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In magnetic compounds with Jahn–Teller (JT) ions (such as Mn3+ or Cu2+ ), the ordering of the electron or
hole orbitals is associated with cooperative lattice distortions. There the role of JT eﬀect, although widely
recognized, is still elusive in the ground state properties. Here we discovered that, in these materials, there
exist excitations whose energy spectrum is described in terms of the total angular momentum eigenstates and
is quantized as in quantum rotors found in JT centers. We observed features originating from these excitations
in the optical spectra of a model compound LaMnO3 using ellipsometry technique. They appear clearly as
narrow sidebands accompanying the electron transition between the JT split orbitals on neighboring Mn3+
ions, displaying anomalous temperature behavior around the Néel temperature TN ≈ 140 K. We present these
results together with new experimental data on photoluminescence found in LaMnO3 , which lend additional
support to the ellipsometry implying the electronic-vibrational origin of the quantum rotor orbital excitations.
We note that the discovered orbital excitations of quantum rotors may play an important role in many unusual
properties observed in these materials upon doping, such as high-temperature superconductivity and colossal
magnetoresistance.

DOI: 10.7868/S0044451016050126
1. INTRODUCTION

Orbital ordering phenomena in correlated electron
systems with electron–phonon interaction remains an
*

E-mail: nkovaleva@sci.lebedev.ru

actively developing ﬁeld of research despite many years
of scientiﬁc eﬀort. In magnetic compounds with
Jahn–Teller ions (such as Mn3+ or Cu2+ ), the ordering
of the eg electron or hole orbitals not only leads to cooperative lattice distortions but also determines their
magnetic properties. In addition to a more traditional
electron–lattice Jahn–Teller (JT) mechanism of orbital
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ordering [1–6], a purely electronic superexchange (SE)
mechanism can also lead to the formation of the orbital
and magnetic ordering [7–9].
Orthorhombic
rare-earth
(RE)
manganites
REMnO3 (RE = La, Pr, Nd, Sm, Eu, Gd, Tb,
Dy) are regarded to be model compounds in orbital
physics: these systems are perovskites with the Mn3+
ions having the t32g e1g electronic conﬁguration. Their
high-temperature phase is nearly cubic, and at the
temperature Too , they undergo a transition into the
orthorhombic orbitally ordered P bnm structure with
an antiferrodistorsive ordering of MnO6 octahedra
(see Fig. 1a,b ). Recent ab initio studies demonstrate
that the SE interaction alone cannot initiate the
transition at Too [10]. Another argument supporting
the importance of the JT mechanism comes from
the fact that the SE favors the occupation of the eg
orbital with the orbital angle θ = 90◦ . In fact, the
orbital angle determined from the neutron scattering
for LaMnO3 is θ ∼ 108◦ [11], and this diﬀerence
further increases in the manganites with smaller ionic
radii to θ ∼ 114◦ for TbMnO3 [12]. For comparison,
the orbital angle of an isolated JT MnO6 complex is
θ = 120◦. Moreover, in our recent study of polarized
Raman scattering in the untwinned LaMnO3 crystal, it
is shown that the multi-order phonon density of states
observed there up to the fourth order is the sidebands
on the low-energy mode at 24 cm−1 [13]. This speciﬁes
that the low-energy mode at 24 cm−1 stems from
the tunneling transition between the potential energy
minima arising near the JT Mn3+ ion due to lattice
anharmonicity. These indications suggest that the
nature of the ground state in orthorhombic manganites
is more pertinent to the JT ground state.
In agreement with the JT theorem [1], an octahedral MnO6 complex placed in cubic symmetry surroundings suﬀers a JT distortion to a state of reduced
symmetry and lower energy. Here, the ground state is
stabilized by splitting the doubly degenerate electronic
levels of an Mn3+ ion by a vibronic interaction between
the d3z2 −r2 and dx2 −y2 symmetry orbitals and the Q2
and Q3 normal modes. If only the linear vibronic coupling terms are taken into account, the ground-state
energy of the MnO6 complex has an inﬁnite degeneracy, associated with the symmetry of the distortions
invariant under rotations in the (Q2 , Q3 ) normal coordinates. This means that the ground state is not
uniquely deﬁned, but 
occurs at any point of the circle
with the radius ρ0 ≡ Q220 + Q230 along the trough at
the bottom of the adiabatic potential energy surface
called the “Mexican hat” (see Fig. 1c). There are no
barriers to hinder rotations in the (Q2 , Q3 ) plane, and

the oscillations in the conﬁguration of the MnO6 octahedron without a change in energy lead to the dynamic
JT eﬀect.
However, the inﬁnite degeneracy of the ground state
may be removed if one takes third-order (anharmonicity) terms of the normal coordinates Q2 and Q3 into account in the expansion of a potential energy, which results in the appearance of three discrete minima in the
trough of the “Mexican hat” [2]. And at a suﬃciently
low temperature, the system may become localized in
one of them associated with the tetragonal static lattice distortion. The minima on the low energy surface
of the deformed “Mexican hat” are separated by potential barriers. Their inﬂuence on the stability of the
ground state was considered by O’Brien [14], who ﬁrst
investigated the quantum energy levels in this system.
Their eigenvalues associated with the A1 , A2 , and E
irreducible representations of the C3v symmetry group
were estimated. The results are presented in the diagram as a function of the potential barrier height β (see
Fig. 1d). There is also the energy splitting parameter α
used in the quantization of discrete energy levels [14].
As follows from the diagram, the E energy level is associated with the ground state with the quantum number
of the angular momentum around the potential trough
j = ±1/2. In the dynamic limit (β = 0), energies of
the rotor excitations generate a sequence determined
by the quadratic dependence on values of the angular
momentum j, ε = αj 2 . These levels are associated with
the dynamic limit of rotor excitations. Their energy levels shift with increasing the barrier height β in a static
limit. Thus, for the two extreme limits of the barrier
height β, we can have a dynamic fast-rotation limit for
β = 0 and a static slow-rotation limit for β → ∞.
The quantum rotor excitations, considered by
O’Brien [14], are referred to the lower-energy “Mexican hat” surface and exist near the ground state of JT
ions. One can probe these excitations by using the Raman scattering technique. In our recent Raman study
of LaMnO3 , we had observed some of these excitations,
which are obscured by the phonon density-of-states feature, and described them as excitations of unknown origin [13]. However, quantum rotor excitations, similar
to those considered by O’Brien [14], can also be referred to the upper-energy “Mexican hat” surface and
exist near the excited state of JT ions. Here, we applied spectroscopic ellipsometry to study in detail the
low-energy dielectric function spectra of a model JT
compound LaMnO3 above the excitation edge in the
temperature range 20–300 K. The spectra are dominated by the optical band at 2 eV, which is associated with the electron transition between the JT split
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Fig. 1. (Color online) (a) Structure of the high-temperature pseudo-cubic perovskite phase of rare-earth manganites REMnO3 .
(b ) Structure of the orthorhombic P bnm phase of REMnO3 below the orbital ordering temperature Too . (c) Double-valued
“Mexican hat” potential energy surface of an octahedral MnO6 complex for linear vibronic coupling (dynamic limit) in the normal
coordinates Q2 and Q3 . The “Mexican hat” deformed by third-order (anharmonicity) terms has three discrete minima at the
bottom of the trough, separated by anharmonicity barriers (not shown). (d) Energies in the “Mexican hat” as functions of the
barrier parameter β. Values of the angular momentum j = 1/2, 3/2, 5/2, . . . are given in the dynamic limit. Results after
O’Brien [14]

orbitals on neighboring Mn3+ ions [15, 16]. We discovered a series of narrower satellite excitations above
this transition in the 2.2–2.9 eV spectral range. Similar spectral features are observed in optical spectra of
many orthorhombic RE manganites REMnO3 [17, 18].
The higher-energy excitations exhibit an anomalous
temperature dependence around the Néel temperatu-

re TN ≈ 140 K. As a result, they appear as prominent optical bands in the a-axis room-temperature
(c-axis low-temperature) spectra, or may become almost washed out in the a-axis low-temperature (c-axis
room-temperature) spectra. Our analysis showed that
the discovered excitations are closely related to quantum rotor excitations in the “Mexican hat” proﬁle of the
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Mn3+ ions. Here, we also introduce new data on photoluminescence properties of LaMnO3 . The observed
emission occurs from the same resonant energy levels
in the 2.2–2.9 eV spectral range, which is indicative of
their electron-vibrational (vibronic) origin. The quantum rotor excitations depend on values of the angular
momentum j, ε = αj 2 , and can be regarded as orbital excitations. We note that the discovered orbital
excitations of quantum rotors may play an important
role in many unusual properties observed in magnetic
compounds with JT ions (Mn3+ or Cu2+ ) upon doping, such as high-temperature superconductivity and
colossal magnetoresistance.
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2.1. Crystal growth
LaMnO3 single crystals were grown by the crucible-free ﬂoating zone method using an image furnace
equipped with an arc lamp [19, 20]. The as-grown
LaMnO3 single crystals are single phased, but exhibit
heavily twinned domain patterns in the orthorhombic
Pbnm structure (where the c axis is a long axis of the
unit cell) at temperatures below the orbital ordering
temperature Too ≈ 780 K. We were able to remove
the twins from an essential part (85 %) of the sample
volume using the procedure described in detail in our
previous study [16]. We determined an antiferromagnetic transition at the Néel temperature TN ≈ 139.6 K,
which is characteristic of a nominally oxygen-stoichiometric LaMnO3 crystal [21].
2.2. Low-energy optical dielectric function
spectra of the untwinned LaMnO3 crystal
By using spectroscopic ellipsometry technique, we
investigated anisotropic a- and c-axis dielectric function spectra of the nominally stoichiometric untwinned
LaMnO3 crystal at diﬀerent temperatures from 10
to 300 K. The complex dielectric function spectra
of LaMnO3 were investigated in the photon energy
range 0.75–6.0 eV using a home-built ellipsometer of
a rotating-analyzer type [22] with the angle of incidence 70.0◦ at the Max-Planck-Institut für Festkörperforschung, Germany. The sample was mounted on
a cold ﬁnger of a helium ﬂow UHV cryostat, where
the temperature varied between 10 and 300 K. To
avoid contamination of the sample surface with ice,
we evacuated the cryostat to a base pressure of about
5 · 10−9 Torr at room temperature. The spectro-
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Fig. 2. (Color online) Temperature variation of the a- and
c-axis (a) real ε1 (ν) and (b ) imaginary ε2 (ν) parts of the lowenergy complex dielectric function spectra of the untwinned
LaMnO3 crystal. The representative spectra at the temperatures around TN ≈ 140 K are indicated. The temperature
evolution is shown in successive temperature intervals of 10 K
between 20 and 160 K and of 25 K between 175 and 300 K

scopic ellipsometry approach oﬀers signiﬁcant advantages over conventional reﬂection methods because (i)
it is self-normalizing and does not require reference
measurements and (ii) the full complex dielectric function spectra ε(ν) = ε1 (ν) + iε2 (ν) represented by real
ε1 (ν) and imaginary ε2 (ν) parts can be obtained directly without the Kramers–Kronig transformation.
Figure 2a,b shows the temperature dependence of
the a- and c-axis real ε1 (ν) and imaginary ε2 (ν) parts
of the dielectric function spectra of the untwinned
LaMnO3 crystal above the absorption edge. We can see
that the c-axis dielectric function spectra are strongly
suppressed compared to the a-axis spectra due to the
crystalline anisotropy. The low-energy dielectric function spectra are dominated by a broad optical band
peaking at around 2 eV, identiﬁable in Fig. 2a,b by antiresonance and resonance features, obeying the Kra-
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Fig. 3. (Color online) (a,c) Real ε1 (ν) and (b,d) imaginary ε2 (ν) parts of the a- and c-axis dielectric function spectra ε(ν)
at 20 K and at 300 K, ﬁtted by the Lorentzian oscillators according to the classical dispersion analysis procedure. The ﬁve
Lorentzian bands determined from the ﬁt of the ε(ν) spectra in the a axis at 300 K and in the c-axis at 20 K are drawn;
the corresponding resonant energies of the four higher-energy satellites are marked by the dashed lines. (e,f) The cumulative
temperature dependence of the four marked higher-energy excitations in the a- and c-axis spectra, resulting from the dispersion
analysis

mers–Kronig relations, which appear at this energy in
ε1 (ν) and ε2 (ν), respectively. Superimposed are a number of smaller higher-energy spectral features, which
look more pronounced in the a-axis spectra and less
pronounced in the c-axis spectra. As follows from
Fig. 2a,b, the anisotropy of the low-energy complex dielectric function spectra increases with decreasing temperature, and is accompanied by pronounced temperature dependence of the constituent optical bands. As
a result, the higher-energy bands appear as sharp features in the a-axis room-temperature spectra and in
the c-axis low-temperature spectra, or may become almost washed out in the c-axis room-temperature spectra and in the a-axis low-temperature spectra (see also
Fig. 3a–d). The c-axis low-temperature ε(ν) spectra indicate that the higher-energy multi-band structure consists of four bands, recognizable by the Kramers–Kronig consistent resonance and antiresonance features
marked by the dashed lines in Fig. 3c,d.
To separate contributions from the optical bands,
which show onset above 3 eV, and to extract the
temperature-dependent contribution of the constituent
low-energy optical bands, we performed a classical dispersion analysis of the temperature-dependent complex
dielectric function in the studied spectral range. Using
the dielectric function of the form

ε(ω) =

∞+


j

Sj νj2
,
νj2 − ν 2 − iνγj

where νj , γj , and Sj are the peak energy, the full width
at half maximum (FWHM), and the dimensionless oscillator strength of the jth oscillator, and ∞ is the core
contribution to the dielectric function [23], we ﬁtted a
minimum set of Lorentz oscillators simultaneously to
ε1 (ν) and ε2 (ν).
Our ﬁt accurately reproduces the temperature-dependent anisotropic complex dielectric function spectra in the studied temperature range, as illustrated by
Fig. 3a–d. Figure 3a–d shows the real ε1 (ν) and imaginary ε2 (ν) parts of the a- and c-axis low-energy dielectric function spectra ε(ν) at 20 K and at 300 K, ﬁtted
by the Lorentzian oscillators according to the described
procedure of the classical dispersion analysis. It indicates that the low-energy multi-band structure is represented by a pronounced optical band at about 2 eV
and four weaker and narrower higher-energy bands.
According to the results illustrated by Fig. 3a–d, the
higher-energy bands appear at nearly the same resonant energies (within the pretended accuracy) in the
room-temperature a-axis spectra at 2.29 ± 0.02 eV,
2.41 ± 0.02 eV, 2.66 ± 0.02 eV, and 2.84 ± 0.02 eV, and
in the low-temperature c-axis spectra at 2.29 ± 0.02 eV,
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Fig. 4. (Color online) Temperature dependence of (a) the peak energy νT , (b ) the full width at half maximum (FWHM) γT , and
(c) the oscillator strength ST of the pronounced low-energy band at 2 eV. Temperature dependence of (d,e) the peak energy νj ,
(f,g) the FWHM γj , and (h,i) the oscillator strength Sj of the four higher-energy satellites in the a- and c-axis, resulting from
the dispersion analysis

2.45 ± 0.02 eV, 2.69 ± 0.02, and 2.87 ± 0.02 eV. Figure 4a–i summarizes the detailed T -dependence of the
peak energy νT , the FWHM γT , and the oscillator
strengths ST of the strongly pronounced optical band
at about 2 eV, as well as those of the four higher-energy bands, the νj , the FWHMs γj , and the oscillator
strengths Sj , resulting from the dispersion analysis of
the two independent sets of temperature-dependent aand c-axis complex dielectric function spectra. The ﬁt
of the a-axis data was stable, and the deduced parameters of νT , γT , and ST were determined within the
estimated accuracy in the whole studied temperature
range. However, we note that due to deﬁciency of the
data below 1.7 eV, the parameters νT , γT , and ST deduced from the c-axis data are less accurate, especially
at low temperatures due to strong signal suppression,
where trends inferred from the ﬁt should be taken with
care (and are not under discussion here).
We ﬁrst analyze the temperature dependence of the
parameters νT and γT obtained for the strongly pro-

nounced optical band at about 2 eV (see Fig. 4a,b );
the temperature behavior of ST (shown in Fig. 4c) is
discussed later. We can see from Fig. 4a that below
TN , the peak position in the a axis remains practically constant at 1.98 eV. The peak position νT exhibits a noticeable red shift above the TN at elevated temperatures in the a- and c-axis spectra due
to lattice anharmonicity. At the same time, the band
FWHM γT displays appreciable broadening (Fig. 4b ).
In systems with strong electron–phonon interaction,
the optical band shape is determined according to the
Franck–Condon principle. When the adiabatic potentials of the ground and excited states are strongly displaced, multiphonon transitions occur with high probability and thus a broad intense band is observed. The
zero-phonon line in such cases may have a small intensity or may be completely absent. This particular case seems to be relevant to the optical band at
about 2 eV, which is strongly pronounced in the a-axis
ε2 (ν) spectra and has a FWHM of about 1 eV at low
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temperatures. In the conventional Huang–Rhys theory,√the bandwidth
has the root-mean-square value

ω0 S ≡ ω0 S0√coth(ω0 /kB T ), and the low-temperature limit ω0 S0 , where S0 is the Huang–Rhys
factor and ω0 is the eﬀective phonon frequency. Here,
the temperature dependence of the FWHM is determined by the temperature dependence of electron–
lattice interaction via S ≡ S0 coth(ω0 /kB T ) [24].
Taking the low-temperature limit for the FWHM of
the 
2 eV optical band in the a-axis from our data,
a
ω0 S0a ≈ 0.96 eV, we were able to accurately ﬁt
the FWHM temperature dependence in the 200–300 K
temperature range (we note that here, well above the
TN ≈ 140 K, the bandwidth should not be noticeably aﬀected
 by magnetic interactions) by the formula ω0a S0a coth(ω0a /kB T ) and estimate the eﬀective phonon frequency ω0a ≈ 27.5 meV (see Fig. 4b ).
The determined eﬀective phonon frequency ω0 is associated with the longitudinal optical phonon mode in
LaMnO3 [25, 26]. In the corresponding transverse optical phonon mode, oxygen vibrations in the MnO2
plane modulate the total dipole moment along the
a-axis direction [25]. From Fig. 4b, we can see that
the 
a-axis FWHM exhibits a deviation from the law
ω0a S0a coth(ω0a /kB T ), which sets on below 200 K,
indicating additional physics involved around the Néel
temperature TN ≈ 140 K.
Next, we analyze the temperature dependence of
the parameters νj and γj deduced for the four aand c-axis higher-energy bands, arising above the pronounced 2 eV optical band in the 2.2–2.9 eV spectral
range (see Fig. 4d–g); the temperature behavior of the
Sj (shown in Fig. 4h,i) is discussed later. We start with
the analysis of the a-axis temperature behavior of the
higher-energy bands, which appear at room temperature at 2.29±0.02 eV, 2.41±0.02 eV, and 2.66±0.02 eV.
First of all, we note that the bands are relatively narrow, with their FWHM in the range 0.2–0.4 eV, which
is indicative of their peculiar origin. We found that
the peak positions νj are almost independent of temperature above TN . Moreover, the peaks νj at about
2.29 and 2.66 eV showed a sharp shift down, by about
80 and 110 meV, respectively, to lower energies below
the Néel temperature TN . At the same time, the peak
at about 2.41 eV remained practically unchanged in
the investigated temperature range. In addition, the
FWHMs of the two ﬁrst a-axis higher-energy bands,
represented by single Lorentz oscillators, exhibited an
anomalous temperature dependence. From Fig. 4f, it
can be seen that their FWHMs decrease from about 0.4
to 0.2 eV as the temperature increases from low values
to TN ≈ 140 K. The disclosed temperature behavior of

the a-axis higher-energy bands is certainly beyond the
lattice anharmonicity law, which suggests a red shift
of peak energies and band broadening at elevated temperatures.
In the c-axis, the corresponding higher-energy
bands appear at low temperature at 2.29 ± 0.02 eV,
2.45 ± 0.02 eV, and 2.69 ± 0.02 eV. Here, the band
peak energies νj and their FWHMs γj show opposite
trends with increasing temperature. Namely, the peaks
νj at 2.29 and 2.69 eV show a noticeable shift down,
by about 40 and 30 meV, respectively, to lower energies with increasing the temperature from 20 to 300 K.
Similarly to the a-axis behavior, the peak position at
about 2.45 eV remains practically unaﬀected in the investigated temperature range (see Fig. 4e). We found
that the FWHM of the 2.29 eV band exhibited a sharp
increase from about 0.4 to 0.47 eV with changing the
temperature from low values to TN (see Fig. 4g). However, the FWHMs of other bands at 2.45 and 2.68 eV
were much more weakly inﬂuenced in the studied temperature range.
And ﬁnally, we discuss temperature behavior of the
2.8 eV optical band, which appears in the room-temperature a-axis spectra at 2.84 ± 0.02 eV and in the
low-temperature c-axis spectra at 2.87 ± 0.2 eV. The
band is highly anisotropic. It looks pronounced in the
a-axis ε2 (ν) spectra, but is strongly suppressed in the
c-axis ε2 (ν) spectra, as can be seen from Fig. 3b,d.
At the same time, the band is relatively wide in the
a-axis spectra, and its FWHM γj displays an appreciable broadening from about 0.6 to 0.8 eV with increasing temperature in the studied temperature range (see
Fig. 4f). The bandwidth broadening at elevated temperatures in the a-axis can be associated with ordinary
lattice anharmonicity eﬀects. On the other hand, the
FWHM in the c-axis is much less, of about 0.2 eV, and
only weakly depends on temperature (see Fig. 4g). The
peak in the a-axis νj at about 2.84 eV shows a sharp
shift down by about 80 meV to lower energies below TN
(see Fig. 4d). And the peak in the c-axis νj at about
2.87 eV shows a shift down by about 50 meV to lower
energies with increasing the temperature from low to
room temperature (see Fig. 4e). Summarizing, we note
that the temperature trends exhibited by 2.8 eV band
are largely similar to those shown in Fig. 4d,e for the
other higher-energy bands.
Based on the results of our dispersion analysis, we
extracted the total temperature-dependent contribution of the four higher-energy bands to the a- and
c-axis ε2 (ν) dielectric function spectra, separated from
the dominant low-energy optical band at about 2 eV
and from the optical transitions arising above 3 eV
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(see Fig. 3e,f). We can see that the extracted optical
response exhibits prominent temperature dependence
around the Néel temperature in the a- and c-axis spectra. As a result of the disclosed temperature behavior
of the constituent a- (c-) axis higher-energy bands, the
bands appear as sharp features at room temperature
(low temperature), or may become almost washed out
at low temperature (room temperature). This behavior is quite impressive and can already be seen in the
spectra of the temperature-dependent dielectric function ε2 (ν) in Fig. 2b.
2.3. Photoluminescence properties of a
nominally stoichiometric LaMnO3 crystal
For photoluminescence (PL) measurements, the
LaMnO3 single crystal was ﬁxed to a copper holder
of a closed-cycle helium refrigerator. The PL emission was measured in right-angle geometry in the temperature range 10–350 K, using a setup equipped with
a SPM 2 grating monochromator (Carl Zeiss). The
PL was excited with light from a high-pressure Xe
lamp ﬁltered through a double-grating Jobin-Yvon DH
10UV monochromator. The emission was detected in
the spectral range 350 nm (3.54 eV)–870 nm (1.46 eV)
with a cooled RCA 31034 photomultiplier (with a GaAs
photocathode) operating in the photon-counting mode.
The emission spectra were taken with a spectral resolution of 6 nm and corrected for the apparatus spectral
dependence. The PL excitation spectra were referred
to a constant ﬂux of excitation light over the whole
studied spectral range.
Figure 5a shows the PL emission spectra measured
on the same LaMnO3 single crystal under excitation
by light with a photon energy of 4.6 eV at diﬀerent temperatures from 10 to 300 K. The PL emission was observed in a broad spectral range (of about
0.7 eV), peaking near 2.5 eV at 10 K. The peak showed
a shift to lower energies with increasing temperature,
and its relative intensity exhibited a sharp decrease below about 200 K. We note that no drastic changes of
the relative intensity were observed across TN . Figure 5b shows the PL excitation spectra registered for
the ﬁxed PL emission energies of 2.3 and 2.5 eV at
T ≈ 10 K. In Fig. 5b, the PL excitation spectra are
superimposed with the a- and c-axis dielectric function spectra, εa,c
2 (ν), measured on the same untwinned
LaMnO3 single crystal at T ≈ 10 K. The εa,c
2 (ν) spectra are consistent with the data presented in Fig. 2b.
The PL excitation spectra show a pronounced maximum near 4.8 eV and conspicuous peaks at around
3.8, 4.2, and 4.6 eV. This indicates that the PL emis-

sion discovered in LaMnO3 has the intrinsic origin. Indeed, the pronounced maximum observed in the PL
excitation spectra near 4.8 eV corresponds to the resonance energy of the intraband charge-transfer (CT)
O(2p)–Mn(3d) transition in a nominally stoichiometric
LaMnO3 compound [27–29]. In addition, the conspicuous peaks at around 3.8, 4.2, and 4.6 eV correspond to
the Mott–Hubbard intersite d4 d4  d5 d3 transitions
between the neighboring Mn3+ ions in the LaMnO3
lattice. The excitation energies of the high-spin (HS)
and low-spin (LS) d4 d4  d5 d3 transitions of different symmetry were systematically investigated by using the spectroscopic ellipsometry technique in our earlier studies [15, 16]. According to the results of these
studies concerning the eg –eg d4 d4  d5 d3 transitions,
(i) the HS state 6 A1 appears at 2.0 eV, whereas the four
LS state transitions appear at higher energies, namely,
(ii) 4 A1 and (iii) 4 Eε at 4.3 eV, (iv) 4 Eθ at 4.6 eV, and
(v) 4 A2 at about 6.1 eV. And the peak at 3.8 eV is
assigned to the intersite HS t2g –eg d4 d4  d5 d3 transition according to our earlier studies [15, 16]. The PL
excitation spectra shown in Fig. 5b indicate that excitation in the resonant energies of the Mott–Hubbard
intersite d4 d4  d5 d3 transitions leads to the comparatively weak emission. Interestingly, we were not able
to detect the PL emission under light excitation above
2.5 eV, in the spectral range covering the pronounced
HS-state transition at 2.0 eV (see Fig. 5b ).
The above consideration implies that under the
4.6 eV light irradiation, the electron–hole pairs resulting from (a) the CT excitation Mn3+ + O2− → Mn2+ +
+O− and (b) the Mott–Hubbard excitations 2Mn3+ →
→ Mn2+ + Mn4+ can be created in LaMnO3 . There
can be several possibilities for radiative electron–hole
recombination. The direct band-to-band recombination gives poor agreement with the position of the PL
emission band at 2.5 eV, because common Stokes’ shift
values are less than 1 eV. Other possibilities could
be due to the recombination of generated electron
and hole polarons, as well as radiative emission due
to the recombination of an exciton. In particular, a
charge-transfer vibronic exciton, involving self-trapped
electrons and holes bound in pairs, is discussed in relation to the origin of the intrinsic visible band emission peaking at around 2.4 eV (so-called “green luminescence”) in PbTiO3 , SrTiO3 , BaTiO3 , KNbO3 , and
KTaO3 perovskite-type crystals [30]. The “green luminescence” has some similarities with the PL discovered
by us in LaMnO3 . The relevance of radiative recombination of the charge-transfer vibronic exciton to PL
found in LaMnO3 needs to be discussed. In our earlier
shell model calculations, we used the Mott–Littleton
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approach to evaluate polarization energies in the perovkite LaMnO3 lattice, associated with the hole localized at the O2− anion [27–29]. The full (electronic
and ionic) lattice relaxation energy for the hole localized at the O2− site is estimated at 2.38 eV, which
is surprisingly large. Because of the large lattice relaxation energy for a hole localized at the O2− site in
LaMnO3 , the PL emission energy of 2.5 eV is hardly
consistent with the recombination energy of the triplet
exciton, involving self-trapped charge carriers bound
in pairs and localized at the Mn3+ –O2− –Mn3+ chain.
Moreover, due to the Coulomb attraction between the
electron and hole polarons in the triplet exciton, the
recombination energy should be even lower.
Importantly, in this study we found that spectral
features of the discovered PL emission are very similar
to those of the dielectric function response Δε2 (ν) of
the multiplet transitions in the range 2.2–2.9 eV, extracted from the spectroscopic ellipsometry data (see
Figs. 3e,f and 5c). According to our consideration given
above, the PL emission in LaMnO3 can be induced
more favorably by the intraband CT O(2p)–Mn(3d)
electron excitation and less favorably by the Mott–
Hubbard LS intersite d4 d4  d5 d3 electron excitations.
We suggest that nonradiative relaxation of the electronic excitation occurs from these states to the multiplet energy levels in the range 2.2–2.9 eV, discovered from the present spectroscopic ellipsometry study.
These states, appearing in the ε2 (ν) dielectric function
and in the PL emission spectra almost at the same
energies, can be assigned to electronic–vibrational (vibronic) excitations of a resonant type.

3. DISCUSSION AND CONCLUSIONS

By using a comprehensive spectroscopic ellipsometry approach, we studied low-energy complex dielectric function spectra, ε(ν) = ε1 (ν) + iε2 (ν), of
the untwinned LaMnO3 single crystal in the temperature range 20–300 K. The low-energy spectra
are contributed by a pronounced 2 eV optical band
and several narrower higher-energy excitations in the
2.2–2.9 eV spectral range. According to the results
of our earlier studies, the 2 eV optical band is associated with the HS state 6 A1 transition due to
the intersite eg –eg electron excitation [15, 16]. However, the nature of the higher-energy excitations in
the 2.2–2.9 eV spectral range remained puzzling until now. From the comprehensive temperature measurements of the low-energy complex dielectric function spectra, we discovered that the higher-energy ex-

citations exhibit anomalous temperature dependence
around the Néel temperature, TN ≈ 140 K. As a result,
the higher-energy bands appear as sharp features in the
room-temperature (low-temperature) ε2 (ν) spectra, or
may become almost washed out in the low-temperature
(room-temperature) ε2 (ν) spectra in the a- (c-) axis
spectra (see Fig. 2b ). By using classical dispersion
analysis, we studied in detail the temperature behavior
of the constituent band parameters, namely, of their
peak energies, halfwidths, and oscillator strengths (see
Fig. 4d–i). The disclosed anomalous temperature behavior of the higher-energy bands, in particular, band
broadening with decreasing temperature in the a-axis
spectra (see Fig. 4f), excludes their possible origin associated with any kind of defects, or band-to-band transitions, in particular, of the forbidden or weakly allowed p–d transitions [18]. We also note that the large
characteristic energy scale of the discovered excitations
appearing at 2.29 (2.29) eV, 2.41 (2.45) eV, and 2.66
(2.69) eV in the high- (low-) temperature a- (c-) axis
spectra (see Figs. 3a–f and 4d,e) obviously cannot be
compared with the lattice phonon energies.
Here, we also studied photoluminescence emission
found for the ﬁrst time in the LaMnO3 crystal. However, temperature-dependent photoluminescence was
earlier found in the doped compound La2/3 Ca1/3 MnO3
[31]. We now discuss the similarity of their origin. We
established that the PL emission is induced most eﬀectively by the intraband charge-transfer O(2p)–Mn(3d)
electronic excitation at 4.6–4.8 eV. The PL emission
is observed in a broad spectral range, peaking near
2.5 eV. The analysis, based on our earlier theoretical shell model calculations [27–29], allowed us to exclude possible mechanisms of the discovered PL due
to recombination of electron and hole polarons or the
charge-transfer vibronic exciton; the latter was discussed in relation to the origin of the intrinsic “green
luminescence” in PbTiO3 , SrTiO3 , BaTiO3 , KNbO3 ,
and KTaO3 perovskite-type crystals [30]. Importantly,
we found that spectral features of the discovered PL
emission are almost coincident with the corresponding contribution Δε2 (ν) of the multiple transitions in
the range 2.2–2.9 eV, extracted from the dielectric
function spectra (see Fig. 5c). The evidence of electronic states appearing in the ε2 (ν) dielectric function and in the PL emission spectra almost at the
same energies can only be explained by supposing
resonance-type electronic–vibrational (vibronic) nature
of these multiple excitations. Then the charge-transfer
O(2p)–Mn(3d) electronic excitation is followed by nonradiative electronic relaxation to these resonance-type
electronic–vibrational (vibronic) energy levels existing
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in the range 2.2–2.9 eV. In this case, the mechanism
of the PL discovered in LaMnO3 can be associated
with radiative recombination from these electronic–vibrational levels to the ground state.
We argue that the discovered excitations are closely
related to quantum rotor orbital excitations in a “Mexican hat” potential proﬁle (see Fig. 1c,d), which are
genuine electronic–vibrational (vibronic) excitations.
Their eigenvalues associated with the A1 , A2 , and E
irreducible representations of the C3v symmetry group
were earlier estimated by O’Brien [14]. In the dynamic
limit (the barrier height β = 0), energies of the orbital rotor excitations generate a sequence determined
by a quadratic dependence on values of the angular momentum j, ε = αj 2 . Their energy levels shift up with
increasing the barrier height β in the static limit, when
the third-order anharmonicity terms result in the appearance of three discrete minima in the trough of the
“Mexican hat” (see Fig. 1d) [2].
As follows from the diagram, the ground state is
represented by the E symmetry level with the quantum number of angular momentum around the potential trough j = ±1/2 (see Fig. 1d) [14]. The E states
are characterized by the angular momentum quantum
numbers j = 1/2, −5/2, 7/2, −11/2, 13/2, . . . and j =
= −1/2, 5/2, −7/2, 11/2, −13/2, . . . The value of tunneling splitting α is estimated at about 24 cm−1 from
our recent study of anomalous multi-order Raman scattering in LaMnO3 [13]. Using α = 24 cm−1 , we
evaluated the following E state energies, obeying the
quadratic law ε = αj 2 , corresponding to the modulus
of the angular momentum quantum numbers j given
in brackets: 0.7 meV (1/2), 18.6 meV (5/2), 36.4 meV
(7/2), 90.0 meV (11/2), 125.7 meV (13/2), 215.0 meV
(17/2), 268.5 meV (19/2), 393.5 meV (23/2), 464.9 meV
(25/2), 625.6 meV (29/2), 714.9 meV (31/2), 911.2 meV
(35/2), 1018.3 meV (37/2), . . .
The orbital excitations with low quantum numbers
j (1/2, 5/2, 7/2, 11/2, and 13/2) have relatively small
energies (up to 0.13 eV) and therefore cannot be distinguished in a wide “background” of the pronounced 2 eV
band. We show below that the three narrow higherenergy features discovered in the present comprehensive ellipsometry study at 2.29 (2.29) eV, 2.41 (2.45) eV,
and 2.66 (2.69) eV in the high- (low-) temperature
a- (c-) axis spectra (see Fig. 3a–f) represent quantum
rotor orbital excitations with the higher j values. More
exactly, they are actually doublets (which can hardly
be resolved in the present optical study) of orbital excitations grouped for the closest j values at (17/2 and
19/2), (23/2 and 25/2), and (29/2 and 31/2), correspondingly. For example, for the a-axis data, using the

quantum rotor eigenvalues obtained above in the dynamic limit and with the observed peak position shifts
from the low-temperature limit (where β → 0) to the
room-temperature limit (where β → ∞) (see Figs. 1d
and 4d) taken into account, we can predict where the
associated excitations will arise above the pronounced
low-energy optical band located at room temperature
at 1.96 eV. Namely, we predict that the orbital rotor excitations for the j values 17/2 and 19/2 will appear as a
doublet at (i) 1.96+(0.2150+0.2685)/2+0.08 ≈ 2.28 eV
in the a-axis room-temperature spectra. Second, we
predict that the orbital rotor excitation for the j values 23/2 and 25/2 will appear as a doublet at (ii)
1.96 + (0.3935 + 0.4649)/2 + 0.02 ≈ 2.41 eV in the
a-axis room-temperature spectra. And ﬁnally, we predict that the orbital rotor excitations for the j values
29/2 and 31/2 will appear as a doublet at (iii) 1.96 +
+ (0.6256 + 0.7149)/2 + 0.110 ≈ 2.74 eV in the a-axis
room-temperature spectra. We also note that the qualitative agreement with the peak energies observed in the
a-axis spectra at 2.29, 2.41, and 2.66 eV is surprisingly
good. Due to the electronic–vibrational (vibronic) nature of the quantum rotor excitations, they appear at
the resonant energies in the dielectric function spectra
and in the photoluminescence spectra (see Fig. 5c).
Visible photoluminescence of the doped compound
La2/3 Ca1/3 MnO3 in the temperature range 138–293 K
was found in [31]. It was established that the photoluminescence band is represented by the main broad
band centered at 1.75 eV, with the shoulders at 1.52 and
1.92 eV. On the other hand, in optical spectra of the
doped compounds, in particular, Nd0.7 Sr0.3 MnO3 , the
low-energy absorption band is centered around 1.2 eV
at room temperature [32]. We suggest that the observed photoluminescence peaks can be associated with
the quantum rotor energy excitations (i)–(iii), appearing as higher-energy satellites of the 1.2 eV optical band
at the respective estimated energies of 1.52, 1.65, and
1.98 eV.
We conclude from our study that the orbital rotor
excitations for the higher j values (j  35/2) seemingly
cannot be observed, because they are superimposed
with the intense and relatively wide band at around
2.8 eV. We would also guess that the quantum rotor
orbital excitations cannot have energies above the JT
splitting energy ΔJT and must disappear at higher energies. Here, we suggest that the relatively wide 2.8 eV
component is associated with electronic transitions between the double-valued “Mexican hat” energy surfaces,
of 4ΔJT at the minimum. This is in agreement with
our earlier estimates of the JT energy in LaMnO3 ,
ΔJT ≈ 0.7 eV [16].
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Fig. 5. (Color online) (a) The photoluminescence (PL) emission spectra measured on the same LaMnO3 crystal at diﬀerent temperatures from 10 to 300 K under 4.6 eV light excitation. (b ) The associated PL excitation spectra registered for
the ﬁxed PL emission energies of 2.3 and 2.5 eV at T ≈ 10 K
(shown by the respective open and ﬁlled symbols). The PL
excitation spectra are superimposed with the a- and c-axis
dielectric function spectra ε2a,c (ν) of the untwinned LaMnO3
single crystal, corresponding to those shown in Fig. 2b. (c) The
extracted cumulative contribution of the higher-energy transitions in the range 2.2–2.9 eV to the ε2 dielectric function in
the c-axis, resulting from the dispersion analysis (see Fig. 3c),
compared with the scaled PL intensity (T = 100 K)

Moreover, we found that the band halfwidth increases strongly for the lower-lying 2.29 eV band, but
weaker for the higher-lying 2.41 eV band, as the temperature decreases below TN ≈ 140 K (see Fig. 4f). The
disclosed temperature behavior of the a-axis bands is
certainly beyond the lattice anharmonicity principle,
which suggests band narrowing with lowering the temperature. We suggest that this behavior can be associated with dissipation of the quantum rotor excitations
as their energy is lowered with decreasing the anharnomicity barrier height β, approaching the barrier top.
The disclosed temperature behavior of the c-axis bands
suggests opposite trends.
Finally, we discuss the observed temperature behavior of the oscillator strength of the low-energy bands
(shown in Figs. 4c,h,i). According to the results of our
earlier studies, the 2 eV optical band is associated with
the HS-state 6 A1 transition due to the intersite eg –eg
electron excitation [15, 16]. In the framework of the
superexchange model, the a- and c-components of the
oscillator strength of the 2 eV band shift in an opposite way near TN , being inﬂuenced by antiferromagnetic spin–spin correlations between the Mn3+ spins
(see Fig. 4c). Since the quantum rotor excitations appear as narrow sidebands accompanying the electron
transition between the JT split orbitals on neighboring
Mn3+ ions at 2 eV, the same trend holds for their oscillator strength (in Fig. 4h,i).
In addition, we would like to point out some important consequences following from our present study.
In the high-temperature static limit, depopulation of
the quantum rotor energy states as the temperature
decreases can result in structural instabilities in orthorhombic manganites at temperatures far below the
orbital temperature, Too . Recently, ESR evidence for
partial melting of the orbital order in LaMnO3 below
Too = 780 K at T ∗ = 550 K was obtained [33]. Indeed, depopulation of the electron–vibrational quantum rotor energy level with the angular momentum
quantum number j = 7/2, whose energy is shifted from
the dynamic to static limit by about 10 meV (that is,
to about 46 meV), can result in orbital structure instabilities below about 550 K. However, one can expect spectacular phenomena in the low-temperature
dynamic limit of orthorhombic manganites, when depopulation of the quantum rotor energy levels near the
ground state (in particular, for j = 5/2 with the eigenvalue 18.6 meV ≈ 220 K) can result in low-temperature
phase transitions, also facilitating the formation of the
long-range magnetic order or ferroelectric phase in orthorhombic manganites. These changes can be accompanied by softening of the Raman-active phonon
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modes, in agreement with the available observations
[13, 34, 35]. Similar behavior was noticed in another
classic example of orbital compound, KCuF3 . There,
the anomalous softening and splitting of the Ramanactive modes near TN is related to the existence of
nearly degenerate spin and orbital conﬁgurations and
an unidentiﬁed structural transition [36].
In summary, in order to increase our understanding of the mechanism of the low-temperature phase
transitions associated with temperature populations
of the quantum rotor energy states, the nature of the
Jahn–Teller ground state in orthorhombic manganites
and other systems of magnetic compounds with JT
ions (such as Mn3+ and Cu2+ ) needs to be studied in
more detail.
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