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Abstract

Yitrium manganite (YMnQ;) is widely investigated multiferroic material with potential use in many technolog-
ical applications. In this paper, we report on the preparation and characterization of multiferroic hexagonal
YMnO3 ceramics obtained by chemical synthesis route. Precursor powders were prepared by the polymer-
izable complex method from citrate precursors. After calcination at 900 °C the powders contained mixture
of Y-Mn-O phases which were further sintered at different temperatures. XRD analysis revealed that sinter-
ing at 1400 °C resulted in the formation of pure hexagonal YMnQO;. Density of the obtained ceramics was
96 %TD. The ceramic samples proved to have multiferroic properties — they are antiferromagnetic below 42 K
with linear dependence of magnetization as a function of applied magnetic field. The ferroelectric measure-
ments performed at room temperature showed remanent polarization of 0.21 uCjem? and the coercive field of
6.0 kV/cm for the YMnO; sample sintered at 1400 °C. The magnetization curves measured at 2 and 5 K for the
powder samples calcined at 900 °C and ceramic samples sintered at 1300 °C exhibited a hysteresis loop due
to a small concentration of Mn;0,, in the samples.
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I. Introduction YMO, the Néel temperature (7y) for the antiferromag-
) ) ) o ) netic (AFM) transition is around 80 K, while the Curie
Multiferroics are functional materials in which two o\ herature (70) for the ferroelectric transition is 914 K
or more primary ferroic properties (ferroelectricity, fer- [4,5]. These parameters for o-YMO are 42K (T) and
romagnetism or ferroelasticity) simultaneously existin 31 g (T¢) [5.,6]. Because of its multiferroic properties
the same phase [1.2]. One of the most investigated  yNQ has become very interesting from the scientific

groups of this kind of materials are rare earth mangan- 54 technological point of view with possible applica-
ites, REMnO;, (RE is rare earth element), which simul- tions, especially in ferroelectric memory devices, mag-

t:aneously exh1b1t.ferroelectr1.c1ty.anq magnetic proper-  pae storage, transducers, non-volatile memories, etc.
ties. These materials crystallize in either hexagonal or [2.3.7]
orthorhombic crystal system in dependence on the RE Various synthetic methods are used for the prepara-

ionic radlus.— smaller cations cause the transition from tion of YMO. Metastable 0-YMO can be prepared either
onhorhoml?lc to hexagopal lattice [3]. Among these ma- by methods involving high temperature and pressure [8—
terials, yttrium manganite (YMnO,, YMO) stands out, 11] or by mechanochemical synthesis [12,13]. Hexag-
since the size of the Y>* allows the crystallization in  gnal YMO can be prepared by solid state reactions
both crystal systems. The hexagonal structure (h-YMO,  [4,14-17], hydrothermal processes [18-20] and chem-
space group P63cm) is stable under ambient conditions  jca] methods [11,21-25]. Compared to other routes,

while orthorhombic one (0-YMO, space group Pbnm)  chemical methods offer many advantages. They are less
is metastable, but both are multiferroic. In the case of h-  expensive, with simple reaction conditions. The con-

trol of product’s stoichiometry can be achieved only
by changing the composition of the precursor solu-
tion. Many different precursors can be used: nitrates,
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acetates, carbonates, oxides etc. and combined with
different organic/ inorganic acids and various solvents
[10,11,21,22].

All these methods are applicable for the synthesis
of YMO powders, but there are some challenges con-
cerning the preparation of single phase YMnO; bulk
ceramic materials. Possible change of the manganese
oxidation state during the synthesis can influence the
phase composition and especially magnetic properties
of YMO ceramics. The existence of two or more dif-
ferent oxidation states of Mn with different number
of d-electrons can violate the antiferromagnetic order
in the prepared material. Also, high temperature phase
transition from paraelectric to ferroelectric phase in h-
YMO, which occurs during the sintering process, re-
sults in large volume change and together with highly
anisotropic thermal expansion coefficients generate the
microcracks in the sintered samples [26]. This phe-
nomenon, on the other hand, strongly influences the fer-
roelectric properties of the sintered samples.

In this work we used polymerizable complex method
(PC method), which is a modification of the well-known
Pechini process [27] for the synthesis of YMO powder
and ceramic samples. The aim was to prepare dense
ceramic materials of single phase hexagonal YMO,
to investigate their structural, magnetic and ferroelec-
tric characteristics, correlate them with process param-
eters and compare obtained results with available litera-
ture data.

II. Experimental procedure

Starting materials for the YMO precursor solution
were Mn(CH,COO), -4 H,O (Sigma-Aldrich, 99.99%)
and Y(NO;), -xH,0, (Sigma-Aldrich, 99.9%). Citric
acid (C4HgO,-H,0, Lach-Ner, 99.8%) was used as
chelating agent, while ethylene glycol (C,H,O,, Lach-
Ner, 99.8%) was used for the polyesterification reaction
and as a solvent.

Mn(CH,COO0), - 4H,0 was dissolved in 2M water
solution of citric acid (CA). This mixture was refluxed
for three hours at 60 °C. Afterwards, the obtained pre-
cipitate was dissolved by adding concentrated ammo-
nia, until pH value of the solution was set to 7. In this
solution ethylene glycol (EG) was added to achieve Mn
: CA : EG molar ratio 1 : 4 : 30.

In another beaker, Y(NO,), - xH,O was dissolved in
EG, and solid CA was added to the solution. Molar ratio
Y : CA : EG was the same as in the case of previously
prepared manganese citrate solution, i.e. 1 : 4 : 30. Final
precursor solution for the preparation of YMO powder
was obtained by mixing manganese and yttrium citrate
solutions in equimolar metal ratio.

In order to insure mild burning and slow decomposi-
tion without organic residue, and to avoid potential ma-
terial losses as a consequence of extensive foaming, pre-
pared precursor solution was slowly dried until the gel
was formed. Afterwards the dried gel was calcined at
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two different temperatures: 800 and 900 °C for 5 h.

For the preparation of ceramic samples only the pow-
ders calcined at 900 °C were used. They were uniaxi-
ally pressed into pellets of 6 mm in diameter at 784 MPa
(8 t/cm?), and separately sintered at 1300 °C for 10 h and
1400°C for 2h in air atmosphere. Based on the sin-
tering temperature the ceramic samples are denoted as
YMO1300 and YMO1400.

The calcined powders and ceramic samples were
analysed by X-ray diffraction method (XRD, Ultima
IV Rigaku diffractometer) and the Powder Cell soft-
ware [28] was used for determination of an approxi-
mate phase composition in a Rietveld-like refinement.
For further characterization of the prepared samples
scanning electron microscopy (SEM, TESCAN Vega
TS 5130 MM), field emission scanning electron micro-
scope (FESEM, JEOL, Model JSM-6701F) and trans-
mission electron microscopy (TEM JEOL, Model 2010)
were used. Magnetic measurements of the prepared
samples and pure Mn,O, sample (Sigma-Aldrich, 97%)
were carried out with a SQUID MPMS-XL-5 magne-
tometer from Quantum Design. The zero-field-cooled
(ZFC) and field-cooled (FC) magnetization vs. temper-
ature curves were studied in the temperature range 2—
300K, while isothermal magnetization measurements
were recorded between —50 kOe and 50 kOe at two tem-
peratures, 2 or 5 and 300 K. Standard bipolar hysteresis
measurements of the ceramic samples were performed
on Precision Multiferroic Test System (Radiant Tech-
nologies, Inc.), consisting of Multiferroic Test Unit and
the High Voltage Amplifier up to 4000 V. The hystere-
sis period varied up to 250 ms and the applied field was
15kV. Thin layer of silver paste was applied on both
polished surfaces of the samples before measurements,
followed by burnout of the organic paste ingredients at
150 °C, while the sample holder was made of platinum,
providing good electrical contacts.

II1. Results and discussion

The XRD pattern of the powder calcined at 800 °C
(Fig. 1) shows that the crystallization process has
started, but it is not completed yet at this tempera-
ture since the large amount of amorphous phase is still
present in the sample. The main reflections belonging to
orthorhombic and hexagonal phases of YMnO; can be
observed, together with weak reflections of YMn,Os.

Increasing the calcination temperature to 900 °C re-
sulted in better crystallization of material (Fig. 1). Ac-
cording to the XRD analysis, this powder contains
58 wt.% of 0o-YMnO, (PDF #20-0732), 20 wt.% of h-
YMnO, (PDF #25-1079) and 22 wt.% of YMn,O (PDF
#34-0667). Due to the better crystallinity the powder
calcined at 900 °C was further used for the preparation
of ceramic samples.

The morphology of YMO powder calcined at 900 °C
was analysed by means of electron microscopy. FE-
SEM micrographs (Fig. 2) show well crystallized ma-
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Figure 1. XRD patterns for powders calcined at 800
and 900 °C
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Figure 2. FE-SEM micrographs of the YMO powder calcined
at 900 °C at different magnifications: a) 15000 and b) 60000

terial. It can also be seen that material is composed of
polygonally shaped particles with their size ranging be-
tween 50 and 300 nm. The results of transmission elec-
tron microscopy analysis of the powder samples cal-
cined at 900 °C confirmed the results of XRD analysis
since different Y-Mn-O phases were detected. Interpla-
nar distances of 3.7 A and 2.9 A marked in Fig. 3 cor-
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Figure 3. TEM micrograph of the prepared YMO powder
calcined at 900 °C

respond to (002) and (020) crystal planes of 0-YMnOj,,

respectively, while the distance of 5.6 A corresponds to
the reflections from (002) planes of h-YMnO,.

The presence of YMn,O; is related to calcination
temperature of 900 °C, which belongs to the tempera-
ture range of 800-1100°C in which YMn,Oy is sta-
ble [29,30]. Literature data show that this compound
can be formed as a secondary phase during the thermal
treatment when YMnO; is synthesized in oxygen atmo-
sphere, but not in the reduction atmosphere [21,22]. In
the case of this study, the amount of atmospheric oxy-
gen was therefore sufficient for the burning of organic
material and partial oxidation of Mn** to Mn** which
led to the formation of YMn,Ox.

Figure 4a shows the magnetization curve of the YMO
powder calcined at 900 °C as a function of magnetic
field measured at 5 K (M(H) curve). At this temperature
pure YMO should show antiferromagnetic behaviour
and the M(H) curve should be linear. Furthermore, the
mixture of three different antiferromagnetic phases such
as h-YMO, 0-YMO and YMn, O, should also show lin-
ear dependence of the magnetization as a function of ap-
plied magnetic field. It can be seen that in our case the
magnetization curve shows narrow magnetic hysteresis
loop with remanent magnetization (Mg) of 0.057 emu/g
and low coercive field (470 Oe), but without saturation
of magnetization up to 50kOe. The literature shows
that this kind of hysteresis can exist in nanosized YMO
powders [24,31] or in the presence of spin-glass state
[32,33]. However, the most common reason for such be-
haviour is the existence of magnetic impurities present
in the sample [10,22,34]. Still, the results of our XRD
and FE-SEM analyses exclude these possible answers.

The thermal evolution of susceptibility for the pow-
der calcined at 900°C is presented in Fig. 4b. Ini-
tially, as the temperature decreases, the magnetization
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Figure 4. Magnetic properties of the YMO powder calcined at 900 °C: a) isothermal M(H) loop measured at 5 K (inset shows
magnification of the low field region), b) susceptibility as a function of temperature, ZFC and FC cycles, measured under an
applied field of 100 Oe (inset shows thermal evolution of the inverse susceptibility)

increases over the broad temperature region. At tem-
peratures lower than 50 K, ZFC and FC curves start to
separate. The measured value of the critical tempera-
ture for the calcined powder is 42 K, which is very close
to the literature data for the Ty values of the two ma-
jor phases in the powder: 0-YMO (42 K) and YMn, O
(44 K), but it also matches a transition temperature into
a ferrimagnetic state of Mn;0, (42 K) [4,5,22]. The val-
ues for effective magnetic moment (i rr) and the Curie-
Weiss temperature (6¢cy) are obtained by fitting the lin-
ear part of the inverse susceptibility vs. temperature
curve with the Curie-Weiss law (inset in Fig. 4b). The
obtained value for Ocy was —276K, and for the . zf
was 3.67 ug, which is below the expected value for the
spin-only Mn*" ions in the ground state. Lower value
for u.rr is the result of the existence of Mn ions with
mixed oxidation states of +3 and +4. The existence
of secondary phases disables superexchange reactions
throughout the structure, and favours double exchange
reactions between Mn>* and Mn** ions [35].

The evaluation of the results of magnetic measure-
ments points to the conclusion that calcined powder has
short range antiferromagnetic order with possible pres-
ence of Mn;0, as a parasitic phase.

In order to get better insight into the origin of mag-
netic hysteresis in the M(H) curve of the powder cal-
cined at 900 °C, we performed the magnetic measure-
ments for the pure Mn,;O, commercial powder. The
measured ZFC and FC susceptibility in the pure Mn,;0,
around the transition temperature of 42K are qualita-
tively similar to the ZFC-FC splitting of YMO pow-
der calcined at 900 °C shown in Fig. 4b. We calcu-
lated the amount of Mn;O, in our sample by compar-
ing the remanent magnetizations of our YMN powder to
those of the commercial Mn,;O, powder. The value for
the remanent magnetization of the commercial powder
was 30emu/g, while it was 0.057 emu/g for our sam-
ple. Based on these results, we concluded that there was
0.2wt.% of Mn,0, in the powder calcined at 900 °C
which is the value below the detection limit of XRD
analysis performed for the same sample.
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Results of the XRD analysis of YMO1300 ceramic
sample (Fig. 5), show that its’ major phase is h-
YMO (94 wt.%). However, weak reflections at 36.10
and 32.39° 26 can be attributed to the Mn,O, (PDF
#75-1560). The presence of 6 wt.% of Mn,O, in the
sample is the result of precursor powder’s composi-
tion which contained YMn,O;. By analysing the MnO, -
YO, 5 phase diagram it can be seen that YMn,O; is
stable up to 1461 K [29,36,37]. Above this temper-
ature YMn,O, decomposes to YMnO,, Mn,0O, and
O,. The XRD pattern of YMO1400 (Fig. 5) reveals a
well-crystallized single-phase material with main peaks
which can be attributed to the hexagonal YMnO; with
P63cm space group.

Microstructure of the prepared ceramic samples was
analysed by scanning electron microscopy. The sample
YMO1300 (Fig. 6a) is composed of grains having sizes
from 2 to 20 um. The inter- and intragranular cracks
[26] characteristic for this material are present in the
sample beside the density of about 93 %TD. Microstruc-
ture of the surface of YMO1400 ceramic samples shows

o 0 h-YMnO3
# MI1304
[o]
_‘? %o o
®
c o l
E " - o 1400°C
P
1300°C
20 30 40 5'00 60 70 80
20 ()

Figure 5. XRD patterns of samples sintered at 1300 and
1400 °C from YMO powder calcined at 900 °C
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Figure 6. Microstructure of the free surfaces of samples: a) YMO1300 and b) YMO1400

similar results: well-crystallized material still with the
presence of cracks (Fig. 6b). The calculated densities of
these YMO ceramic samples were 96 %TD. It can be
seen that grains differ in shape and size, with their size
being in the range of 2 to 10 um.

Magnetic properties of YMO1300 are strongly influ-
enced by the presence of ferrimagnetic Mn,0, (Fig. 7a).
Isothermal magnetization curve taken at temperature of
300K is in agreement with the paramagnetic behaviour
of both phases above their Ty values. Contrary to the
expectations, M(H) curve taken at 2 K shows broad hys-
teresis plot with He = 9.4kOe and My = 2.05emu/g.
With observed Neel temperature of 43 K (Fig. 7b), it is
clear that magnetic properties of h-YMO are completely
masked by the presence of Mn;O, in the sintered sam-
ple [34].

The same method as for the determination of the
amount of Mn;O, present in the powder calcined at
900 °C, we used to calculate the amount of Mn,;O, in the
YMO1300 ceramic sample. After comparing the rema-
nent magnetization values for the commercial Mn;0,
and synthesized YMO1300 sample, we concluded that
the YMO1300 sample contains 6.8 wt.%, which is very
close to the result of the XRD analysis. This proves that

(a) &
| —=71=2kK
4 ——71=300kK %’#”M
c b7
S g P
E o — L
S —"7V
-4 5
-6-60 40 20 0 20 40 60
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magnetic measurements are sophisticated and show re-
sponse for the smallest amounts of ferromagnetic or fer-
rimagnetic impurities in the sample, which cannot be
detected by other methods.

Magnetic properties of the YMO1400 sample are pre-
sented in Fig. 8. It can be seen that at 5 K, magnetization
shows linear dependence on the applied magnetic field.
This is an indisputable sign of the true antiferromagnetic
order in this sample. Temperature dependence of sus-
ceptibility of the YMO1400 sample is presented in Fig.
8b. ZFC and FC curves are overlapping almost through-
out the whole temperature range. Reciprocal suscepti-
bility vs. temperature curve (y~'(T)) is given in the in-
set of Fig. 8b. The linear part of this curve above 120K
was fitted with the Curie-Weiss law, and the values for
Curie-Weiss constant and effective magnetic moment
were obtained. These results are: cy = —557K and
Herr = 5.08 up, which is very close to the spin-only
Mn>* ions in the ground state (tyg,+ = 4.90 up).

Magnetic measurements revealed two transition tem-
peratures: 75 and 42 K. The first one is very close to
the Ty value for h-YMnO;.The second one could be
the result of the existence of secondary phase whose
concentration is below the detection of the XRD anal-

1.4 200 (b)
N 7=
1.2 -\ -_E!no
<] sl §
1.0 2 o
ﬂ 8 ‘;I 0 50 100 150 200 250 300
- |
0.6+ |
0.4- |
g —e—ZFC
0.2 % —r Fc
0.0 = _
0 50 100 150 200 250 300
T(K)

Figure 7. Magnetic properties of the YMO1300 ceramic sample: a) isothermal M(H) loop measured at 2 and 300 K and b)
susceptibility as a function of temperature, ZFC and FC cycles, measured under an applied field of 100 Oe (inset shows
thermal evolution of the inverse susceptibility)
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Figure 8. Magnetic properties of the YMO1400 ceramic sample: a) isothermal M(H) loop measured at 5 K and b) susceptibility
as a function of temperature, ZFC and FC cycles, measured under an applied field of 100 Oe (inset shows thermal evolution
of the inverse susceptibility)

ysis, but still can be visible by the magnetic measure-
ments. As aforementioned, the transition temperature
of 42K matches the transition temperature values for
Mn;0,, YMn,O;4 and o-YMO. Since there is no hys-
teresis loop present in the M(H) curve we can exclude
strong Mn;O, as possible secondary phase. The value
of the effective magnetic moment suggests the existence
of manganese only in +3 oxidation state, so we con-
cluded that there could be a small amount of orthorhom-
bic YMnOj present in the sample.

In favour of this assumption goes the method used
for the preparation of YMO ceramic samples. Poly-
meric precursor method used in this research was em-
ployed for the synthesis of various perovskite com-
pounds [27,38]. The main stages of this synthetic
method include the dissolution of metal salts, formation
of metal—citrate complex compounds, polymerization
reaction between citric acid and ethylene glycol and fi-
nally, thermal treatment. The coordination around metal
ion formed in the complexation stage should remain the
same all through the thermal treatment and in the final
product (oxide). Based on this theoretical knowledge
and ideas of some authors [10,39] it was expected that
the main product of this chemical synthesis should be
perovskite 0o-YMnQO,, the phase with octahedral coordi-
nation around Mn>*-ion. However, Mn**-ion has unique
ability to adopt five-fold coordination which results in
the formation of the stable trigonal bipyramid environ-
ment and h-YMnOj; [40]. Alqat et al. [22] obtained a
mixture of o- and h-YMnO, phases using the glycine-
nitrate synthesis process and the thermal treatment at
800 and 900 °C. Similar results were achieved by us-
ing different precursors like Y,0, and Mn(CO,), [41]
or chelating agents like EDTA [42], which only proves
that either of two YMO phases is difficult to prepare in
the single-phase form. Nevertheless, even if it has negli-
gible amount of 0-YMO, we prepared the material with
true antiferromagnetic order without indications of any
magnetic impurities.

Hexagonal structure of YMO consists of layers of
MnOy trigonal bipyramids connected by in-plane O-
atoms and separated by the layers of Y-atoms [43].
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Figure 9. P-E hysteresis plot of YM01400 sample measured
at RT

This material is known as an improper, “geometrically
driven” ferroelectric, because its ferroelectricity comes
from the buckling of MnOs blocks and thus changes in
the O-Y bonds length. The microstructure of the ob-
tained ceramic samples, with the presence of inter- and
intragranular cracks, complicates the ferroelectric char-
acterization of the YMO ceramic samples and these ma-
terials usually show ferroelectric behaviour. The ferro-
electric measurements could not be performed for the
YMO1300 sample because the applied silver paste was
diffusing through the pellet and formed local short cir-
cuit. The results of the ferroelectric characterization of
the YMO1400 sample measured at room temperature
are presented in Fig. 9.

The values for remanent polarization value and the
coercive field were 0.21 MC/sz, and 6.0 kV/cm, respec-
tively. These results are far from the measurements per-
formed on the single crystal of YMO, but still are com-
parable to similar found in literature for polycrystalline
ceramic samples [25,31,44].

IV. Conclusions

Pure multiferroic h-YMnO, ceramic material was
prepared by polymeric precursor method starting from
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citrate precursors. After thorough investigation, we
could conclude that the method used in this investi-
gation minimizes the possibilities of phase composi-
tion changes through the synthesis process. The pow-
ders calcined at 900°C and sintered at 1400°C re-
sulted in the preparation of pure multiferroic ceramic
material based on hexagonal YMO with antiferromag-
netic and ferroelectric properties. Linear dependence of
magnetization with applied magnetic field at SK con-
firmed the antiferromagnetic nature of the YMO ceram-
ics. High density of these ceramic samples (96 %TD)
enabled its ferroelectric characterization. Room tem-
perature measurements revealed the remanent polariza-
tion of 0.21 uC/cm? and coercive field of 6.0 kV/cm for
the YMnO, samples sintered at 1400 °C. Also, mag-
netic measurements were used for the determination of
amount of Mn,0O, present in the calcined and sintered
samples. These measurements were in accordance with
XRD analyses and confirmed the assumption that weak
ferromagnetism in the YMO samples often derives from
the parasitic Mn,O, phase.
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