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Abstract

A new synthesis route for obtaining a single-phase hexagonal YMnO; was developed, based on the annealing of the amorphous
precursor powder obtained by the glycine—nitrate combustion method. The process was monitored by XRD as well as by magnetic and
heat capacity measurements. The analysis of these data shows that precursor powder undergoes a gradual phase transformation that
depends on the annealing temperature. The metastable orthorhombic YMnO; phase is the first to appear at temperatures below 700 °C,
while a mixture of ortho- and hexa-phases was found to exist within the 700-900 °C range. An almost complete conversion to hexa-
phase occurs at 900-1000 °C, but to obtain the pure, well crystallized h-YMnO; phase an annealing temperature of 1300 °C was
necessary. The synthesis method applied in this work has been proved to be more convenient for obtaining single-phase h-YMnO; than
by a solid state reaction. In addition, it is capable of producing sample free of parasitic phases that are often present in specimens
obtained by other synthesis methods.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Manganites with the general formula RMnO;, where R
denotes rare-earth cation, can be found within two crystal
symmetries, both attracting vast interest from the viewpoint of
a basic science as well as due to their huge application
potentials. For a large cation radius (R=Lu-Tb subgroup),
these compounds crystallize in a perovskite structure type, in
the orthorhombic space group (SG) Pnma. When being hole-
doped through the partial R>* substitution by A>* cation
(A=Ca, Sr, Ba) they exhibit colossal magnetoresistivity
(CMR), which is of a substantial importance for possible
applications [1]. For a smaller cation radius (R=Ho-Lu, Y,
Sc), a hexagonal structure with the SG P6;cm proves to be the
most stable crystal phase [2], although by applying special
synthesis techniques, an orthorhombic structure can also be
realized within this group of compounds [3].
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Both perovskite and hexagonal manganites can exhibit
multiferroic properties, meaning that both ferroelectric and
magnetic ordering can coexist in the same material. A coupling
between these ordering parameters is of interest for electronic
industry, since it allows control of either ferroelectric proper-
ties by a magnetic field, or magnetic properties by an electric
field [4]. However, in a majority of manganites this magneto-
electric coupling is of a small intensity, thus limiting their
application usability. Interest in hexagonal YMnOj; has been
largely intensified after a discovery of a considerable dielectric
constant anomaly found in the vicinity of its Néel temperature
T [5], which points to a strong magnetoelectric coupling in
this material. Consequently, the crystal structure, electric and
magnetic properties of YMnOj; has been thoroughly studied.
The temperature of its ferroelectric ordering is found to be
Trre ~ 900 K, which is by an order of magnitude higher than
its Néel temperature Ty~ 70 K [6]. The magnetic ordering
that establishes below Ty is geometrically frustrated since
anti-ferromagneticaly interacting Mn® " ions occupy the quasi-
two-dimensional triangular lattice [7].
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In contrast to the crystal structure data and transport
properties, existing reports on magnetic properties of a
hexagonal h-YMnO; are not consistent. One can roughly
distinguish between the two types of reported magnetic
behavior. Samples belonging to the first type undergo the
anti-ferromagnetic transition at T between 60 and 70 K,
which is confirmed by a number of neutron scattering and
magnetic measurements [§8], showing also the characteristics of
a magnetically frustrated system [9]. This type of behavior has
been recognized as a footprint of a single-phase polycrystalline
h-YMnOs;. The second type of YMnO; magnetic behavior is
also frequently reported and characterized by the peak in the
zero-field-cooled (ZFC) magnetization curve at around 41 K
[10]. Its origin seems to be rather unclear and it is, in general,
ascribed to the presence of structure defects and/or impurities.
Proposed explanations point to several possible reasons: a
small presence of orthorhombic o-YMnQO; phase [11,12]
undetected by an XRD; a small amount of Mn;O, impurity
[7,13,14]; sub-stoichiometry of oxygen (i.e. h-YMnO;_s com-
position) [13]; a re-entrant spin-glass transition as in the case of
Mn rich h-YMnO; [15]. Except for the presence of an
0-YMnOs phase, the rest of the above listed causes are linked
to the deviation from nominal oxygen concentration in
h-YMnO; samples. Moreover, it was reported that, due to
its higher oxygen content, YMn,Os is more stable than
h-YMnOs; at low temperature [16,17]. Having in mind all of
the above listed facts, the quest for an appropriate synthesis
technique necessary for obtaining single-phase stoichiometric
h-YMnOs; is obviously of paramount importance.

A commonly employed technique for h-YMnO; prepara-
tion is a conventional solid state reaction in air [18-20]. Such
approach requires high sintering temperature and a long
heating time. In addition, the intermediate grindings that are
necessary to eliminate parasitic phases additionally prolong
and complicate the preparation process. Recently, an SPS
(Spark Plasma Sintering) technique followed by the annealing
at 1200 °C in air was used for obtaining h-YMnO3 [21].
Although this approach significantly reduces the number of
necessary steps in a synthesis procedure, the existence of
unresolved ferromagnetic peak at 40 K points to a presence
of an unknown parasitic phase in the final YMnO; sample.

In this work, we are presenting the new preparation
route for the synthesis of polycrystalline h-YMnO;. The
glycine—nitrate combustion method was employed for the
preparation of a precursor, which was afterwards annealed
at temperatures up to 1300 °C in an inert atmosphere
(nitrogen flow). An evolution of the crystal structure and
magnetic properties is reported, and the evidences on a
single-phase h-YMnO; composition of the final specimen
are provided. This recommends the applied method as the
convenient one for preparation of a pure h-YMnOs.

2. Experimental
The YMnO; samples were prepared by sintering of a

precursor powder obtained by the glycine—nitrate combus-
tion method. The starting mixture consisted of an aqueous

solution of glycine, Mn(NOs3), and Y(NOs); in the molar
ratio 1:1:1. The prepared solution was stirred for 1 h at
room temperature in order to achieve high homogeneity.

The so-obtained solution was heated on a hot plate
while stirring, in order to evaporate the excess water. The
remaining material was further kept at 200 °C until a
spontaneous ignition occurred, resulting in a black powder
residue after a short combustion process. Before annealing,
the powder was pressed in pellets applying a pressure of
1 T/em?. The pellets were annealed under nitrogen flow for
2 h at different temperatures ranging from 600 to 1300 °C.

A phase composition of the obtained samples was
examined by an X-ray powder diffraction (XRPD) per-
formed on a Philips 1050 diffractometer, using Ni-filtered
Cu-Ka radiation and a Bragg-Brentano focusing geome-
try. Magnetic measurements were done by utilizing a
Superconducting Quantum Interference Device (SQUID)
magnetometer (Quantum Design MPMS XL-5). The spe-
cific heat was measured on a Quantum Design PPMS
device in different magnetic fields up to 5 T.

3. Results and discussion
3.1. X-ray diffraction

The powder X-ray diffraction patterns of the sample
obtained by combustion as well as of the samples subse-
quently annealed at several temperatures in the 600-900 °C
range are shown in Fig. 1. In the patterns corresponding to
the as-prepared sample and the S600 sample, no diffrac-
tion maxima can be identified, which points to their
amorphous nature. In the XRD pattern of the S700
sample, only those diffraction maxima belonging to the
orthorhombic phase of YMnOs; (space group Pnma, JCPD
Card No. 56617) were visible. Thus, under the applied
annealing conditions, the metastable orthorhombic phase
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Fig. 1. Structural evolution of YMnO; powder as a function of annealing
temperature.
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Fig. 2. XRD spectra of YMnOj; annealed at 1000 °C and 1300 °C.

of YMnO; (marked by open squares in Fig. 1) is the first to
crystallize at 700 °C. By increasing the annealing tempera-
ture up to 800 °C, additional peaks appeared (marked by
filled circles), which correspond to a hexagonal YMnO;
phase (SG P6scm, JCPD Card No. 154127). Subsequent
annealing at 900 °C resulted only in a small increase of the
hexagonal phase content.

XRD patterns of the samples annealed at temperatures
above 900 °C are shown in Fig. 2. As it can be seen, an
annealing for 2 h at 1000 °C resulted in a disappearance of
the diffraction maxima belonging to the orthorhombic
phase. Apparently, the complete conversion from the
orthorhombic to the hexagonal phase in YMnOj occurs
within the 900-1000 °C range. Increasing of the annealing
temperature up to 1300 °C produced no visible changes in
the diffraction pattern and, therefore, no visible change in
the phase composition or the crystallinity of a sample.
These results of an XRD analysis show that the applied
synthesis method enables production of the hexagonal
YMnO; sample already at annealing temperature of
1000 °C. The most common parasitic phases (Mn;Oy,
YMn»Os and Y,03) were not detected. However, it should
be noted that due to proximity of the orthorhombic and
hexagonal XRD spectra, as well as limited sensitivity of an
XRD analysis, the X-ray data alone cannot serve as a
definite evidence of a phase purity, as is clearly demon-
strated by magnetic measurements described in Section 3.2.

3.2. Magnetic measurements

It is well known that high sensitivity magnetometry is an
invaluable tool for probing the phase composition of
magnetic materials, since it can detect a magnetic impurity
phase even when its quantity falls far below the detection

threshold of an XRD method. Two of the above listed
impurity phases that can be found in YMnOj; are magnetic
(Mn304 — ferromagnetic ordering at Tc~x42 K [22],
YMn,0Os5 — helical ordering at Tc~44 K [23]), and in
addition to these, an orthorhombic YMnO; also possesses
anti-ferromagnetic ordering at T=41 K [24,25]. Thus, in
order to monitor the phase evolution during the synthesis
process as well as phase purity of the obtained YMnO;
samples, we have conducted the magnetic measurements
on the SQUID-based magnetometer within the 2-100 K
temperature range that encompasses the critical tempera-
tures of the above listed magnetic phases.

Magnetization measurements were performed in two
regimes: (i) in the zero-field-cooled (ZFC) regime where
sample was cooled down to 2 K from the room tempera-
ture without magnetic field, and afterwards magnetization
was recorded by heating the sample in the applied field,
and (i) in the field-cooled-regime (FC) in which sample
was first cooled down in the applied field, and then its
magnetization during heating in the same field was
recorded. The ZFC and FC magnetization branches for
S700 and S800 samples recorded in an applied magnetic
field of 100 Oe are depicted in Fig. 3(a) and (b), respec-
tively. Two maxima, centered at around 8 K and 42 K, can
be observed in the ZFC branch of both samples. The peak
at 42 K is identified as a critical point of the AF phase of
ortho-YMnOj;. The peak at 8 K for S700 sample is narrow
while the ZFC—FC bifurcation point is located at the peak
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Fig. 3. Temperature dependence of magnetization in ZFC and FC
regimes in an applied field of 100 Oe for samples (a) S700, and (b) S800.
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maximum. In addition, magnetization in the FC branch
constantly increases with the temperature decrease. Such a
behavior points to a spin-glass (SG) phase of the re-entrant
type, since its onset is below the temperature of the AF
ordering. However, for S800 sample the low temperature
peak considerably broadens while ZFC-FC separation
occurs at about 70 K that is well above Tn=42 K. These
results can be explained by correlating them with the
conclusions drawn from XRD data. The S700 sample
contains ortho-YMnOj; phase only, and also its crystal-
linity is lower compared to the other samples that were
annealed at higher temperatures. Consequently, S700
sample displays the maximum at 42 K that corresponds
to AF transition point of an ortho-YMnOj; phase. In
addition, its low crystallinity causes structural disorder
that consequently induces randomness of magnetic inter-
action, thus leading to the formation of SG phase with the
peak at 8 K. The sample S800 is a mixture of ortho- and
hexa-YMnOj; phases with the improved crystallinity in
comparison to the S700 sample. This results in an increase
of the spin correlation lengths, and so a SG phase changes
from a short-range one to a cluster-glass type which causes
a broadening of the low-temperature maximum. Separa-
tion between ZFC and FC branches that occurs at about
70 K originates from the emergence of a hexa-YMnO;
phase with the critical point at 70 K [26,27].

Results of magnetization measurements for S1000 and
S1300 samples are shown in Fig. 4(a) and (b), respectively.
Although the XRD data of the S1000 sample point to a
single hexagonal phase, the existence of a peak at 42 K in
ZFC branch proves that small amount of ortho-YMnO;
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Fig. 4. Temperature dependence of magnetization in ZFC and FC
regimes in an applied field of 100 Oe for samples (a) S1000, and (b) S1300.

still remains, Fig. 4(a). Also, a broad low-temperature
maximum is still visible thus showing that structural
defects are still present to some extent. However, in the
case of S1300 sample, both peaks at 8§ K and 42K
disappear, and only singularity at 71 K remains that
proves phase purity of this sample. Consequently, we can
conclude that annealing at 1300 °C eliminates all parasitic
phases, and produces the well crystallized, pure hexagonal
YMnO; phase with the AF transition point at 70 K
[18,27].

3.3. Heat capacity

Additional probing of the phase composition of the final
YMnO3 sample S1300 was done by specific heat measure-
ments using a Quantum Design PPMS device. The tem-
perature dependence of the measured specific heat C values
is shown by open symbols in Fig. 5. Measurements were
done in zero applied field, as well as in 1 kOe and 5 kOe
fields, and no field dependence was noticed. The single
sharp anomaly appears at 70 K for all field values, and it
matches the AF transition temperature of a pure
h-YMnOj; phase [26] that is in excellent agreement with
the magnetization measurements presented in previous
section. No other anomalies were observed, which addi-
tionally speaks in favor of the phase purity of the obtained
h-YMnOs.

In order to verify the origin of the magnetic contribution
Chag to the overall heat capacity in the vicinity of 70 K we
have performed a calculation of the lattice heat capacity
Cia; and then subtracted it from the total (i.e. measured)
heat capacity C. The lattice capacity Cy,, was calculated in
a manner described in Ref. [18]: two Debye functions were
used, one for heavy elements (Y and Mn), and the other
one for the light element (oxygen). The Debye tempera-
tures 0p were determined from the fit to the experimental
data within the high temperature interval (160-210 K) i.e.
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Fig. 5. Measured heat capacity (symbols) and calculated lattice heat
capacity (line) by the method described in the text. Insets: magnetic
contribution Cy,,, obtained by subtracting lattice contribution from the
measured values (upper left); the entropy of magnetic contribution
calculated by integrating C,,, (lower right).
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for temperatures that satisfy 77> 2 Ty. The so-obtained
values were 6Op(heavy)~ 380K and 6p(light) ~ 800 K,
which are in excellent agreement with the values from
Ref. [18]. The lattice heat capacity calculated by using
these Debye temperatures is depicted by full line in Fig. 5.
The magnetic contribution C,, is also shown in Fig. 5
(upper right inset). By integration of Cp,,, the value of the
entropy Smae Was obtained and it is depicted in Fig. 5 (lower
right inset). The entropy value expected for Mn>™ ion in
strong crystal field (freezing of orbital moment, thence
J=S; S5=2) is Smae=RInQ2S+1)=13.38Jmol 'K~
Thus, a very good agreement between expected and the
obtained entropy values (about 98% matching) leads to the
conclusion that magnetic entropy Sp,e originates from the
YMnOj; contribution only.

4. Conclusion

We have applied a new synthesis route for obtaining a
single-phase hexagonal YMnO;. The proposed route con-
sists of two stages: the first one is based on the glycine—
nitrate method used for obtaining an amorphous precursor
powder, which was subsequently annealed during the
second stage, up to the temperature of 1300 °C under the
inert gas (nitrogen) flow. The process was monitored by an
XRD, as well as by the magnetic and heat capacity
measurements, and the analysis of these data show that
precursor powder undergoes the gradual phase transfor-
mation that depends of the annealing temperature. Below
700 °C, the metastable orthorhombic phase is the first to
appear, while a mixture of ortho- and hexa-phases was
found to exist within the 700-900 °C range. In the
temperature range 900-1000 °C, an almost complete con-
version to the hexa-phase occurs but in order to obtain
pure, well crystallized h-YMnO; phase, the annealing
temperature of 1300 °C was necessary.

The synthesis method applied in this work has been
proved to be more convenient for obtaining single-phase
h-YMnOj; than the usually applied solid state reaction. In
addition, it is capable of producing sample free of parasitic
phases that are often present in specimens obtained by
other synthesis methods.
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