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Manganese oxides are good candidates of strongly correlated
electron materials due to the uniqueness of electronic structure
of manganese and the mobility of oxygen among lattice sites
under external impacts. Here, we used electron beam as the
excitation source to explore the structural evolution of YMnO3

and identified a new phase under the radiation of electron beam
in the transmission electron microscope. Analyses of the elec-
tron energy-loss spectra reveal that this phase originates from
ordered oxygen vacancy. We applied the first principles calcu-
lation to pick out the optimized stable structure with a lower
polarization, and verified its correctness by electron diffraction
and image simulations. Analyses of density of states indicate
that weak Y–O covalence is favorable for the existence of fer-
roelectricity, supporting the electrostatic nature of ferroelec-
tricity in the YMnO3.

I. Introduction

THE abundant magnetic ferroelectric materials are good
candidates for exploring the physical nature of the inter-

action between spins and charges. As a prototypical impro-
per ferroelectric, the hexagonal RMnO3 (R = Sc, Y, Ho to
Lu) has attracted tremendous attentions because of the coex-
istence of antiferromagnetism (AFM) and ferroelectricity
(FE), which is very appropriate for investigating the elec-
tron–lattice interaction in multiferroics.1–4 The multiferroicity
is characterized with the coexistence of the spontaneous mag-
netization and polarization that can be switched by an
applied electric and magnetic field, respectively, and indicates
promising fascinating applications in memory devices.5,6

Generally, the magnetism and FE are exclusive to each other
in perovskite-structure oxides because of the d0-ness mecha-
nism proposed by Hill.7 The hexagonal YMnO3 is a rare and
valuable exceptional subject of multiferroicity due to its large
size mismatch of ionic radius and layered structure. Com-
pared to other multiferroics, such as BiFeO3, one of the hot-
test subjects in multiferroics, YMnO3 exhibits strong and
intrinsic coupling between the ferroelectric and the magnetic
orderings, which displays ferroelectric ordering far above
room temperature (>900 K) and antiferromagnetic ordering
at low temperature (~80 K).8 To design new materials with
enhanced magnetoelectric coupling, the understanding about
intrinsic mechanisms of the multiferroicity is indispensable.
However, a very basic issue about the exact origin of the
improper FE of YMnO3 is not clear yet, at least in inconfor-
mity among different groups.

Originally, its unusual electronic structure had been sus-
pected to the origin of the FE by density-functional theory

calculation.9,10 However, Van Aken et al.1 defied it basing on
X-ray refinement and the first principles calculation, and then
concluded that the electrostatic and size effect are responsible
for the FE of YMnO3. Subsequently, Cho et al.11 proposed
the Y d0-ness mechanism and regarded that the Y d0-ness with
rehybridization is the driving force for the FE using the
polarization-dependent X-ray spectroscopy. Very recently, Liu
et al.12 prepared the samples annealed at different tempera-
tures which show the structural transformation from the
orthorhombic to the hexagonal, carried out the analyses of
X-ray refinement and X-ray absorption near-edge spectra and
ascribed that the FE is caused by the charge transfer from the
Y–OT bond to the Mn–OT bond. As a result, mechanisms for
the origin of the FE in YMnO3 have been ambiguous and
confusing so far.

Here, we apply the transmission electron microscopy
(TEM) and the density-functional theory (DFT) calculation
to investigate the new structure evolved from YMnO3 under
the radiation of electron beam. With the use of selected-area
electron diffraction (SAED), high-resolution transmission
electron microscopy (HRTEM), and electron energy-loss
spectroscopy (EELS), the new ferroelectric structures involv-
ing with ordered oxygen vacancies are proposed. The DFT
calculation was applied to testify possible structure models
and pick out the optimized stable structure with a lower
polarization, which was verified by electron diffraction and
image simulations. To understand its FE with the lower
polarization, we performed the density of states (DOS) calcu-
lation, indicating that weak Y–O covalence is favorable for
the existence of FE in YMnO3.

II. Experimental Procedure

Polycrystalline YMnO3 samples were synthesized by a con-
ventional solid-state reaction method. A stoichiometric mix-
ture of Y2O3 and Mn2O3 powders was well ground and
calcined twice in air at 1200°C for 24 h. The X-ray diffrac-
tion was performed on a Philips X’Pert Propowder diffrac-
tometer (PANalytical B.V., Almelo, The Netherlands)
(CuKa1 k = 1.5406 �A) with a scan step of 0.017° and con-
firmed the purity of the samples. The thin samples for TEM
observations were prepared by crushing the grains in an
agate mortar filled with alcohol, then dispersing the resulting
fine fragments suspended in alcohol on holey carbon films
supported by copper grids. The TEM observations were car-
ried out on a FEI F20 electron microscope (FEI, Eindhoven,
The Netherlands) with field-emission gun and a JEM-2010
electron microscope (JEOL Ltd., Tokyo, Japan) with LaB6

fragment, which are both operated at 200 keV.

III. Results and Discussion

At high temperature above ~900 K, YMnO3 crystallizes in
paraelectric state with space group P63/mmc (Ref. [4]), and
its lattice parameters are a = 3.63 and c = 11.35 �A. As
shown in Fig. 1(a), the MnO5 bipyramids are connected by
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sharing corner in ab plane, all Y ions are equivalent and
locate at the positions with the same c value, and MnO5

bipyramids and Y ions are arranged alternately layer by
layer along c axis. Because of its centrosymmetric unit cell,
there is no electric polarization in the paraelelctric state. In
contrast, in its ferroelectric unit cell with space group P63cm
shown in Fig. 1(b), Y ions decompose into two nonequiva-
lent types (denoted by red and pink spheres); a wave-like
arrangement of Y ions appears along the view direction of a
axis, which demonstrates that YMnO3 is in the ferroelectric
state. In our study, we observed that the period of ferroelec-
tric lattice transforms to a modulated paraelectric period
under the radiation of electron beam at room temperature.

Figure 2 shows the SAED patterns containing the new
phase. Under the radiation with an intense electron beam
(~150 A/cm2) for 2 min, the extra diffraction spots marked
by the white frames gradually begin to appear, indicating the
formation of an ordered structure. Figures 2(a) and (b) are
the SAED patterns obtained from the mixed region of the
primary ferroelectric and new phases of YMnO3, recorded
along [010] and [1-10] directions, respectively (the subscript p
represents the primary ferroelectric phase). The diffraction
spots marked by the white arrows in Fig. 2(a) arise from the
primary ferroelectric phase, corresponding to the tripling of
the paraelectric unit cell. It should be noted that we always
get the mixed diffraction patterns because that the new phase
only evolves from the thinnest region of the sample and can-
not be separated from the nearby ferroelectric region in the
electron diffraction. After systematic tilting experiments in
TEM, we confirm that the diffraction spots are correspond-
ing to the 2a 9 2a 9 c periodicity of the paraelectric unit
cell.

The mixed nature of electron-diffraction patterns presented
above were further verified after investigating a HRTEM
image containing the new phase recorded on conventional
TEM films with large field of view. Figure 2(c) is an HRTEM
image including the primary ferroelectric YMnO3 phase,
showing the origin of the new phase. The image presented
here is Fourier filtered to minimize the effect of the contrast
noise. Three regions can be identified by their corresponding
FFTs. We find out that the new phase only resides at the
edge of the specimen. Twice periodicity of the paraelectric
phase can be identified obviously in this direction, comparing
to the triple periodicity in the ferroelectric phase. Combining
the evidences from the SAED patterns and HRTEM images
above, we can make a conclusion that there is a new phase
coexisting with the primary ferroelectric phase.

To find out the origin of this new structure, we have car-
ried out EELS studies. The EELS relates to the interaction
of the fast electrons with the sample and reflects discrete
transitions between atomic energy levels, allowing both
compositional analysis and the determination of degree of

(a) (b)

Fig. 1. The structure models for the paraelectric (a) and primary
ferroelectric (b) YMnO3. The red and pink spheres with the big
radius represent Y ions. The yellow spheres represent Mn ions, the
smallest spheres represent nonequivalent oxygen ions, and the yellow
bipyramids label out the MnO5.

(a)

(c)

(b) (d) (e)

Fig. 2. The selected-area electron-diffraction (SAED) patterns and high-resolution transmission electron microscopy (HREM) images of the new
phase and the simulations. (a)–(b) The SAED patterns along the [010] and [1-10] zone axes in the coordinate system of the primary ferroelectric
phase, respectively. (c) is an HRTEM image including the primary ferroelectric YMnO3 phase. Three regions can be identified by their
corresponding FFTs. Two red broken lines indicate the boundaries. Two simulated images (indicated by small rectangles) with thicknesses of
6.3 nm (on the right side) and 8.8 nm (on the left side) are superposed on the new phase region to match the experimental image, where the
contrast is adjusted according to the background of the experimental image. The simulated SAED patterns (d), (e) correspond to the [010]p and
[1-10]p experimental patterns in (a) and (b), respectively.
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bonding hybridization. Particularly, its near-edge structure
contains valuable information about the nearest-neighbored
bonding (O 2p with the cationic d-orbital) and the hybridiza-
tion with the sp band. Hence, we also recorded EELS spectra
from both the primary ferroelectric phase and the subsequent
modulated phase after electron beam radiation. There are
obvious changes in the ELNES of O K and Mn L2, 3 edges
as shown in Figs. 3(a) and (b), respectively. Three character-
istic peaks marked by a, b, and c can be clearly distin-
guished, where peak a is related to the hybridization between
O and Mn ions, b and c reflects the hybridization between O
and Y ions, and the two spectra are normalized to have the
same intensity of peak a. The relative intensity of peak b of
the new phase is considerably lower than that of the primary
ferroelectric phase. According to the previous studies,13,14

oxygen vacancies have an important influence on the relative
intensity of peaks a and b of yttrium oxide. Thus, the
decrease in the peak b demonstrates the appearance of the
oxygen vacancies in nonstoichiometric YMnO3�d. Mean-
while, the measured L3/L2 ratio of Mn L2,3 edges shows an
increase from 2.77 to 3.12 after the appearance of the new
phase, corresponding to the decreasing of the valence state of
Mn ions. We also performed the quantification of the EELS
spectra and obtained the O–Mn atomic ratio of 2.96 and
2.74 for the stoichiometric YMnO3 and the new phase,
respectively. This result indicates that there are about two
oxygen vacancies in the 2a 9 2a 9 c supercell of the
paraelectric phase.

On the basis of the analyses above, we have constructed
structure models with ordered oxygen vacancies and two
possible models (O1 and O2) are proposed, as shown in
Figs. 4(a) and (b). The position of the first oxygen vacancy is
at the same upper left part of the supercell above the brown
MnO4 in the two models. The second oxygen vacancy resides
under the brown MnO4 in O1 rather than above the brown
MnO4 in O2. With systematic symmetry analysis, we obtain
the space groups P31m and P63mc for O1 and O2, respec-
tively. It should be noted that because the lattice vectors of
the paraelectric and ferroelectric unit cells have a rotation
angle of 90° between each other in the ab plane, space group
P63mc is equivalent to P63cm in the primary ferroelectric
unit cell. That is to say, O2 preserves the same symmetry as
YMnO3.

To determine the possible ground state, we performed the
first principles calculation using the full-potential linearized
augmented plane waves method within the DFT15 using the
Vienna Ab-initio Simulation Package.16 The generalized gra-
dient approximation (GGA)17 is used for the exchange-corre-
lation potential, and the internal position parameters are
optimized using the A-type AFM arrangement1 of Mn
moment with a force standard of 2 mRy/a.u.. The energy
calculations indicate that O2 with the space group of P63mc
is the possible ground state by saving 1.3 eV per unit cell
compared with O1. In addition, we have verified this new
structure with the simulations of the SAED patterns and
HRTEM image using the optimized O2. Figures 2(d) and (e)

(a) (b)

Fig. 3. The electron energy-loss spectroscopy spectra of O K edge and Mn L2,3 edges. (a) is the ELNES of O K edge; (b) is the ELNES of Mn
L2, 3 edges. Peak a is related to the hybridization between O and Mn ions, b and c reflect the hybridization between O and Y ions.

(a) (b) (c)

Fig. 4. The structural models for O1 (a), O2 (b), and the optimized O2 (c). The red spheres represent R ions, the polyhedra represent MnO5

and MnO4, and the oxygen atoms position at the corners of the polyhedra.
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show the simulated SAED patterns and two simulated
HRTEM images by multislice method18 under the conditions
of 6.3 and 8.8 nm in thickness, and �184 nm in defocus are
inserted in the new phase region of Fig. 2(c). The simulated
results show a good agreement with the experimental ones.

The spontaneous polarizations were also calculated within
the GGA (the LDA + U gives almost the same results) with
a plane wave basis sets and projector augmented wave pseud-
opotentials, which is performed by using the Berry-phase for-
malism.19,20 To testify the validity of the algorithm, we first
calculated the spontaneous polarization for the primary fer-
roelectric YMnO3 structure and obtained a ferroelectric
polarization of 6.7 lC/cm2, which is close to the measured
value (5.2 lC/cm2)21 and the theoretical value (6.2 lC/cm2).1

Then, we calculate the spontaneous polarization for the opti-
mized O2 and obtain a value of 4.6 lC/cm2, which is smaller
than that of the primary ferroelectric YMnO3. These results
demonstrate that the new structure is also ferroelectric, but
its spontaneous polarization is reduced due to the existence
of the ordered oxygen vacancies.

To elucidate the origin of the FE in this new phase in
perspective of electronic structure, we calculate its DOS.
Figure 5 displays the total DOS of the primary ferroelectric
YMnO3 and new phases, respectively. Compared with
YMnO3, the total DOS of the new phase shows different
positions of valence band relative to the Fermi level, and a
narrower gap that can be ascribed to the appearance of the
ordering of oxygen vacancy (acts as a defect state). The
bands above the Fermi level also move toward lower ener-
gies. Compared with the DOS of YMnO3, there is an obvi-
ous increase above the Fermi level in the DOS of Y ions in
the optimized O2, which indicates a stronger covalence
between O and Y ions. Recent theoretical study (Ref. [22])
about YMnO3 and InMnO3 also revealed that the absence of
covalence favors the ferroelectric phase. On the basis of the
decreased polarization in the optimized O2, we suggest that
the weak Y–O covalence is favorable for the existence of FE
in the YMnO3.

The total energy calculation also reproduced the atomic
displacements relative to the positions of their paraelectric
equivalents as shown in Fig. 4(c). The buckling of Y ions
and tilting of MnO5 occur in the crystal structure of the opti-
mized O2. We compared the displacements between the
up-down Y layers and the tilting of MnO5 between YMnO3

and O2, which change from 47 to 41 pm and from 3.9° to
4.6°, respectively. Both the two changes suppress the polari-
zation. It should be noted that so far we have not obtained
bulk material with ordered oxygen vacancies, so we lack of
the experimentally obtained ferroelectric properties of the
new phase. At present, we have to resort to the DFT calcula-
tion. The work of preparing the oxygen-deficient sample is
now undergoing.

IV. Conclusions

We applied TEM and DFT calculation to the investigation
of the new ferroelectric phase evolved from YMnO3, which
originates from oxygen-vacancy ordering induced by electron
beam irradiation. We proposed the structure model O2 and
verified its correctness by DFT calculations and TEM simu-
lations. Our results demonstrate that the smaller displace-
ments of Y ions and stronger Y–O covalence are responsible
for the lower polarization, indicating that weak Y–O cova-
lence is favorable for the existence of FE in the YMnO3.
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