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Electronic structures of multiferroicRMnO3 sR=Y,Erd have been investigated by employing photoemission
spectroscopysPESd and x-ray absorption spectroscopysXASd. We have found that Mn ions inRMnO3 are in
the trivalent high-spin state with the total spin ofS=2. The occupied Mnsdxz−dyzd states lie deep belowEF,
while the occupied Mnsdxy−dx2−y2d states overlap very much with the O 2p states. It is observed that the PES
spectral intensity of Mn 3d states is negligible above the occupied O 2p bands, suggesting that YMnO3 is
likely to be a charge-transfer insulator. The Mnd3z2−r2 state is mostly unoccupied in the ferroelectric phase of
YMnO3.
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Hexagonal yttriumsYd and rare-earthsRd manganites of
the formulaRMnO3 sR=Ho, Er, Tm, Yb, Lu, or Yd belong to
an interesting class, known as multiferroic materials, in
which the ferroelectric and magnetic ordering coexist at low
temperatures.1–4 HexagonalRMnO3 compounds have anti-
ferromagnetic ordering with the Neel temperaturesTNd of
TN,70–130 K,1,5 and the ferroelectric ordering occurs at a
high temperaturesTE,600–990 Kd.1,2 RMnO3 crystallizes
in two structural phases; the hexagonal phase when the ionic
radius ofR is small, and the orthorhombic phase when the
ionic radius ofR is rather large. Note that the ferroelectric
ordering occurs only in the hexagonal phase ofRMnO3,
while the magnetic ordering occurs in both hexagonal and
orthorhombic phases. In the hexagonal structure, each Mn
ion is surrounded by three in-plane and two apical oxygen
ions, and so it is subject to a trigonal crystal field.6 These
MnO5 blocks are connected two dimensionally through their
corners, and the triangular lattice of Mn3+ ions is formed.
These hexagonalRMnO3 compounds experience characteris-
tic distortions such as tilting of MnO5 blocks and the dis-
placement ofR3+ ions along thec axis, causing a ferroelec-
tric polarization.6,7

There seems to be a strong coupling between the ferro-
electric and magnetic ordering in hexagonalRMnO3 com-
pounds. For example, a critical change of dielectric constants
at TN has been reported forRMnO3 polycrystalline
samples,8–10 suggesting a coupling between the ferroelectric
and magnetic ordering. Further, the coupled antiferromag-
netic and ferroelectric domains have been observed in
YMnO3,

11 and the magnetic phase of HoMnO3 has been ob-
served to be controlled by the electric field.12 In the optical
study of LuMnO3,

13 a strong coupling of antiferromagnetism
to the optical absorption spectra has been observed.

Understanding the origin of the coexistence of magnetism
and ferroelectricity in hexagonalRMnO3 is a fundamental
physics question, but has not been well understood yet. The

d0-ness rule is generally accepted in ferroelectricity. That is,
a ferroelectric displacement of theB cation in ABO3 is in-
hibited if the formal charge of theB ion does not correspond
to a d0 electron configuration due to the strong on-site Cou-
lomb interaction betweend electrons. In contrast, the occu-
pancy of transition-metald electrons is crucial in the mag-
netic ordering. Thus the simultaneous magnetic and
ferroelectric ordering inRMnO3 seems to break thed0-ness
rule. It was suggested that the multiferroic property in
RMnO3 is a result of the effective one-dimensionals1Dd
d0-ness along thec axis.14,15 According to the electronic
structure calculations,16,17 the Mn3+ s3d4d ion in YMnO3 is
not a Jahn-Teller ion since the highest occupied 3d level
sdxy−dx2−y2d is nondegenerate because of the trigonal sym-
metry of the surrounding oxygen ions. Thed3z2−r2 state is
mostly unoccupied so that this effective 1Dd0 orbital along
the c axis allows ferroelectricity to occur via the usual
ligand-field stabilization mechanism. This is a plausible idea,
but has not been confirmed experimentally yet.

In order to understand the origin of the multiferroicity in
hexagonalRMnO3, it is important to investigate the elec-
tronic structures of hexagonalRMnO3, including the valence
states of Mn ions and the character of the lowest unoccupied
3d states of the Mn ion below and above the ferroelectric
transition. In principle, these investigations are possible by
employing the polarization-dependent soft x-ray absorption
spectroscopysXASd and valence-band photoemission spec-
troscopysPESd measurements. PES and XAS are powerful
experimental methods for providing direct information on
the electronic structures of solids. In practice, however, these
spectroscopic measurements are not easy for these multifer-
roic materials. Normally these systems are good insulators
having wide band gaps, and so they are not good for electron
spectroscopy studies. For the polarization-dependent experi-
ments, single crystals are prerequisite. Further, it is difficult
to study the changes in the electronic structure acrossTE
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using these spectroscopy experiments because it is practi-
cally not compatible with the ultrahigh vacuum required
for the experiments to achieve these high temperatures
sTE,600–990 Kd.

In this paper, we report the valence-band PES, O 1s XAS,
and Mn 2p XAS study of polycrystalline RMnO3
sR=Y,Erd samples at room temperature which belongs to
the paramagnetic ferroelectric phase. To our knowledge, this
is the first reliable PES and XAS study on multiferroic
samples. Only the core-level PES data for the sputtered
YMnO3 films have been reported so far.18 This study pro-
vides the information on the electronic structures ofRMnO3
sR=Y,Erd in their ferroelectric and paramagnetic phases
even though we did not perform the polarization-dependent
spectroscopy measurement acrossTE or TN.

PolycrystallineRMnO3 samplessR=Y,Erd were synthe-
sized by using the standard solid-state reaction method. Cat-
ion oxides of R2O3 sR=Y,Erd s99.999%d and Mn2O3

s99.999%d were thoroughly mixed in order to achieve a ho-
mogeneous mixture. The mixed powders were heated to
900 °C for 12 h and later they were annealed at 1100 °C for
24 h and subsequently at 1200 °C for 24 h before final sin-
tering at 1350 °C for 24 h with intermediate grindings. The
purpose of intermediate grindings was to prevent the forma-
tion of impurity phases. The x-ray diffractionsXRDd mea-
surements at room temperature showed that all the samples
have a single hexagonalRMnO3 phase.

Valence-band PES, O 1s XAS, and Mn 2p XAS measure-
ments were performed at the 8A1 undulator beamline of the
Pohang Accelerator LaboratorysPALd. Samples were
cleanedin situ by repeated scraping with a diamond file and
the data were obtained at room temperature with the pressure
better than 4310−10 Torr. The Fermi levelEF sRef. 19d and
the overall instrumental resolutionffull width at half maxi-
mum sFWHMdg of the system were determined from the
valence-band spectrum of a scraped Pd metal in electrical
contact with samples. The FWHM was about 100–400 meV
between a photon energyhn,130 eV andhn<600 eV. All
the spectra were normalized to the incident photon flux. The
XAS spectra were obtained by employing the total electron
yield method. The experimental energy resolution for the
XAS data was set to,100 meV at the O 1s and Mn 2p
absorption thresholdsshn<500–600 eVd.

Figure 1 compares the Mn 2p XAS spectra ofRMnO3
sR=Y,Erd to those of reference Mn compounds having for-
mal Mn valences of 3+sMn2O3, reproduced from Ref. 20d,
4+ sMnO2 reproduced from Ref. 21d, 2+ sMnO reproduced
from Ref. 21d, and that of Mn metalsreproduced from Ref.
22d. The XAS data of MnO2, MnO, and Mn metal were
shifted by −0.8, +1.0, and −1.3 eV, respectively, to allow for
a better comparison of the data. It is well known that the
peak positions and the line shape of the Mn 2p XAS spec-
trum depend on the local electronic structure of the Mn ion,
so that the 2p XAS spectrum provides the information on the
valence state of the Mn ion.23,24 Figure 1 shows clearly that
the Mn 2p XAS spectra ofRMnO3 sR=Y,Erd are essentially
identical to each other, and that they are very similar to that
of Mn2O3. For comparison, they are quite different from
those of MnOs2+d, MnO2 s4+d, and Mn metal. This obser-

vation indicates that the valence states of Mn ions inRMnO3
are nearly trivalentsMn3+d, with the 3d4 configuration, but
far from being divalent sMn2+,3d5d or tetravalent
sMn4+,3d3d. This finding is consistent with the finding of Mn
K-edge XANES,25 and with the general consensus of Mn3+

ions in the ionic bonding picture for hexagonalRMnO3.
If Mn ions in RMnO3 have the 3d4 configurations, then

the next question would be which states are occupied, which
states are unoccupied, and where these states are located with
respect toEF. In order to answer these questions, we have
investigated the photoemission spectral weight distribution
of Mn 3d electrons, by employing resonant photoemission
spectroscopysRPESd near the Mn 2p→3d absorption
threshold.

The top of Fig. 2 shows the valence-band RPES spectra of
YMnO3 near the Mn 2p3/2 absorption edge. We have also
done RPES measurements for ErMnO3, but the valence-band
PES spectra have large contribution from Er 4f electron
emissions, which overlap with both Mn 3d and O 2p emis-
sions. So we do not present the PES data for ErMnO3 in this
paper. The inset shows the Mn 2p3/2 XAS spectrum of
YMnO3, and the arrows in the XAS spectrum representhn’s
where the valence-band spectra were obtained. The off-
resonance valence-band PES spectrumsAd consists of both O
2p and Mn 3d electron emissions with comparable contribu-
tions, but has the negligible contribution from Ys/p electron
emissions.26 The top PES spectrumslabeled as XPSd was
obtained withhn=1486.6 eV, which belongs to the XPS
limit. This XPS spectrum is very similar to the off-resonance
spectrumsAd, because, athn=1486.6 eV, the O 2p and Mn
3d electron emissions are also of comparable magnitudes.26

The enhanced features near,7 eV binding energy at the Mn
2p→3d absorption energysBd represent the resonant Mn 3d
electron emission. Therefore the difference between the on-
resonance and off-resonance spectra can be considered to

FIG. 1. Comparison of the Mn 2p XAS spectra of YMnO3

ssolid linesd and ErMnO3 ssymbolsd to those of Mn2O3 sMn3+d
sRef. 20d, MnO2 sMn3+d sRef. 21d, MnO sMn2+d sRef. 21d, and Mn
metal sRef. 22d.
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represent thebulk Mn 3d partial spectral weightsPSWd
distribution.27 The vertical bars, marked for those features
that shift away fromEF with increasinghn, denote the Mn
LMM Auger emission that appears at a fixed kinetic energy
sKEd of KE ,634 eV.28 These Auger peaks also reveal the
intensity enhancement near the Mn 2p absorption threshold.
It is known that the transition-metalsTd Auger peaks show
the resonant behavior near theT 2p→3d RPES.29

The bottom of Fig. 2 presents the extraction procedure of
the Mn 3d PSW for YMnO3. As a first approximation, it is
taken as the difference between the Mn 2p→3d on-
resonance spectrumssolid lined and off-resonance spectrum
sgray lined. In this extraction procedure, we have used the
on-resonance spectrum at B, instead of C or D, to reduce the
effect of the Mn Auger contribution. The extracted Mn 3d
PSW exhibits a peak centered at,7 eV binding energy with
an asymmetric and long tail to the high binding energy side
sup to ,15 eVd. Part of this high binding tail is ascribed to
the underlying Mn Auger peak. The extracted Mn 3d PSW
for YMnO3 shows that Mn 3d states are located well below
EF but that there is nearly no Mn 3d occupied states nearEF.
Note that both the off-resonance spectrumsAd and the
hn=1486.6 eV XPS spectrum represent a mixture of O 2p
and Mn 3d emissions. Therefore the bottom part of Fig. 2
reveals that the occupied Mn 3d states lie in the middle of
the O 2p states and that they overlap with the O 2p states
very much, having the comparable widths to those of the O
2p states. This finding implies the strong hybridization be-
tween Mn 3d and O 2p states.

Figure 3 shows the combined Mn 3d PSW and the O 1s
XAS spectrum of YMnO3.

30 The O 1s XAS spectrum repre-
sents the transition from the O 1s core level to the unoccu-

pied O 2p states which are hybridized with the other elec-
tronic states, so it provides a reasonable estimate of the
unoccupied conduction bands. The peaksA, B, C in the O 1s
XAS spectrum of YMnO3 have also been observed in
ErMnO3 and they were very similar to each other, indicating
that they have mainly the O 2p-Mn 3d character. At the
bottom of Fig. 3, we also provide a schematic diagram for
the partial densities of statessPDOSd for YMnO3. We have
determined this schematic PDOS diagram through the com-
parison of the PES/XAS data and the LSDA+U band calcu-
lations sLSDA: local spin-density approximation,U: on-site
Coulomb interactiond for YMnO3.

16,17 Our PES/XAS data
agree better with the LSDA+U calculations than with the
LSDA calculations. This finding is plausible because the on-
site Coulomb interaction between Mnd electrons is expected
to be strong. But the employedU=8 eV in the existing
LSDA+U calculations seems to be too large for YMnO3, as
discussed below.

The features observed in the PES/XAS are ascribed to the
following states.a: the occupied Mn 3d states consisting of
the narrowsdxz↑−dyz↑ d states, which are superposed on top
of the rather broadsdxy↑−dx2−y2↑ d states,b sthe high binding
energy shoulder toad: the Mn Auger peak,a+b sthe broad
valence-band PES features underneath the Mn 3d statesd: the
O 2p states. Note that the occupied O 2p states are hybrid-
ized with Mn sdxy−dx2−y2d states, consistent with the band-
structure calculations.16,17In the XAS side, the marked peaks
represent the following states.A: the unoccupied Mnd3z2−r2↑
states, B: the unoccupied Mn sdxy↓−dx2−y2↓ d and
sdxz↓−dyz↓ d states, C: the unoccupied Mn d3z2−r2↓
states. Thus the state just aboveEF corresponds to Mn
d3z2−r2↑, and so the trivalent Mn3+ ions in RMnO3 are in
the high-spin statesS=2d with the configuration of
sdxz↑−dyz↑ d2sdxy↑−dx2−y2↑ d2. Considering the uncertainty in
the binding energy calibration of PES data,19 the energy
separation between the peaka in the valence-band PES and

FIG. 2. Valence-band PES spectra of YMnO3 near the Mn
2p3/2→3d absorption edge. Inset: The Mn 2p3/2 XAS spectrum of
YMnO3. Arrows denotehn’s where the valence-band PES spectra
were obtained. Bottom: Comparison of the on-resonancessolid lined
and off-resonance valence-band PES spectrasgray lined in Mn
2p→3d RPES, and the difference between these twosopen dotsd.

FIG. 3. Top: Combined Mn 3d PSW and O 1s XAS for YMnO3.
Bottom: The schematic diagram for the Mn 3d PDOS of YMnO3. ↑
and↓ represent the majority- and minority-spin states, respectively.

BRIEF REPORTS PHYSICAL REVIEW B71, 092405s2005d

092405-3



the peak A in the O 1s XAS amounts to 7,8 eV. Then this
value gives a rough measure ofU+DCF sRef. 31d sDCF: the
crystal-field splitting betweend3z2−r2 anddxz−dyzd. Employ-
ing DCF<2 eV from the LSDA band structure calculation,16

the estimated value ofU would be of the order of 5–6 eV.
Hence the present spectral data indicate that the Mn 3d Cou-
lomb interactionU is not as large as thatsU=8 eVd em-
ployed in Refs. 16 and 17. The energy separations,2 eVd
between the top of the valence band and the peakA in the O
1s XAS is expected to correspond to the lowest energy peak
in the optical absorption spectrum for YMnO3.

18,32 We as-
cribe this energy separation to the energy difference between
the occupied O 2p states, which are strongly hybridized to
the sdxy↑−dx2−y2↑ d states, and the unoccupied Mnd3z2−r2↑
states.

Note that the extracted Mn 3d PSW shows negligible
spectral weight nearEF. Thus our schematic PDOS diagram
shown in Fig. 3 implies that the topmost electronic states in
the valence bands of YMnO3 sthose closest toEFd are mostly
O 2p states. According to this picture, the lowest-energy op-
tical transition would be the Op-Mn d transition, suggesting
that YMnO3 is likely to be a charge-transfer insulator. Note-
worthy is that our model for the electronic structure of
YMnO3 is different from that proposed from the optical ab-
sorption study of LuMnO3,

13 where a sharp peak at 1.7 eV
seven at room temperatured was ascribed to the on-site Mn
d-d transition. In contrast, similar absorption peaks were ob-
served inRMnO3 sR=Sc, Y, Erd, and they were interpreted as

arising from charge transfer from O 2p to Mn 3d states.32

The present PES/XAS data indicate that the latter interpreta-
tion is more consistent with the real electronic structures in
RMnO3.

In conclusion, the electronic structures of hexagonal mul-
tiferroic RMnO3 sR=Y, Erd materials have been investigated
by employing Mn 2p→3d RPES, Mn 2p XAS, and O 1s
XAS. The Mn 2p XAS spectra ofRMnO3 sR=Y, Erd show
that Mn ions are in the formally trivalent Mn3+ states, imply-
ing thesdxz↑−dyz↑ d2sdxy↑−dx2−y2↑ d2 configurations with the
total spin of S=2 per Mn ion. According to Mn 2p→3d
RPES for YMnO3, the occupied Mnsdxz−dyzd states lie very
deep belowEF, with a peak around,7 eV binding energy.
The occupied Mnsdxy−dx2−y2d states overlap with the O 2p
states very much, but show negligible Mn 3d spectral weight
above the O 2p states, suggesting that YMnO3 is likely to be
a charge-transfer insulator. The lowest unoccupied peak in
the O 1s XAS is ascribed to the unoccupied Mnd3z2−r2 state.
This finding is compatible with the recent structural studies
of RMnO3,

6,7 which show tilting of MnO5 blocks in their
ferroelectric phases.
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