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The electronic structure of multiferroic YMn2O5 material has been studied by use of the generalized
gradient approximation (GGA). The results demonstrate that the oxygen 2p and manganese 3d
orbitals are strongly hybridized. Considering the on-site Coulomb interaction U , we performed the
GGA+U calculations for 0 < U � 8 eV, and it is found that the increase of U could enlarge the
band gap and, on the other hand, weaken the Mn–O hybridization. The experimental measurements
of the electron energy-loss spectrometry (EELS) exhibit a rich variety of structural features in both
O–K edge and Mn–L edges. A theoretical and experimental analysis on the O–K edge suggests
that the on-site Coulomb interaction (U) in YMn2O5 could be less than 4 eV. Certain electronic
structural features of LaMn2O5 have been discussed in comparison with those of YMn2O5.
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1 Introduction

Multiferroics with several order parameters in single
phase compounds have been a subject of major scientific
interest for many years. These materials exhibiting cou-
pling between electrical polarization, spontaneous mag-
netization and strain have potential technological ap-
plications [1–3]. However, multiferroic materials, as re-
ported in previous literatures, often show a relatively
weak coupling. Recently, giant magnetoelectric (ME) ef-
fects have been observed in a class of mixed-valent man-
ganese oxides, REMn2O5 (RE = Y, Tb, Dy, et al.) [4],
in which the remarkable ME coupling and the magnetic
transitions have been extensively discussed [3, 5, 6]. The
REMn2O5 compounds have complex magnetic structures
at low temperatures associated with the commensurate
or incommensurate antiferromagnetic (AFM) phase de-
pending on the rare-earth elements [7, 8]. Theoretical
investigations on the microscopic mechanism of giant
ME effects also obtained a variety of interesting results
as regard to these manganese oxides. A collinear AFM
structure with the propagation vector k = (0.5, 0, 0) is
a good approximation for the noncollinear magnetic or-
dering of Mn atoms, as recognized from good agreements

between certain experimental data and calculated data
[9, 10]. Several different models, such as noncentrosym-
metric magnetic ordering [9] and acentric spin-density
waves [11], were also proposed to explain the appearance
of ferroelectricity in this kind of materials.

It has long been recognized that electron energy-loss
spectra (EELS) in a transmission electron microscope
(TEM) can provide rich information of the chemical
bonding and local structures of materials [12]. EELS, as
well as the equivalent technique X-ray absorption spec-
troscopy (XAS), is an important experimental technique
detecting the unoccupied states of materials. Especially,
the energy-loss near-edge structure (ELNES) which re-
solves electronic dipole transitions from the core states
of a particular atom to unoccupied final states was found
to be sensitive to variations of the chemical environment
of a given element [12]. ELNES, along with the rapid
development of electronic calculations, has been proved
to be an efficient method to study the unoccupied band
structure near Fermi energy and the correlation strength
in certain functional oxides [13–15]. In the present work,
we will report on the study of electronic structure of mul-
tiferroic YMn2O5 using GGA. The experimental oxygen
K and manganese L2,3 edge ELNES in YMn2O5 have
been analyzed based on first-principles calculations. The
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correlation effects have also been discussed for this kind
of manganites.

2 Theoretical approach and experimental
methods

The crystal structures of REMn2O5 used in our calcula-
tions are taken from the neutron powder diffraction data
[7, 16]. REMn2O5 compounds have the DyMn2O5 type
orthorhombic structure with a space group of Pbam, and
each unit cell contains four formula units (f. u.) con-
sisting of Mn4+O6 octahedra and Mn3+O5 pyramids,
as schematically shown in Fig. 1. The octahedra share
edges and form ribbons parallel to the c axis direc-
tion. Adjacent ribbons are linked by pairs of corner-
sharing pyramids. The lattice parameters are a = 7.2639
Å, b = 8.4758 Å, c = 5.6673 Å for YMn2O5 [16]
and a = 7.6823 Å, b = 8.7056 Å, c = 5.7214 Å for
LaMn2O5 [7]. The full potential linearized augmented-
plane-wave+local orbital (APW+LO) were used as im-
plemented in WIEN2k code [17], with generalized gra-
dient approximation (GGA, Wu–Cohen 06 [18]) for the
exchange-correlation function. Self-consistency was car-
ried out on a 3×3×2 mesh containing 8 k-points in the
irreducible Brillouin zone (IBZ) to reach a good conver-
gence of energy and charge. RmtKmax was set to 8.0 to
determine the basis size, and RMTs were used 2.39 a. u.,
1.87 a. u., and 1.66 a. u., for Y (La), Mn, and O, respec-
tively. For the Mn-3d orbitals, an effective U obtained
by a self-interaction correction (SIC) [19] is employed to
study the electronic correlation effects on the electronic
structure. The electron energy-loss near-edge structure
(ELNES) was calculated using TELNES2.0 program im-
plemented in the WIEN2k code [20, 21].

Fig. 1 Schematic structure of YMn2O5. The arrows denote the
spin configuaration in our calculations. The octahedra and pyra-
mids are schematically shown in the unit cell.

The experimental EELS measurements were carried
out on an FEI Tecnai-F20 (200 kV) TEM equipped
with a Gatan imaging filter (GIF). The energy resolu-

tion is about 1.0 eV as the full width at half-maximum
(FWHM) of the zero loss peak collected without spec-
imen. Single crystals of YMn2O5 were grown using
B2O3/PbO/PbF2 flux in a Pt crucible, as described in
Ref. [8]. TEM samples were prepared by crushing the
samples and dispersing the suspensions on a carbon-
covered Cu grid.

3 Results and discussion

3.1 Electronic structure

We start our investigations of YMn2O5 for different types
of spin configurations (SCs) in the ground-state. In pre-
vious literatures, it was pointed out that a collinear
spin structure ignoring spin–orbit coupling could be a
good approximation for this kind of materials [9, 10].
We therefore first performed our calculations on the to-
tal energies for different magnetic structures of para-
(P), ferro-(F), and anti-ferro(AF)-magnetic states, re-
spectively, the results suggest that AFM ground state,
as illustrated in Fig. 1, has a lower energy of ∼113.3
meV/f. u. in comparison with the FM state in consistence
with the experimental results [8]. Furthermore, we also
used a 2×1×1 AFM supercell as discussed in Ref. [9] to
carry out a detailed calculation, and similar results have
been obtained. Figure 2(a) depicts the calculated DOS of
YMn2O5 for the AFM state. Combined with the partial
DOS in Fig. 3(a), it is clearly recognizable that the DOS
between –7 eV and EF is mainly governed by Mn-3d and
O-2p orbital states, strong hybridization of Mn-3d and
O-2p bonding commonly existent in this region. A care-
ful analysis also demonstrates that the occupied Y-4d
states lie in the same range as the O-2p states, and the
unoccupied Y-4d states lie mainly in the energy range of
4–10eV above the Fermi level.

Fig. 2 DOS of YMn2O5 for (a) GGA, (b) U = 3.0 eV, (c)
U = 4.1 eV, (d) U = 8.0 eV. Fermi energy is shifted to E = 0 eV.
Spin up states are shown as black lines, while spin down states are
shown as red dotted lines.

The energy gap as estimated in our calculation is about
0.8 eV for YMn2O5, which is larger than that obtained
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Fig. 3 O-2p and Mn-3d partial DOS of YMn2O5. (a) GGA; (b)
U = 8.0 eV.

for TbMn2O5, i.e., ∼0.4 eV by using the psudopotential
approach [10]. Previously, the optical property and the
charge transfer gap have been measured in TbMn2O5

[22]. This gap corresponds mainly to the p–d charge
transfer transitions as revealed in the spectral analysis
of optical properties. In order to make a better measure-
ment of the energy gap in YMn2O5, we carried out the
experimental studies using the low energy loss spectrum
in TEM at room temperature. It is commonly noted in
previous literatures that the zero-loss peak (ZLP) sub-
traction from the experimental data could largely affect
the measured value of a band gap [23–25]. We herein use
the deconvolution data from another separately recorded
ZLP, a technique having been proved a much more ac-
curate method to get band gap [24, 25]. The band gap
of YMn2O5 is estimated to be about 2.4 eV. It should
be mentioned that in general the GGA approach could
underestimate the band gap as discussed in Ref [26]. As
the bands above and below the gap are mainly governed
by the Mn-3d and O-2p orbitals, the correlation effects
of Mn-3d electrons may affect the gap size significantly,
as will be discussed in the following context.

The local magnetic moments on the Mn ions obtained
in our calculation have the values of about ∼3.19µB for
Mn3+ and ∼2.46µB for Mn4+, respectively. These data
are in good agreement with the neutron diffraction data
in the low-temperature phase as measured at T = 2 K,
i.e., ∼3.54µB for Mn3+ and ∼2.48µB for Mn4+ [27]. Fur-
thermore, the charge difference between Mn3+ and Mn4+

ions based on the DOS for majority spin is expected to be
0.38e, suggesting the presence of notable charge dispro-
portion in the present system. These results are funda-
mentally consistent with previous discussions about the
mix-valence states on Mn3+O5 and Mn4+O6 octahedra
[9, 22, 28].

3.2 GGA+U

In order to understand the correlation effects on the elec-
tronic structure in these compounds, we use the GGA+U

regime to investigate the alternation of the band struc-
ture for U in the range of 0 < U � 8 eV. Figure 2 shows
the calculated DOSs for different U , illustrating obvious
changes of electronic structure with an introduction of
correlation effects. The electronic bands near Fermi en-
ergy (EF) become visibly narrower with the increase of
U . Moreover, the band gap increases considerably from
0.80 eV for U = 0 to 2.08 eV for U = 8.0 eV, as clearly il-
lustrated in Table 1. In addition, we also used the param-
eter free semi-local potential, a newly invented modified
Becke–Johnson local density approximation (MBJLDA)
technique, to study the band gap [29, 30]. We obtained a
theoretical data for an energy gap of 1.90 eV in YMn2O5.
As reported in previous studies this method could give
rise to a relatively accurate gap for sp-semiconductors
and insulators [30]. However, it should be mentioned that
the efficiency of MBJLDA in the correlated materials is
still under debate [31].

Table 1 Calculated Energy gap of YMn2O5 and LaMn2O5 using
GGA+U .

Calculated Energy gap/eV

U/eV YMn2O5 LaMn2O5

0 0.80 0.94

3.0 1.56 1.54

4.1 1.75 1.90

8.0 2.08 1.97

Careful analyses of the partial DOS calculated via
GGA [Fig. 3 (a)] suggest that the Mn-3d and O-2p or-
bitals are strongly hybridized, so a strong covalent char-
acter of Mn–O bonding is expected. Figures 3 (b)–(d)
shows the partial DOS calculated for different U . While
U increases, it is recognizable that the occupied states of
Mn-3d orbitals shift progressively to lower energy and, on
the other hand, the occupied O-2p states shift to higher
energy. This fact could lead to a more ionic Mn–O bond-
ing. The Mn-3d states for U = 8.0 eV are mainly located
in −7 ∼ −5 eV below EF, demonstrating a dominantly
ionic Mn–O bonding character in the strongly correlated
state. Based on the EELS measurements, certain bond-
ing features have been carefully discussed in the following
context. According to our calculations that the magnetic
moments of Mn3+ and Mn4+ are 3.19 µB, 2.46 µB for
U = 0, 3.40 µB, 2.69 µB for U = 3 eV, 3.46 µB, 2.76
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µB for U = 4.1 eV and 3.61 µB, 2.99 µB for U = 8 eV,
respectively. The data with U � 4.1 eV are comparable
with the experimental moments (∼3.54 µB for Mn3+ and
∼2.48 µB for Mn4+) [27].

3.3 Comparison between theoretical and experimental
EELS

ELNES measurements can provide a rich variety of in-
formation about the electronic structure and the unoc-
cupied states near EF. In the present study, we have
performed systematic measurements on YMn2O5 and
compared with theoretical results. Figure 4 shows the
experimental EELS of the oxygen K-edge after back-
ground subtraction and multiple scattering deconvolu-
tion for YMn2O5. Both the experimental data and the-
oretical results are displayed for comparison. All calcu-
lated spectra are broadened to match the experimental
data with a resolution of about 1.0 eV.

Fig. 4 Experimental and simulated O–K edge of YMn2O5. The
dotted line refers to the peak A position of the measured spectrum
as guide line. All spectra are aligned using the onset of experimen-
tal O–K edge. The Gaussian broadening for the simulated spectra
is 1.0 eV.

The oxygen K-edge spectra are from O-1s to 2p transi-
tions, showing notable features corresponding to the oxy-
gen p-projected DOS of ground state. YMn2O5 is known
as a typical ionic insulators in which the core hole po-
tential has been considered to have limited effect on the
structural features for the O–K edges [32, 33], so in the
present study, we ignore the core-hole effects in our the-
oretical simulations. Actually, the GGA data could give
rise to the O–K edges with very similar features in com-
parison with the experimental data. The peak positions
from both theoretical and experimental data are listed
in Table 2. In order to facilitate the analysis of spectral
structures, all theoretical and experimental spectra have
been aligned using the edge onset of experimental spec-
trum in Fig. 4, and the energy of all peaks are listed in
Table 2. As is clearly indicated in Fig. 4, the four main
peaks can be well interpreted based on our theoretical re-
sults. Peak A appearing at the position of 2.1 eV above
Fermi level are the transitions from O-1s towards the

unoccupied O-2p that have been hybridized by Mn-3d
orbitals. A shoulder in the higher side of Peak A at the
position of about 4 eV, labeled as Peak B, also arises
from the O-2p and Mn-3d hybridized orbitals. Peak C,
at the position of about 8.3 eV, is much broader in com-
parison with Peak A, which can be interpreted as the
transitions of O-1s to the unoccupied states mixed by
Y-4d, a small fraction of Mn-3d and O-2p orbitals. Peak
D at the position of about 15.4 eV in general is very
broad as also observed in other transition metal (TM)
oxides [34]. This feature stems from the hybridization of
the O-2p orbital with Mn-4sp and Y 5s orbitals.

Table 2 O–K edge peaks position. All spectra are aligned using
the edge onset of the experimental spectrum. The peak B is es-
timated by the local maximum of the first differentiation of the
spectra.

Calculated Peaks/eV

U/eV A B C D

0 2.10 3.20 6.91 14.66

3.0 2.04 3.11 7.16 14.80

4.1 2.83 4.24 7.64 15.32

8.0 2.83 5.92 7.77 15.65

Measured 2.1±0.1 4.0±0.1 8.3±0.1 15.4±0.1

The two peaks, A and B, both are attributed to tran-
sitions from O-1s core state to O-2p states hybridized
with mixed valent Mn-3d orbitals. However, just as dis-
cussed for the compounds of La1−xAxMnO3 (A = Ca,
Sr), the exact assignment of these fine structural features
in these peaks are still controversial in literatures [35]. A
careful analysis of the electronic band structure by GGA
shows that these peaks can be fundamentally interpreted
in association with charge segregation on the Mn sites.
According to the calculated partial DOS as shown in Fig.
3(a), the main peaks of Mn3+ and Mn4+ 3d states have
a separation of ∼1 eV apart, which is in agreement with
the energy separation of calculated spectra of the peaks
A and B. So the peak split of the first peak of O–K
edge originates mainly from the charge disproportion of
Mn atoms through the Mn–O hybridization. In another
word, Peak A is mainly from Mn4+O6, and Peak B is
mainly from Mn3+O5, and no notable contribution of
crystal field split is observed in this study [36]. This in-
terpretation of these two peaks is also consistent with the
understanding of the spectral structure of Mn-L3 edge as
shown in Fig. 5, which shows similar structural feature
as obtained from the XAS measurement for BiMn2O5

[36].
It is noted that peak B in our simulated spectra (when

U < 4.1 eV) lies at a slightly lower position compared
with the experimental spectra. This discrepancy may
result from the following factors. The site dependent
chemical shift can be the predominant factor and the
charge transfer effect between two Mn sites might also
play an important role. It is worth noting that the energy
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Fig. 5 Experimental Mn-L2,3 edge. The edge of L3 splits into
two peaks separated by about 1.7±0.1 eV. The full-width at half-
maximum (FWHM) of L3 edge is ∼4.6±0.1 eV.

separations between all the four peaks in the simulated
spectra are slightly smaller than those in the experimen-
tal ones, and peak separations A–C and C–D keep almost
unchanged with the increase of U . Compared with the
experimental data, the slight discrepancy of theoretical
peak D is considered coming from the local structural
distortion [12], and the relatively large discrepancy for
peak C is believed to have resulted from the correlation
effects of Y-4d orbitals. Actually, we have performed cer-
tain theoretical calculations with consideration of corre-
lation effects, and the theoretical peak C could funda-
mentally coincide with the experimental one. To under-
stand the fine structures of the EELS, a detailed analysis
of the correlation effects on specific orbitals of Mn and
Y is in progress. To unravel the correlation effects on the
EELS data, we considered the theoretically simulated
O–K edge for 0 < U � 8.0 eV. It is noted that the calcu-
lated spectra for U < 4.1 eV can well reproduce all peaks
appearing in the experimental spectra. Their positions,
as well as relative intensities, agree well fundamentally
with the experimental ones. The most striking feature
in the theoretical O-K edge spectra is the appearance of
the remarkable position and intensity change of peaks
A and B, and so the peak width of the first two peaks
increases when U is increased to 4.1 eV. While U is fur-
ther increased to 8.0 eV, the position of peak B is further
shifted to higher energy. These phenomena result from
the evolution of band structures along with the increase
of U . As we discussed above, as U rises, the conduction
bands narrow down, Mn 3d and O 2p hybridization is
weakened and Mn–O bonding becomes more ionic. In un-
occupied states, the Mn-3d states are shifted from near
EF to higher energy. These partial DOS shifts directly
lead to a larger band gap and a spectra weight shift of
O–K edge (see peak B). In addition to the consideration
of the gap size as discussed above, we therefore conclude
that the on-site interaction U in YMn2O5 is less than
4 eV. In fact, the electron correlation U has also been
discussed in another compound of HoMn2O5 [37] in un-

derstanding the ferroelectric polarization, in which U is
estimated to be as large as 8 eV. In addition, our exper-
imental measurements of the spectra of Mn-L2,3 edges
also reveal clear peak splits that can be contributed to
the charge disproportions of Mn3+ and Mn4+, respec-
tively. However, theoretical simulation of the L2,3 edge
needs special consideration in terms of the multiplet ef-
fects [38], and a detailed analysis is still in progress.

As revealed in our theoretical study, LaMn2O5 has
very similar electronic structure features comparable
with those of YMn2O5 as illustrated in Figs. 2 and 6.
The La substitution for Y could generate certain addi-
tional unoccupied La-4f orbital states in LaMn2O5; it
appears at ∼4.5 eV above EF. On the other hand, it is
also recognized that the valence bands slightly below EF

of LaMn2O5 are narrower than that of YMn2O5. This
variation is considered to have come from a relatively
larger radius of the La ion, which may also lead to an
increase of the band gap, as listed in Table 1.

Fig. 6 DOS of LaMn2O5 calculated using GGA. Up and down
denotes the DOS of spin up and spin down, respectively.

4 Conclusions

In summary, the electronic structures of YMn2O5 have
been studied by use of GGA and GGA+U (0 < U � 8
eV). The strongly hybridized Mn-O bonding character
has been demonstrated based on our careful analysis of
the electronic band structure. The GGA+U calculations
reveal that the presence of the on-site Coulomb inter-
action U could result in the increase of the band gap,
but may weaken the Mn–O hybridization. A systematic
analysis of the theoretical and experimental EELS for
O–K edge suggests that the electronic correlation U in
YMn2O5 could be less than about 4 eV. The certain
electronic structural features of LaMn2O5 have been dis-
cussed in comparison with the data of YMn2O5.
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