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A series of RMnO3; samples with R=Sc, Y, Dy-Lu was synthesized through a two-step route in which first
the hexagonal oxides, h-RMnOs, were prepared under normal pressure using an EDTA method and then
converted to orthorhombic perovskites, 0o-RMnOs, through a high-pressure treatment at 5 GPa and 800 °C.
Since all the aforementioned members but the R=Sc member were converted to an orthorhombic per-
ovskite phase under the 5-GPa high-pressure condition, an additional sample of InMnOs of the hexagonal
structure was prepared and tested for the high-pressure conversion. The stability limit of the orthorhom-
bic perovskite structure under the 5-GPa high-pressure condition was concluded to be located between
InMnOs and LuMnOs in terms of the size of the A-site cation constituent, R or In'!. The decrease in
the size of R was found to increase the distortion of 0-RMnO3 with a decrease in the Mn—O—Mn bond
angle from 144.3° for Dy to 140.3° for Lu. All the hexagonal and orthorhombic RMnOs3 phases exhibited
antiferromagnetic characteristics at low temperatures.
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1. Introduction

Manganese oxides of the general formula RMnOs (R =rare-earth
element) have been intensely studied in recent years owing to
the exciting properties they possess, such as the colossal mag-
netoresistance (CMR) and multiferroic effects [1-6]. The potential
applications of CMR materials include magnetic sensors and read
heads [7]. Multiferroic magnetoelectrics, on the other hand, are
especially appealing because in addition to their ferromagnetic
and ferroelectric properties, they often possess additional func-
tionalities due to couplings between the magnetic and electric
polarizations. Along with the current trend of device miniatur-
ization, these kinds of multifunctional materials have become
increasingly attractive, as they may enable the fabrication of device
components that can perform more than just one task [8].

The RMnOs system is structurally divided into two subsystems.
For the larger rare earths, R=La-Dy, an orthorhombically distorted
perovskite structure (Pbnm) is adopted, i.e. 0-RMnOs3, whereas
for the smaller rare earths, R=Sc, Y and Ho-Lu, the structure is
hexagonal (P65cm), i.e. h-RMnOs [9,10]. However, it is possible to
prepare metastable orthorhombic perovskites of the smaller Rs
under high pressures [11,12] or by means of other special syn-
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thesis methods, such as low-temperature soft chemistry [13-15]
or epitaxial thin-film growth [16,17]. The hexagonal structure of
the smaller Rs can be described as layers of Mn-centered trigo-
nal bipyramids of MnOs that are separated by a layer of trivalent
R cations [18]. The MnOs bipyramids are tilted and shifted rela-
tive to the R ions, i.e. the structure is noncentrosymmetric. This
is the reason for the ferroelectric polarization observed along the
c axis in h-RMnOs. The h-RMnO3; compounds are also magnetic
with an antiferromagnetic (AFM) ordering of the Mn! moments
[19]. The ferroelectric transition occurs at high temperatures and
the antiferromagnetic transition of the Mn'! moments at low
temperatures. These two types of ordering coexist at low temper-
atures and thus the h-RMnO3 compounds are multiferroic. In the
orthorhombically deformed perovskite structure of the larger Rs,
the trivalent Mn cations are located inside corner-sharing MnOg
octahedra[15,19,20]. The members of the 0-RMnO3 perovskite sub-
system are AFM insulators below their Néel temperatures (Ty ), but
the spin configuration changes with the rare-earth species [21].
Hole-doping is needed to make the CMR phenomenon occur in the
0-RMnO3 perovskites [22,23].

There is a rather large difference in the size of the two small-
est rare earths, i.e. lutetium and scandium. Interestingly, hexagonal
InMnOs is isostructural with h-RMnO3 [24,25] and the ionic radius
of trivalent indium is between those of Sc'' and Lu'll. The synthesis
of h-InMnO3 was reported already in 1992 by Giaquinta and Zur-
Loye [24], but the perovskite phase of InMnO3 has not been
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Table 1
Lattice parameters and atomic positions of the hexagonal (P6;3cm) and perovskite (Pbnm) phases of RMnO3 and InMnOj series from XRD data
Dy Ho Y Er Tm Yb Lu In Sc

Hexagonal (P65cm)

a(A) 6.1518(0) 6.1483(0) 6.1215(0) 6.0927(0) 6.0682(0) 6.0467(0) 5.8770(0) 5.8308(0)

c(A) 11.4131(0) 11.3993(0)  11.4101(0) 11.3908(0)  11.3695(0)  11.3719(0) 11.4767(0) 11.1763(0)

V(A3) 374.06(3) 373.18(2) 370.29(2) 366.18(2) 362.57(2) 360.08(2) 343.29(3) 329.07(3)

R1 2a(0,0,z)

z 0.283(1) 0.271(1) 0.276(1) 0.278(2) 0.279(1) 0.284(1)

R2 4b(1/3,2/3,2)

z 0.242(1) 0.231(1) 0.234(1) 0.236(2) 0.237(1) 0.241(1)

Mn 6¢ (x,0,0)

X 0.333(2) 0.349(1) 0.344(1) 0.343(1) 0.344(1) 0.339(1)

01 6¢(x,0,2)

X 0.300(2) 0.293(2) 0.289(2) 0.298(2) 0.305(4) 0.300(2)

z 0.145(1) 0.152(1) 0.152(2) 0.151(1) 0.178(1) 0.157(2)

02 6¢(x,0,2)

X 0.643(3) 0.657(2) 0.645(2) 0.642(2) 0.642(3) 0.634(2)

z 0.323(1) 0.327(1) 0.327(1) 0.324(1) 0.347(1) 0.327(2)

03 2a(0,0,z)

z 0.498(2) 0.482(2) 0.491(2) 0.488(2) 0.485(4) 0.491(3)

04 4b(1/3,2/3,2)

z 0.037(2) 0.023(1) 0.025(1) 0.025(2) 0.023(3) 0.029(2)

Ruwp (%) 10.1 12.0 7.9 6.4 9.8 8.5
Perovskite (Pbnm)

a(A) 5.2794(2) 5.2565(3) 5.2580(2) 5.2405(2) 5.2310(1) 5.2190(1) 5.1993(2)

b (A) 5.8430(2) 5.8329(3) 5.8361(2) 5.8228(3) 5.8157(1) 5.8038(1) 5.7906(2)

c(A) 7.3794(3) 7.3602(4) 7.3571(3) 7.3436(3) 7.3218(1) 7.3027(2) 7.2987(3)

V(A3) 227.63(1) 225.67(2) 225.76(2) 224.09(2) 222.74(1) 221.20(1) 219.74(1)

R 4c(x,y, 1/4)

X 0.982(0) 0.981(0) 0.981(0) 0.9812(2) 0.982(0) 0.982(0) 0.981(0)

y 0.082(0) 0.083(0) 0.084(0) 0.084(0) 0.085(0) 0.085(0) 0.086(0)

Mn 4b (1/2,0,0)

01 4c (x,y, 1/4)

X 0.108(2) 0.102(2) 0.115(1) 0.111(1) 0.111(2) 0.114(2) 0.121(2)

y 0.471(2) 0.471(2) 0.465(1) 0.468(1) 0.468(2) 0.468(2) 0.469(2)

02 8d (x,y,2)

x 0.707(1) 0.711(1) 0.700(1) 0.705(1) 0.704(1) 0.707(2) 0.713(2)

y 0.328(1) 0.328(1) 0.326(1) 0.327(1) 0.326(1) 0.328(2) 0.330(2)

z 0.052(1) 0.052(1) 0.053(1) 0.053(1) 0.056(1) 0.057(1) 0.062(1)

Rwp (%) 13.6 10.2 8.3 8.4 10.2 15.2 16.4
Mn-01-Mn 144.3 145.7 141.7 143.2 143.2 142.0 140.3
Mn-02-Mn 145.6 146.1 144.5 144.9 144.2 1441 143.5
‘Mn-0O-Mn’ 144.9 145.9 143.1 1441 143.7 143.0 141.9

The standard deviations are given in parentheses.

synthesized and therefore it is exciting to see if it could be prepared
in the same manner as the RMnOs series, i.e. by first synthesizing
the hexagonal phase and then converting it to a perovskite structure
through high-pressure treatment.

We here report the synthesis of a complete series of the
hexagonal RMnOss (R=Sc, Y, Ho-Lu) and their high-pressure (HP)
conversion to the metastable perovskite RMnOss, which offers an
opportunity to observe the evolution of structural and magnetic
properties within both the series as a function of the ionic radius
r(R"). Additionally, a hexagonal InMnO3 sample was prepared and
its conversion to a perovskite phase was attempted with the same
HP method.

2. Experimental

High-quality samples of RMnO3 (R=Sc, Y, Dy-Lu) were synthesized in air using
an EDTA method [12] and the hexagonal RMnOs (except for R=Dy) phases were
then converted to the corresponding orthorhombic perovskite phases through a HP
treatment. Although the DyMnO3 sample already had an orthorhombic structure
as synthesized under normal condition, it was also treated under high pressure in
order to see the effects of a HP treatment on the orthorhombic perovskite. Stoi-
chiometric amounts of the starting materials, i.e. R,03 (R=Sc, Y, Dy-Lu) and MnCOs,
were dissolved in diluted nitric acid. This solution was added slowly to an NH3-
EDTA solution and the pH of the solution was adjusted to ~9. The resultant solution
was clear. The molar ratio of EDTA and metal ions was set at 1.5 in order to assure
quantitative complex formation. The solution was heated at ~200°C until a vis-

cous gel was formed. Upon further heating the gel spontaneously ignited forming a
low-density product or ash. The ash was then ground in an agate mortar for about
10 min and calcined in air at 800°C for 8 h. The first step of sample sintering was
carried out in air at 1000 °C for 24 h. Most of the samples contained starting materi-
als after the first sintering and therefore the sintering was repeated at 1300°C with
intermediate grindings until the samples became phase-pure. Hexagonal InMnO3
could not be prepared using the EDTA method and therefore an encapsulation
technique was employed [25]. A stoichiometric mixture of the starting materi-
als, In,03 and Mn,03, was ground in an agate mortar for an hour, and pressed
into pellets which were then sealed in an evacuated quartz tube together with
Mn304 as an oxygen getter. Such an oxygen getter is used to adjust the oxygen
partial pressure inside the tube through reacting with the released oxygen, and
Mn3;04 was chosen for the present case according to the Ellingham diagram [26].
The encapsulated samples were fired at 1000 °C for 48 h. In addition to the aimed
h-InMnOs; phase, In, 03 was found as an impurity in the resultant samples. A spec-
imen was separated from all the hexagonal-phase samples and sealed in a gold
capsule and treated in a cubic-anvil-type HP apparatus at 5GPa and 800°C for
30 min.

The samples were characterized by X-ray powder diffraction (XRD; Rigaku:
RINT2550VK/U equipped with a rotating copper anode; Cu Ko radiation) at room
temperature for phase purity and structural identification. For R=Er, Tm and Yb,
minor amounts of unknown impurities, and for R =Lu, traces of Lu, 03 were detected
in the XRD patterns. Magnetization was measured for the samples with a super-
conducting quantum interference device (SQUID) magnetometer (Quantum Design:
MPMS-XL5) under a magnetic field of 1000 Oe in both field-cooled (FC) and zero-
field-cooled (ZFC) modes. The measurement temperature was from 3 to 400K for
HoMnOj3 and from 5 to 400K for the other RMnO3 samples. In the case of HoOMnOs,
the measurement was started from a lower temperature, because a magnetic tran-
sition of o-HoMnO3 was anticipated at ~6 K.
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Fig. 1. XRD patterns of (a) the as-synthesized h-HoMnO3 sample after sintering at
1100°C, (b) the as-synthesized h-HoMnO3 sample after sintering at 1300°C and (c)
the 0-HoMnOj; sample after HP treatment. The indices are for the hexagonal space
group P63cm (in (b)) and the orthorhombic space group Pbnm (in (c)).

The structure refinements based on the XRD data were performed with the
FULLPROF software [27]. A Pseudo-Voigt function was chosen to generate the line
shape of the diffraction peaks. The following parameters were refined: scale factor,
background coefficients (6 terms), lattice parameters, zero-point error, positional
coordinates, peak shape parameters, and asymmetry parameters. The occupancies
and the atomic displacement parameters could not be refined. Although the h-
RMnOs3 samples were of high quality, the refinement was done rather poorly. Similar
problems have been encountered also in previous studies and it seems that neutron
or synchrotron diffraction data are required to give an accurate profile for all the
diffraction regions that are needed to refine a noncentrosymmetric structure, such
as the hexagonal structure of h-RMnOs [19,28]. Table 1 shows the refinement results
for the hexagonal and orthorhombic phases of the RMnOs series. (The reliability fac-
tors for refinements of h-InMnO3 and h-ScMnO3; were quite poor and therefore only
the lattice parameters are listed for these two samples.)

3. Results and discussion

The air-synthesized RMnO3; samples with R=Sc, Y, Ho-Lu pre-
sented the structure of space group P63cm and the DyMnOs3 sample
was found to be of space group Pbnm, as anticipated. Interestingly,
after the first sintering at 1100 °C the h-HoMnOs3 sample already
contained a small amount of orthorhombic 0-HoMnO3 as seen in
Fig. 1. The resultis however reasonable as orthorhombic 0-HoMnOs3
can be prepared both under high pressure and through a soft-
chemistry route at low temperatures [14,15]. Sintering at 1300°C
caused the perovskite phase to disappear. During the HP treat-
ment the crystal structure of the h-RMnO3 samples changed to
orthorhombic (Pbnm) (Fig. 1). The HP annealing had little effect
on the crystal structure of the DyMnO3 sample which remained
orthorhombic but got highly oriented along the [100] direction.
Due to the strong orientation, the refinement of the structural
details was difficult and therefore, in further comparisons of the
structural details, only the data for the air-synthesized DyMnOj;
sample is considered. The conversion of hexagonal h-InMnO3 and
h-ScMnOs3 to the orthorhombic perovskite phases proved to be
infeasible. Apparently the ionic radii of In'' and Sc!!! are too small
for the A site of the perovskite structure.

The lattice parameters of the hexagonal and orthorhombic sam-
ples are plotted in Figs. 2 and 3, respectively. The lattice parameters
of both the polymorphs decrease monotonically as the size of
the constituent rare earth decreases. In the hexagonal h-RMnOss,
trimerization of the Mn'!! ions leads to displacements of various
atoms: the tilting of the MnOs polyhedra and the buckling of the
R plane [18]. The buckling of the R plane is shown by the differ-
ence of the z position of two inequivalent R sites, Az=zg; — 2>
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Fig. 2. Variation of the lattice parameters of h-RMnOs (R=Y, Ho-Lu) with the ionic
radius, r(R™). The ionic radii are for the 7-coordinated R" ions [29,30].

(Fig. 4). As can be seen, the buckling is enhanced with decreasing
r(R™M). In the 0-RMnOs series, on the other hand, orthorhombicity
as defined by (b-a)/b was found to increase with decreasing r(R')
(Fig. 3). When the size of R decreases, the positions of oxygen
atoms must be readjusted in order to maintain the connections
with the R atoms. The distortion of the oxygen sublattice leads to
increasing tilts of the MnOg octahedra, which, in turn, increases the
orthorhombic splitting of the unit-cell dimension as compared to
the ideal cubic perovskite structure. Furthermore, the progressive
reduction in the R size in the orthorhombic 0-RMnO3 perovskite
series also results in a decrease in the Mn—O—Mn angle. Fig. 5 shows
the average Mn—O—Mn angle in 0-RMnOs as a function of r(R'").
As seen in Fig. 5, the Mn—O—Mn angle does not change linearly.
A considerable increase can be observed in the slope gradient for
the three members with the largest rare earths (i.e. La, Pr and Nd).
The RMnO3 compounds with these rare earths are known to show
oxidative nonstoichiometry [33,34]. However, this gives no expla-
nation for our observation, as the data shown in Fig. 5 have been
collected from stoichiometric samples [13,31]. To demonstrate the
role of high pressure in the phase transformation, the densities of
hexagonal and orthorhombic RMnO3; phases were calculated. The
unit-cell volumes used in the density calculations were obtained
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Fig. 3. Variation of the lattice parameters and degree of orthorhombicity of o-
RMnO3 (R=Y, Dy-Lu) with the ionic radius, r(R™). The ionic radii are for the
8-coordinated R" ions [29,30].
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Fig. 4. Decrease in the magnitude of buckling of the R plane (Az=zg; —zg;) in h-
RMnOs (R=Y, Ho-Lu) with the ionic radius, r(R™). The squares indicate the values
observed in the present study and the stars show the results from an earlier report
[18].

from the crystal structure refinements (Table 1). As seen in Fig. 6,
the density increases considerably when the structure is converted
from hexagonal to orthorhombic.

Fig. 7 presents the dependence of magnetic susceptibility ()
on temperature (T) for hexagonal and orthorhombic RMnOs3s with
R=Ho, Y, Tm and Lu. For both the polymorphs of TmMnOs3, there is
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Fig. 5. Variation of the Mn—O—Mn bond angle of 0-RMnOs3 with the ionic radius,
r(RM). The triangles indicate the values observed in the present study and the dia-
monds show the results from earlier reports [12,15,19,31,32].
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Fig. 6. The densities of hexagonal and orthorhombic RMnO3 (R=Ho-Lu). The dia-
monds indicate the hexagonal and the squares indicate the orthorhombic phases.
The ionic radii, r(R™), are for the 8-coordinated R™ ions [29,30].

an anomaly in magnetic susceptibility at low temperatures. The
thermal dependence of dy/dT in the inset of Fig. 7 exhibits a
magnetic transition of an antiferromagnetic type at 81K for h-
TmMnOs3, which is in good accordance with the reported Néel
temperature for the AFM ordering of manganese moments in h-
TmMnOs (Ty =86 K) [35]. The magnetization curves for h-LuMnOj3
and h-YbMnO3 show anomalies at 89 and 87 K, respectively. These
values are consistent with previously reported Néel temperatures,
i.e. 90K for h-LuMnOs3 and 88K for h-YbMnOs3 [35]. In the case of
h-HoMnOs, h-ErMnO3 and h-YMnOs3, no apparent magnetic transi-
tions were observed about Ty in the dx/dT curves. Yoshii and Abe
[35] have argued that the transitions in h-HoMnO3 and h-ErMnOs3
are masked by the paramagnetism of Ho'!! (effective paramagnetic
moment fLegr=10.6 up) and Er! (11qr=9.6 g ). However, this expla-
nation cannot be valid for h-YMnOs, because Y has zero magnetic
moment. The magnetic transition temperatures for h-HoMnOs3, h-
ErMnOs3 and h-YMnOs3 were estimated from the reciprocal magnetic
susceptibility versus temperature curves, x~1/T. In all the cases, a
linear relationship is observed above ~80K. For 0-YbMnOs3 and o-
ErMnOj3 the dx/dT vs. T curve exhibits an anomaly at 43 K. These
observations are in accordance with previous results as the Néel
temperature (Ty) has been reported to be 43K for o-YbMnO3 and
42K for 0-ErMnOs3 [12,36]. Magnetic transitions were observed at
43K also for o-TmMnO3 and 0-YMnOs3. Orthorhombic o-LuMnO3
undergoes a magnetic transition at 40K. For o-HoMnOs3 and o-
DyMnOs, ordering of the manganese moments has been reported to
occur at 38 and 39K, respectively [37,38]. Nonetheless the d x/dT vs.
T curve for any of these phases does not exhibit an anomaly about
this temperature; rather deviation from the Curie-Weiss behavior
starts at ~40K. Thus it can be concluded that Ty of the 0-RMnOs3
perovskites with small Rs stays essentially constant as the ionic
radius of R changes. The Néel temperatures for ordering of the
manganese moments of both the polymorphs are summarized in
Table 2. In the cases of 0-HoMnO3 and 0-DyMnOs3, a maximum in
magnetic susceptibility is observed at ~6 Kand ~10K, respectively.
Such maxima are attributed to the antiferromagnetic interaction
between the rare-earth ions [37,39].

The Curie-Weiss fitting for the temperature range between 150
and 400K revealed a negative Weiss temperature (6) for all the
RMnO3; samples (Table 2). The Weiss temperatures for hexagonal
h-YbMnOj3 and h-LuMnOj3 are notably lower than those for other h-
RMnO3 compounds, but match reasonably well with the previously
reported values, i.e. —~200 Kand —700K, respectively [35]. The abso-

Table 2
Néel and Weiss temperatures together with the effective paramagnetic moments of
hexagonal and orthorhombic RMnO3

Effective
paramagnetic
moment [ef /48]

Weiss temperature Néel temperature
6 [K] Iy [K]

Hexagonal (P65cm) Observed Theoretical

Ho -20 ~80 11.1 11.7
Y -29 ~80 8.9 49
Er -29 ~80 10.5 10.8
Tm —61 81 8.6 9

Yb —180 87 6.4 6.7
Lu —602 89 5.2 49

Orthorhombic (Pbnm)

Dy before HP —20 ~40 11.5 11.7
Dy after HP  -27 ~40 11.6 11.7
Ho —45 ~40 12.4 11.7
Y -118 43 5.7 49
Er -20 43 10.7 10.8
Tm -59 43 9.8 9.0
Yb -72 43 6.9 6.7
Lu -70 40 49 4.9
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Fig. 7. Temperature dependence of magnetic susceptibility (x) in ZFC and FC modes under an external field of 1000 Oe for hexagonal and orthorhombic RMnO; (R=Ho, Y,

Tm and Lu).

lute value of @ for h--RMnOj3 seems to increase as r(R!) decreases.
This result may be explained by the strengthening of the mag-
netic interactions as the unit-cell volume decreases. For LuMnOs3
and YbMnOgs, the |0| value was much higher compared to the cor-
responding Néel temperature. This phenomenon was attributed
to the geometrical frustration in the two-dimensional triangular
Mn-O0 lattice [35]. The Weiss temperatures of orthorhombic o-
RMnOs3s are not likely to follow any specific trend and the values
do not differ strongly from each other as in the case of h-RMnOss.
However, as seen in Table 2, the effective paramagnetic moments
of both the hexagonal and orthorhombic polymorphs investigated
here increase with increasing r(R!). In general, the values are also
in excellent agreement with the theoretical values.

4. Conclusion

Firstly an entire sample series of the hexagonal RMnOs3 sys-
tem was synthesized for R=Sc, Y, Ho-Lu, and then the samples
were converted to orthorhombic 0-RMnQOj3 perovskites through a
high-pressure (HP) treatment. The same HP treatment was found
infeasible in conversing h-InMnO3; and h-ScMnOs3 to perovskites.
Thus, the stability limit with respect to the ionic radius, r(R" or
In'), of the orthorhombic perovskite structure under HP condi-
tions was found between r(In"") and r(Lu). A systematic study
of the structural evolution showed that the lattice parameters of
both polymorphs increase linearly as r(R"") increases. The progres-
sive reduction in the size of R increases the distortion of the
0-RMnOs3 perovskites. The Mn—O—Mn bond angle was found to

decrease from 144.3° for 0-DyMnOs3 to 140.3° for o-LuMnOs. The
density of the RMnO3 phase was found to increase considerably
as the structure changes from hexagonal to orthorhombic, which
makes it easy to understand why high pressure prefers the per-
ovskite phase.

The hexagonal h-RMnO3; phases showed an AFM ordering of
the Mn moments at low temperatures. The Néel temperature was
found to increase slightly from ~80K (for h-HoMnO3) to 89K (for
h-LuMnO3) with decreasing r(R™). All the orthorhombic 0-RMnO3
phases showed a magnetic transition of the AFM type around
40K. Accordingly, the Weiss temperatures () of h-RMnO3 and
0-RMnO3; were negative. The absolute value of § was found to
increase as r(R") decreases and, for h-LuMnO3 and h-YbMnO3, the
|6| values are much higher than the Néel temperatures because of
geometrical frustrations in the two-dimensional triangular Mn-O
lattice. The 6 values for orthorhombic 0-RMnOss did not follow a
specific trend, nor did they differ strongly from each other. How-
ever, the effective paramagnetic moments of both the hexagonal
and orthorhombic polymorphs increase with increasing number of
unpaired electrons. In general, the paramagnetic moments were in
good agreement with the theoretically predicted values.
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