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Possible absence of a Jahn-Teller distortion critical thickness in geometrically
designed LaMnO3 films
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We investigated the Jahn-Teller phonon modes in LaMnO3 film grown on an orthorhombic (110)-oriented
GdScO3 substrate using Raman spectroscopy, which enabled us to verify the presence of the cooperative
Jahn-Teller distortion in the ultrathin limit. A characteristic B1g phonon mode with preserved symmetry was
observed down to the two-unit-cell thickness. This finding suggests the absence of a film-thickness-driven critical
transition of the cooperative Jahn-Teller distortion and the corresponding orbital order when the two-dimensional
Jahn-Teller-distortion plane is designed to be parallel to the substrate by misfit strain.
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I. INTRODUCTION

Long-range orders associated with magnetism and ferro-
electricity in reduced dimensions are usually unstable at finite
temperature, according to the Mermin-Wagner theorem [1–4].
However, in magnetic systems for example, long-range fer-
romagnetic order in two-dimensional van der Waals crystals
[5] survives due to opening a spin-wave gap by a mag-
netocrystalline anisotropy along with remarkable emerging
functionalities [6,7]. An electrostatic counterpart, the survival
of ferroelectricity at the two-dimensional limit, has been ob-
served in ultrathin films [8,9] and monolayer membranes [10].
The discovery of enhanced ferroelectricity at the ultrathin
limit [11] opens up potential applications for low-power mem-
ory devices.

Long-range ordered orbital degree of freedom, called the
orbital order (OO), in strongly correlated systems mediates a
variety of physical phenomena, such as transport and mag-
netic properties, via the concepts of double exchange or
superexchange interactions [12,13]. OO has received special
attention as a parent state of exotic quantum phases including
high-temperature superconductivity [14,15], colossal magne-
toresistance [16], and multiferroicity [17]. As observed in
two-dimensional ferromagnetic and ferroelectric materials,
the survival of the OO is expected to lead to exotic functional
properties, opening up new applications for next-generation
technologies. However, studies on the thickness dependence
of the OO are highly limited [18,19].

The perovskite LaMnO3 (space group Pbnm; LMO) is a
canonical material for the OO of Mn eg orbitals accompa-
nied by a cooperative Jahn-Teller (JT) distortion. In LMO,
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four electrons occupy the Mn d orbitals, and strong intrasite
Hund’s coupling causes the Mn ion to follow a high spin
configuration (t3

2g e1
g) [20]. MnO6 oxygen octahedra undergo

the JT distortion (TJT ∼ 750 K) [21] due to the twofold de-
generacy of the Mn eg orbital, which lifts the degeneracy and
lowers the electronic energy. The d3x2−r2 /d3y2−r2 orbitals in
the orthorhombic ab plane (JT plane) are alternately occu-
pied by the cooperatively deformed oxygen ion cages created
through corner sharing, as shown in Fig. 1(a) [22,23]. The su-
perexchange interaction between the ordered intersite Mn eg

electrons establishes A-type antiferromagnetic order with a
Néel temperature of TN ∼ 140 K [20].

In our previous studies, we reported that the orientation
of the JT plane could be controlled by strain engineering,
and that the orientation could be determined through a reso-
nant x-ray scattering technique [23] and Raman spectroscopy
[24,25]. The existence of a critical thickness was elucidated
when the JT plane was perpendicular to the substrate sur-
face; in this condition, the thickness is a control parameter
of dimensionality, from two-dimensional planes toward quasi-
one-dimensional nanostrips [19]. The OO and JT distortion
were suppressed below this threshold, and the orbital oc-
cupancy became more isotropic. This leads us to consider
the existence of a critical thickness in a system with the
JT plane aligned parallel to the substrate, and how the char-
acteristic phonons of the system appear in the ultrathin film
regime.

II. GROWTH AND CHARACTERIZATION

We prepared epitaxial LMO thin films on GdScO3 (GSO)
substrates using pulsed laser deposition equipped with a KrF
excimer laser (248 nm in wavelength). The GSO substrate
provides an appropriate interface because of the absence of
a JT distortion [26] and the exclusion of the polar discon-
tinuity problem [27,28]. The LMO films were grown at a
substrate temperature of 900 °C in a 9:1 gas combination of
Ar and O2 at 0.1 Torr. To eliminate excess oxygen and fix
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FIG. 1. (a) Schematic diagram of a cooperative JT distortion
and the resultant OO of occupied Mn orbitals. The light-pink plane
indicates the JT plane, corresponding to the ab plane. The control
parameter “t” represents the thicknesses of the films. (b) A surface
topographic image of a 55-nm-thick LMO thin film grown on GSO
substrate. (c) An x-ray θ−2θ scan, including LMO (001)PC and
LMO (002)PC peaks. Here, the subscripts “O” and “PC” represent the
orthorhombic and pseudocubic indices, respectively.

the cation vacancy issue, the sample was cooled down to an
ambient temperature at a rate of 10 ◦C min−1 in vacuum con-
dition (∼ 10−6 Torr). The surface topographies of the films
were characterized using an atomic force microscope (Bruker
Multimode V equipped with a nanoscope controller V) with
Si tips (HQ:NSC35, MikroMasch). Figure 1(b) shows the
surface topographic image of a 55-nm-thick LMO thin film
grown on the GSO substrate.

To analyze the crystal structure of the epitaxial thin film,
x-ray diffraction data including a conventional θ−2θ scan was
taken using an x-ray diffractometer (PANalytical X’pert-PRO
MRD) with Cu Kα1 radiation (λ = 1.5406 Å). Figure 1(c)
exhibits an x-ray θ−2θ scan, including the LMO (001)PC and
(002)PC peaks. In a wide range of scan angle, only the LMO
film and substrate peaks were detected, indicating that our
film had good quality without impurity phase. From the θ−2θ

scan, the out-of-plane lattice parameter of the LMO film was
estimated to be 3.86 Å, which is similar to the c-axis lattice
parameter of bulk LMO in terms of a pseudocubic unit cell.
This suggests that the orientation of the JT plane in our film is
parallel to the substrate surface.

FIG. 2. Surface topographic images of ultrathin films of LMO on
GSO substrate. The scan size is 2.5 μm × 5 μm.

Then, a series of high-quality LMO ultrathin films were
prepared with thicknesses of 1–15 unit cells (u.c.) on GSO
substrates. To control the film thickness, we referred to the
thick sample of LMO and estimated the number of ablated
laser pulses needed for every unit cell. The surface topo-
graphic images of the ultrathin film LMO/GSO are shown in
Fig. 2. Atomically flat surfaces were observed with a step-
terrace structure for all ultrathin film samples, except for the
one-u.c. sample, indicating there was a step-flow growth mode
during the high-temperature LMO deposition. Because the
nominally one-u.c. sample had an untidy terrace structure with
incomplete coverage, investigation of the thickness effect was
conducted down to a two-u.c. film.

III. RAMAN SPECTROSCOPY

A. Raman spectroscopy of thin films

To determine the existence and the orientation of the
JT plane in the LMO/GSO system, we investigated the sym-
metry of JT phonon modes in the films using confocal
Raman spectroscopy at room temperature. Raman spectra
were obtained using a confocal Raman spectroscope alpha
300R (WITec GmbH, Germany). The Raman spectra were
excited using a Nd:YAG 532-nm laser, and were recorded in
backscattering geometry using a UHTS 600 spectrometer. A
laser power density of ∼ 20 kW/mm2 at the sample surface
was used.

In bulk LMO, there are 24 Raman-active modes (7Ag +
7B1g + 5B2g + 5B3g in the Pbnm notation) among the total
60 �-point phonons [29]. Based on the lattice dynamic calcu-
lation, the phonon with B1g (Ag) symmetry near ∼ 615 cm−1

(∼ 490 cm−1) corresponds to the in-phase (out-of-phase) vi-
bration of oxygens in the JT plane. The Ag mode originates
from the JT distortion and octahedral rotation, and the B1g

mode originates from the pure JT distortion.
In this work, we define polarization directions x and y

as the [11̄0]O and [001]O directions of the substrate (here,
the subscript “O” represents orthorhombic indices), which
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FIG. 3. Polarized Raman spectra of a 55-nm-thick LMO film
grown on GSO. (a) The Raman spectra measured in a parallel-
polarization geometry. The inset figure indicates the polar plots of
the Ag (blue) and B1g (red) intensities for the parallel-polarization
geometry. (b) The Raman spectra measured in a cross-polarization
geometry. The inset figure indicates the polar plots of the Ag (blue)
and B1g (red) intensities for the cross-polarization geometry. The
vertical dashed lines correspond to the Ag mode at ∼ 490 cm−1 and
the B1g mode at ∼ 615 cm−1. All the spectra were normalized by the
intensity of the Ag peak.

correspond to two peudocubic axes of the perovskite unit
cell. Polarization-dependent Raman spectra of the 55-nm-
thick LMO/GSO sample were measured at eight different
polarization configurations, including (xx), (yy), (x′x′), and
(y′y′) for the parallel-polarization geometry and (xy), (yx),
(x′y′), and (y′x′) for the cross-polarization geometry. The first
(final) symbol represents the linear light polarization of inci-
dent (scattered) light. The orientation of each axis within the
plane parallel to substrate is displayed in Fig. 3.

Using the Raman tensor analysis for the bulk LMO, we can
calculate the light-polarization dependence of the JT phonon
modes [23]. When the JT plane is parallel to the substrate,
and the light polarizations are in that plane and parallel to
each other, a fourfold symmetry of the B1g mode intensity
is expected peaking for polarization parallel to the x and y
axes. On the other hand, the intensity of the Ag mode is
polarization independent [see the inset of Fig. 3(a)]. In the
cross-polarization geometry, the B1g mode has fourfold sym-

metry with maximum intensity in the diagonal directions, and
the intensity of the Ag mode vanishes [see inset of Fig. 3(b)].
Therefore, both the Ag and the B1g phonon modes are allowed
in the (xx) and (yy) polarization geometries while only the Ag

phonon mode is allowed in the (x′x′) and (y′y′) geometries.
The experimental results showed good agreement with

the expected symmetry properties in the Raman spectra.
For a quantitative comparison, the spectra were normalized
by the intensities of the Ag mode measured in the parallel
polarizations. We measured Raman spectra in a parallel con-
figuration first, and then obtained the cross-polarization data
by changing the analyzer by 90 ° without changing the sample
orientation or position. For example, we first got the data at
(xx) and then subsequently at (xy) without touching the sam-
ple. Accordingly, the experimental error could be reduced by
normalizing the Ag mode measured in the parallel-polarization
configuration.

As shown in Fig. 3(a), the Raman intensity of the B1g mode
was at its highest when the light polarization was parallel
to the x and y (or [11̄0]O and [001]O directions), such as
(xx) and (yy), while the intensity was significantly suppressed
when the light polarization was in the diagonal directions,
(x′x′) and (y′y′). The residual peaks at ∼ 615 cm−1 at (x′x′)
and (y′y′) could be ascribed to the minor involvement of
the cross-polarization component by a marginal misalignment
between the polarizations of the incident and scattered light.
The estimated polarization leakage defined as the ratio of the
average intensity of (x′x′) and (y′y′) and the average intensity
of (xx) and (yy) was 14%.

In the cross-polarization geometry, the Ag mode’s inten-
sity almost vanished for all polarization configurations, as
shown in Fig. 3(b). In addition, the Raman intensity of the
B1g mode at ∼ 615 cm−1 was maximum when the light po-
larization was in the diagonal directions, (x′y′) and (y′x′),
while the B1g mode’s intensity was largely reduced when the
light polarization was in on-axis (xy) and (yx) polarization
geometries. Additional B1g modes at ∼ 485 cm−1 were ob-
served and corresponded to the scissors-like vibration of the
basal oxygens in the JT plane [29]. The residual peaks at
∼ 615 cm−1 at (xy) and (yx) were ascribed to involvement of
the parallel-polarization component. The symmetry analysis
of the phonon modes suggests that the orientation of the
JT plane in the LMO thin film was parallel to the GSO sub-
strate. These results are consistent with our previous study of
resonant x-ray scattering experiments [23].

Next, we obtained the thickness-dependent polarized
Raman spectra of the (x′y′) polarization geometry to selec-
tively investigate the B1g mode, as shown in Fig. 4(a). The B1g

mode originates from the pure JT distortion and is important
for characterizing the JT distortion. As shown in Fig. 4(a), the
intensity of the B1g mode gradually weakened and widened as
the thickness was reduced. The B1g mode was still detected in
the two-u.c. thickness sample.

Each Raman spectrum was fitted to a Lorentzian model
to obtain detailed information about the Raman shift, spectra
width, and spectra area. As displayed in Fig. 4(b), the Raman
shift of the B1g mode was around 615–617 cm−1 in the thick
regime of the films. A noticeable Raman shift toward higher
wave number was observed in the ultrathin limit, thinner than
five-u.c.-thick films. The hardening of the B1g mode indicates
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FIG. 4. Thickness dependence of (a) polarized Raman spectra
of the B1g mode measured in the (x′y′) polarization geometry. Cor-
responding (b) Raman shift (red) and spectra width (blue), and
(c) spectral areas of the LMO/GSO thin films.

that these ultrathin films have stronger strain and/or symmetry
mismatch effects comparing to the films thicker than five u.c.
thickness. In addition, the spectral width of the B1g mode
gradually broadened as the thickness decreased, indicating
higher instability of the JT phonons in the ultrathin film limit.
Furthermore, according to Fig. 4(c), the spectral area shows a
gradual decrease as the thickness is reduced. The continuous
linear relationship between the area and thickness down to
two u.c. film indicates the JT distortion has a stable order
parameter, based on the proportionality of Raman intensity to
film thickness [30].

B. Angle-resolved Raman spectroscopy

After we observed the hardening of the original B1g mode,
we reexamined the symmetry of the phonon to be more con-
fident about the possible absence of a critical thickness, using
angle-resolved Raman spectroscopy for two-u.c.-thick film.
In this case, the angle (ϕ) of normal-incident light polar-
ization spans from the x direction. Figure 5(a) depicts the
angle-resolved Raman intensity of the two-u.c.-thick film. The
Raman intensity of the B1g mode in the parallel-polarization
geometry was maximized when the light polarization was
parallel to the x(= 0◦, 180◦) and y(= 90◦, 270◦) directions,
while it was greatly suppressed when the light polarization
was in the diagonal directions, i.e., = 45◦, 135◦, 225◦, 315◦.

To clearly determine the symmetry of the B1g mode, we
plotted the polarization angle-dependent Raman intensity, as
shown in Fig. 5(b). The experimental data for the B1g mode
intensity shows a clear four-lobed structure which is well
matched with the simulation result (a solid four lobed) as
shown in Fig. 3(b). This kind of Raman intensity changes

FIG. 5. (a) Angle-resolved Raman spectra of a two-u.c.-thick
film measured in the parallel-polarization geometry. (b) The cor-
responding polar plots of the B1g mode intensity in the parallel-
polarization geometry. The solid line corresponds to the simulation
result and the black circle indicates the experimental data.

follow the Raman spectra selection rule for the parallel
JT plane configuration to the substrate, as observed in the
thick regime. This finding suggests the JT distortion exists
down to two u.c. thickness in terms of phonon symmetry, and
the possible absence of a critical thickness for the cooperative
JT distortion and corresponding OO when the JT plane is
placed parallel to the substrate.

This finding is in contrast with the LMO/DyScO3 system,
where a critical thickness exists when the JT plane is per-
pendicular to the substrate. This implies that the reduction
of the edge-to-interior ratio within the JT plane enhances the
instability of the cooperative JT distortion and the OO more
severely than the simple reduction of the stacking number
of the JT planes. Therefore, tailoring the crystallographic
orientation will be a key factor in determining the existence
or absence of a critical thickness of the conjugate OO in
thin films.

IV. CONCLUSION

In this study, we investigated the critical thickness of a
JT distortion when the JT plane is parallel to the substrate. We
designed the JT plane of LMO to be parallel to the substrate
using a GSO substrate and confirmed it by symmetry analysis
of the JT phonons. With the given geometry, we selectively
measured the pure JT-originated B1g mode in a series of thin
films with various thicknesses. We observed a continuous
linear relation between the thickness and Raman intensity, and
based on this the possible absence of a critical thickness of
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JT distortion was presumed. We reevaluated the symmetry of
the B1g phonon mode for a two-u.c.-thick film, which showed
the same symmetry as the thick film, suggesting the survival
of the JT distortion and OO in the ultrathin limit. Our study
reveals that the orientation of the two-dimensional JT plane
with respect to the substrate plays a key role in stabilizing
low-dimensional OO systems.
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