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Strong Stark splitting, which is nearly independent of the R-ions replacement, has been observed
through the photoluminescence investigation of electronic ferroelectric Er1−xYbxFe2O4 �x=0, 0.8,
0.9, and 0.95�. Initially multiple radiative decay channels have been investigated, especially the
visible transition 4F9/2→ 4I15/2, of which a quenching effect has been observed. A series of small
non-Raman peaks have been observed superimposed on a broadband photoluminescence spectrum,
of which we tentatively assign Stark splitting to be the cause. The splitting of the 4F9/2 and 4I15/2
levels is found to be 54 meV and 66 meV, respectively. This unusually large Stark splitting at visible
range indicates the existence of strong local field originated from the W-layer in the
charge-frustrated ErFe2O4. © 2010 American Institute of Physics. �doi:10.1063/1.3490212�

I. INTRODUCTION

The electronic ferroelectricity coupled with magnetism
in charge-/spin-frustrated RFe2O4 �R=Y, Er, Yb, Tm, and
Lu� materials have attracted much attention in recent
studies.1–5 Experimental measurements in this kind of mate-
rials have revealed a notable interplay among charge, spin
and the crystal lattice. Multiferroic properties,1 colossal di-
electric constant,1 nonlinear current-voltage behavior, giant
magnetodielectric response,2 and colossal dielectric
tunability3 have been observed in a variety of well-
characterized samples. These remarkable functionalities
could turn out to be quite useful for developing novel de-
vices for technologic applications.

From structural point of view, RFe2O4 has a layered

rhombohedral structure with space group R3̄m, this material
consists of two structural layers, i.e., a hexagonal Fe2O2.5

double layer, which is made up of two triangular sheets of
corner-sharing FeO5 trigonal bipyramids and usually called
W layer, sandwiched by a thick R2O3 layer �Fig. 1�a��. The
origin of ferroelectricity in this kind of material is fundamen-
tally correlated with the disappearance of the inversion sym-
metry as a consequence of the Fe3+ and Fe2+ charge ordering
of W layer.1,4,5 Experimental studies revealed a large sponta-
neous polarization of about 0.24 C m−2 in LuFe2O4,1 which
is comparable to the polarization of 0.26 C m−2 in BaTiO3.6

Erbium-doped ferroelectric materials have attracted
much interest in recent years for their unique optoelectronic
properties.7–9 Doping magnetic erbium ions into La2Ti2O7

was attempted as one of the most promising procedures to
realize noncentrosymmetric magnets, which manifests a
unique nonreciprocal magneto-optical effect.9 Ferroelectric
RFe2O4 is a good host material, which is robust against Er3+

substitution of the trivalent lanthanoid sites from a small
amount up to a full replacement with its ferroelectricity re-
main polarized along the c-axis.

In this paper, we present a systematic photoluminescence

�PL� investigation of the multiferroic Er1−xYbxFe2O4 �x=0,
0.8, 0.9, and 0.95� materials. Due to its fluorescence nature,
the erbium ion is found to behave as an effective local probe
of the crystal field or electric polarization induced by charge-
frustration. We give a tentative interpretation of our observa-
tion, which may add confirmation to the existence of strong
local field and/or electric polarization for these charge-
frustrated materials.

II. EXPERIMENT AND RESULTS

We synthesized four polycrystalline samples
Er1−xYbxFe2O4 �x=0, 0.8, 0.9, and 0.95� using a conven-
tional solid-state reaction method. A stoichiometric amount
of Er2O3 �99.99%�, Yb2O3 �99.99%�, and guaranteed reagent
grade Fe2O3 were fully mixed in an agate mortar. Then these
raw materials were pressed into pellets and sintered at
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FIG. 1. �Color online� �a� Schematic unit cell structure depicting the Er–O
layer, Fe–O double- and single-layers stacking alternately along the c-axis
for the ErFe2O4 phase, with O-atoms omitted for clarity. �b� Electron dif-

fraction patterns of ErFe2O4 along �11̄0� zone-axis directions at room tem-
perature. �c� The XRD patterns for Er1−xYbxFe2O4 �x=0, 0.8, 0.9, and 0.95�
samples.
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1200 °C for 12 h in an atmosphere, of which the oxygen
partial pressure was controlled by adjusting a mixture of the
gases CO2 and H2 �CO2 /H2=2�.

To characterize the crystal lattice structure and phase
purity, powder x-ray diffraction �XRD� measurements were
taken using a Rigaku diffractometer with the Cu K� line. In
Fig. 1�c� we show the XRD patterns taken from
Er1−xYbxFe2O4 �x=0, 0.8, 0.9, and 0.95� samples at room
temperature, which can be confidently indexed using hex-

agonal cells with the R3̄m space group. No peaks from im-
purity phases were observed. The relative intensity differ-
ence of the �009� peak for x=0.9 is very likely caused by
large grain sizes and the preferred orientation effect. Our
scanning electron microscopy characterization revealed that
the composing crystallines for each of the four as-made ma-
terials demonstrate typical layered feature with crystal sizes
of 1–10 �m. From these XRD measurements we obtained,
using a software POWDERX, the lattice constants, which show
weak dependence on doping concentration and are listed in
Table I.

Then transmission electron microscopy measurements
were taken on a Tecnai F20 �200 kV� electron microscope,
clearly confirming very similar superstructure features as ob-
served in LuFe2O4.4,5 Particularly, we show in Fig. 1�b� a
typical room-temperature electron diffraction pattern of

ErFe2O4 taken along the direction of �11̄0� zone-axis. Simi-
lar to that commonly accepted for LuFe2O4, the superstruc-
ture reflections, as diffuse streaks on the �h=3, h=3, l� lines
along the c-axis, arise essentially from the charge ordering
transition associated with the mixed valence states of Fe ions
in the frustrated layers,1,4,5 which correlates with the elec-
tronic ferroelectricity.

To do the PL measurements, the 4 mm-sized samples
were carefully polished such that their surfaces are flat and
optically smooth, except for noticeable dents on the surfaces
due to their polycrystalline nature. Their roughness is differ-
ent and the x=0.8 one has much more dents on the surface
than the other three samples have.

We then measured the room-temperature fluorescence of
the four Er1−xYbxFe2O4 �x=0, 0.8, 0.9, and 0.95� samples
with a confocal microscope Raman-fluorescence spectrom-
eter system, where the excitation continuous wave laser
beam has a wavelength of 532 nm and powers tuned from
0.02 to 4 mW. The fluorescence light was collected with the
same objective lens for excitation, frequency-resolved with
the spectrometer grating, and then detected with the charge-
coupled device of the spectrometer. The integration time was
10 s for each of the measurements and the spectra are shown
in Fig. 2. When different spots of the sample surface were

sampled, different fluorescence intensities were observed,
and when the sample surface roughness is high, the fluores-
cence intensity is relatively low. We collected signals at rela-
tively smooth parts of the surfaces.

The power dependence of the fluorescence for the four
samples is shown in Fig. 2. It can be seen that all the emis-

TABLE I. Crystal lattices for Er1−xYbxFe2O4, where x is the doping level.

x
A

�Å�
c

�Å�

0 3.494 73 24.929 79
0.8 3.463 04 25.047 90
0.9 3.461 73 25.080 53
0.95 3.458 85 25.081 09

FIG. 2. �Color online� Fluorescence spectra of the Er1−xYbxFe2O4 �x=0, 0.8,
0.9, and 0.95� samples as a function of the excitation power.
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sion curves for all the samples have a visible broad-band
spectrum range, which does not vary noticeably with differ-
ent excitation powers. Unlike this, the spectrum intensity
varies with the excitation power and doping concentrations
of the Yb3+ ions. To illustrate explicitly, we show the inte-
grated fluorescence intensity versus the entire excitation
power in Fig. 3. It is known that, for unsaturated processes,
the number of photons needed for populating an excited state
can be obtain according to the following relation:10

I � Pn, �1�

where I is the fluorescence intensity, P is the excitation
power, and n is the number of pumping photons needed for
the quantum transition from the ground state to the emission
state. As shown in Fig. 3, the n values are very close to 1 for
x=0, 0.8, and 0.9, but larger than 1 for x=0.95. Thus, for
relatively lower Yb3+ concentration �x�0.9�, the excitation
is dominated by one-photon processes, but for higher Yb3+

concentration �x=0.95� the excitation is a combination of
one-photon and two-photon processes. For the latter case,
one-photon process is still dominating even if the Er3+ con-
centration becomes as small as 0.05. Overall speaking, linear
fitting using Eq. �1� well describes this down-conversion
process.11

Also can be seen from Fig. 3 is the decrease in slop at
higher excitation powers, which is the so-called quenching
effect.10 We ascribe this to the change in decay channels at
high powers, where more decay is through channel ① rather
than channel ② �channel ① and ② are marked in Fig. 4�.
Shown in Fig. 2, more emission is observed with a wave-
length corresponding to channel ① �around 546 nm� at high
powers �for example, 4 mW excitation power�, confirming
our above analysis. This quenching effect becomes less ob-
servable with increasing Yb3+ concentration. Thus intense
doping of Yb3+ ions helps maintain or enhance illumination
at the 600–800 nm range, i.e., that through channel ②. This
is possible partially through channel ④ and ⑤ �Fig. 4�.

To identify the PL channels, we explicitly illustrate the
energy levels of the 4f electronic states of doping Er3+ and
Yb3+ ions in Fig. 4. Under the excitation of 532 nm photons,
the ground state of Er3+ �4I15/2� is excited to the higher en-
ergy state �4S3/2�, with associated multiphonon processes that
help to preserve energy conservation. Then the excited state
�4S3/2� decay radiatively 4S3/2→ 4I15/2 �546 nm� to the ground
state �4I15/2� and nonradiatively to the lower levels �4F9/2,
4I9/2, 4I11/2, and 4I13/2�, followed by subsequent radiative
transitions 4F9/2→ 4I15/2 �662 nm� and 4I9/2→ 4I15/2 �800 nm�.
Besides these one-photon processes, two-photon processes
might also occur for very high Yb3+ concentration �see the
line for x=0.95 in Fig. 3�. Two possible channels, marked by
④ and ⑤, are illustrated in Fig. 4. In such processes ④� and
⑤� are assisting transitions which partially comes from the
phonon-assisted energy transfer from Yb3+ ions to Er3+ ions.
When the Yb3+ concentration is higher �e.g., x=0.95�, the
contribution from energy transfer is higher accordingly, lead-
ing to an n value larger than 1.

It can be seen from Fig. 2 that the visible PL has a red
shift for x=0.95 and 0.9, compared with that for x=0 and
0.8. When Yb3+ ion has a high concentration, two-photon
processes become easier, resulting in fast depletion of the
4I11/2 and 4I13/2 states. Thus phonon-assisted nonradiative
transitions 4S3/2→ 4F9/2, 4F9/2→ 4I9/2, 4I9/2→ 4I11/2, and
4I11/2→ 4I13/2 are easier to occur. Consequently radiative
transition channel ① is reduced and radiative transition chan-
nel ② has a relatively larger reduction in higher energy sub-
channels. The net result is a redshift in the visible PL spec-
trum in Fig. 2 with increasing x. Meanwhile a careful
examination of the bandwidth of the visible PL correspond-
ing to channel ② does not give a noticeable broadening
�make sure channel ① is not included here�. Thus the red
shift is unlikely due to Stark splitting �see the analysis sec-
tion� at a higher Er3+ ion concentration of 10% and 5%.

III. ANALYSIS

In order to get deeper insight into the PL phenomena, we
re-plot in Fig. 5�a� a typical data �the light-blue curve in Fig.
2�d�� obtained from the x=0.95 compound with 0.4 mW ex-
citation power. Detailed examination of the spectrum re-

FIG. 3. Integrated 4F9/2→ 4I15/2 fluorescence intensity as a function of the
excitation power for Er1−xYbxFe2O4 samples of different doping values. The
solid lines are linear fits. The dashed lines are guides to the eye.

FIG. 4. Schematic energy levels of Er3+ and Yb3+ ions in Er1−xYbxFe2O4

showing multiphonon assisted radiative decays in the visible and near 800
nm range.
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vealed that there are multiple small peaks superimposed on
the broad-band PL curve �the same to the other curves in Fig.
2�. To determine the peak positions we subtracted, in energy
domain, the spectrum curve with a Gaussian fitting curve and
multiplied the residue values by 3 for figure clarity. The peak
positions are indicated in Fig. 5�a�. We first identify the ra-
diative channels for the PL spectrum. While the major broad-
band peak centered at 1.8 eV corresponds to radiative chan-
nel ②, the two bumps with energies around 2.1 eV and 1.5
eV apparently corresponds to the radiative channels ① and
③. Next, we focus on the small peaks superimposed on the
profile. The peaks with higher energies �2.1 eV�E
�2.3 eV� are assigned to first-and second-order Raman ac-
tive modes, which were confirmed by our varying-excitation-
wavelength PL measurements �not shown here�. Note that
the starting value of the x-axis of Fig. 5�a� was set to be the
excitation laser energy �2.3367 eV, i.e., 532 nm�.

We further analyze the series of small peaks with rela-
tively lower energies �1.56 eV�E�2.02 eV�. We clearly
identify the peak positions and find they are separated by two
energy intervals 54 meV �between blue lines� and 66 meV
�between magenta lines�. We contemplate their origins and
tentatively assign them to strong stark-splitting of the 4f
electronic states of Er3+ ions. Under stark splitting due to the

broken symmetry of local field, the ground state 4I15/2 splits
into eight sublevels, and the excited-state 4F9/2 splits into
five sublevels, as shown in Fig. 5�b�. The possible combina-
tion of radiative transitions is depicted by arrows as pre-
sented in Fig. 5�b�. The total transition intensity I=�Ii,
where Ii corresponds to the transitions shown in Fig. 5�b� and
marked in Fig. 5�a�, fits very well with the original experi-
mental result. Such data analysis gives a fixed energy assign-
ment and a nearly unique combination of transitions with
evenly spaced splitting, which is unlike former treatments for
amorphous glasses12–14 or doped crystalline materials,11,15 of
which the energy assignment and number of transitions is not
unique and the sublevels are often not evenly-spaced in en-
ergy.

Most of former reports on PL of Er3+ ions in
amorphous12–14 and crystalline11,15 materials were explained
by Stark splitting, of which narrow green �around 548 nm�
and red �around 660 nm� bands were frequently observed,
with an energy interval of typically 5–10 meV for the visible
range. What we have observed for Er1−xYbxFe2O4 �Fig. 5�b��
gives an energy interval of 54 meV and 66 meV, which is
several times larger. We interpret this as due to the strong
local field which is characteristic of ferroelectric materials. It
is well known that LuFe2O4 has a layered lattice structure,
and its spontaneous electric polarization due to charge-
frustration is prominent with a direction along the c-axis.1,4

Thus, based on our analysis, our PL measurement confirms
the existence of strong local field in the RFe2O4 multiferroic
materials.

To investigate the effect of doping level to the magnitude
of Stark splitting, similar analysis has been done also for the
x=0, P=0.4 mW case. In Fig. 6, we do not see noticeable
broadening of the splitting. This further confirms our decay-
channel analysis that PL corresponding to channel ② is not
broadened. Thus we conclude that R-ion replacement does
not noticeably affect the Stark splitting, which can be under-
stood as the electric polarization is mainly contributed from
the W-layer rather than the R2O3 layer.

IV. CONCLUSIONS

In summary, we have systematically studied the PL of
multiferroic Er1−xYbxFe2O4 �x=0, 0.8, 0.9, and 0.95� mate-

FIG. 5. �Color online� Schematic Stark-splitting levels and corresponding
transitions. �a� The red curve is the original experimental result and the
black curve is the residual after subtraction of a Gaussian fit �multiplied by
3 for figure clarity�. The magenta and blue vertical lines are guides to the
eye, indicating two series of energy intervals. �b� Evenly-spaced stark
splitting.

FIG. 6. �Color online� Stark-splitting analysis for the x=0, P=0.4 mW
case, in comparison with that shown in Fig. 5.
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rials. Power- and concentration-dependence measurements
revealed that one-photon transition 4F9/2→ 4I15/2 �662 nm� is
the major radiative channel, along with a quenching effect
which is due to the competition between decay channels. The
effect of co-doped Yb3+ ions is also analyzed, which mainly
contributes to two-photon transition processes. More pro-
vocatively, we have observed fine features of the emission
spectra. While it is still open to further investigations, we
tentatively assign the non-Raman peaks to strong Stark split-
ting, which can be explained by and also confirms the exis-
tence of strong local field within these multiferroic materials.
With this optical method, we further show that the Stark
splitting is due to the charge frustration of the Fe ions in the
W-layer and is practically immune to lattice modification
induced by rare-earth ion replacement in the R2O3 layer.
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