) and X’Celerator detector. Diffraction patterns were recorded 

at room temperature in the 2θ-range from 10° to 90° with a step of 0.034° and 

integration time 1 s per step for all samples. XRD patterns for YMn1–xTixO3+δ (x = 0, 

0.10, 0.15) samples recorded at room temperature in the range 2θ = (5–100)° with a step 

of 0.016° and integration time 1 s per step, were used for Rietveld refinement. 

PowderCell software was used to identify and determine the final phase composition 

[34] by performing Rietveld-like refinement in profile matching mode, while unit cell 

parameters were calculated using LSUCRIPC software [35]. The FULLPROF software 

was used for the Rietveld refinement in WINPLOTR environment on 5588 data points 

and 91 (for YMnO3), 158 (for YMn0.90Ti0.10O3+δ) and 142 (for YMn0.85Ti0.15O3+δ) 

reflections [36,37]. The profiles were described by the pseudo-Voigt function as the 

most frequently used function in this type of analysis. In the first stage of the 

refinement, the background was modelled using a linear interpolation between 74 

selected points, and in the last cycles the Fourier filtering method with the window size 

set to 4000 was used. The profile parameters, atomic positions and isotropic atomic 

displacement parameters were refined. 

Microstructure of ceramic samples was observed using scanning electron 

microscopes (SEM) Tescan Vega TS 5130MM. Selected Area Electron Diffraction 

(SAED) analysis was performed using transmission electron microscope (TEM) Jeol 

JEM-2100. YMn0.85Ti0.15O3+δ sample was prepared for the TEM analysis by cutting 

pellet into 3 mm disc using an ultrasonic cutter (SONICUT380, SBT, USA) and pellet 

was further mechanically thinned to 100 μm. The disc was then dimpled down to 20 μm 

in the centre (Dimple grinder 656, Gatan Inc., USA), and then ion-milled (PIPS 691, 

Gatan Inc., USA) using 4 kV Ar
+
 ions at an incidence angle of 8° to obtain large 

transmissive areas for the TEM investigations. Precision Multiferroic Test System 

(Radiant Technologies, Inc.) was used for measuring the ferroelectric hysteresis curves 

and leakage currents. Measurements were carried out on pellets coated with gold 

electrodes, in TDC mode (Compensating for Time Dependent Charge Components in 
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Hysteresis Loops), with hysteresis periods equal to 10 ms and 20 ms.  Field dependence 

of magnetization was measured in fields up to 50 kOe (5 T) at 3 K, 30 K and 50 K using 

commercial MPMS5 SQUID magnetometer. Measurements of the zero-field-cooled 

(ZFC) and field-cooled (FC) temperature dependence of magnetization were carried out 

in constant applied fields (10 Oe and 1000 Oe) in temperature range (2–400) K. Pellets 

were inserted directly into the measuring straw, so there is no magnetic contribution of 

the background. 

 

3 Results and discussion 

 

 The influence of Ti-doping on structure of YMnO3 can be analysed from XRD 

patterns of YMn1-xTixO3+δ (x = 0, 0.04, 0.08, 0.10, 0.15, and 0.20) pulverized ceramic 

samples (Fig. 1). The samples with x = 0 and 0.04 crystallized in space group P63cm 

with the structure typical for hexagonal YMnO3 (PDF # 25-1079). The disappearance of 

some reflections characteristic for h-YMnO3 (positioned at 2θ = 22.9°, 35.8°, 46.8°, 

48.0°, 67.9°, 73.2º, 75.7º, 83.3º, 85.4º) and the appearance of new ones (positioned at 

26.9°, 35.0º, 48.7º, 63.7º, 82.0º, 84.1º) implied a structural transition for samples with x 

≥ 0.08. Their phase composition analysis showed transition from the single phased 

hexagonal structure to the rhombohedral 1×1×3 superstructure with R3c space group 

[38]. YMn0.92Ti0.08O3+δ and YMn0.90Ti0.10O3+δ samples consisted of two phases, one with 

hexagonal structure and the other with rhombohedral 1×1×3 superstructure (Table 1). 

The samples with x = 0.15 and 0.20 are single-phased and crystallized in rhombohedral 

1×1×3 superstructure. Although rhombohedral structure could be represented by either 

rhombohedral or hexagonal axes, we used hexagonal axes to compare these two 

structures. The several reflections of both phases coincide at the certain 2θ positions for 

YMn0.92Ti0.08O3+δ and YMn0.90Ti0.10O3+δ samples. These results differ from previously 

reported in literature [8,10], which were related to YMn1-xTixO3 (0 ≤ x ≤ 0.25) samples 

prepared by solid-state reaction. It was reported that the appearance of another phase 

occurs in the samples with x ≥ 0.15, and that the rhombohedral phase becomes dominant 

in the samples with x ˃ 0.30. In our work, using different synthetic procedure (PC), the 
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single phase sample with stable superstructure was obtained at much lower Ti 

concentration. It is obvious that the PC method has an advantage over the solid state 

method because it provides a more uniform distribution of metal ions in the formed 

polyester network, which achieves R3c superstructure ordering in YMn1-xTixO3 at lower 

concentrations of Ti
4+

. 

  

Fig. 1 (color online) The X-ray diffraction patterns of YMn1-xTixO3+δ (x = 0; 0.04; 0.08; 0.10; 

0.15; 0.20) pulverized ceramic samples (The disappeared reflections characteristic for h-YMnO3 

(P63cm) are marked by verical solid lines, and the reflections unique to the rhombohedral 

YMnO3 (R3c) by a vertical dashed lines.) 

 

 Unit cell parameters of YMn1-xTixO3+δ (x = 0–0.20) samples are shown in Table 

1. The calculated unit cell parameters for undoped YMnO3 sample (aH = 6.131(7) Å, cH 

= 11.395(8) Å) are consistent with literature data (PDF # 25-1079). For doped samples 

with x < 0.15, the value of in-plane lattice parameter, aH, increased and the value of out-

of-plane lattice parameter, cH, decreased, with increase in Ti concentration (Fig. 2). The 

change of cH after incorporation of Ti
4+

 in YMnO3 could be attributed to the difference 

in ionic radii between Ti
4+

 and Mn
3+

, and a minor distortion of the unit cell. Unit cell 

parameters of 1×1×3 superstructure, aR and cR, for samples with x ≥ 0.08, followed the 

same trend as parameters of hexagonal unit cell i.e. aR increased, while cR decreased 

with increase of x.  
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Table 1 Unit cell parameters, the ratio cH/aH, relative densities (ρ/ρtheor) and phase composition 

(wt.%) of YMn1-xTixO3+δ (x = 0; 0.04; 0.08; 0.10; 0.15; 0.20) samples. 

x 

a 

(Å) 

 

c 

(Å) 

 

cH/aH(R)
*
 

 

V(H) 

(Å
3
) 

 

ρ/ρtheor  

(%) 

 

YMn1-xTixO3+ δ 

(P63cm) 

(wt.%) 

YMn1-xTixO3 + δ 

(R3c) 

(wt.%) 

0 6.131(7) 11.395(8) 1.8586 371.0(7) 75 100 0 

0.04 6.145(8) 11.389(9) 1.8534 372.4(8) 74 100 0 

0.08 6.160(7) 11.336(7) 1.8403 372.5(7) 

  1120(2) 
84 43 57 

6.168(7) 33.99(2) 

0.10 6.176(5) 11.304(6) 1.8303 373.4(5) 
95 22 78 

6.178(6) 33.90(2) 1121(2) 

0.15 6.192(6) 33.64(2) 1.8109 1117(2) 93 0 100 

0.20 6.207(7) 33.62(2) 1.8055 1122(2) 92 0 100 

*
The values of cH parameter for YMn0.85Ti0.15O3+δ and YMn0.80Ti0.20O3+δ are obtained as one 

third of calculated values for cR parameter. 

 

 

Fig. 2 (color online) Unit cell parameters (aH, cH) versus Ti concentration (x) for YMn1-xTixO3+δ 

(x = 0; 0.04; 0.08; 0.10; 0.15; 0.20) samples. Hatched area shows the x-range of the hexagonal 

to the rhombohedral phase transition 

The structural analysis was performed on samples with x = 0, 0.10 and 0.15 (Fig. 

S1 in ESM). The results of Rietveld refinement indicated single phase with hexagonal 

structure for undoped YMnO3, and single phase with rhombohedral 1×1×3 
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superstructure with lattice parameters aR = aH, bR = bH and cR = 3cH for 

YMn0.85Ti0.15O3+δ sample. The presence of two phases, one with hexagonal structure 

and the other with rhombohedral 1×1×3 superstructure, was confirmed for 

YMn0.90Ti0.10O3+δ, but the structural analysis was performed only for rhombohedral 

phase since it was the dominant one. The decrease of calculated values for angle 

between O3–O4 bond (in-plane oxygen) and the ab plane (Fig. 3) with increase of Ti-

concentration is an indicator of reduction in tilting of MnO5 bipyramids. It is in 

accordance with the increase of aH(R) and bH(R) parameters, and the decrease of cH(R) 

parameter. According to the obtained atomic positions (Table S1 in ESM), Mn–Mn 

distances and bond angles in the ab plane (i.e., Mn–O3–Mn, Mn–O4–Mn, Mn–O5–Mn) 

were also calculated. These structural parameters are of special interest because they 

determine the magnetic behavior of system. It is obvious that the Ti-doping led to 

increase in Mn–O–Mn bond angles and Mn–Mn distances, which are also indicators of 

prevailing decrease in geometrical frustration of triangular lattice in doped samples, as it 

will be explained through discussion of magnetic results. 
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Fig. 3 (color online) Visualization of unit cells for: (a) YMnO3, (b) YMn0.90Ti0.10O3+δ and 

YMn0.85Ti0.15O3+δ. (O6 is an interstitial oxygen introduced due to charge balance). The 

arrangement of manganese and oxygen ions in ab plane and specified values of Mn–Mn 

distances and Mn–O–Mn bond angles for: (c) YMnO3, (e) YMn0.90Ti0.10O3+δ and (g) 

YMn0.85Ti0.15O3+δ. The values of Y–O bond lengths along c-axis for: (d) YMnO3, (f) 

YMn0.90Ti0.10O3+δ and (h) YMn0.85Ti0.15O3+δ 
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The confirmation of presence of the rhombohedral phase in YMn0.85Ti0.15O3+δ 

sample was obtained using SAED technique. SAED patterns of YMn0.85Ti0.15O3+δ 

sample were recorded along different zone axes (Fig. 4 a,b). Identification of (hkl) was 

carried out by observing the values of interplanar distance. Diffraction spots on electron 

diffraction patterns of YMn0.85Ti0.15O3+δ were indexed according to 1×1×3 

rhombohedral unit cell notation. [010] and [11̅0] zone axes directions were determined 

by indexed spots. In order to confirm these results, the angle between (306) and (006) 

planes was measured. The obtained angle of 73° perfectly corresponded to 

angle calculated from the simulated 1×1×3 structure (73°). Namely, since 

the structural data for 1×1×3 do not exist in literature, we used simple 

hexagonal structure (ICSD #238967 and PDF#25-1079) to build 1×1×3 and also to 

transform unit cell from P63cm to R3c space group and to obtain corresponding 

reflection indices. The angles between set of planes (113) and (0012), 

and (0012) and (119) also corresponded well with rhombohedral phase (72° 

to 75°, and 50° to 51°, respectively) (Fig. 4b). 

 

 

Fig. 4  SAED patterns for YMn0.85Ti0.15O3+δ in: (a) [010] and (b) [11̅0] zone axes 
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SEM micrographs presented in Fig. 5 reveal the influence of Ti doping on 

YMnO3 microstructure. All YMn1-xTixO3+δ ceramic samples had nonuniformly shaped 

grains with broad grain size distributions. It lied in the range of (4–12) μm (Fig. 5a) in 

YMnO3, while doping with lower Ti concentrations (x = 0.04, 0.08) narrowed the range 

of grain size to (1–8) μm (Fig. 5 b,c). Increase of the dopant concentration along with 

the increase of sintering temperature broadened again the grain size within the range of 

(1–12) μm (Fig. 5 d,e,f). Microstructure of undoped YMnO3 was poor with large 

number of microcracks and inter- and intragranular pores (Fig. 5a). It is obvious that 

microcracking process was suppressed with increase in Ti concentration and being 

diminished in the ceramic samples with x ≥ 0.10. The presence of inter- and 

intragranular pores changed in the same manner – it is the number of pores significantly 

reduced in samples with higher Ti concentration, especially in YMn0.20Ti0.80O3+, in 

comparison with the undoped sample. These observations are also consistent with the 

lowering of cH/aH ratio of hexagonal unit cell when x increases (Table 1), which 

indicates decrease of thermal expansion anisotropy for hexagonal structure, as the one 

of the causes of microcracking occurrence. 
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Fig. 5 SEM micrographs of the surface of YMn1-xTixO3+δ ceramic samples: (a) x = 0, (b) x = 

0.04, (c) x = 0.08, (d) x = 0.10, (e) x = 0.15 and f) x = 0.20  

 The reduction in microcracks’ and pores’ concentration was also reflected on 

relative density of samples (Table 1). The increase in Ti concentration required a higher 

sintering temperature, which led to improved densification of ceramics and higher 

relative density of the samples. It can be considered that the difficulty related to 

densification process of the material [39] is mitigated through the sintering temperature 

optimization. The presence of microstructural defects is usually reflected on the 

ferroelectric behavior of YMnO3 ceramics. Therefore, the reduction of microcracks and 

micropores after Ti-doping [8,21] should facilitate the observation of ferroelectric 

response. 

 The lattice distortion, as a consequence of tilting of MnO5 bipyramides toward 

O3 and buckling of Y
3+

 layers, resulted in the existence of two Y
3+

–O
2-

 bonds (for each 
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Y
3+

) along c-axis with different bond lengths (Fig. 3 d, f, h) [15]. Accordingly, Y1–O3 

and Y2–O4 bonds are observed in the undoped sample, while Y1–O3, Y1–O5, Y2–O3, 

Y2–O4, Y3–O4, Y3–O5 bonds are considered in Ti-doped samples. The displacements 

of Y
3+

 and oxygen ions in opposite directions generated electric dipole moments along 

c-axis and led to the occurrence of electric polarization, P measured in the applied 

electric field, E. P(E) hysteresis loops of all samples indicated that saturation was not 

achieved in applied electric fields (Fig. 6), but still for easier description and 

explanation we will use the terms– apparent remnant polarization (𝑃𝑟
𝑎), and apparent 

coercive field (𝐸𝑐
𝑎). Sharp hysteresis form and low value of 𝑃𝑟

𝑎 pointed out weak and 

poor ferroelectric response of YMnO3. The samples with x = 0.04 and 0.08 showed 

lower values of 𝑃𝑟
𝑎 and the inrease of 𝐸𝑐

𝑎. YMn0.90Ti0.10O3+δ sample exhibited slightly 

higher value of 𝑃𝑟
𝑎 and larger value of 𝐸𝑐

𝑎 than YMnO3 sample. It is also noticeable that 

samples with x = 0.04, 0.08 and 0.10 showed certain tendency to “flattening” of P(E) 

curves (in the endpoints). Further increase of Ti concentration led to deterioration of 

ferroelectric characteristics and the samples with x = 0.15 and 0.20 exhibited dielectric-

like behavior.  

 

 

Fig. 6 (color online) Room temperature P(E) curves of YMn1-xTixO3+δ samples in applied 

electric field E = 50 kV/cm at the frequencies of 100 Hz and 50 Hz for: (a) x = 0; 0.04; 0.08; 

0.10, (b) x = 0.15; 0.20  
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 The absence of square ferroelectric hysteresis curves was consistent with the 

presence of large leakage currents in samples. The doping with titanium mainly resulted 

in small reduction of leakage currents (Fig. 7). It is assumed that oxygen vacancies’ 

concentration was decreased due to the partial substitution of Mn
3+

 with Ti
4+

 and, 

consequently, it suppressed leaky behavior to a certain extent. However, this trend did 

not show regularity in relation to dopant concentration. Besides, the effect of relative 

density and porosity of samples on their ferroelectric properties and leaky behavior, 

which we expected, was not observed. Considering the results from the literature related 

to YMnO3 based ceramics [40,41], it can be concluded that the obtained ferroelectric 

response of YMn1-xTixO3+δ ceramic samples presented in our work is stronger and better 

defined in a wider range of electric field compared with the results of others. As 

expected, the ferroelectric response of the YMnO3 single crystal is incomparably 

stronger and it has a regular hysteresis form [42]. 

   

 

Fig. 7 (color online) Leakage current density (j) versus applied electric field (E) curves for 

YMn1-xTixO3+δ (0 ≤ x ≤ 0.20) ceramic samples 

 

Despite the reduction of microstuctural defects and electric conductivity in 

doped samples, their ferroelectric responses were not significantly improved. In fact, the 

introduction of Ti
4+

 in the place of Mn
3+ 

(not instead of Y
3+

) caused such displacements 

of the ions that resulted in decrease of electric polarization of crystal lattice. Obviously, 
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the impact of reduction of the lattice distortion surpassed the effect of improved 

microstructural properties on the ferroelectric response of samples. Accordingly, we can 

conclude that the influence of structural properties on the (ferro)electric properties of 

the samples dominated over the influence of their microstructural properties. 

Ti-doping had a significant impact on magnetic properties of YMnO3. In high 

temperature region, the paramagnetic behavior of prepared materials was observed, and 

expectedly the ZFC- and FC- M(T) curves overlapped. The slight bifurcation between 

these two curves occurred at low temperatures (Fig. 8), indicating magnetic 

irreversibility in the ordered phase. The combination of antiferromagnetic and weak 

ferromagnetic behavior could be presumed from these curve shapes. Increase of 

magnetization and larger separation of ZFC- and FC-M(T) curves for YMn0.90Ti0.10O3+δ, 

YMn0.92Ti0.08O3+δ and YMn0.85Ti0.15O3+δ indicated growth of the weak ferromagnetic 

moments. The origin of weak ferromagnetism has been explained as a consequence of 

Mn spins canting, which produces small resulting magnetic moment along the c-axis 

[43].  

The Néel temperatures for YMn1–xTixO3+δ samples (Table 2) were estimated 

according to the position of point at which the splitting between the ZFC-M(T) and FC-

M(T) curves began (measured in H = 10 Oe). They represent the transition temperatures 

below which the antiferromagnetic ordering appears, and, for doped samples, they are 

all lower than literature value of the Néel temperature for YMnO3 (TN = 70 K). The 

temperature lowering could come from the disorder of the ideal magnetic lattice and 

competition between the disordering and establishing of new interactions after the Ti 

substitutions. 
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Fig. 8 (color online) Temperature dependences of zero-field-cooled and field-cooled 

magnetization for YMn1–xTixO3+δ (x = 0, 0.04, 0.08, 0.10, 0.15, 0.20) samples, measured in the 

magnetic field of 1000 Oe 

High temperature region of magnetic susceptibility χ=M/H is fitted by the Curie-

Weiss law χ=C/(T - θ) using the linear part of 1/χ(T) curves. Weiss parameter (|θ|) was 

estimated as the intercept of 1/χ(T) curve on T-axis and effective magnetic moment (μeff) 

was calculated using μeff = 2.828 (C)
1/2

µB
 
formula, where C is Curie constant obtained 

from the slope of 1/χ(T), for each sample (Table 2). The values of Weiss parameter are 

related to the average (super)exchange interactions between Mn
3+

 spins necessary for 

the (anti)ferromagnetic arrangement. The partial substitution resulted generally in 

decrease of |θ| if compared with undoped YMnO3, indicating considerable reduction of 

the mean-field averaged superexchange interactions between Mn
3+

 magnetic moments 

after Ti
4+

 insertion. The values of TN and μeff of doped samples also significantly 

decreased after partial substitution of Mn
3+

 ions with nonmagnetic Ti
4+

 ions, being in 

agreement with reduction of superexchange interactions and lowered amount of 

paramagnetic centres. The discrepancy between values of TN and |θ| originated from 

strong geometrically frustrated spins in the manganese triangular lattice in the ab plane 

as a consequence of the antiferromagnetic fluctuations of Mn
3+

 spins that inhibit the 

formation of long range magnetic ordering in the system [10,44]. The decrease of |θ| and 

μeff could be explained by weakening of Mn
3+

 ions trimerization (weakening of 

geometrical frustration) and suppression of strong and strict antiferromagnetic ordering 

in Ti-substituted YMnO3. A more detailed structural study with neutron diffraction has 
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shown that analogous substitutions with non-magnetic ions produced large canting of 

the spins from the basal plane and influenced the order in similar manner [45]. 

Frustration parameter (f), as a measure of geometrical frustration of 

antiferromagnetic system, is defined as ratio of the Weiss constant and Néel 

temperature, |θ|/TN [20]. It ranged from 3.63 for YMnO3 to 0.9 for YMn0.90Ti0.10O3+δ 

(Table 2), indicating that Ti-doping up to x = 0.10 reduced geometrical frustration of 

triangular lattice and therefore strict antiferromagnetic ordering. Obviously, 

nonmagnetic Ti
4+

 in crystal lattice partially broke superexchange interaction path 

between Mn
3+

 ions that resulted in the decrease of TN, |θ| and f altogether. Increase of 

the parameter f above this concentration is not easy to analyse and understand, due to 

the stronger structural changes induced with higher doping. Deeper understanding of 

such phenomena is missing and therefore calls for some advanced microscopic 

magnetic study rarely done for substituted systems [46].  

 

Table 2 The values of Néel temperature (TN), Weiss parameter (|θ|), frustration 

parameter (f) and effective magnetic moment (μeff) for YMn1–xTixO3+δ (x = 0, 0.04, 0.08, 

0.10, 0.15, 0.20) samples. 

x TN [K] |θ| [K] f μeff [μB] 

0 80 ± 1 290.3 ± 0.6 3.63 ± 0.06 3.800 ± 0.003 

0.04 60 ± 1 103 ± 2 1.72 ± 0.07 3.699 ± 0.008 

0.08 24 ± 1 36.7 ± 0.4 1.53 ± 0.09 3.558 ± 0.003 

0.10 43 ± 1 38.6 ± 0.6 0.90 ± 0.04 3.623 ± 0.004 

0.15 22 ± 1 46.2 ± 0.2 2.1 ± 0.2 3.561 ± 0.002 

0.20 20 ± 1 77.4 ± 0.4 3.9 ± 0.3 3.478 ± 0.003 

  

Hysteresis curves M(H) measured at 3 K and 30 K are shown in Fig. 9. 

Magnetization of YMnO3 exhibited nearly linear M(H), with small magnetization, 

indicating antiferromagnetic-like behavior at 3 K and 30 K. M(H) curves, measured at 

3 K and 30 K, for YMn1–xTixO3+δ (x = 0.04, 0.08, 0.10, 0.15, 0.20) samples, have higher 

magnetization at 5 T field than the YMnO3, but still small, ranging from 0.25 to 
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0.4 Bohr’s magneton (μB) per Mn
3+

 ion, in comparison with 0.08 μB for pure YMnO3. 

Besides being far from saturation (4μB per Mn
3+

 ion), M(H) curves showed a tiny 

bending at high fields. At 3 K, all doped samples showed relatively large coercive field 

of order of 1000 Oe (inset in Fig. 9a), similar to pure YMnO3. Obviously, the Ti-

substitutions did not increase the magnetic hardness, showing that the domain wall 

dynamics is inherent to magnetic system of YMnO3. There is no drastic difference in 

microstructure between the differently substituted samples, therefore no drastic change 

of their magnetic hysteresis loops appeared. On the other hand, the amount of 

magnetization grew expectedly due to breaking the frustrated magnetic lattice, which 

had antiferromagnetic ground state, and introduction of uncompensated magnetic 

moments. Besides increasing the magnetization, Ti-substitution enhanced weak 

ferromagnetism due to breaking the symmetry of superexchange bridges, which 

increased the spin canting. Namely, the partial substitution of Mn
3+

 with Ti
4+

 led to 

increase in Mn–O–Mn bond angles (Fig. 3 c,e,g) and, consequently, to weakening of 

superexchange interaction responsible for predominantly antiferromagnetic ordering, 

and enhancing the possible Dzyaloshinskii-Moriya term at the same time. That is visible 

in lowering of TN and in enhancing the anti-symmetric exchange interaction between 

magnetic ions responsible for spin canting and weak ferromagnetism. At 30 K, 

coercivity of substituted samples diminished for one order of magnitude contrary to 

undoped compound (inset in Fig. 9b), that is in agreement with approaching to the 

lowered phase transition temperature of the substituted compounds. The magnetic 

moments per formula units cannot be determined from saturation values of M(H) curves 

at low temperatures, but effective moments can be deduced from the slopes of M(H) 

curves above magnetic transition, being in agreement with relatively small values 

obtained from M(T) analysis. Our results indicated the weak ferromagnetic behavior 

below the appropriate Néel temperature, most pronounced in YMn0.90Ti0.10O3+δ ceramic 

sample, which makes it the favourable candidate for thin films applicable in spintronics.  
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Fig. 9 (color online) Magnetic hysteresis curves M(H) for YMn1–xTixO3+ (x = 0, 0.04, 0.08, 

0.10, 0.15, 0.20) ceramic samples at: (a) 3 K and (b) 30 K 

 

The decrease of cH, as out-of-plane lattice parameter, is a consequence of 

prevailing reduction in geometrical frustration when concentration of Ti
4+

 increases. Ti-

doping also caused a change of Mn–Mn distances, Y–O bond lengths and Mn–O–Mn 

bond angles in a manner that confirms the reduction of crystal lattice distortion and 

trimerization of Mn ions (Fig. 3). The trend of their change is not completely regular, 

but it is obvious enough, and the irregularities might come from the defects and 

inhomogeneities in the polycrystalline systems. The increase of Mn–Mn distances and 

Mn–O–Mn bond angles for a series of concentrations x = 0, 0.10, 0.15 caused the 

weakening of superexchange interaction (reflected in reduced Néel temperature) and the 

strengthening of weak ferromagnetic coupling of spins (reflected in increased 

magnetization). 

  

4 Conclusions 

 

 YMn1–xTixO3+δ (x = 0, 0.04, 0.08, 0.10, 0.15, 0.20) ceramic samples obtained by  

polymerization complex method were investigated in terms of their structural, 

microstructural, ferroelectric and magnetic characteristics. The correlation between the 
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structural/microstructural properties and magnetic/ferroelectric characteristics of YMn1–

xTixO3+δ ceramics was elucidated during this research. Ti-substitution in YMnO3 was 

accompanied with structural transition from hexagonal (P63cm) structure to 

rhombohedral (R3c) superstructure, starting from x = 0.08. The partial substitution of 

Mn
3+

 with Ti
4+

 in YMnO3 led to decrease of microcracks and pore density. Ti-doping 

also affected ferroelectric and, especially, magnetic behavior of investigated samples. 

YMn1–xTixO3+δ samples mostly exhibited a reduction in leakage currents, but 

ferroelectric response was not significantly improved. The results of magnetic 

measurements showed that incorporation of nonmagnetic Ti
4+

 in YMnO3 broke 

exchange paths and increased Mn–Mn distances and Mn–O–Mn bond angles, leading to 

suppression of antiferromagnetic ordering. It was also accompanied with lowering of 

the Néel temperature and weakening of Mn
3+

 trimerization, resulting in considerable 

increase of magnetization. The certain enhancement of magnetic response after Ti-

doping of YMnO3 could be exploited for practical use. The optimal dopant 

concentration was achieved in YMn0.90Ti0.10O3+δ, because this sample had the highest 

relative density, and it exhibited slightly stronger ferroelectric response as well as the 

largest magnetic response.  
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