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Chapter 1

Introduction

In 1839, Edmond Becquerel was, reportedly, the first person to discover the photovoltaic
process of converting light into electricity on a device consisting of silver chloride in
an electrolyte [1]. The first solar cell, composed of selenium with gold electrodes, was
developed by Charles Fritts in 1883. More than half a century later, in 1954, the first
silicon-based solar cell was built by Chapin, Fuller and Pearson of Bell Laboratories [2, 3].
Since then, solar cell research and device development has progressed significantly and
the solar cell has been established as a generally available and commercially recognized
renewable energy conversion system [4]. In 2019, around 3 % of global electricity generation
was provided by solar cell systems [5].
Most solar cells presently available on the market are p-n junctions composed of silicon
or gallium arsenide, which are accordingly referred to as first-generation solar cells
or second-generation solar cells, when thin-film technology is incorporated to lower
material costs [6]. For thin-film solar cells, a variety of semiconductor materials, such as
CdS, α-Si, CuInSe2, CdTe, are utilized [7, 8].
Rising energy demands worldwide, dwindling resources and the negative consequences of
fossil fuels on the environment call for further advancement in renewable energy sources,
including fundamental research. In addition to other promising concepts such as wind
energy, the solar cell, due to the abundance of solar radiation and, therefore, its capacity
to meet the global energy demand, remains a viable alternative energy source and an
important research topic.
In recent decades the third-generation of solar cells, with new concepts and working
principles, including new materials, such as organic halide perovskites and novel cell
designs, such as nanostructures, has emerged [9–11].
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CHAPTER 1. INTRODUCTION

1.1 Third-generation Photovoltaics
Before introducing different concepts of third-generation solar cells, it is necessary to
understand both the working mechanism and fundamental loss mechanism in conventional
semiconductor single-junction devices. The fundamental steps involved in conversion of
optical excitation into electricity are:

I) absorption of an incident photon with energy Eph;

II) generation of an electron–hole pair (charge carriers);

III) charge separation utilizing a space charge region;

IV) collection of charges at the contacts.

In this regard, incident photons with energies smaller than the band gap Eg are not
absorbed and pass through the material. In contrast, photogenerated electron–hole pairs
with energies higher than the band edge rapidly (on a picosecond time scale) relax towards
the band edge, where they accumulate [12, 13]. The surplus of energy is converted into
heat until thermal equilibrium with the lattice is established. At the band edge, the charge
carriers exist in a meta-stable, long-living state and can either be extracted from the device
as photocurrent or recombine. The relaxation process of charge carriers to the band edge
is denoted as thermalization or cooling down and charge carriers with energies above the
band gap value, i.e., higher kinetic energies than the lattice thermal energy, are referred to
as hot carriers.
In semiconductors, the relaxation process of the hot charge carriers to the band edge
is a multi-step process [14–16]. Within the first 100 fs, the carrier–carrier scattering
results in a Boltzmann distribution of the hot carriers with a single fixed temperature
above the lattice temperature [17]. Next, the charge carriers scatter inelastically with
phonons, thereby predominantly emitting optical phonons and the now-overpopulated
optical phonons decay to low-energy acoustic phonons. In the final step, the acoustic
phonons decay and on the macroscopic scale, the entire process manifests through heat
dissipation into the environment.
In summary, fundamental limitations for this operating principle in a single-junction
solar cell are given by the two major intrinsic loss mechanisms: a) inability to absorb
photons with energies below the band gap (Eph < Eg) and b) thermalization of photon
energies exceeding the band gap (Eph > Eg) [18]. Together, they are responsible for more
than half the loss of the incident solar energy for energy conversion [19]. Based on these
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Figure 1.1: Schematic representation of the fundamental loss mechanism and steps for
photovoltaic energy conversion in conventional semiconductors: (1) excitation
of electron–hole pair through absorption of incident photon; (2) thermaliza-
tion of the excited charge carriers to the band edge; (3) transport of the
charge carriers across the interface (with generation current density JG and
recombination current density JR); (4) extraction of charge carriers through
contacts or (5) recombination of the electron–hole pair.

working principles, W. Shockley and H. Queisser were the first to calculate a theoretical
thermodynamic limit of energy conversion, the Shockley–Queisser (SQ) limit [20]. Within
a detailed balance model, the process of incident photon absorption is in thermodynamic
equilibrium with the reverse process of radiative recombination. A maximum efficiency of
30% was calculated for a silicon-based device with a 1.1 eV band gap [20]. In a real solar
cell, additional extrinsic loss contributions such as recombination due to impurities and
serial and parallel resistances add up to the overall higher efficiency loss.
The development of third-generation solar cells aims to produce highly efficient cells
exceeding the SQ limit through new device and material design strategies. To reduce the
fundamental losses, different strategies and cell concepts are being pursued [9–11]:

• Tandem solar cells increase the number of available energy levels [21]. For these
systems, two or more cells with different fixed band gaps are stacked on top of each
other and each cell converts only a narrow range of the incident solar spectrum,
according to its respective band gap. The material with the largest band gap
is stacked on the top and, therefore, ensures that the congruent cells receive a
filtered spectrum. This strategy has been successfully applied for a variety of
semiconductor and organic solar cells such as double or triple tandem cells composed
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CHAPTER 1. INTRODUCTION

of GaInP/GaAs/Ge [22, 23].

• Multiband or intermediate-level cells exploit the same principle as the tandem
cells but are applied to a single cell by strategic incorporation of specific impurities,
adding one or more fixed energy levels within the band gap [24–26]. This allows
for energy conversion of photons in these additional intermediate impurity states in
parallel with the normal band gap conversion.

• For carrier multiplication, an increase in numbers of extracted charge carriers is
pursued through various approaches. In impact ionization or multiple exciton
generation in nanostructured semiconductors, a single high-energy photon generates
more than one charge carrier pair [27–29]. Optical processes for carrier multiplication
include upconversion, where several photons with energies below the band gap
interact and generate one photon with energies above the band gap, as well as
downconversion, where one high-energy photon is converted into multiple lower-
energy photons [30, 31].

• The term thermophotonic device is used to describe two optically coupled and
thermally isolated photovoltaic devices that are facing each other [6]. As one of the
devices is heated to a higher temperature, it generates light through band-to-band
recombination and thus serves as an illumination source.

The final strategy presented, which is also a topic in this thesis, are hot carrier solar
cells (see Fig. 1.2) [32, 33]. The concept for hot carrier cells was first proposed by R. T.
Ross and A. J. Nozik in 1982 and consists of two principal aspects [12]:

I) preventing hot charge carriers from thermalization to the band edge by slowing down
or eliminating charge carrier cooling;

II) fast extraction of hot carriers prior to thermalization process.

If the cooling-down process is slowed down sufficiently, the now long-living hot carriers
can be extracted without losing their excess energy. In conventional solar cells excited
charge carriers with sufficiently long lifetimes are generated as a result of the existence of
the band gap. If other mechanisms for stabilization are in action, no band gap is required
for the hot charge carrier solar cells. Thus, the benefit of hot carrier solar cells is that they
are capable of utilizing the entire energy of the photons or rather the full solar spectrum.
Therefore, energy conversion in these systems is only limited by the Carnot efficiency
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Figure 1.2: Schematic illustration of the concept for a hot charge carrier solar cell.

of thermodynamics [18]. Detailed balance calculations suggest that efficiencies up to 66
% (unconcentrated sunlight) and 85 % (concentrated sunlight) can be achieved [12, 21].
Research focuses mainly on one of the two aforementioned aspects at a time and, while
many promising research findings have been discovered, the hot charge carrier cell are not
yet used in applications.
In the phonon bottleneck strategy, the interaction of the charge carriers with phonons is
suppressed at some point in the decay cascade in order to prevent the fast thermalization
to the band edge [34–37]. Additionally, as carrier cooling is suppressed, overpopulation
of hot phonons can build up and these phonons re-emit their energy back to the charge
carriers.
The material requirements are small band gaps for broad absorption, high carrier mobility
and weak electron–phonon scattering to allow for long hot carrier lifetimes [13, 38]. The
biggest challenge for the material properties is given by the last condition. For example,
in most semiconductor, efficient electron–phonon scattering is an intrinsic characteristic.
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This is, for example, relevant for polar semiconductors with Fröhlich interaction, which
features intraband cooling by emission of longitudinal optical phonons with momentum and
energy conservation on timescales of picoseconds or less [19]. However, as a second step,
these optical photons decay into acoustic phonons through the anharmonic or Klemens
mechanism, where one optical photon decays into two acoustic photons each with almost
half of the energy of the optical phonon and opposite wave vectors [39].
At this point the phonon bottleneck principle could come into play, since this step can, for
example, be suppressed in materials with a phonon scattering channel, in which the phonon
band gap is in the range of the acoustic phonons, this around half the energy of the optical
phonons. Additionally, to slow down the cooling process, the optical phonons can re-scatter
with electrons, which leads to a regaining of energy. This concept has been investigated
and published for binary semiconductors InN , BiN , quantum dots or multiple quantum
wells, where thermalization times of a few hundred picoseconds (two orders of magnitude
above values for conventional semiconductors) have been observed [40–45].
The second requirement for hot carrier solar cells is to achieve fast carrier extraction
through,e.g., energy-selective contacts [12, 13]. As charge carriers are transported to
non-energy-selective contacts for extraction, heat leakage occurs [46]. The contacts require
large conductance and a specific narrow and energy-selective width [47, 48].
In addition to long-living states at the band edge of semiconductors, nanostructure devices
like semiconductor quantum dots, as well as halide perovskites, can utilize long-living hot
carriers. Another strategy is investigated in the material group of metallic nanostructures.
Here, the utilization of plasmonic resonance is being developed through surface plasmon
resonance [49]. When the frequency of incident light matches the intrinsic oscillation of
free electrons within the metallic nanostructures, the generation of hot charge is one of
the energy-releasing mechanisms as the plasmons disphase.

1.2 Hot Carrier Aspects in Metal Halide Perovskites
One prime candidate for exceeding the SQ limit is the metal halide perovskite [32, 33, 50].
Within this material class, energy conversion could be enhanced through utilization of hot
carriers additionally to conventional working mechanisms, by slowing down the carrier
cooling process. The model system and fundamental investigation of manganite/titanite
heterojunctions within this thesis present an interesting analogue for research on metal
halide perovskite—which is closer to commercial production—due to the common aspect
of long-living hot carrier states in combination with correlation effects.
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The use of metal halide perovskites in photovoltaics is an emerging new technology and
research on this material has skyrocketed over the last decade. Through progress in
material properties with respect to composition and morphology as well as device design,
efficiencies have increased rapidly [51]. Currently, the maximum efficiency of 25 % is
almost on level with crystalline Si solar cells [52].
Metal halide perovskites have a ABX3 perovskite structure. On the A site, monovalent
organic molecular cations such as methylammonium(MA), formamidinium (FA) or inor-
ganic alkali metal cations (C, K, Rb) can be found. The B site is occupied by divalent
metal ions such as Pb, Ge, Sn and the X site by halides, for example, I, Br or Cl [51, 53].
As a prerequisite for solar energy conversion, the material provides good optoelectrical
properties with high absorption, long carrier diffusion length and high carrier mobility
[54, 55]. It is a correlated polar semiconductor, in which electronic degrees of freedom
strongly couple to the lattice vibration. The band gap can be tuned through material
composition to include both wide-band and narrow-band gap absorbers (1.15–3.06 eV)
[51, 56]. However, to become feasible for commercial use, these metal halide perovskites
must overcome several major challenges, including stability towards moisture, light and
heat [53, 57, 58]. Additionally, significant effort has been put into making the solar cells
eco-friendly by replacing the lead on the B site [59, 60].
In recent years, this material class has been identified as a promising candidate for hot
carrier solar cells, as a number of compositions show relatively long-living hot carrier
states [32, 33, 50, 61]. Ror example, under strong illumination (thus highly excited carrier
densities) cooling rates ranging from picoseconds up to nanoseconds have been observed in
FASnI3 [62–64], which drastically exceed the picosecond lifetime of hot carriers in inor-
ganic semiconductors. The slowing down of hot charge carrier cooling has been attributed
to the phonon bottleneck principle [61, 65–68]. However, the origin of slow carrier cooling
is still under debate and it is likely that all the following aspects are relevant, although
not with equal importance:

• The accumulation of slowly dissipating optical phonons slows down the carrier cooling
process [67, 68].

• A low thermal conductivity and, thus, a short phonon lifetime [69, 70], among other
things, results in decreased heat transport (in MAPbI3 acoustic phonon lifetimes
are in the range of picoseconds, around two magnitudes of order shorter than in
semiconductors [69]).
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• Large polarons with long-range Coulomb interactions between charge carriers and
ions are formed [71]. One proposed concept is the formation of a protective shield
(screening) by the large polarons, which prevents optical phonon scattering [70, 72].

• In optical acoustic phonon upconversion, the decay of acoustic phonons is suppressed,
which results in an increased up-transition of the acoustic phonon. The thermal
energy is recycled back and reheats the charge carriers, therefore prolonging the
overall cooling time [73, 74].

• For the Auger heating effect, the electron–hole recombination energy is transferred
to another carrier and thus excites the carrier. Therefore, the recombination energy
is re-transferred to the electronic system [74].

The charge carrier cooling rate varies widely and depends on illumination parameters such
as pump energy (i.e., initial hot carrier excess energy) and fluency (i.e., excited carrier
density) [33, 50, 75]. Additional material properties such as cation species, morphology and
geometric confinement influence the slowing down of charge carrier cooling. For example a
higher excess energy, i.e., excitation energy, as well as higher initial hot carrier densities
can further increases the lifetime [75]. For the cation species it has been shown, that the
exchange of iodine with lighter halides can decrease cooling lifetime as it increases the
frequency of longitudinal optical phonons [33, 61, 75].

1.3 Manganite Perovskite for Hot Polaron Solar Cells
Within this thesis, highly correlated perovskite manganite oxides are proposed as a
model system for hot carrier solar cells, since it provides insights into new pathways
and mechanisms for photovoltaic energy conversion beyond conventional semiconductor
systems.
Through the correlative exchange interactions of lattice orbital and spin degrees of freedom,
interesting phenomena such as the colossal magnetoresistance effect (CMR) and colossal
electroresistance (CER) effects emerge. The appearance of order phenomena such as
purely orbital, combined charge and orbital and magnetic order phases are observed. Due
to the interaction of charge carriers and lattice, i.e., strong electron–phonon coupling,
a new quasi-particle, the polaron, is formed [76, 77]. For conventional semiconductors
the band structure can in good approximation be described with a rigid band structure,
as the modification in electronic structure due to a change in occupancy i.e. through
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excitation, are small. The polaronic nature, i.e., strong coupling of atomic arrangement and
electronic structure, of this material leads to deviations from the rigid band structure of
semiconductors [78]. Investigations of the impact of correlation effects on optical excitation,
lifetime of hot charge carriers and energy conversion, allow for fundamental insights into
hot carrier stabilization and harvest [79, 80].
In p–n heterojunctions composed of manganites and titanites, the photovoltaic energy
conversion has been demonstrated by several research groups [77, 81–85]. Ifland et al.
established a correlation between order phenomena and photovoltaic energy conversion
for two types of order phases [86]: The temperature where a strong increase of the open
circuit voltage Uoc is observed coincides with the onset of the charge and orbital order in
Pr1−xCaxMnO3 (PCMO) x = 0.34 as well as with the magnetic order in case of x = 0.95.
Above the phase transition to the ordered phase, i.e., within the disorder phase, only a very
small open circuit voltage is observed. However, below the phase transition, a significant
value for the open circuit voltage is observed, which further increases with decreasing
temperature. Additionally, Raiser et al. reported long-living states with nanosecond
lifetime within the charge and orbital order phase for PCMO x = 0.34 [79]. Thus, long-
living hot polaron states, which can be harvested for photovoltaic energy conversion, exist
due to cooperative correlation phenomena.
In the scope of this thesis, the research within this material class is extended to the orbital
order Pr1−xCaxMnO3 (PCMO) x = 0.1 and a Ruddlesden–Popper (RP) 2D layered system
of charge and orbital order Pr0.5Ca1.5MnO4 (RP PCMO). This enabled the establishment
of a new type of phonon bottleneck principle for hot polaron manganite perovskites
solar cells, which is briefly introduced here. The slowing down of carrier relaxation and the
emergence of long-living states is given through strong coupling of electrons to cooperative
lattice modes. Therefore, instead of suppressing the phonon interaction as proposed
previously to slow down carrier cooling (Section 1.1), the strong and cooperative phonon
interaction is turned into an advantage and utilized.
In an ionic model, the fivefold-degenerated d orbital in the ground state of an isolated
MnO6 octahedron is split into three t2g and two eg separate states by the crystal field of
the octahedron as well as through Jahn–Teller (JT) distortion (for details, see Chapter
2.2). Additionally, due to strong hybridization, the Mn 3d states overlap with the oxygen
O 2p states [78]. The relaxation process of a Jahn–Teller dimer for excitation from an
occupied to an unoccupied Jahn–Teller split Mn 3d eg-O 2p state occurs through structural
relaxation on a fast time scale, if an isolated MnO6 octahedral configuration is considered.
The excited charges relax to the ground state through a conical intersection between
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the energy potential surfaces [79]. However, within the confined geometry of the lattice
and in the presence of cooperative long-range correlations, the energy potential surface is
modified and the structural relaxation is suppressed [79]. Consequently, within the order
phase, long-living hot charge carriers for photovoltaic energy conversion emerge [79]. Two
transitions are relevant for photovoltaic energy conversion: on the one hand, the intraband
transition between occupied and unoccupied eg states (Jahn–Teller transition) and on the
other hand, the charge transfer transition into the t2g states.

1.4 Thesis Objectives and Outline
In this thesis, the hot polaron photovoltaic effect in junctions with different phases—in
particular, different ordered phases of Pr1−xCaxMnO3 (PCMO) x = 0.1 and a 2D layered
Pr0.5Ca1.5MnO4 (RP PCMO)—are investigated. The required high-quality, epitaxial and
well-characterized manganite thin films are prepared on a variety of substrates (SrT iO3

(STO), Nb doped SrT iO3 (STNO) and MgO) by means of ion beam sputtering (IBS) as
well as metal aerosol deposition (MAD). The MAD samples were prepared by the MAD
group of the 1. Phys. Institute (Group V. Moshneaga, see also [87]).
On the basis of the findings, a generalization of the hot polaron phonon bottleneck
mechanism is established. Furthermore, the influence of order and correlation on the
photovoltaic properties are explored from a mechanistic viewpoint. These topics are
presented through three publications in Chapters 4-6. The thesis is structured as follows:
In Chapter 2, the theoretical background on the fundamental limits of photovoltaic energy
conversion, electronic and structural properties of manganites and the role of the charge
separating interface to n-doped titanite is given. Information on the measurement setup
for photovoltaic properties is presented in Chapter 3. The photovoltaic properties are
analyzed through current density–voltage measurements in the dark and under different
illumination conditions. Additionally, characteristic photovoltaic parameters open circuit
voltage Uoc and short circuit current density Jsc are analyzed (see Fig. 1.3).
Chapter 4 deals with the photovoltaic and electronic properties of the 2D layered
Ruddlesden–Popper (RP) Pr0.5Ca1.5MnO4 material system. In comparison to the 3D
Pr1−xCaxMnO3 x = 0.34 with a transition to the charge and orbital order phase at about
220 K, the epitaxial 2D RP PCMO thin films show a charge order transition temperature
above room temperature [86, 88]. Moreover, the RP PCMO exhibits photovoltaic energy
conversion above room temperature as well. Consequently, proof of principle for extending
the hot polaron photovoltaics to a room temperature device has been acquired.
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Figure 1.3: Photovoltaic effect: an exemplary current density–voltage curve in the dark and
under illumination conditions. The two characteristic photovoltaic parameters
of short circuit current density Jsc and open circuit voltage Uoc are marked.

In Chapter 5, the lightly doped 3D PCMO x = 0.1, which exhibits a purely orbital order
phase, is investigated. This material enables the extension of hot polaron photovoltaics to
a different type of order, as previous works focused on charge and orbital order, as well as
magnetic order phases [86]. Additionally, according to the phase diagram by Jirak, the
purely orbital order phase exists up to 800–1100 K [89]; therefore, it offers a second model
system for polaronic room temperature photovoltaics. However, the onset of photovoltaic
energy conversion is experimentally observed only well below room temperature. A read-
justment of the phase diagram (see Fig. 2.3) for low doping is proposed and the concept of
spontaneous orbital order with long-living states below room temperature and an induced
orbital order of Jahn–Teller distortions at higher temperatures is discussed. This additional
phase transition and the change of the phase diagram is supported by several anomalies in
various physical properties, e.g., transport, magnetic, optic, ultra-fast transient excitation
probe studies; change in lattice constant; and finite temperature simulations based on
tight binding.
The mechanism for photovoltaic energy conversion in hot polaron systems differs in na-
ture from conventional semiconductors. In Chapter 6, the dependence of characteristic
parameters, such as the open circuit voltage and the short circuit current density on
illumination conditions, including photon energy and power density, are analyzed. The
interplay and influences of correlation phenomena such as phase transition orbital order
phase and kinetic contributions are discussed.
A general discussion and summary is given in Chapter 7.
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Chapter 2

Theoretical Background

This Chapter provides theoretical background for this thesis, covers thermodynamics
for photovoltaic energy conversion and introduces the used material systems and their
respective properties as well as strategies for tuning the interface properties of the junction.

2.1 Thermodynamic Approach to Photovoltaic Energy
Conversion

In this section, two different thermodynamic approaches to describe the fundamental
limits of a photovoltaic energy conversion are presented. In the first subsection, the
detailed balance approach is introduced in the form of Shockley–Queisser (SQ) model.
The foundation of this thermodynamic model is based on material features and their
corresponding limitations. Even if, in the framework of the SQ theory, many simplifications
are made, it is ultimately the “real” material mechanisms of conventional semiconductors
that determine the maximum efficiency. The radiation is described from an idealized
thermodynamic point of view and the conventional semiconductor by the intrinsic material
property of the band gap. An alternative approach on the basis of the first and second
laws of thermodynamics for an ideal material is presented in the second subsection. In
this case, the solar cell is approximated as a heat engine within a typical idealized Carnot
and Landsberg framework.

2.1.1 Detailed Balance and the SQ Limit

In 1961, Shockley and Queisser presented a theoretical approach, based on the thermody-
namic principle of detailed balance, for the determination of the fundamental limits of
photovoltaic energy conversion in silicon-based solar cells [20]. In this approach, the basis
for this theoretical upper limit is given by physical mechanisms instead of the previously
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employed phenomenological approach, in which the potential maximum efficiency is based
on limits of empirical values such as lifetime. The detailed balance approach yields not only
an upper efficiency limit but also a systematic formalism for the performance of a solar cell,
in the context of which, for example, the current–voltage characteristics can be modelled
effectively. Since then, this approach has undergone many expansions and refinements; it
is widely used as a starting point for models of photovoltaic energy conversion.
In thermodynamic equilibrium, the conditions of detailed balance, i.e., that every process
is in equilibrium with its inverse process, are given. Transferring this detailed balance to a
solar cell translates to the following: The energy, in the form of light into and out of the
system, is in equilibrium. More specifically, the detailed balance pair of photon absorption
and its reverse process of radiative recombination is considered.
Within their approach, Shockley and Queisser used a highly idealized model with several
simplifications [20]:

• Incident photons with energies below the band gap are not absorbed and all photons
with energies above the band gap Eg are absorbed without loss (perfect absorption).

• Each absorbed photon (with energy above the band edge) creates exactly one
electron–hole pair.

• All generated electron–hole pairs thermalize to the band edges without any detri-
mental loss contribution and end up in thermal equilibrium with the lattice.

• All charge carriers (electron–hole pairs) at the band edges are collected as current
or recombine by emission of exactly one photon per electron–hole recombination
process. If all charge carriers are collected (perfect collection) the internal quantum
efficiency Q is a step function with Q = 1 and a voltage of V = Eg/q for photons
with energies above Eg and Q = 0 for photons with energies below Eg.

• Non-radiative recombination channels, such as recombination at impurities, are
excluded.

Consequently, as the material specific properties, only the band gap Eg and the temperature
T of the cell are required for the calculation of an efficiency limit. Accordingly, the limit
of efficiency is strongly influenced by the band gap.
The incident energy source, the sun, can be approximated as a black-body emitter, with
a temperature of around Ts = 6000 K. The spectral photon flux ϕ is therefore given by
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Planck’s law with photon energy E, temperature T of the emitting body, Planck’s constant
h, speed of light c and Boltzmann constant kb, solid angle Ω, as [90]:

ϕ(E, T ) = 2Ω
h3c2

E2

exp E
kbT

− 1
. (2.1)

A geometrical factor is included to take, among other things, the limited angle for the
solar radiation which shines on the solar cells into account [91].
In the original SQ model, this black-body approximation was applied for both the ab-
sorption and emission process. However, Würfel et al. introduced a generalized Planck’s
equation, in which the chemical potential of a material is included, as the photons emitted
by the semiconductor material result from electron–hole recombination processes [92]. For
a thermal emitter, such as the sun, the chemical potential is set as µ = 0. The generalized
Planck’s equation for the spectral photon flux ϕ(E, T, µ) is given by:

ϕ(E, T, µ) = 2Ω
h3c2

E2

exp
(

E−µ
kbT

)
− 1

. (2.2)

Nowadays, the AM 1.5G standard global solar spectrum is often applied in addition to
the black-body spectrum for the incident photon spectrum [93].
For the detailed balance, the current density is then given by the difference between
absorbed Jabs and emitted photons Jrad:

J = Jabs − Jrad

= q
∫ ∞

Eg

ϕsun(E, Tsun, µ = 0, Ωabs)dE − q
∫ ∞

Eg

ϕcell(E, Tcell, µ, Ωemit)dE.
(2.3)

If all absorbed photons from solar irradiance are collected (voltage is zero), the short
circuit current density is equal to the photo-generated current density Jsc = Jabs.
In thermodynamic equilibrium, the total current density is zero and thus, Jabs = Jrad

for V = 0. Under applied external voltage V and by Boltzmann approximation of the
Bose-Einstein term in 2.2, this results in the idealized diode equation:

J = J0,rad

(
exp

(
qV

kbT

)
− 1

)
− Jsc, (2.4)

with the constant prefactor of radiative saturation current density J0,rad. The idealized
diode J(V ) equation can approximate a real solar cell effectively and is applied for many
solar cell concepts. A widely used expansion of this model is the inclusion of series and
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Figure 2.1: Theoretical maximum efficiency as a function of the band gap Eg in the SQ
model for a Silicon-based cell operated at room temperature. The illumination
was fixed to the global standard AM 1.5G spectrum (reprinted with permission
[97]).

parallel resistance and the diode quality factor n to include additional loss mechanism of a
real solar cell [94–96]. Within the SQ theory, the maximum efficiency ηSQ is given by the
incident radiative power pin, the outgoing power pout and the maximum current-voltage
J(V ) · V , according to:

ηSQ = pout

pin

= max(J(V ) · V )
pin

. (2.5)

Consequently, the efficiency is a function of the light absorbers’ band gap Eg, as shown in
Fig. 2.1. A maximum efficiency of 33 % occurs at Eg = 1.34 eV for global standard AM
1.5G spectral irradiance [97]. In this context, the fraction of incident solar radiation lost
through thermalization ftherm (relaxation of photons with E > Eg to the band edge) and
spectral mismatch fspec (loss of photons with E < Eg) can be described as follows [18]:

ftherm = 2Ωabs

c2h3

∫ ∞

Eg

E2

exp
(

E
kbTs

)
− 1

(E − Eg)dE, (2.6a)

fspec = 2Ωabs

c2h3

∫ Eg

0

E2

exp
(

E
kbTs

)
− 1

EdE. (2.6b)
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There are several publications that deal with the extension and generalization of the
detailed balance approach for solar cells to include additional physical mechanisms. These
revisions and refinements include additional mechanisms such as photon recycling, Auger
generation and non-radiative recombination [98–100].

2.1.2 The Solar Cell as a Heat Engine

A different approach to determine a maximum efficiency, as well as establishing a systematic
formalism, is given by the point of view of a thermodynamic heat engine. The sun emits
energy, which, in turn, is converted into usable work in the solar cell. The fundamental
limits of the energy conversion process are investigated using the first and second laws
of thermodynamics. Among other things, these approaches could offer alternative ideas
regarding hot carrier solar cells.
The most simplified and fundamental approach is, to approximate the solar cell as a Carnot
heat engine. Within the idealized and reversible Carnot heat engine, the energy of the
sun is absorbed and converted into electric energy within the solar cell without generating
irreversible entropy. The sun, as the heat source, is represented as a black-body radiation
source with temperature Ts. The output of the solar cell is characterized by the work done
w, the heat flux q supplied to the system and the solar cell temperature Tcell, which is
assumed to be equivalent to the ambient surrounding temperature. The entropy, which is
due to the generated heat, is given as sw. The first law of thermodynamics states that, for
the change in internal energy u of a closed system:

u = w + q. (2.7)

When us is given as the radiation energy of the sun, which is the input into the system,
then w is the output work and q is the heat flux. This results in the Carnot efficiency
ηcarnot for the photovoltaic energy conversions given as:

ηcarnot = w

us

= 1 − Tcell

Ts

. (2.8)

As only the respective temperatures of the source and solar cell and no other intrinsic
material properties, such as the band gap, are considered, the Carnot efficiency represents
an ultimate thermodynamic upper limit. Accordingly, all photons contribute to the energy
conversion, i.e., neither thermalization losses nor loss of photons with energies below the
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Figure 2.2: (a) A schematic diagram of the solar cell as a heat engine; (b) The Carnot
and Landsberg efficiency limits for the solar cell versus the solar cell (ambient)
temperature.

band gap are considered. Therefore, this represents an ideal hot carrier solar cell.
The Carnot model applies only for an idealized process because a prerequisite is that no
entropy is generated. However, this already does not apply for a two-black-body scenario,
as Planck reported unavoidable entropy generation [90, 101]. Various alternative and
extended approaches to the Carnot heat engine are proposed for hot solar cell concepts as
well as conventional semiconductor solar cells. One example is given by the Landsberg limit,
where reflection losses and entropy generation are included [102]. Within this model, the
emission spectrum is given by a black body radiation described by the Stefan Boltzmann
law and results in the following efficiency ηLandsberg [102]:

ηLandsberg = 1 − 4
3

Tcell

Ts

+ 1
3

(
Tcell

Ts

)4
. (2.9)

The efficiencies obtained in both models are shown as a function of cell temperature in
Fig. 2.2. It is noticeable that the efficiency for the solar cell in the ideal heat engines
models are significantly (almost a factor of three) larger than the maximum efficiency of
the SQ model. Therefore, if one can succeed in eliminating the material limitations that
determine the maximum efficiency in the SQ model (thermalization to the band edge and
spectral mismatch), then significantly higher efficiencies are achievable.
In a heat engine model by Markvart et. al the voltage generated by the solar cell can
be obtained based on the balance of entropy as well as energy for absorbed and emitted
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photons [103, 104]. The light is is considered as a stream of photons and the process is
divided into two parts: the absorption and emission of radiation as well as the conversion
of the absorbed photons into usable work. The sun emits photons with incident photon
energy us in the form of heat, represented by a high temperature reservoir Ts. As the solar
cell absorbs the photons, the radiation is converted into energy w and the corresponding
heat qw is transferred to the lower temperature reservoir of the solar cell with temperature
Tcell. In this case, the temperature of the solar cell and ambient temperature are assumed
to be equal. In accordance with energy conversation, the following dependence is given:

uin = w + qw. (2.10)

Additionally, entropy s and entropy balance need to be considered and are given by the
following equations:

sin = us

Ts

, (2.11a)

sin = qw

Tcell

− σi. (2.11b)

The incident photons are characterized by the heat of the sun at temperature Ts (Equation
2.11a) and the entropy of the absorbed photon is composed of two parts (Equation 2.11b):
the entropy transferred into the temperature reservoir of the solar cell Ts (first part of the
formula) and consequently the irreversible entropy σi, which is generated in the conversion
process. The energy of one photon is considered as u = µ + Ts, in which µ represents the
chemical potential, i.e., available work per photon and can thus generate voltage within
an external circuit. Consequently, the photo-generated voltage is given by:

qV = µout =
(

1 − Tcell

Ts

)
us − Tcellσi. (2.12)

The loss contributions for the voltage can be quantified through a generalized irreversible
entropy generation σi [103]. This relates the maximum splitting of the Fermi levels,
i.e., the open circuit voltage to the Carnot efficiency and the entropy generation. This
opens up the possibility of examining fundamental losses contributions to the voltage
though a thermodynamic view point, including non-radiative recombination and hot-carrier
conversion [104].
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2.2 Structural and Electronic Properties
In this section, an introduction into the structural and electronic properties of the 3D
Pr1−xCaxMnO3 and 2D layered Pr0.5Ca1.5MnO4 manganite perovskite systems is given.

2.2.1 3D Manganite System: Pr1−xCaxMnO3

Figure 2.3: (a) In the ideal perovskite structure, the A site is occupied by a mix of Pr/Ca,
the B site by Mn and C by oxygen. The purple structure represents the
MnO6 octahedra (reprinted with permission [105]). (b) The electronic bulk
phase diagram for the 3D Pr1−xCaxMnO3 perovskite [106].

The 3D perovskite manganite shows an ideal structure of composition ABO3. For the
material system investigated within this thesis, the A site is occupied by a mixture of Pr

and Ca and the B site is occupied by Mn. For these materials, the MnO6 octahedra with
oxygen atoms positioned around the Mn on the B site is a prominent feature (see Fig.
2.3). Deviation from the ideal cubic structure occurs due to octahedral distortion and
octahedral tilt. The system is characterized as an orthorhombic Pbnm space group [107].
For the ground state of an isolated Mn ion, the 3d orbital is fivefold degenerated. Due
to the MnO6 octahedral ligand field, i.e., crystal field splitting, the Mn 3d orbitals are
split into three energetically reduced t2g and two energetically increased eg states. In a
simplified ionic picture, the crystal field splitting results from the Coulomb repulsion as
two eg orbitals are aligned in direction of the negative charged oxygen ion [108]. In Mn4+,
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there are three electrons in the 3d orbital and thus, the three t2g orbitals are filled with
one electron each. For Mn3+ valence with 4d electrons, the additional electron occupies
one of the eg orbitals. Due to Hund coupling, the spin is aligned parallel to the spins of
the electrons within the t2g orbital. For doping of x = 0 in Pr1−xCaxMnO3, the valence
of Mn is given as Mn3+. Through doping with Ca2+, the nominal Mn valence is reduced,
simultaneously reducing the occupancy of the eg state.
An additional splitting of the orbitals occurs through the Jahn–Teller distortion of the
MnO6 octahedra, which dependents on the doping [109]. For doping leading to predom-
inantly Mn3+ ions, a cooperative static Jahn–Teller effect, i.e., distortion of the lattice
structure, is observed. Since eg orbitals are not occupied for Mn4+, no static Jahn–Teller
effect is observed for highly doped systems (x → 1). Within this thesis, a doping of PCMO
x = 0.1 is analyzed; thus, a strong static Jahn–Teller effect is present.
However, the overlap of the Mn 3d orbitals with O 2p states plays a major role for the
electronic properties of the PCMO system. The eg orbitals form σ-bonds with oxygen
ligands with a strong orbital overlap. In contrast, the t2g orbitals, with a weak orbital
overlap, establish π-bonds [78].
In the manganites perovskite, the electron–phonon coupling results in the formation of
polarons. A distinction is made between two types of polarons:

• Large polarons with a long interaction range over several neighboring lattice sites
and weak electron–phonon coupling.

• Small polarons with short range interaction, which is localized on one site and strong
electron coupling.

For PCMO, small polarons are observed as charge carriers, which demonstrate thermally
activated hopping along a Mn–O–Mn bond over a wide doping range [110].
With varying doping values, PCMO displays various magnetic ground states, such as
anti-ferromagnetic, ferromagnetic and canted structures [89]. Additionally, a number of
ordered phases with periodic alignment of magnetic moments, charges and orbitals are
observed for different doping levels (see Fig. 2.3). In the medium-doping regime, at
higher temperatures, a two phase region with charge/orbital order and disorder is observed
[111]. The volume fraction of the charge and orbital order phase increases with decreasing
temperature. In the low-doping regime, orbital order is observed for temperatures above
the magnetic phase transition. The phase diagram is shown in Fig. 2.3 and will be further
discussed in Chapter 4.
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Two exchange interactions are considered for these systems [76, 108, 112, 113]:

• On the one hand, super exchange, which is an indirect spin dependent exchange
between two neighboring Mn sites with equal valence state through hopping. This
is relevant for antiferromagnetic ground states, as the anti-parallel spins allow the
transfer of electrons between two Mn sites of the same electronic configuration.

• On the other hand, the double exchange, in which the eg electron can hop between
Mn sites through enclosed O orbitals in ferromagnetic coupled states. Thus, this is
predominantly found in hole-doped systems.

However, according to Millis et al., additional aspects, such as correlations and polarons,
need to be included, as the double exchange alone does not adequately account for the
experimentally observed conductivity in manganites [114]. The experimentally observed
resistivity in La1−xSrxMnO3 x = 0.2 – x = 0.4 is an order of magnitude higher than
predicted by the double exchange model.
Two contrary models are discussed for the polaron charge carriers for the medium-doping
range, in which, nominally, a similar quantity of Mn4+ and Mn3+ is present:

• The Jahn–Teller polaron is based on an ionic model, where atom positions with
distinct integer valence values, i.e., Jahn–Teller distorted Mn3+ and undistorted
Mn4+, coexist. The polaron is then localized on the Mn site.

• A Zener polaron is characterized by an averaged Mn valence for all Mn sites. In
particular, the deviations from the mean Mn valence between different sites are very
small. For the Zener polaron, the doped hole charge is located in the Mn–O–Mn

dimer.

The Zener polaron has been experimentally observed for PCMO doping values of x = 0.5
as well as x = 0.34 [111, 115, 116]. The orbital overlap with the O 2p orbital decreases with
decreasing doping. However, even for low doping x = 0.1, the O 2p orbitals significantly
contribute to the electronic state of the JT polaron.
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2.2.2 2D Manganite RP System: Pr0.5Ca1.5MnO4

Figure 2.4: (a) Layered structure for an ideal 2D RP perovskite. (b) Schematic phase
diagram of Pr1−xCa1+xMnO4 according to [117, 118]

Further model system are the layered Ruddlesden–Popper (RP) manganites with their
nearly 2-dimensional structure. For this, n layers of the 3D manganite perovskite and one
rock-salt layer are alternately stacked on top of each other. Consequently, the layer number
of n = ∞ corresponds to the 3D perovskite. The structural formula and composition is
given by An+1BnO3n+1 or alternatively by (ABO3)n(AO)1 (see Fig. 2.4).
The low-dimensional nature and the layer of rock salt, which separates the perovskite
interlayers, affects, for example, the exchange interaction, coulomb repulsion and electron–
phonon coupling and results in electronic state and phase diagrams that show strong
deviations from the corresponding 3D perovskites [119–122]. This includes modified phase
transitions and new aspects such as ground states with several different types of charge
order, ferroelectricity and spin order. As an example, He et al. reported the coexistence of
three different types of charge order in RP PCMO n = 2 at room temperature [123].
Varying the number of consecutive perovskite layers thus provides a wide range of tuning
possibilities. As the dimensionality plays a major role in defining the nature of the
interaction within the material, a highly pronounced anisotropy exists and can, for
example, be observed in magnetic susceptibility, as well as optical conductivity [124].
Another interesting topic in this context is the nature of the polaronic charge carrier, its
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interactions and possible change of nature at phase transitions [125].
As a first model system, the layered RP structure with n = 1 and a composition of
Pr0.5Ca1.5MnO4 (RP PCMO) is investigated. Primarily of interest within this thesis is
the remarkably high charge order transition temperature for the 2D layered system, which
is significantly higher than its corresponding 3D perovskite counterpart [117]. Thus, this
material offers itself as a candidate for room temperature photovoltaic energy conversion.
In Fig. 2.4, the bulk material phase diagram is shown [117]. Pr0.5Ca1.5MnO4 exhibits a
phase transition into the charge and orbital order phase at T = 320 K, an antiferromagnetic
phase below 120 K and a short range and two-dimensional antiferromagnetic order at T =
200 K. For higher doping values, similar phase transition temperatures are observed. At
lower doping values, the transition temperature for the charge order phase is reduced and
a spin-glass phase at low temperatures is given [117].

2.3 Tuning of Interface Properties in Manganite
Heterojunctions

As introduced in the previous section, the highly correlated manganite perovskite material
systems possess several complex and versatile electronic and structural phases, which
change with respect to general composition, doping of specific sites and temperature
[126, 127]. In addition, the introduction of external stimuli on the material itself can result
in changes in the material properties, which includes the emergence of new phases, change
in the balance between of competing phases within a phase coexistence region and can thus
even result in phase transitions [128, 129]. These include, but are not limited to, photo
irradiation, electron beams, voltage effects, current injection and magnetic fields [130–133].
This can be seen, for example, in the CMR, where large changes in electrical resistance
are observed when an external magnetic field is applied [134]. Important factors that
especially concern thin films are strain and oxygen vacancies, which, among other things,
can affect the Curie and metal-to-insulator transition temperature [134–136]. As a further
example, for PCMO, optical induced melting of charge order and remanent switching (i.e.,
the system can be switched between high and low resistance states when applying a high
enough voltage) are reported [137–140].
For a heterojunction, such as the manganite/titanite solar cells investigated within this
thesis, it gets even more complex, as not only the properties of the two compounds but the
interface itself comes into play. Therefore, the interface will play a major role determining
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the overall properties of the junction and can lead to electronic and magnetic properties of
the junction that differ significantly from their bulk properties. In the case of photovoltaic
energy conversion in PCMO/titanite heterojunctions, aspects such as the following need
to be considered:

I) the small space charge region and thus, the high electric fields at the interface;

II) the interface itself, which includes factors such as strain, oxygen content, atomic and
chemical structure of the first monolayers and structural symmetry;

III) the transfer of charge carriers across the interface, which may even include a change
of the nature of the charge carrier such as small to large polarons.

By applying external perturbations such as temperature, light, strain, electricity and mag-
netic fields, not only the bulk material but also the interface properties can be changed and
tuned. The tuning of the photovoltaic energy conversion through electric fields in PCMO
x = 0.36 /STNO heterojunctions has been reported by Saucke et al. [77]. Additionally, the
presence of charge order close to the interface is observed for this junction. In the charge
and orbital ordered manganite a increase of the polaronic charge carrier mobility and a
drop in the open circuit voltage at 100 K can be related to the colossal electroresistance
effect, as the combination of high electric fields and electric current "melt" the charge and
orbital order phase.

In this section, the ability to tune the interface properties in a manganite heterojunction
is presented by the example of an external magnetic field and its effect on photovoltaic
energy conversion. Depending on the electronic phase and ground state of the correlated
material, the application of an external magnetic field can either enhance, suppress, or
have no effect on the photovoltaic response. Therefore, it is possible to tune and find
an optimum window for the photovoltaic response through an external magnetic field.
Aspects that are presented include magnetic phases at the interface itself, phase transitions
and change in balance for coexisting phases.
Under illumination, the generated minority carriers of electrons and holes are separated
by the build in potential of the interface. For a conventional heterointerface, the interface
properties are commonly considered within the framework of a rigid band model. However,
the applicability of rigid bands is questionable for correlated interfaces. Thus, rigid bands
can only be considered under conditions where correlations play a minor role for the
properties. When applying an external magnetic field, the carrier density can be changed
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and, therefore, the correlation effects will be dominant. Applying an external magnetic
field on a heterojunction can influence the electron structure through the quasi-band
profiles, which will affect the width of the depletion layer of the junction. This, in turn,
changes the collection probability of minority carriers and the photovoltaic response.
The first aspect presented is the structural orientation of the material at the interface
and its influence on the magnetic phase present at the interface and, accordingly, the
impact of the type of magnetic interface phase on the tunability of the photovoltaic effect
through magnetic fields. Sheng et al. investigated La0.7Sr0.3MnO3 junctions, which show
a phase transition of paramagnetic isolating to ferromagnetic metallic around room tem-
perature range for the bulk material [141]. Within this article, the temperature-dependent
photovoltaic energy conversion under external magnetic fields was investigated in two
La0.7Sr0.3MnO3/STNO junctions with different growth orientations of (110) and (001).
In the (110) La0.7Sr0.3MnO3 film, an increase of photocurrent by 30 % orientation for a
magnetic field of 6 T is reported and the maximum increase is found in a temperature
range of 150 K to 200 K, which follows magnetoresistance observation within this material.
In contrast, the external magnetic field shows only a negligible influence for the (001)
La0.7Sr0.3MnO3 junction.
As a result, the authors propose that for the (001)-oriented films, which exhibit no change
of photocurrent under magnetic field, the width of the magnetic junctions stays constant,
as this interface shows dominantly the metallic behavior of a Schottky junction. In
comparison, the (110)-oriented films have a tilt-distorted insulating interfacial layer. For
this interface magnetic state, as the temperature or magnetic field increase, the correlated
insulating gap decreases and the effective carrier density is enhanced. Therefore, the
correlated insulating gap and thus, the width of the depletion layer are dependent on
temperature and magnetic field.
In La0.7Ce0.3MnO3/STNO heterojunctions, the role of phase transition has be addressed
[142]. In contrast with the previous example, the photovoltaic energy conversion repre-
sented by the open circuit voltage is suppressed within this heterojunction by introducing
an external magnetic field. The open circuit voltage decreases linearly with increasing
magnetic field [142]. In this system, the phase transition between the paramagnetic and
ferromagnetic phase needs to be considered. Under an external magnetic field, the Fermi
level decreases and, therefore, the depletion layer becomes smaller. Additional aspects of
phase separation and coexistence of ferromagnetic insulating and ferromagnetic metallic
phases in the interface region can have an effect, as the fraction can change through an
applied field. As a third aspect, change of canting angles can influence the magnetic
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domains.
The final aspect presented is the coexistence of different phases, where electronic phase
separation and the change of balance between the phases are affected. Luo et al. observed
temperature regions with no change, as well as temperature regions with a decrease of the
photovoltaic effect, when applying a magnetic field in Pr0.65(Ca0.75Sr0.25)0.35MnO3/STNO

junctions [143].
The authors proposed the coexistence of charge ordered insulating and ferromagnetic state
and electronic phase separation as the main mechanism to consider. The ferromagnetic
phase is spin ordered and the insulating phase is spin disordered. If the material is in a
“deep” electronic phase-separation phase (in which the ferromagnetic phase is dominant)
or the insulating phase, the magnetic field has no influence on the photovoltaic response.
For the temperature range of a “prime” electronic phase separation with a coexisting
ferromagnetic and charge ordered insulating phase, a decrease of about 63 % at 1 T at the
phase transition temperature is reported. When applying an external field, spins align;
therefore, transport of electrons across domains is easier. The charge order insulating
phase will partially convert to ferromagnetic and, therefore, increase the conduction path.
In turn, the accumulation of charge carriers is suppressed and the open circuit voltage
decreases.
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Experimental Methods

This section will focus on the photovoltaic measurement, specifically dealing with the
question of what types of measurements are possible in the current modified setup. In three
subsections, the setup for the samples, the electrical measuring modes and the different
types of illumination modes are introduced.
The thin-film preparation and experimental methods applied for structural analysis and
physical properties, including transport, optical and magnetic properties, are described in
the Methods sections of the publications in Chapter 4 – 6. The high-quality epitaxial thin
films with layer-by-layer growth were prepared by ion beam sputtering and metalorganic
aerosol deposition. Additional detailed information on the growth of RP PCMO thin-films
can be found in the co-authored publication by Hoffmann-Urlaub et al. [87].

Geometry and Setup
A schematic overview of the manganite/titanite heterojunction design for photovoltaic
measurements is shown in Fig. 3.1. In the first step, a 100 nm manganite thin film is
deposited on a conductive Nb-doped STO substrate with a size of 10 mm x 5 mm and a
thickness d = 0.5 mm. For films prepared by ion beam sputtering, a 9 mm x 4 mm shadow
mask is applied in this process in order to avoid shortcuts via side-face coating. Back
contacts composed of Ti/Au double layer are applied onto the back side of the substrate
by ion beam sputtering again using a 9 mm x 4 mm shadow mask. For this process,
the substrate is placed upside down in a holder with a 0.5 mm-wide raised-edge design.
Therefore, only the outside edges of the substrate are in contact with the holder, ensuring
that the deposited manganite thin film remains undamaged.
Thereafter, two front contacts composed of either Pt or Au with a size of 1 mm x 4 mm
are deposited centered with the manganite film 2 mm apart. Four wires are connected to
the contacts by silver paste, two on the back contact and two on the same front contact.
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Figure 3.1: Schematic overview of the manganite/titanite heterojunction (reprinted with
permission [86]). A thin manganite film (black) is deposited on a Nb doped
STO substrate (blue). The back contacts are composed of Ti/Au double layer
and the smaller top contacts are composed of either Pt or Au.

Next, the sample is glued flat onto a copper module of the same size of the substrate with
an indentation in the middle, where the wires of the back contact are placed. The whole
setup is mounted into an optical cryostat by CryoVac with double-sided adhesive tape to
ensure electrical isolation as well as heat transport. The wires are connected to the inlets
of the cryostat and after the lid is attached, a vacuum is created in the chamber.
For temperature-dependent measurements, helium is used as a cooling medium. Through a
magnetic valve, a constant helium flow is achieved and the temperature is set by a heating
wire regulated through a Tic-304 controller.

Electrical Measuring Modes
The following two distinct measurement modes are available for temperature-dependent
electrical measurement:

I) current–voltage curves are recorded at a set, constant temperature;

II) under open circuit conditions (no net current flow), the open circuit voltage is
measured continuously.

For the first, a fixed temperature is set and measurements start when temperature
fluctuations are below 0.1 K. Within this thesis, a temperature range of 80 to 300 K with
a step width of 20 K is investigated. However, temperatures as low as 5 K are possible.
In this measuring mode, a voltage is applied to the sample by a Keithley SourceMeter
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2430 and current and voltage are recorded. The voltage drop is measured by a Keithley
Nanovoltmeter 2182A.
The measuring procedure is controlled by a LabVIEW program. Current voltage cycles are
measured and several measurement parameters, such as voltage range for a cycle, voltage
step width/number of steps (limited by current resolution and at lower temperature by
temperature fluctuations), number of cycles, waiting times for measurement and waiting
time between pulses, are adjustable. The following parameters are typically applied for
an overview cycle. One voltage cycle with a cycle process of 0 V to +1 V to -1 V to 0 V
is set. A pulse mode is used for the voltage source with a waiting time of 500 ms until
current and voltage values are recorded. Before the next voltage pulse is applied, there is
a 200 ms voltage break.
The second measurement mode is a direct temperature dependent measurement of the
open circuit voltage. In this case, a temperature sweep with a set cooling rate enables
high temperature resolution for the data. Additionally, at a set temperature, the time
dependence of the open circuit voltage on long time scales can be observed.

Illumination Modes for Photovoltaic Measurements
For photovoltaic measurements, two beam paths with different illumination conditions are
set up. For both setups, the illumination spot is positioned between the top contacts in
such a way that the edge of the illumination spot partly covers the metallic top contact.
The size of the illumination spot can be adjusted through a focus lens. The first beam
path, with higher overall power density, is particularly suitable for varying the power
density over a wide range of magnitude while still offering the option of spectral restrictions
to a set range by filters. The second beam bath entails a monochromatic illumination
source, which enables the user to vary transitions in a targeted manner while maintaining
a relatively constant power density.

I) The full incident spectrum of a 150 W Xe-lamp with an increased power density in
the ultraviolet range, i.e., excitation in STNO with its band gap of about 3.2 eV, is
included.
Typically, the spot size is adjusted to a diameter of around 3 mm and the over-
all illumination power is set at 175 mW. Within this beam path, additionally, two
types of filters can be inserted into the setup in order to modify the incident spectrum.
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Figure 3.2: Spectral resolved internal transmittance for the spectral filters by Schott. These
filters can be included into the illumination beam path and enable spectral
limited measurements.

• Through cut-off filters, a spectral limited incident spectrum can be achieved.
By using these filters, only incident photon energies below their respective
Emax are transmitted. This allows a spectral limited investigation, in which,
for example, the excitations in the STNO substrate can be to a high extend
excluded or an energy-specific transition can be investigated. Several filters by
Schott within a spectral range of Emax = 1.46–3.14 eV are available. In Fig.
3.2, the transmission spectra are shown for all available cut-off filters.

• Neutral density filters enable the adjustment of power density over four orders
of magnitude. The metallic neutral density filters by Quantum Design on fused
silica substrates can be used for a spectral range of 0.6–5 eV. For the relevant
spectral range of 1.5–3.5 eV investigated within this thesis, the deviation in
spectral transmission is below 3 %. Seven filters are available with transmission
values of around 80 %, 50 %, 30 %, 10 %, 1 %, 0.1 % and 0.01 %. Two or more
filters can be combined, enabling a broad power density range.

• Both types of filters can be applied simultaneously.
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II) For monochromatic illumination conditions, a LOT Quantum Design Monochromator
Omni 300 is used. Three grids with adjustable slit width are available (Grid 1: 1200
gaps, Blaze angle of 300 nm; Grid 2: 1200 gaps, Blaze angle of 500 nm; Grid 3:
600 gaps, Blaze angle of 1000 nm). Here, lower power densities of 50–200 µW are
given. Typically, Grid 1 is used for measurements in a range of 1.5–3.1 eV with
intervals of 40–150 eV. At 2.5 eV and slit width of 2 mm, the energy resolution of
the monochromatic incident spectrum is 20 meV. The beam spot is adjusted to a
diameter of around 3 mm and the overall power is set at 200 µW.
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Chapter 4

Room-temperature Hot-polaron Photovoltaics in
the Charge-ordered State of a Layered
Perovskite Oxide Heterojunction

In this Chapter, the article published in Phys. Rev. Applied,14 5, 054006 (2020) is
presented.
doi: 10.1103/PhysRevApplied.14.054006
The article is published in a peer-reviewed journal as an open-access article and is reprinted
in its original format with permission. The corresponding Supplemental Material is included
in Appendix A.
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Harvesting of solar energy by hot carriers from optically induced intraband transitions offers new
perspectives for photovoltaic energy conversion. Clearly, mechanisms slowing down hot-carrier thermal-
ization constitute a fundamental core of such pathways of third-generation photovoltaics. The intriguing
concept of hot polarons stabilized by long-range phonon correlations in charge-ordered strongly correlated
three-dimensional metal-oxide perovskite films has emerged and been demonstrated for Pr0.7Ca0.3MnO3

at low temperature. In this work, a tailored approach to extending such processes to room temperature
is presented. It consists of a specially designed epitaxial growth of two-dimensional Ruddlesden-Popper
Pr0.5Ca1.5MnO4 films on Nb:SrTiO3 with a charge-ordering transition at TCO ∼ 320 K. This opens the
route to a different phonon-bottleneck strategy of slowing down carrier relaxation by strong coupling of
electrons to cooperative lattice modes.

DOI: 10.1103/PhysRevApplied.14.054006

I. INTRODUCTION

Establishing new mechanisms that overcome the con-
straints for photovoltaic energy conversion of conventional
semiconductors due to transmission and thermalization
losses is a high-priority goal of third-generation photo-
voltaics, for example, highly efficient solar cells that are
based on thin films [1,2]. A primary goal to achieve higher
efficiency is to overcome the Shockley-Queisser limit in
semiconductors [3]. It arises from transmission losses of
photons with energy below the bandgap as well as thermal-
ization losses of hot carriers excited above the bandgap.
The harvesting of hot carriers that normally undergo
fast subpicosecond thermalization by scattering on optical
phonons would be a major step into that direction. The

*cjooss@gwdg.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

concept of a phonon bottleneck as a strategy to slow down
the thermalization of hot carriers has been proposed [4,5],
i.e., carriers that are excited above the lower edge of the
valence band. The phonon-bottleneck strategy aims for a
reduction of energy loss of hot carriers via scattering on
optical phonons, and subsequent dissipation and transport
of the energy. It was successfully established in semicon-
ductor quantum-dot systems [6,7]. Surprisingly, in some
of these systems the excited-state stabilization of hot car-
riers occurred via strong coupling of coherent electron and
phonon states in a confined geometry [8] rather than by a
simple reduction of the phonon scattering.

Such strong coupling can result in hot polarons with
lifetimes of tenths of picoseconds [6]. The hot-polaron
lifetime is limited only by the stability of the electron-
phonon coupling in the excited state as well as the life-
time of the constituting particles, the electron, and the
optical phonon. Therefore, in the absence of dipole relax-
ation that reduces the lifetime of the charge and anhar-
monicity that reduces the lifetime of the phonon, the
hot-polaron state would be a long-lasting state that can
be harvested by extraction of the hot carriers via an inter-
face. It was recently shown that such a phonon-bottleneck
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strategy via strong electron-phonon coupling can be gener-
alized to other material systems such as high-performance
halide-perovskite solar cells that show polaron quasi-
particles with long lifetime of hundreds of picoseconds
[9–11].

Perovskite oxide thin films are an emerging system for
next-generation solar cells due to strong and broad-band
infrared-to-visible photon absorption and high stability
in photoelectrochemical applications [12]. However, the
slowdown of Mn 3d eg-intraband carrier cooling by for-
mation of small polarons is typically restricted to low
temperatures and defect trapping [13]. In doped manganite
perovskites, small Jahn-Teller (JT) and Zener polarons can
be formed in the strong coupling regime [14–16]. Here,
a dipole-allowed polaron excitation suitable for light har-
vesting exists within the Mn 3d eg-O 2p bands, which
are split due to the JT polaron formation [17,18]. In
an isolated MnO6 octahedron, the excitation of an elec-
tron from the occupied lower to the unoccupied higher
JT split state relaxes through a conical intersection of a
Mexican-hat-like energy potential surface (EPS) in config-
uration space within the period of a JT mode, i.e., 70 fs
[19]. This EPS represents the electron energy as a func-
tion of the displacement of the atoms. In contrast to the
excitations in a single JT split MnO6 octahedron, the JT
excitations in a three-dimensional (3D) periodic lattice of
MnO6 octahedra exhibit a complex cooperative JT polaron
and orbital dynamics, which can develop long-range cor-
relations in the charge-ordered (CO) and orbital-ordered
(OO) state [20]. We suggest that these long-range cor-
relations of phonon modes involved in the polaron state
represent an alternative type of phonon bottleneck. They
can modify the EPS and thus can prevent the rapid struc-
tural relaxation through the conical intersection by local
Jahn-Teller dynamics [19]. This enables polaron Mn 3d
eg-intraband photovoltaic response as demonstrated for
Pr0.65Ca0.35MnO3 with a charge- and orbital-order transi-
tion temperature TCO ≈ 240 K [18,21].

In this work, we demonstrate that harvesting of hot-
polaron excitations in a charge-ordered small polaron
system can be extended to room temperature and thus
could provide a general concept for future photovoltaics.
Via advanced material design we succeed in the epitax-
ial growth of two-dimensional (2D) layered Ruddlesden-
Popper manganite Pr0.5Ca1.5MnO4 (RP PCMO) thin films
with Tc well above room temperature. The high crys-
tal quality and the coherence of the interface to the
Nb-doped SrTiO3 (STNO) single crystal is demonstrated
using XRD and TEM. Optical spectroscopy and electri-
cal transport reveal the expected polaron hopping, JT,
and charge-transfer transitions at TCO ≈ 320 K. The pres-
ence of a photovoltaic effect by hot-polaron excitations is
demonstrated by the temperature-dependent measurement
of current-voltage (I-U) characteristics in different spectral
ranges.

II. EXPERIMENTAL METHODS

A. Film preparation by means of metalorganic aerosol
deposition (MAD)

Films with thicknesses of 30 to 200 nm are grown
on [011]-oriented STO and STNO substrates using the
metalorganic aerosol deposition technique. It is based on
the heterogeneous pyrolysis of sprayed liquid solution,
which contains a mixture of metalorganic precursors taken
in appropriate molar relations. The deposition setup is
equipped with an optical pyrometer and ellipsometry for in
situ growth monitoring. The precursors, acetylacetonates
of Mn, Pr, and Ca, are dissolved in dimethylformamide
to a concentration of 0.02 to 0.04 mol/l. The molar ratio
between precursors in the solution as well as the growth
conditions, Tsub= 800 °C and deposition rate approxi-
mately equal to 0.5 nm/s are thoroughly optimized to allow
the synthesis of material with a desired composition and
structure.

B. Film preparation by means of ion-beam sputtering
(IBS)

For the optical characterization a thicker epitaxial film
of 100 nm thickness is prepared by means of ion-beam
sputtering from single target on a single-crystal double-
side-polished STO [011] substrate. The deposition param-
eters for the film are set to pAr= 3 × 10−4 mbar (beam neu-
tralizer), pXe= 1 × 10−4 mbar (sputter gas) and pO2= 1.4
× 10−4 mbar (film oxidation) The temperature of the
boron nitride heater is set to T = 790 °C, which corre-
sponds to a substrate surface temperature of approximately
TS = 700 °C. The cooling rate after deposition is 10 °C/min
with 20 min holding steps at 690, 490, 290 °C, respec-
tively.

C. Transmission electron microscopy

The TEM lamellae in cross-section geometry are pre-
pared in an FEI Nova NanoLab Dual Beam focused ion-
beam system and thinned to electron transparency using
5 kV during the final step. The subsequent TEM measure-
ments are carried out in an FEI Titan 80–300 operated at
300 kV and equipped with a Gatan Quantum 965 ER image
filter. For the acquisition of selective area electron diffrac-
tion (SAED) patterns, a 10-µm aperture is used, which
translates to approximately 170 nm in the image plane.
STEM images are taken at 42 pA with an annular dark-field
(ADF) detector having an inner and outer acceptance semi-
angle of 46.8 and 200 mrad at the given camera length of
38 mm. For the electron energy-loss spectroscopy (EELS)
data acquisition with a collection semiangle of 39 mrad,
the beam current is increased to 150 pA and the result-
ing signals are analyzed using the power-law background
subtraction routine of HyperSpy v1.4.2. [22].
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D. Electric characterization

The four-probe in-plane electrical resistance of RP
PCMO films is measured on insulating [011] STO sub-
strates with silver-paste top contacts. The measurements
are performed in a PPMS setup in the temperature range of
T = 150–400 K and applied magnetic fields B = 0–9 T.

E. Optical characterization

Optical spectroscopy is performed in a transmission
and reflection setup in a UV-vis range of wavelength,
λ = 200–1100 nm and in transmission in the NIR range,
λ = 900–2500 nm. In the UV-vis range the setup consists
of an “OceanOptics DH-2000” Halogen light source, a
fiberglass QP400-2-SR-BX, and Maya2000Pro spectrome-
ter. The NIR setup includes a light source HL-2000-FHSA,
a fiber QP400-2-SR-BX, and a NIR Quest512-2.5 spec-
trometer. For all measurements, a dark spectrum is sub-
tracted by the equipment software. The transmittance is
calculated by I = IT/I 0, where I 0 is the incident and IT is
the transmitted spectrally resolved intensity. This baseline
correction eliminates contributions from the sample holder
and mirror system. A fixed reflectance value of R0= 0.3
is assumed over the entire spectral range (for additional
details see the Supplemental Material [23]).

III. RESULTS AND DISCUSSION

A. Epitaxial growth of Ruddleson-Popper PCMO

The orthorhombic crystal structure of RP PCMO is com-
prised of a perovskite layer AMnO3 (A = Pr, Ca) separated
by a rock-salt-layer AO (see inset Fig. 1), yielding a 2D
network of MnO6 octahedra. The RP PCMO belongs to the
space group Fmm2 with a = 0.5365 nm, b = 0.5354 nm,
and c = 1.1840 nm [24]. We prepare high-quality epitaxial
heterojunctions of RP PCMO/SrTi0.995Nb0.005O3 (STNO)
with thicknesses between 30 and 200 nm grown by means
of MAD [25,26] on (011) STNO substrates. In addition,
a comparative study by ion-beam sputtering is pursued
(for details see the Supplemental Material [23]). All films
grown on (011) STNO substrates exhibit an orthorhombic
structure with of [100]RP, respectively, [010]RP || [011]STO
and in-plane alignment of their c axis [001]RP || [100]STO.

The out-of-plane epitaxial relation is confirmed by XRD
(Fig. 1). The experimentally observed (200)RP/(020)RP
peak corresponds to a lattice spacing of dhkl = 0.268 nm,
indicating a very small out-of-plane strain, despite the
expected large tensile strain of 3% due to the lattice mis-
match between RP PCMO and STNO. In addition, the
Laue fringes around the (200)RP/(020)RP peak imply uni-
form lattice spacing within the whole film. Hence, the films
are fully relaxed.

In order to get insight into the microstructure of the RP
films, STEM is performed on cross-section lamellas pre-
pared along the [011̄] and [100] directions of the STNO

FIG. 1. XRD patterns of a 30-nm-thick MAD RP PCMO film
on (011) STO and a blank substrate. Inset: pseudotetragonal
representation of the RP (AA′BO3)1(AA′O)1 structure.

substrate, respectively. Figure 2(a) shows a high-resolution
annular dark-field (ADF) STEM image of the lamella
in the [011̄] zone axis, confirming the c-axis alignment
along [100]STO and the formation of a coherent manganite-
titanite interface. Furthermore, a rather high density of
planar defects aligned perpendicular to the substrate is
visible, which appear at about 5 nm above the interface.
High-resolution ADF imaging [Fig. 2(b)] provides evi-
dence that the planar defects along the c axis are stacking
faults, a typical defect in RP phases. Such planar defects
are not visible perpendicular to the c axis, where misfit
dislocations dominate.

Selective area electron diffraction confirms that the c
axis of the RP PCMO is aligned along the [100] in-plane
direction of STNO [Fig. 2(d)]. Note that the out-of-plane
reflections of STO and PCMO overlap. Furthermore, a dis-
crimination between the RP PCMO [100] and RP PCMO
[010] orientations along the growth direction cannot be
made due to the small difference of the a- and b-lattice
parameters. In the in-plane direction, the STNO (001) and
RP PCMO (002) reflections can be distinguished. The blur-
ring of the RP PCMO (002) diffraction spot indicates the
presence of disorder in this direction. A high density of pla-
nar defects along the c direction is indeed clearly visible in
the STEM image shown in Fig. 2(a).

Such planar defects are not observed perpendicular to
the RP c axis. High-resolution ADF STEM imaging of the
interface along the STO [011̄] direction shows a semico-
herent interface with misfit dislocations (Fig. 3).

The bright contrast close to the interface in Fig. 2(a) sug-
gests a deviation in chemical composition within the first
5 nm. In fact, high-resolution chemical analysis across the
interface by means of electron energy-loss spectroscopy
(EELS) reveals an increased Pr and a reduced Ca content in
this region [Fig. 2(c)]. The Pr enrichment is associated with
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STO(110) and PCMO(100)/PCMO(010)

(a) (b)

(c) (d)

FIG. 2. Cross-section TEM imaging of RP PCMO on (011) STNO. The TEM lamella is prepared by focused ion-beam etching
with the [011̄] zone axis of the STNO substrate. (a) High-resolution ADF STEM image of the film. (b) Enlarged picture of an area in
(a). (c) Profile of the integrated EELS counts of the Ca, Ti, and Mn L as well as Pr M edge after power-law background subtractions
normalized by the maximum. The concentration profiles across the interface between RP PCMO and STNO shows Pr segregation close
to the interface. The RP layer sequence is visualized by the colored column markers. (d) Selective area electron diffraction pattern in
the STO [011̄] zone axis shows reflections from the RP PCMO film and the STNO substrate due to the finite size of the SAED aperture.

an increase of the lattice parameters [27], suggesting that it
represents an efficient misfit strain-relaxation mechanism
that enables the growth of essentially strain-free films.

B. Transport and optical properties

The epitaxial RP PCMO films exhibit a remarkably high
charge-ordering transition temperature of TCO = 320 K
well above room temperature that agrees well with the TCO
of single crystals [26]. The CO transition is deduced from
the changes in the temperature dependence of the in-plane
electric resistivity, ρ(T), measured along the c axis of RP
PCMO films grown on insulating STO (011) substrates.
The exponential increase with decreasing temperature is
consistent with thermally activated hopping mobility of
small polarons [28] in the adiabatic limit:

ρ(T) = ρ0Te
Eact
kT . (1)

Here, T denotes temperature and k the Boltzmann con-
stant. In the disordered phase (T > TCO), ρ(T)/T obeys an
Arrhenius-type behavior with constant prefactor ρ0 and
activation energy Eact. The activation energy is modified
in the charge-ordered phase, which allows for extracting
TCO from ρ(T). Figure 4(a) shows the associated devia-
tion of the measured resistance (Rmeas − RDO)/RDO, where
RDO represents the Arrhenius fit of Eq. (1) in the disor-
dered (DO) phase, i.e., for T > TCO. This yields a polaron
activation energy Eact,DO ≈ 163 meV in the disordered
phase. The inset of Fig. 4(a) depicts the changes in the
temperature dependent activation energy by the phase tran-
sition obtained by differentiation of the data with respect
to inverse temperature (see Ref. [29] for details). As
expected, a pronounced increase of Eact(T) in the charge-
ordered phase (T < TCO ≈ 320 K) is observed in complete
(and even quantitative) agreement to 3D bulk manganites
[29]. As a noteworthy secondary result, Fig. 4(a) further

054006-4

41



ROOM-TEMPERATURE HOT. . . PHYS. REV. APPLIED 14, 054006 (2020)

FIG. 3. High-resolution ADF STEM image of the interface of
MAD grown RP PCMO on STO in the STO [100] zone axis. A
misfit dislocation is marked by the red symbol.

shows that TCO is independent of film thickness (compare
data of the 200-nm-thick film), whereas the increase of Eact
in the charge-ordered state is smaller for the smaller thick-
ness. The latter is attributed to a higher amount of disorder
and residual strain. Nevertheless, the observed increase of
the activation energy by about 20–30 meV for the thin
film is consistent with results obtained by Ibarra et al. in
polycrystallite RP manganites (0.5 ≤ x ≤ 0.8) [26].

Optical absorption measurements in Fig. 4(b) show the
dominant contribution of small polaron absorption in the
infrared and visible spectral range 0.6 eV ≤ hω ≤ 2.1 eV
and charge-transfer transitions for hω ≥ 2.1 eV, in quali-
tative agreement with spectra of single crystals [30]. The
presented spectrum can be well approximated by three
Gaussian peaks located at EA = 0.76 eV, EB = 1.3 eV, and
EC = 3.5 eV. An intensity decrease of the Gaussian peak A
in the fitted absorption spectra below a limit value of 1/e
yields an estimated charge gap of Eg ≈ 0.57 eV.

In the following, processes related to the three absorp-
tion bands A, B, and C are identified, which is relevant
for the interpretation of photovoltaic effects in the sys-
tem (see Fig. 5). According to the detailed study of 3D
PCMO by Mildner et al. [18], we assign peak A to an
optically induced polaron hopping. As is well described
by the theory of small polaron absorption [31], such an
absorption band will occur at a photon energy hω dou-
ble of the polaron formation energy Ep and thus Ep =
½EA ≈ 380 meV. A completely different route is to esti-
mate Ep from the activation energy Eact of thermally
assisted hopping based on the relation Eact = 1/2 EP –

(a)

(b)

FIG. 4. Transport and optical properties of epitaxial
[100]/[010] RP PCMO films on (011) STO. (a) Temperature-
dependent deviation of resistance from the HT Arrhenius
behavior and obtained temperature dependence of the acti-
vation energy (inset) for 30- and 200-nm-thick films. The
change in slopes indicates the charge-ordering temperature
of TCO ≈ 320 K. (b) Spectrum of the absorption coefficient
α, measured for a 100-nm-thick RP PCMO film at room
temperature. The experimental data is fitted by three Gaussian
peaks, with EA = 0.76 eV (optical polaron hopping), EB = 1.3 eV
(Jahn-Teller transition), and EC = 3.5 eV (charge-transfer
transitions). The discontinuity in signal-to-noise ratio below
1.3 eV stems from different spectrometers used for the UV and
NIR regimes.

J. It can, e.g., be derived within the two-site Holstein
model [32] and reflects that elastic tunneling between next-
neighbor sites requires an isoenergetic configuration of the
occupied and unoccupied site. Neglecting the contribu-
tion from the transfer integral J, Eact ≈ 190 meV in the
charge-ordered phase implies Ep ≈ 380 meV. The striking
agreement of Ep derived from electric transport and opti-
cal absorption strongly supports optically induced polaron
hopping as the underlying microscopic process of absorp-
tion band A. We note here, that the rather small contri-
butions of band A to the photovoltaic cannot be detected
within the sensitivity of our photovoltaic setup. Never-
theless, these infrared excitations can induce pronounced
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FIG. 5. Density of states of Ruddlesden-Popper
Pr0.5Ca1.5MnO4 obtained from density-functional calcula-
tions (for details see Supplemental Material [23]). Majority and
minority spin directions are shown with positive and negative
sign. The colors correspond to the total density of states (black)
and projections onto O p (red), as well as Mn t2g (green) and
Mn eg (yellow) orbitals of the spin-up manganese atoms. The
projected densities of states are shown stacked on top of each
other; their values correspond to their colored areas. The JT
splitting of the Mn eg states leads to an occupied nonbonding
and three unoccupied states of σ and δ character. Small polaron
absorption is due to the dipole-allowed optical transition within
the Mn d shell (peak B) from the nonbonding to antibonding σ

states. The dipole-allowed charge-transfer transitions (peaks C
and D) take place from nonbonding O 2p states to majority and
minority spin Mn eg states, respectively.

photoenhanced mobility of polarons [33] and thus reduce
Ohmic losses.

The absorption band in the UV regime (peak C) has
two contributions, i.e., interband transitions in STO (above
3.2 eV) and charge-transfer (CT) transitions in PCMO that
are dipole-allowed transitions between nonbonding O 2p
states and majority-spin Mn 3d eg states (see Fig. 5). Also
such transitions have polaronic character, since the gener-
ated O 2p holes and excited Mn 3d majority spin electrons
strongly couple to Jahn-Teller phonons in addition to other
phonon modes.

Finally, the key for the hot-polaron photovoltaics
reported in this work is photon absorption by band B in the
NIR regime. It originates from transitions between Mn 3d
eg-O 2p states that are split due to the Jahn-Teller polaron
formation, i.e., they are Mn 3d eg-intraband transitions.
They are dipole allowed due to their different parity as
a result of the hybridization with O 2p orbitals (see Fig.
5). In agreement with 3D PCMO, these states consist of
nonbonding and antibonding Jahn-Teller split eg states of
σ -bond character. Their origin is the hybridization of Mn
3d eg and O 2p states at half doping that can be described

as a Zener polaron, i.e., two coupled MnO6 octahedra [19].
The 3D or 2D topology of the MnO6 network only has a
minor effect on the resulting DOS. Interestingly, in com-
parison to 3D perovskites and to the results of Ref. [29],
we observe a reduced spectral weight resulting in a larger
absorption length of the order of α(EB)−1 ≈ 400 nm. This
can be attributed to the anisotropic optical properties of the
material and the epitaxial growth described above, which
forces the c axis being perpendicular to the incoming light
at normal incidence. Before proceeding to the photovoltaic
results, it should be emphasized that in contrast to the CT
interband transition (absorption band C) typically observed
in metal oxides, the polaron transitions of peaks A and
B are stemming from Mn 3d eg-intraband excitations that
establish a pathway of harvesting hot-polaron states.

C. Temperature-dependent photovoltaic response

We show that charge ordering in the ground state is in
fact a prerequisite for harvesting hot Jahn-Teller polarons
from the Mn 3d eg-intraband transitions of absorption B.
In order to characterize the RP PCMO-STNO p-n het-
erojunctions current density-voltage (J -U) measurements
obtained in the dark at different temperature are summa-
rized in Fig. 4(a). They exhibit rectifying characteristics
with decreasing reverse-bias current and a shift of their
exponential part to higher voltages by decreasing temper-
ature. This behavior is completely in line with 3D PCMO
and STNO junctions [6,21]. Within the one-diode model
this behavior can be attributed to the increase of the diode
ideality factor as well as of the shunt resistance, whereas
contributions from series resistance to the total resistance
is negligibly small.

Polychromatic illumination with a Xe-UV lamp leads
to a photovoltaic effect with a downwards shift of the
J (U) curve [Fig. 6(b)]. According to the absorption bands
described above, two main spectral ranges are distin-
guished: (i) charge-transfer interband excitations at photon
energies of 2.2–4 eV, and (ii) low-energy Mn 3d eg-
intraband excitations for 0.5–2.2 eV due to photoinduced
hopping and Jahn-Teller-like excitations of small polarons.
To separate these excitation processes, Fig. 6(b) shows the
photovoltaic effect for a cut-off filter of 2.0 eV where the
photocurrent results from A and B absorption bands of the
polaron excitations.

For a concise presentation of the temperature depen-
dence, we use the open-circuit voltage UOC for different
spectral ranges [22] as shown in Fig. 6(c) for the RP
PCMO thin films and—for comparison—for 3D PCMO
perovskites. In addition to a full polychromatic illumina-
tion by the Xe lamp, the maximum excitation energy is
limited by introducing different cut-off filters. The contri-
bution of excitations at hω ≤ 1.6 eV is rather small at room
temperature but it increases considerably below 230 K.
These excitations involve the optical polaron hopping
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(a)

(b)

(c)

FIG. 6. Electric and photovoltaic characteristics of RP PCMO
and STNO heterojunctions (a) Current density versus voltage as
a function of temperature in the dark. (b) The same under illu-
mination with low-pass filter for hω ≤ 2.0 eV photon energy. (c)
Open-circuit voltage UOC versus temperature for limited spectral
illumination ranges. For comparison, data for heterojunctions of
the 3D perovskite Pr0.66Ca0.34MnO3 on STNO is also included.

(peak A) as well as the major spectral weight of the Jahn-
Teller transition (peak B). Only photon energies above the
peak-B maximum are able to excite polarons into a long-
living state. Increasing the spectral range from hω ≤ 1.6 e

to hω ≤ 2.0 eV strongly impacts the photovoltaic effect at
room temperature. The open-circuit voltage UOC increases
from 9 to 42 mV due to the excitations of the upper shoul-
der of peak B. Above the peak maximum, the hot polaron
forms a state where the Mn eg population is inconsis-
tent with its JT distortion and thus presumably underlies a
long-range cooperative dynamics, similar to the one which
has been observed in the 3D PCMO system [20] and is
theoretically described by Rajpurohit et al. [34].

Under polychromatic illumination UOC increases to
220 mV at 300 K mostly due to the charge-transfer tran-
sitions in peak C. Furthermore, at photon energies above
3.2 eV, one can expect a contribution of band-band excita-
tions in STNO to the photovoltaic effect, with electron-hole
pairs contributing both from the titanate and the manganite.

For comparison, UOC(T) data of the 3D perovskite-based
Pr0.66Ca0.34MnO3/STNO heterojunctions is included in
Fig. 6(c) [21]. In the 3D perovskites significant photo-
voltaic contributions due to polaronic electron-hole pair
excitations only occur below the charge-order tempera-
ture TCO ≈ 240 K, where such excitations reach sufficiently
long lifetimes [19]. For the RP PCMO and STNO system,
TCO ≈ 320 K results in pronounced polaron contributions
to the photovoltaic effect even at room temperature, as is
shown in Fig. 6(c). Therefore, it can be concluded, that
the underlying longer lifetime of Mn eg-intraband hot-
polaron excitations with energies above the charge gap are
emerging only in the charge- and orbital-ordered state.

IV. CONCLUSION

In summary, a room-temperature polaron photovoltaic
effect is demonstrated in high-quality junctions of epitaxial
RP PCMO on (011) STNO with charge-ordering temper-
ature of TCO= 320 K. Although the individual properties
of small polarons in the RP PCMO with formation energy
of Ep = 0.38 eV are more or less unchanged compared to
the 3D PCMO (Ep = 0.36–0.38 eV [18]), the photovoltaic
effect is remarkably enhanced. This result provides evi-
dence that going from a 3D to a quasi-2D network of MnO6
octahedra changes the polaronic interactions and leaves
their intrinsic properties virtually unaffected. That empha-
sizes again the key feature of cooperative hot-polaron
behavior for photovoltaic energy conversion. In fact, the
observation of Mn 3d eg-intraband polaron photovoltaics
being linked to the charge- and orbital-ordered state under-
lines the role of cooperative octahedral dynamics for
the stabilization of long-living hot polarons. The polaron
relaxation time in the CO and OO state may depend on
both amplitude as well as long-range coherence of the
involved lattice dynamics and, thus, depend on the exci-
tation intensity [19–21]. Our result of polaron photovoltaic
effect in the CO and OO state of the RP PCMO systems
together with previous results of low-temperature polaron
photovoltaics in ordered states of 3D manganites [21]
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suggests a promising different type of “phonon-bottleneck”
mechanism for slowing down the carrier thermalization.
The emergence of a coherent lattice oscillation of the CO
and OO superlattice reflections as observed by Beaud [35]
may avoid the fast structural relaxation as expected for the
incoherent dynamics of individual JT polarons. Our work
demonstrates that room-temperature photovoltaic energy
conversion in the visual to infrared spectral range in com-
plex oxides with a small or vanishing band gap in the
excitation spectrum by hot polarons is feasible. It moreover
implies that material design along the route of improving
excess carrier lifetime through involved phonon states that
are strongly coupled to the charge carriers and display pro-
nounced long-range coherence can serve as a blueprint to
enhance the efficiency of hot-polaron photovoltaics.
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Orbital-order Phase Transition in
Pr1−xCaxMnO3 probed by Photovoltaics
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Figure 5.1: Teaser for the article (as published on Phys Rev B homepage): Schematic
overview of the adjusted phase diagram and the low-temperature orbital order
transition.
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The phase diagram of Pr1−xCaxMnO3 (PCMO) is modified for x � 0.3, which suggests a reevaluation of the
phase diagram of other manganites in that doping region. Rather than an orbital-ordered phase reaching up to
high temperatures of ∼800–1100 K, we propose a loss of spontaneous orbital order near room temperature.
Above this temperature, the phase is characterized by a finite orbital polarization and octahedral tilt pattern.
The tilt pattern couples to the Jahn-Teller distortion and thus induces a remaining orbital order, which persists
up to high temperatures, where the tilt order is lost as well. This explains the experimental observation of
orbital order up to high temperatures. The reevaluation of the orbital-order transition is based on observed
anomalies of various physical properties at temperatures of 220–260 K in epitaxial thin films of PCMO
x = 0.1, i.e., in the photovoltaic effect, electric transport, magnetization, optical, and ultrafast transient pump
probe studies. Finite-temperature simulations based on a tight-binding model with carefully adjusted parameters
from first-principles calculations exhibit an orbital-order phase transition at TOO ≈ 300 K for PCMO x = 0.1.
This is consistent with the experimental observation of temperature-dependent changes in lattice parameter for
bulk samples of the same doping at 300 K for x = 0.1 and 350 K for x = 0, typical for second-order phase
transitions. Since our reassignment of the orbital-order phase transition toward lower temperature challenges a
well-established and long-accepted picture, we provide results of multiple complementary measurements as well
as a detailed discussion.

DOI: 10.1103/PhysRevB.103.235122

I. INTRODUCTION

Perovskite manganites are a class of materials with
strongly correlated electronic, spin, and phonon degrees of
freedom. These correlations result in a complex phase dia-
gram and a variety of exciting phenomena such as the colossal
magnetoresistance [1–3] and photovoltaic [4,5] effects. Be-
cause of the Jahn-Teller effect, Mn3+ ions in manganites
experience a strong electron-phonon coupling, which leads to
the formation of polarons. The density of these polarons and
their electronic coupling can be controlled by composition.
Depending on the density, a variety of ordered and disordered
polaron arrangements can be formed. Among the manganites,
the class of Pr1−xCaxMnO3 (PCMO) stands out because it
allows us to explore the effect of doping while maintain-
ing a similar electronic coupling (i.e., Mn-O-Mn hopping)
[6]. Furthermore, the electron-phonon coupling in this class
of manganites is strong compared to the electron hopping,
which results in small, and thus stable, polarons and insulating
ground states for the entire doping range [7].

At the heart of the manganite physics is the phase diagram
and the nature of its individual phases. In this paper, we
provide evidence that the phase diagram for PCMO accepted

*cjooss@gwdg.de

so far [8] may need to be reconsidered (see Fig. 1). In the
low-doping regime with PCMO x = 0−0.2, phase transitions
at 900 K for x = 0 and at 675 K for x = 0.1 [8] have been
included, which are attributed to the order-disorder transition
in the pattern of Jahn-Teller distortions. At higher doping,
i.e., PCMO x = 0.3, orbital and charge orders exist only at
a lower temperature up to TCO = 240 K. Our experimental
and theoretical results indicate that, in the low-doping regime,
spontaneous orbital order breaks down at temperatures much
lower than previously believed. This finding at low tem-
peratures requires a reinterpretation of the high-temperature
regime of the phase diagram.

In the highly correlated PCMO, the onset of a photovoltaic
effect in the visible-to-infrared spectral range can be linked
to the emergence of long-living hot polarons [11,12]. Hetero-
junctions composed of Nb-doped SrTiO3 and PCMO with x =
0.34 and 0.95 show such a photovoltaic effect only below their
respective ordering temperatures, i.e., in the charge-, orbital-,
and antiferromagnetically ordered phases [Fig. 1 (b)]. The
connection of the photovoltaic effect to charge and orbital or-
der has been recently demonstrated clearly by the observation
of a pronounced photovoltaic effect at room temperature in the
Ruddlesden-Popper manganite Pr0.5Ca1.5MnO4 [13], which
has a charge-order transition temperature of TCO ≈ 320 K.
This raised the onset temperature of the photovoltaic effect
above that of the parent compound PCMO at x = 0.34. To

2469-9950/2021/103(23)/235122(21) 235122-1 ©2021 American Physical Society
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FIG. 1. Ordered states and onset of polaron photovoltaic effect
in Pr1−xCaxMnO3 (PCMO). (a) Phase diagram in zero magnetic
field according to Refs. [8–10]. Our results on the onset of polaron
photovoltaic effect are indicated by yellow circles. Inset: Schematic
sketch of orbital-ordered structure of alternating orbitals for PMO.
(b) Temperature dependence of the open circuit voltage Uoc(T ) in
Pr1−xCaxMnO3 − SrTi1−yNbyO3 heterojunctions for x = 0.1, 0.34,
and 0.95 for monochromatic photon excitation of lowest manganite
transitions. The onset of linear increases coincides with the anti-
ferromagnetic (x = 0.95) and the charge-order/orbital-order phase
transitions (x = 0.34) [11]. As it is shown in this paper, the onset for
PCMO x = 0.1 reflects the onset of spontaneous orbital order which
is at 220–260 K in thin films and at 300 K in the bulk.

extend the photovoltaic effect to even higher temperatures,
we studied lightly doped PCMO with its high orbital-ordering
temperature. However, for PCMO x = 0.1, we observe an
onset of the photovoltaic effect only well below room temper-
ature [Fig. 1(b)]. This discrepancy between the onset of the
photovoltaic effect and the orbital-order temperature inspired
a detailed study of the structural and electronic properties of
the temperature-dependent orbital-ordered state at low doping
presented in this paper.

Orbital-ordered phases evolve in transition metal oxides
where the degeneracy of d orbitals is lifted by the Jahn-Teller
effect. In manganite perovskites, the Mn 3d orbitals are split
into three states of t2g symmetry (dxy, dxz, and dyz) and two
states of eg symmetry (dx2−y2 and d3z2−r2 ) due to the octahedral
ligand field of the MnO6 octahedra. At suitable doping with
Mn valence close to Mn3+, the degeneracy of these states is
lifted by the Jahn-Teller distortion of the MnO6 octahedra that
leads to a preferential occupation of d3x2−r2 or d3y2−r2 states
with one electron [14]. In an orbital-ordered state, the two
orbitals are alternately aligned, leading to an antiferro-type
of orbital order with an order parameter CQ. Such a type
of ordering was discussed by Goodenough [15] in connec-
tion with experimental observations of structural distortions
in La1−xCaxMnO3 [16]. Since then, orbital order was found
for many hole-doped manganites with small tolerance factor;
the latter is an indicator for the stability and octahedral tilt
distortion of the crystal structure based on the ratio of the ionic
radii. In such manganites, orbital order is present in certain
doping regions in correlation with charge ordering, such as in
PCMO (x = 0.3−0.7) [8,17] and Nd1−xSrxMnO3 [18], in the
undoped LaMnO3 [19] and PrMnO3 [10], as well as in other
types of transition metal oxides [20]. The orbital-order ground
state is well studied in theory [21,22].

To establish and study orbital-ordered states, different
methods have been applied. In half-doped, low-bandwidth
manganites, orbital ordering is accompanied by charge or-
der. Here, the ordering of orbitals via ordering of formal
Mn3+/Mn4+ valence states generates a superlattice that
can be detected by diffraction experiments [23,24]. In
fact, because the charge disproportion is rather small and
typically amounts to only ∼0.1e [25,26], the observed charge-
order/orbital-order superlattice reflections mainly correspond
to periodically varying Jahn-Teller distortions of the MnO6

octahedra [24,27]. Powerful tools to directly study different
occupation of the d3x2−r2 and d3y2−r2 orbitals are resonant
scattering techniques at the Mn L and K edges with polar-
ized x rays because they give direct access to the anisotropic
charge density [28] and related orbital occupancy [29]. These
resonant x-ray techniques are thus suitable to detect orbital-
ordered states at low-doping levels, where charge order is
absent. They have established ordering of eg orbitals in
LaMnO3 up to a temperature of 780 K, concomitant with
a structural phase transition between the orthorhombic and
pseudocubic phases [19]. In PrMnO3, Sánchez et al. [30]
showed evidence for the presence of orbital order via the
structural refinement of distorted MnO6 octahedra with three
different Mn-O bonding lengths. The neutron diffraction re-
sults showed the presence of some degree of orbital order up
to the temperature of the orthorhombic-to-pseudocubic phase
transition at 1050 K referred to by the authors as a “Jahn-
Teller transition” [30].

235122-2
49



ORBITAL-ORDER PHASE TRANSITION IN … PHYSICAL REVIEW B 103, 235122 (2021)

The presence of some degree of ordering of Jahn-Teller
distortions alone is, however, not sufficient to prove spon-
taneous orbital order. It is well known that, in structural
phase transitions, secondary order parameters can appear that
break symmetries of the high-temperature phase at the same
transition temperature as the primary order parameter [31].
For example, in ferroelectric phase transitions in BaTiO3 or
SrTiO3, the ferroelectric polarization is associated with the
appearance of a tetragonal distortion, although the symmetry
of both order parameters is different. In SrTiO3, the ferroelec-
tric state can be also induced by external strains, e.g., misfit
strain in epitaxial films grown on different substrates [32].
In the case of orbital-order transitions in PrMnO3 as well
as LaMnO3, the onset of ordering of Jahn-Teller distortions
coincides with the tilting transition of MnO6 octahedra, which
induces the transition between the cubic and orthorhombic
phase. This phase transition is driven by the orthorhombic
distortion that is related to the steric effect and is controlled
by the tolerance factor [33,34]. As shown by Alonso et al.
[35], the average tilt angle of MnO6 octahedra increases
with decreasing tolerance factor. Furthermore, the increase
of octahedral tilt angle also slightly increases the amplitude
of the Jahn-Teller distortion. Since at higher doping levels,
spontaneous orbital-ordering sets in at quite low transition
temperatures of the charge-order/orbital-order phase transi-
tion (e.g., PCMO x = 0.5, TCO = 235 K [36] and LCMO
x = 0.5, TCO = 225 K [37]) this raises the question about
the nature of the orbital-order phase transition in the weakly
doped phases with PCMO x < 0.3. The question needs to be
considered whether the transition to spontaneous orbital order
appears below the pseudocubic-to-orthorhombic phase transi-
tion and is partially hidden in the induced order of Jahn-Teller
distortions driven by the tilting.

In this paper, we show that orbital ordering in lightly doped
PrMnO3 most probably takes place near room temperature,
i.e., at much lower temperatures than predicted by the phase
diagram [Fig. 1(a)]. Notwithstanding the fact that structural
data alone only provide a subtle signature of this phase transi-
tion, the presence of anomalies in electric transport, optical
properties, magnetization, and transient behavior of optical
excitations provides clear evidence for the presence of a phase
transition. They point to the emergence of a spontaneous
orbital order below TOO ∼ 220 K in thin films, which differs
from the induced order of Jahn-Teller distortions at higher
temperatures. In their bulk material, detailed temperature-
dependent x-ray diffraction (XRD) measurements reveal an
ordering temperature of 350 K for PCMO x = 0 and 300 K
for PCMO x = 0.1. The finite-temperature simulations of the
orbital-order phase transition based on a tight-binding model
with carefully adjusted parameters from first-principles calcu-
lations confirm the presence of a spontaneous orbital ordering
below TOO ≈ 300 K for PCMO x = 0.1.

II. EXPERIMENTAL AND THEORETICAL RESULTS

In the following subsection, we report experimental
results on various physical properties that provide clear ev-
idence for the presence of an electronic phase transition in
Pr0.9Ca0.1MnO3 (PCMO x = 0.1) thin films at a temperature
of around TOO ≈ 220 K. These physical properties include

(i) photovoltaic response (Sec. II A), (ii) transport properties
(Sec. II B), (iii) magnetic ordering (Sec. II C), (iv) optical
properties (Sec. II D), and (v) transient optical transmission
(Sec. II E).

Preliminarily, we assign this phase transition in PCMO
x = 0.1 thin films as orbital-order transition and come back
to a critical evaluation after presentation of our results of the
theoretical simulations (Sec. II F) and experimental data on
the structural aspects of the low-temperature phase transition
(Sec. II G). To get access to the lattice constants and to ex-
clude influence of strain effects commonly present in thin film
samples, the latter investigations were performed on poly-
crystalline bulk PCMO prepared by conventional solid-state
reaction.

The thin film samples were prepared by means of ion-beam
sputtering on (100) SrTiO3 (STO), (100) SrTi0.995Nb0.005O3

(STNO), and (100) MgO (for details of preparation, see
Appendix A). Conducting STNO substrates were used
for cross-sectional electric and photovoltaic characterization
(Sec. II A) and MgO substrates for transient optical transmis-
sion measurements (Sec. II E). On these substrates, the PCMO
films reveal cube-on-cube epitaxial growth of the pseudocu-
bic structure that possesses six different twin domains of the
orthorhombic Pbnm structure, i.e., with [110] and [001] out-
of-plane orientations. Here, films on STO/STNO and MgO
mainly differ by the volume fraction of the different orien-
tations: Films on STO/STNO predominately reveal the [001]
and films on MgO the [110] orientations. The structural char-
acterizations are summarized in the Supplemental Material
[38] and in Ifland et al. [39]. Technical method details for all
physical property measurements are given in the Appendix A.

A. Photovoltaic properties of PCMO/STNO heterojunctions

Figure 2 shows the change of the photovoltaic properties
of Pr0.9Ca0.1MnO3 (PCMO x = 0.1)-SrTi0.995Nb0.005O3

(STNO) heterojunctions in the vicinity of the phase transition.
The cross-plane current-voltage characteristics exhibit a
diodelike rectifying behavior which is evident from the
exponential current increase in forward voltage direction and a
smaller current, with a weak voltage dependence, in backward
direction [Fig. 2(a)]. This diodelike behavior is observed
throughout the temperature range of room temperature down
to 100 K, where the rectifying characteristics become more
pronounced below the respective ordering temperature. Under
illumination, the photovoltaic effect of these heterojunctions
appears as an additional photocurrent. The photovoltaic
response is characterized by the parameters of short-circuit
current density Jsc (at U = 0 V) and open-circuit voltage Uoc

(at I = 0 A). Their temperature dependences are displayed in
Fig. 2(b).

The photovoltaic effect under polychromatic illumination
is measured using an ultraviolet (UV)-enhanced Xe lamp
which produces a nearly constant spectral irradiance in the
range between 1.55 and 4.1 eV. Additionally, measurements
with two cutoff filters that limit the maximum excitation en-
ergy Emax to 1.6 and 2.0 eV were realized. Both cutoff filters
are well below the measured STNO bandgap of 3.3 eV [40],
i.e., excess carrier excitations take place only in the manganite
film.
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FIG. 2. Photovoltaic properties of the PCMO x = 0.1/STNO
junction at the orbital-order phase transition. (a) Cross-plane current
voltage characteristics above (T = 240 K) and below (T = 200 K)
the phase transition in the dark and under polychromatic illumina-
tion. (b) Temperature dependence of open-circuit voltage Uoc and
short-circuit current density Jsc measured under different spectral
illumination ranges: Emax = 1.6 eV, Emax = 2.0 eV, and polychro-
matic illumination.

Regardless of the selected type of illumination, the open-
circuit voltage Uoc and the short-circuit current density Jsc

show characteristic temperature dependences with two dis-
tinct temperature regimes: At high temperatures, Uoc is small,
whereas in the low-temperature regime, a significant open-
circuit voltage is observed, which increases nearly linear with
decreasing temperature. In contrast, the temperature depen-
dence of Jsc exhibits a pronounced maximum at a temperature
of ∼200 K [Fig. 2(b)].

Interestingly, with an increasing spectral range of incident
photons, Uoc(T ) is shifted to higher voltages. Since the open-
circuit voltage reflects the splitting of the chemical potential of
electrons and holes without carrier extraction, its increase with
increasing Emax mainly reflects the contribution of electron-
hole excitations at higher energy to Uoc(T ). Therefore, the
“true” transition temperature TOO ∼ 220 K is approximately
presented by the Uoc(T ) onset at highest photon irradiance.

In the temperature range of the ordering transition, the
short-circuit current density Jsc(T ) exhibits a pronounced
maximum [Fig. 2(b)]. Since optical absorption is more or

less unchanged with temperature, the increase of Jsc(T ) with
decreasing T reflects an increase of the photo carrier lifetime
when approaching the ordering transition. Below the phase
transition, the carrier mobility decreases, as shown in the
subsequent section. Like the shift of Uoc(T ) with increas-
ing spectral illumination, also the maximum of the Jsc(T ) is
shifted to higher T with an increase of the current density.
The Uoc(T ) onset and the maximum of Jsc(T ) are at the same
temperature. Such a behavior is unconventional and cannot be
understood without the presence of changes in the electronic
properties of the junction due to a phase transition in the
temperature range between 190 and 240 K.

B. Charge carrier mobility

The change of electronic properties at the ordering tran-
sition is additionally reflected in a change of DC carrier
transport of PCMO. The charge carriers in Ca-doped PrMnO3

are small polarons that reveal a thermally activated mobility
above half of the Debye temperature 1

2θDebye ≈ 160 K [41]. In
addition, a bandlike transport can appear at low temperatures
in high magnetic fields [7] via a magnetic field-induced phase
transition to a ferromagnetic metallic phase that evolves out
of the charge-ordered state of small polarons [42]. In a broad
doping range of PCMO, the temperature (T) dependence of
the resistivity can be described by thermally activated hopping
of small polarons; that is in the adiabatic approximation given
by [43]

ρ(T ) = ρ0 T exp

(
EA

kT

)
. (1a)

Electronic phase transitions commonly change the pref-
actor ρ0 as well as the activation energy EA. It is, therefore,
useful to consider the logarithmic derivative defined as

EA = k
d

d
(

1
T

) ln
( ρ

T

)
, (1b)

as a temperature-dependent activation barrier. Within the adi-
abatic approximation, the logarithmic derivate is temperature
independent well above half of the Debye temperature (for
PCMO, 1

2θDebye ≈ 160 K) and significantly decreases below
1
2θDebye due to enhancement of tunnellike contributions [44].

Figure 3 shows the increase of in-plane resistivity with
decreasing temperature. The measurement is performed on a
PCMO x = 0.1 film deposited on insulating STO substrate
that was postannealed for 20 h at 900 °C to reduce growth-
induced defects and strain (see Supplemental Material [38]).
Above 220 K, the resistivity shows a thermally activated tem-
perature dependence that is reflected in a logarithmic deriva-
tive value of about EA ≈ 160 meV. In this temperature regime,
the activation energy decreases slightly with decreasing tem-
perature. Such deviations from the adiabatic approximation
are frequently observed in thin film samples, most probably
due to defect-related contributions to polaronic mobility [42].
Below the ordering transition at TOO ≈ 220 K, EA(T ) shows
a significant increase, reflecting a decrease of the hopping
mobility of small polarons in the low-temperature state.

Interestingly, below the phase transition temperature, the
resistivity shows a significant magnetoresistance effect. At
an applied magnetic field of μ0H = 9 T, the logarithmic
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FIG. 3. Temperature dependence of in-plane resistivity and loga-
rithmic derivative EA in zero magnetic field as well as magnetic field
of μ0H = 9 T for a PCMO x = 0.1 film on (100) STO, postannealed
for 20 h at 900 °C. The magnetic field was applied perpendicular to
the substrate, i.e., parallel to the dominating [001] direction.

derivative EA decreases almost linearly with decreasing tem-
peratures down to ∼150 K. Furthermore, the increase of EA

below 220 K in zero-field is completely suppressed. The
electric transport behavior supports the presence of orbital
ordering below 220 K since an ordering of the underly-
ing Jahn-Teller distortions obviously reduces the mobility of
Jahn-Teller polarons. As worked out by Millis et al. [45], there
is a strong mutual effect between the Jahn-Teller splitting
of eg orbitals and the electronic hopping via the magnetic
double exchange interaction. Our results indicate that increase
of magnetic double exchange by a magnetic field-induced spin
alignment is more effective in the orbital-ordered state. This
is reflected in the observed magnetoresistance below TOO.

C. Magnetic properties

The observed magnetoresistance below TOO raises the
question whether the magnetic properties are affected by
the ordering transition as well. According to the established
bulk phase diagram of lightly doped PCMO in Fig. 1(a),
a magnetic phase transition takes place between a param-
agnetic high-temperature phase and a magnetically ordered
low-temperature phase. Its nature depends on the exact doping
level since, at PCMO x = 0.1, there is a phase boundary
between a canted antiferromagnetic and a ferromagnetic phase
[9,10]. The Néel and Curie temperatures of both magnetic
phases are at ∼100 K.

In thin film measurements by means of superconduct-
ing quantum interference device (SQUID)-magnetometer, the
contribution of substrate to the magnetic moment is usually
not negligible. To separate substrate and film contributions,
we first measured the field and temperature-dependent mo-
ment mSTO of a pristine STO substrate. In the next step, a
PCMO x = 0.1 film was deposited on this substrate, and the
same measurements of magnetic moment mtot (H, T ) for film
and substrate under identical measurement parameters were
performed. The film magnetic moment mfilm was calculated
by subtracting the substrate contribution from the total mo-
ment mtot. The substrate correction procedure is described in
Appendix A.

FIG. 4. Temperature dependence of magnetization and magnetic
susceptibility of PCMO x = 0.1 films on STO. The data are cor-
rected with respect to substrate contributions, and the magnetic field
is applied parallel to the substrate. (b) Temperature dependence
of field-cooled magnetization in Bohr magnetons per unit cell for
different applied fields. The inset shows the hysteric behavior of
field-dependent magnetization at 10 K. Temperature dependence of
the DC magnetic susceptibility at two different applied fields. The
inset shows the residuum of the experimental data with respect to a
linear fit of 1/χPCMO at temperatures T > 300 K.

Figures 4(a) and 4(b) show the temperature-dependent
magnetization and susceptibility of the PCMO x = 0.1 thin
film after the substrate correction. At low temperatures, the
magnetization shows a distinct phase transition to a magnet-
ically ordered state [Fig. 4(a)]. The strong increase of M at
Tc = 80.3 ± 1.0 K is indicative of a transition into a phase
with a ferromagnetic component, visible by the hysteretic
behavior of M(H) at 10 K and the presence of a remanent
magnetization [see inset Fig. 4(a)].

Well above the Curie temperature Tc, the susceptibility of
PCMO x = 0.1 reveals Curie-Weiss behavior [Fig. 4(b)]:

Mfilm = χ0 H

(T − TCW)
, (2)
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Here, χ0 represents the paramagnetic Curie constant and
TCW the Curie-Weiss temperature. Interestingly, the slopes
in the Curie-Weiss plot reveal slight differences in the
high-temperature (T > 280 K) and in the low-temperature
(T < 180 K) ranges. At higher temperatures, χPCMO(T )–1 in
Fig. 4(b) reveals a weak magnetic field dependence, and the
change in slope appears more pronounced for the smaller ap-
plied field of 10 mT than for 200 mT. Whereas the difference
is close to noise for the measurement at 10 mT, the presence
of two different temperature regimes is clearly visible in the
residuum of the experimental data at 200 mT [inset Fig. 4(b)].
The deviation from the Curie-Weiss fit becomes significant
below 260 K. This represents a probable magnetic fingerprint
of a phase transition, in which the electronically ordered low-
temperature phase has a higher susceptibility.

The error bars of χPCMO(T ) are too large for a quan-
titative determination of the different Curie constants and
Curie-Weiss temperatures of the orbital-ordered and disor-
dered phase. Therefore, we perform a linear fit of χPCMO(T ) in
the entire temperature range of 120–400 K, i.e., including the
ordered and disordered phases and only excluding the tem-
perature range which contains ferromagnetic contributions.
This yields an averaged Curie constant of both phases that
corresponds to a magnetic moment of 5.7 ± 0.3 μB and a
Curie-Weiss temperature of TCW = 93.4 ± 0.2 K. The mag-
netic moment is close to the expected one if the contribution
of 4 f moments of Pr is considered [46]. The temperature-
dependent deviations from this fit suggests qualitatively that,
in the orbital-ordered phase, the Curie-Weiss temperature is
lower, and the Curie constant is higher.

We can exclude that the change of χPCMO(T ) at 260 K
is related to the transition into the ferromagnetically ordered
state since the observed deviation from the Curie-Weiss fit
is far above a possible onset of ferromagnetic fluctuations.
This statement is supported by the additional change of the
residuum [inset Fig. 4(c)] below a temperature of ∼170 K
that represents a precursor of the ferromagnetic transition be-
low 100 K due to ferromagnetic fluctuations. In addition, the
temperature-dependent contribution �mS to the substrate cor-
rection is too small to explain the changes of χPCMO(T ) (see
Appendix A and Fig. S5 in the Supplemental Material [38]).

D. Optical properties

Figure 5 shows the temperature dependence of the
absorption coefficient α(Eph) = 1−t , obtained through mea-
surements of the transmission t , in the range of photon
energies between 1.25 and 3.0 eV. It reveals four broad ab-
sorption bands at 1.8 eV (I), 2.4 eV (II), 2.7 eV (III), and
>3.2 eV (IV). The band IV here overlaps with the onset of
interband transitions in SrTiO3 with a bandgap of 3.2 eV. For
Eph � 3 eV, the absorption coefficient represents the mangan-
ite excitations only. The increase with decreasing temperature
is most pronounced for the bands I and II, a behavior that is
also observed for higher doping levels [6]. The reason is that
peaks I and II stem from transitions between the Jahn-Teller
split Mn 3d eg states, i.e., involving Mn intersite transitions.
Here, note that the nominal Mn-d eg states contain a contri-
bution from the “atomic” oxygen O 2p states. In contrast, the
absorption peaks >2.2 eV (peaks III and IV) are characterized
as dipole-allowed charge transfer transitions between O2p

FIG. 5. Temperature dependence of optical absorption of a
PCMO x = 0.1 film on (100) STO under top-side illumination. (a)
Spectral dependence of the absorption coefficient α (Eph) at various
temperatures. (b) Temperature dependence of the optical bandgap Eg

deduced from Tauc plots.

states and minority-spin t2g(↓) and eg(↓) states that are less
affected by the orbital-order phase transition [47].

To determine the bandgap, the temperature-dependent,
reflection-corrected absorption coefficient αR(Eph) in the low-
photon energy region of the absorption band I was then
analyzed by means of Tauc’s relationship, which is used to
determine bandgaps in semiconductors [48,49]. The best fits
were observed for a Tauc exponent of 3

2 that corresponds to
direct forbidden transitions (see Supplemental Material [38]).
Since the transition I takes place between dipole-allowed
Jahn-Teller split occupied and unoccupied Mn 3d eg-O 2p
bands with different symmetry [6], the fit allows for a precise
analysis of the bandgap. Even though we use the semiconduc-
tor theory, which is based on rigid bands, it is to be noted that
we have deviation of rigid bands due to the polaronic nature.
The determined bandgap represents an upper limit to the real
bandgap since the transmission will be underestimated and the
reflectance overestimated due to substrate contributions, e.g.,
double reflection and interface contributions. However, this
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FIG. 6. Pump-probe transmission experiment for PCMO x = 0.1 film on MgO (100). (a) Transient transmission at different sample
temperatures between 20 and 300 K for an incident fluence of 3.2 mJ/cm2. (b) Change in the signal decay time τ back to the initial state
with temperature showing a decrease with increasing temperature. A small anomaly is observed ∼200 K. (c) Transient transmission change
at ∼90 ps delay for a combined cooling and heating temperature cycle with small temperature steps. The data are normalized to the value of
the transient transmission change at 20 K. The strong anomaly observed for temperatures >170 K is due to a phase transition with hysteretic
effects on temperature cycling.

does not modify the temperature-dependent relative changes
as well as peak positions.

Figure 5(b) shows the temperature dependence of the de-
duced bandgap Eg. The temperature dependence changes at
∼200 K. At high temperatures, we observe a bandgap opening
with decreasing temperature. Such an effect is, e.g., typically
observed in semiconductors and has its origin in the thermal
contraction as well as in the electron phonon interaction [50].
The latter smears out the bandgap at elevated temperatures.
Remarkably, the bandgap decreases with decreasing temper-
ature below the ordering transition. This is rather surprising
since an ordering in the orbital system decreases the ther-
mal fluctuations of the Jahn-Teller split state and thus should
increase the bandgap. A possible explanation may be the
anomalous thermal expansion of PCMO x = 0.1, where the
c axis expands with decreasing temperature [51].

E. Time-resolved optical transmission studies

Optical pump-probe transmission measurements allow
study of the change of the nonequilibrium quantities of the
system, e.g., the lifetime of excitations, but also access to
equilibrium properties such as the specific heat, which are

otherwise difficult to measure in thin films. In our studies,
a PCMO x = 0.1 film (100 nm thick) was excited with a
femtosecond laser pulse at fluences F of 3–4 mJ/cm2 with 1.2
eV pump photon energy, which is close to the bandgap. The
time-dependent changes of the transmission were measured
with a second pulse at 2.4 eV, which probes the band II, by
dipole-allowed intersite transitions between Jahn-Teller split
occupied and unoccupied Mn 3d eg states [47]. Figure 6(a)
shows a series of transient transmission time traces measured
at cryostat temperatures between 20 and 300 K. Three differ-
ent timescales can be identified: an initial fast transient on the
subpicosecond timescale, a second transient on a timescale of
∼10 ps, and long-term equilibration back to the ground state,
which is not yet finished within the scan range of the pump-
probe experiment. The transient transmission in Fig. 6(a)
additionally shows a short-lived oscillatory behavior �Tr in
the first picosecond with a frequency of ∼1.6 THz, which
likely corresponds to an optical phonon mode of the PCMO
film.

Here, we are interested in signatures of phase transitions
that manifest within transmission dynamics. We investigate
two different quantities which may contain information about
a possible phase transition: first, the signal decay τDecay back
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to the ground state and, secondly, the transmission change
�Tr with temperature.

A phase transition between different ground states of the
system will change the relaxation channels for the decay of
the optically excited electron-hole pairs, e.g., quasiparticle
lifetimes and coupling constants between electrons, spins, and
lattice may change, as well as the heat capacities or thermal
conductivities [52–55]. From Fig. 6(a), we extracted the relax-
ation times τ after optical excitation back to the ground state
[depicted in Fig. 6(b)] by fitting a simple exponential decay of
the form

�Tr(t ) = �Tr(t < t0) + Ae−t/τ , (3)

to the data starting from a 90 ps delay. The extracted data in
Fig. 6(b) shows an increase of the decay time from ∼2 ns
at room temperature to ∼3.5 ns at low temperatures with a
small maximum at ∼200 K. This behavior is in stark con-
trast to the values computed from a simple three-temperature
model shown in the Supplemental Material [38]. Reflecting
the strong increase of the thermal conductivity κ of the MgO
substrate with decreasing temperature from 52 W/mK at 300
K to 1850 W/mK at 20 K, the modeling predicts a significant
decrease of the lifetime of the long-term decay of transient
transmission �Tr from ∼2 ns at 300 K to ∼0.7 ns at 20 K.
We note that this finding is very similar to results discussed
in Ref. [12]. Like Ref. [12], this observation points toward
the presence of electron-hole polaron excitations with rather
long lifetime at low temperatures, which manifest as an ad-
ditional signal contribution in the transmission change. This
is supported by the observed photovoltaic response below the
ordering transition.

Further information about a possible phase transition can
be gained from inspecting an even simpler quantity from the
data, the transmission change �Tr after initial equilibration of
the optically excited electrons [Fig. 6(c)]. In the experiment,
we maintain a constant incident optical fluence or energy
density

F = Ein

A
, (4a)

and vary the base temperatures T0 inside the cryostat. As-
suming purely thermal effects, for different �Tr (T0), the
observed transmission change is proportional to the change of
the temperature �T caused by the transformation of the ab-
sorbed energy Eab ≈ αpump(T0)Ein into heat, where αpump(T0)
is the absorption coefficient at the pump photon energy. For
time scales larger than the initial relaxation time, the change
in �Tr should then be mostly given by the temperature rise.
This contribution can be approximated by

�Tr ∼ dαprobe

dT
|T =T0�T = dαprobe

dT
|T =T0C(T0)−1Eab, (4b)

where,

αprobe(T0 + �T ) ≈ αprobe(T0) + dαprobe

dT
|T =T0�T, (4c)

is the temperature dependence of the absorption coefficient at
the probe photon energy, and C(T ) is the specific heat. Due
to the increase of C(T0) with increasing T0, a continuous de-
crease in �Tr is expected for increasing the base temperature

T0 at constant incident optical fluence F . In the presence of
phase transitions, the related nonmonotonous change of C(T )
or other system quantities would then result in additional
features.

Figure 6(c) shows the temperature dependence of �Tr for
PCMO x = 0.1 at ∼90 ps delay time, i.e., after internal equi-
libration of the system is assumed for a combined cooling and
heating cycle of the cryostat. Each depicted data point is the
average of 300 measurements in the range 88–91 ps, where the
signal is nearly constant; error bars are the standard deviation.
Below 170 K, �Tr indeed decreases with increasing base tem-
perature as expected, most pronounced in the vicinity of the
ferromagnetic phase transition temperature ∼80 K. However,
in the range starting from 170 K, strong, steplike changes of
�Tr are clearly visible, in addition to a significant hysteresis
between the cooling and heating cycle. This is additional evi-
dence for an orbital phase transition. Here, nonlinear behavior
of material parameters like n, C, and κ can give rise to a com-
plex, nonmonotonous behavior of the transmission change.
The hysteresis in the cooling and heating cycle especially may
indicate the coexistence of different phases in the discussed
temperature range. In the simulation, a similar decrease of
the signal can be seen (see the Supplemental Material [38]),
albeit it occurs significantly faster. This again shows that, in
the experiment, additional physical processes—like a change
of lifetime of polaronic excitations—are important. Note that
the Supplemental Material [38] contains the time-dependent
evaluation of �Tr for all temperature steps in Fig. 6(a), show-
ing the same kink in the data but at much worse temperature
resolution for all times, showing that the result obtained here
is not specific to a 90 ps delay.

F. Theoretical simulation of the orbital-order transition

1. Model system

The experimental results shown in the previous subsec-
tions clearly hint at an electronic phase transition in PCMO
x = 0.1 that appears at ∼220 K in thin film samples. To
identify the nature of the phase transition, we performed
finite-temperature simulations of the orbital-order phase tran-
sition using a tight-binding model [56,57], which has been
carefully adjusted to first-principles calculations [47].

The model captures the correlated motion of electrons,
spins, and phonons. The Mn eg electrons with two orbital
degrees of freedom j ∈ {d3z2−r2 , dx2−y2} and two spin degrees
of freedom σ ∈ {↑,↓} per Mn site are described by a Slater
determinant of one-particle wave functions |
n〉. The half-
filled shell of Mn t2g electrons is accounted for by a spin �SR of
length 3

2 h̄. Two Jahn-Teller active octahedral distortions Q2,R,
Q3,R per Mn site and one octahedral breathing mode Q1,R

are considered [12,58]. The phonon amplitudes are extracted
from the displacement of the oxygen ions along the Mn-O-Mn
bridge, which accounts for their strongly cooperative nature.
The oxygen atoms are limited to a one-dimensional motion
along the oxygen bridge. We allow the lattice constants to
adjust dynamically.

The Hamiltonian considers the intersite hopping of Mn eg

electrons and their onsite Coulomb interaction. The hopping
parameters have been obtained by down folding the O-p or-
bitals of the oxygen bridge considering only σ -type matrix

235122-8
55



ORBITAL-ORDER PHASE TRANSITION IN … PHYSICAL REVIEW B 103, 235122 (2021)

FIG. 7. Sketch of the orbital structures occurring in the low-
temperature phase at x ≈ 0.1. We mainly observe the PrMnO3-like
alternating orbitals dz2−x2/dz2−y2 , together with clusters combining
alternating hole and dx2−y2 orbitals. Orbitals drawn with a smaller
scale indicate a reduced orbital polarization, which can occur on sites
between the two types of orbital ordering.

elements of the Mn-O axes. The spins of Mn eg electrons ex-
perience a strong but finite Hund’s coupling with the spins �SR

of the t2g electrons. The latter experience an antiferromagnetic
Heisenberg coupling between sites. A linear electron-phonon
coupling [59] correlates the eg electrons with the Jahn-Teller
active phonons Q2 and Q3 and the breathing mode Q1. The
Jahn-Teller active phonons lift the degeneracy of the eg elec-
trons, and the outward breathing mode Q1 stabilizes all eg

electrons on this site. A detailed description of the model
and its parameters can be found in an earlier publication
[47].

The dynamics of the model is simulated in a Car-Parrinello
framework [60]: The oxygen atoms are treated as classi-
cal particles that evolve according to Newton’s equation of
motion with forces obtained from the partial derivatives of
the instantaneous total energy. Electrons and spins follow
the atomic motion quasi-adiabatically in their instantaneous
ground state. This quasi-adiabatic motion of electrons and
spins is implemented by a fictitious Lagrangian. The temper-
ature of the oxygen atoms is controlled by a Nosé-Hoover
thermostat [61,62], which establishes a canonical (constant
temperature) ensemble. More details of our simulations are
given in Appendix B.

2. Ground state

Below the orbital-order transition temperature, PCMO x =
0.1 exhibits an orbital order like PrMnO3, which is broken
by the presence of hole polarons, as sketched in Fig. 7. The
PCMO x = 0 orbital order consists of a checkerboardlike
arrangement of alternating dz2−x2 and dz2−y2 orbitals in the
ab plane [63]. The hole polarons are Mn ions in the formal
4+ oxidation state, i.e., they show a small charge deficiency
and the absence of orbital polarization toward a certain eg

orbital. The neighboring orbitals arrange preferentially with
their lobes pointing toward the hole polarons. This leads to
cluster formation of hole polarons and Mn sites with in-plane
dx2−y2 orbitals. The formation of such clusters in neighboring
ab planes is unfavorable. At very low temperatures, the hole
polaron clusters are concentrated in single ab planes. We

found no influence of this ordering on the orbital-order phase
transition investigated in this paper. More disordered states
with the hole polaron clusters scattered in many of the ab
planes have an only slightly increased ground state energy by
a few millielectronvolts.

The PMO-like orbital order prefers an antiferromagnetic
order along the c axis, while the hole polarons favor a ferro-
magnetic alignment in that direction. The competition of these
effects can lead to spin canting. A common problem of model
Hamiltonians of the type used here is that they yield a c/a ratio
>1, which differs from experiment [8]. We are not aware of a
nontrivial cure for this problem.

3. The order parameter

The orbital order of the system is described by the structure
factor

CQ(�q) = 1

NR

∑
jε {2,3}

∣∣∣∣∣
∑

R

e−i �q �RR Qj,R

∣∣∣∣∣
2

, (5)

of the Jahn-Teller distortions Q2,R, Q3,R. Here, NR is the
number of Mn sites in the sum. Due to the finite supercell size
in our calculations, this correlation function has contributions
only at discrete points in reciprocal space. We define the order
parameter for the orbital-order phase transition as the structure
factor summed along the qc direction:

Cav
Q (qa, qb) =

∑
qc

CQ(qa, qb, qc) at (qa, qb) =
(

2π

a
, 0

)
,

(6)

in Pbnm notation. This order parameter quantifies the checker-
boardlike alternating orbital order in the ab plane. In our
simulations, the orbital order of the Mn eg electrons appears
simultaneous with the ordering of the Jahn-Teller distortions.
A correlation function of the Mn eg electrons yields the same
transition temperature as the Jahn-Teller order parameter used
here.

4. Simulations

In finite-temperature simulations for PCMO x = 0.1, the
orbital order melts at 270 K. Figure 8(a) shows the order
parameter Cav

Q ( 2π
a , 0) for the orbital order as a function of

temperature. Both the heating (red) and the cooling (blue and
magenta) curves are shown to ensure that the hysteresis due to
the finite simulation time is negligible. As a result of the finite
supercell used in the calculations, the transition is not abrupt.
The sharpest drop of the order parameter occurs ∼270 K,
where it passes its half maximum value. Above 400 K, the
Jahn-Teller correlation function becomes nearly independent
of the wave vector, as seen in Fig. 8(b). The correlation length
of the antiferrodistortive order reduces to nearest neighbors
only at high temperatures.

The Jahn-Teller distortions are present over the entire tem-
perature range investigated, i.e., T < 800 K, but the correlation
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FIG. 8. (a) Order parameter Cav
Q ( 2π

a , 0) for the orbital-order tran-
sition in PCMO x = 0.1 as a function of temperature obtained in our
simulations, scaled to its ground state value. Six simulation runs are
shown for each temperature. The system was first heated from the
ground state to nonzero temperatures, shown with red crosses. The
system was subsequently cooled from the 400 K heating calculations
to lower target temperatures (cooling 1), and in a second step from
the 200 K cooling calculations back to 20 K (cooling 2), shown with
blue squares and magenta circles, respectively. More details on the
heating and cooling cycles are provided in the Supplemental Material
[38]. (b) In-plane Jahn-Teller correlation function Cav

Q (qa, qb) of a
typical heating simulation close to the ground state (20 K), during
the transition (280 K), and above the transition (400 K). The white
dotted line marks the shape of the reciprocal unit cell. The peaks have
been broadened by a Gaussian. Near the ground state, we clearly see
the PrMnO3-like alternating orbital structure at (qa, qb) = ( 2π

a , 0),
respectively, (qa, qb) = (0, 2π

b ). At 400 K, nearly all possible diffrac-
tion spots of our unit cell have the same weight.

of the distortions at different sites vanishes above the tran-
sition temperature due to the breakdown of orbital order.

In Fig. 8(b), the ab-plane Jahn-Teller correlation function
Cav

Q (qa, qb) is shown for a typical heating cycle at 20, 280,
and 400 K. The 20 and 400 K correlation functions are fully
reproducible for all simulation runs. In the 280 K calcula-
tions, we observed a few runs that have a more pronounced
(0,0) peak. The correlation function for the finite supercell
has contributions only at discrete points in reciprocal space,
which have been broadened by a Gaussian in Fig. 7(b). The
mean intensity is the measure for the expectation value of the
Jahn-Teller distortion.

These model simulations indicate the presence of an
orbital-order phase transition at ∼270 K, close to the exper-
imental values presented in this paper. A comment on the
magnetic phase transition is provided in the Supplemental
Material [38].

G. Temperature-dependent structural changes in bulk PCMO

1. Temperature-dependent changes of lattice constants

The theoretical simulations give clear evidence for the
presence of the orbital-ordering phase transition in the vicinity
of room temperature. This temperature is somewhat higher
than the experiments in PCMO x = 0.1 thin films, where rele-
vant physical properties change in the vicinity of temperature
of 220–280 K. A reduced ordering temperature in the thin
films compared with bulk is expected due to growth-induced
defects and substrate-induced epitaxial strain.

After observing small changes or anomalies in various
physical properties, the question is obvious whether such
a phase transition might be visible in a change of the
lattice parameters as well. Therefore, we have performed
temperature-dependent XRD measurements on polycrys-
talline PCMO x = 0 and PCMO x = 0.1 powder samples to
avoid substrate-induced strain effects in the thin films and
to get access to a higher number of different crystal ori-
entations. The lattice parameters a, b, and c were deduced
from the (200), (020), and (004) reflections, respectively, and
their temperature dependences are shown in Fig. 9. A careful
inspection of the intensity distributions shows that the XRD
reflections reveal a double-peak structure [Fig. 9(a)] for both
systems PCMO x = 0 and PCMO x = 0.1. The shape of the
doubled reflection peaks does not change with temperature.
The double-peak structure originates from Kα1 and Kα2 irra-
diation contribution. With respect to temperature dependence,
the lattice constants deduced from the Kα1 peak may include
a systematic but temperature-independent error. The room
temperature lattice parameters are in good agreement with
experimental data from Refs. [8,30,65].

The temperature dependence of the lattice parameters
[Figs. 9(b)–9(d)] exhibits a contraction in the c direction and
an expansion in the b direction while cooling. The a lattice
parameter decreases as well, but the change is very small in
comparison with the changes in b and c. These trends are
typical for the orthorhombic Pbnm structure of PCMO and
are fully consistent with the results of Refs. [10,30] for PMO.
However, our detailed temperature scan reveals the presence
of two regimes with distinctly different behavior of the lattice
parameters a(T), b(T), and c(T). We observe a significantly
reduced temperature dependence below 350 K for x = 0 and
300 K for x = 0.1 For the a lattice parameter, this reduction
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FIG. 9. Temperature-dependent x-ray diffraction (XRD) analysis of polycrystalline bulk Pr1−xCaxMnO3 samples with x = 0 and 0.1. (a)
Intensity distributions of (004) PCMO x = 0 reflections at different temperatures. The data are normalized to the position and the height of
the intensity maximum. (b)–(d) Temperature dependence of lattice parameters of PCMO x = 0 and PCMO x = 0.1. The lattice parameters
correspond to Pbnm notation and are converted into a pseudocubic setting to facilitate the quantitative comparison.

even results in a temperature-independent value within the
experimental errors. The comparison of PCMO x = 0 and
PCMO x = 0.1 as seen in Fig. 9 reveals a similar temperature
dependence with comparable temperature slopes but a lower
transition temperature for the lightly doped system. The shift
of a and c to higher and of b to lower values for the doped
system is as expected for a reduced orthorhombicity in the
Ca-doped system compared with PMO.

In the temperature region below 150 K, the lattice param-
eters for PCMO x = 0.1 exhibit a second change in slope,
where they tend to become temperature independent. This
happens at temperatures far below the Debye temperature,
where a saturation of thermal expansion is expected. The ap-
pearance of temperature-independent lattice parameters may
reflect the well-established second phase transition into mag-
netic ordered state [51].

Usually, thermal expansion coefficients reveal a similar
temperature dependence as the specific heat [66]; thus, they
strongly change below the Debye temperature, where the
specific heat of materials is typically strongly temperature
dependent. To the best of our knowledge, no measurements
of the specific heat of PCMO x = 0 and PCMO x = 0.1 near
room temperature are published. The decrease of the thermal
expansion at 350 K, not far below the Debye temperature of
∼460 K [67], thus represents an anomalous thermal expansion
behavior and implies an anomaly of the thermal properties in
this temperature regime.

The available data on temperature dependence of the spe-
cific heat of lightly Ag-doped PrMnO3 (Pr1−xAgxMnO3, x �
0.2) do not show any anomaly that would indicate a phase
transition in the temperature range between 200 and 320 K
[68]. This raises the question whether the orbital-order transi-
tion, if present at lightly Ag-doped PrMnO3, is a continuous
transition since the structural changes between a tilt-induced
order and spontaneous order are rather small.

2. Change in lattice parameters for Jahn-Teller modes

In the following, we want to consider whether the changes
of the lattice parameter can be interpreted as a structural
fingerprint of Jahn-Teller distortions with respect to the
Jahn-Teller modes �Q2 and �Q3. Therefore, we study the
influence of Jahn-Teller distortions as well as octahedral tilt
on the orthorhombic lattice parameters [69]. The atomic po-
sitions in bulk PCMO x = 0 and PCMO x = 0.1, obtained in
Rietveld refinement by Jirák et al. [8,69] at room temperature,
provide our starting point. In accordance with Tamazyan and
Van Smaalen [70], the lattice parameters of a corner-shared
network of MnO6 octahedra can be expressed as a function of
the tilt angle θ and the Jahn-Teller modes �Q2 and �Q3 as
follows:

a =
√

2(d1 + ds)
[
cos θ + n2

1(1 − cos θ )
]

+
√

2(d1 − ds)[n1n2(1 − cos θ ) − n3 sin θ ], (7a)
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b =
√

2(d1 + ds)
[
cos θ + n2

2(1 − cos θ )
]

+
√

2(d1 − ds)[n2n1(1 − cos θ ) + n3 sin θ ], (7b)

c = 4 dm
[
cos θ + n2

3(1 − cos θ )
]
. (7c)

Here, (n1, n2, n3) is the normal vector along the tilt axis, and
dl , dm, and ds the long, medium, and short Mn-O distances
of the MnO6 octahedra. The octahedra are assumed to be
ideal, i.e., no distortion of the right angles appears as justified
by the work of Zhou and Goodenough [71]. Combined with
values obtained by Jirák et al. [8,69] at room temperature, the
changes in Mn-O bonding lengths can be parametrized by the
relative changes of the amplitude of the two Jahn-Teller modes
�Q1, �Q2, and �Q3 compared with their room temperature
values:

d1 = dRT
1 + 1√

3�Q1

+ 1√
2�Q2

− 1√
6�Q3

, (7d)

dm = dRT
m + 1√

3�Q1

+ 2√
6�Q3

, (7e)

ds = dRT
s + 1√

3�Q1

− 1√
2�Q2

− 1√
6�Q3

, (7f)

Here, we assume that the average Mn-O distance remains
unchanged, i.e., no temperature dependent breathing of the
octahedra are accounted for, and thus, �Q1 = 0. In a next
step, the direction of the rotation axis is set to the val-
ues given by the refinements [8,69], and it is assumed that
the direction of the axis remains temperature independent.
Subsequently, the root mean square difference between mod-
eled and experimental lattice parameters is minimized by
varying �Q2, �Q3, and tilt angle θ . This yields temperature-
dependent values for the Jahn-Teller modes �Q2, �Q3, as
well as the tilt angle, which are presented in Fig. 10(a). While
the tilt angle remains relatively unchanged, the increased
anisotropy in lattice parameters can be described with en-
hanced Jahn-Teller distortions toward low temperatures. The
comparison between modeled and experimental lattice param-
eters is shown in Fig. 10(b) and shows a very good quality of
the fit.

Noteworthy, the fixation of the rotation axis as well as
the mean Mn-O distance to the literature values at room
temperature is a model assumption chosen to avoid an un-
derdetermined minimization problem, possibly affecting the
quantitative values of the extracted parameters. However,
while the rotation axis is known to be rather insensitive to
doping and temperature changes [8,30,69], a change in the
mean Mn-O distance affects all lattice parameters equally.
A uniform outward-inward breathing distortion �Q1 is thus
unsuitable to explain the increased anisotropy at low temper-
atures. Consequently, the experimentally found data can be
described by changes in the Jahn-Teller modes �Q2 and �Q3

only. The parallel trends of �Q2 and �Q3 indicate that a very
similar type of continuous change of the amplitudes of the
Jahn-Teller distortions takes place in PCMO x = 0 and PCMO
x = 0.1 that mainly increases the antiferrodistortive in-plane
ordering �Q2 with decreasing temperature.

FIG. 10. (a) Change of Jahn-Teller modes �Q3 and �Q2 relative
to the room temperature values as well as octahedral tilt angle for
PCMO x = 0 (closed symbols) and PCMO x = 0.1 (open symbols).
(b) Pseudocubic lattice parameters corresponding to the �Q2, �Q3,
and tilt angle θ shown in (a) (symbols) as well as the experimentally
obtained values replotted from Fig. 8 (lines).

III. DISCUSSION

The comprehensive temperature-dependent study of phys-
ical and structural properties of PCMO x = 0.1 presented
above indicates the presence of an additional low-temperature
phase transition in the phase diagram of PCMO. The main
changes of the physical properties of the films observed at
the orbital-order phase transition at TOO ≈ 220−250 K can be
summarized as follows:

(1) The hot-polaron photovoltaic effect sets in at TOO

(Fig. 2) and therefore depends on orbital order (for PCMO
x = 0.1), respectively, on orbital and charge order (for PCMO
x = 0.34) [11]. An increased hot-polaron lifetime below TOO

has been identified by optical pump-probe experiments in
(Fig. 6).

(2) A subtle but reliable change of the activation barrier
for thermally activated hopping of hole-type polarons is ob-
served at TOO (Fig. 3). Such an increase of the activation
barrier with decreasing temperatures can be explained through
the formation energy of orbital defects in an orbital-ordered
structure. Such an excess energy is not required in an orbital-
disordered structure or is lower in a structure with a lower
degree of order.
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(3) Another fingerprint of the phase transition is the ob-
served onset of a pronounced magnetoresistance effect below
TOO. Furthermore, a slight change in the temperature depen-
dence of the magnetic susceptibility χ (T) is visible. The onset
of this change in χ (T) is observed at 260 K, which is above
but close to TOO. Typically, phase transitions that affect spin
properties manifest themselves at higher temperatures in the
magnetic susceptibility through a change in spin fluctuations.
The physical origin might be a change in the double exchange
coupling between Mn ions due to an increase in orbital order,
as, e.g., described in the model of Millis et al. [45].

(4) The temperature dependence of the optical bandgap
shows a transition from a normal behavior with an increase
with decreasing temperature due to thermal contraction to an
anomalous behavior below TOO (Fig. 5), where the bandgap
decreases during cooling. This may reflect the anomalous
thermal expansion behavior below the transition temperature,
where the thermal expansion coefficients change due to the
ordering. The change in optical properties is also reflected
in a change of the transient optical response after pumping
polaron excitations at the bandgap: Polaronic excitations do
not only show an increase in the lifetime below TOO, but the
transient absorption also exhibits nonmonotonous and hys-
teretic features, pointing to an anomaly in the specific heat
in this temperature range.

(5) The lattice parameters of two bulk powder PCMO
samples with doping of x = 0 and 0.1 exhibit a change in
thermal expansion at ∼350 and 300 K, respectively, which we
attribute to the orbital-order transition. This gives us access to
the orbital-order temperature in the bulk as opposed to films,
for which the orbital-order transition temperature is lower due
to misfit strain and growth-induced defects.

A. Orbital order and orbital polarization

Our theoretical calculation of the orbital-order phase tran-
sition exhibits an onset of spontaneous orbital order near
270 K for PCMO x = 0.1, and preliminary results for PCMO
x = 0 yield a transition temperature of 360 K. At the tran-
sition temperature, the calculated order parameter for orbital
order Cav

Q for �q = ( 2π
a , 0) falls off rapidly with increasing

temperature. The orbital polarization, on the other hand, is
not affected by the orbital-order transition and remains intact
up to high temperatures. While the orbital polarization is a
measure of the size of the distortion in a single octahedron,
the orbital order describes the correlation of distortions on
different octahedra.

The orbital polarization is quantified by the corre-
sponding structural parameter, the relative distortion D =
1
6

∑
j=1...6 [(d j − 〈d〉)/〈d〉]2 with the Mn-O distances d j in

the octahedron and their mean value 〈d〉 = 1
6

∑
j=1,..,6 d j .

The relative distortion is directly related to the integral D =
1

12〈d〉2 ∫ d3q CQ(�q) of the correlation function CQ, when only
the Jahn-Teller active distortions Q2 and Q3 are considered.

Specifically, the correlation functions exhibit peaks which
broaden as the system loses the orbital order [72]. The broad-
ening lowers the peak intensity at the wave vectors of the
lattice but not its integrated weight. The width is a measure
of the (inverse) correlation length and thus of orbital disorder.

The total weight of the peaks, on the other hand, is a measure
of orbital polarization.

We note that our simulations do not incorporate the tilt
order of the material. Therefore, the remaining induced orbital
order observed experimentally [19] above the orbital-order
transition, which we attribute to an orbital order induced by
the octahedral tilt, is absent.

B. The nature of nonmagnetic thermal phase
transitions at low doping

Our results indicate that the orbital-order transition in the
low-doped region occurs at considerably lower temperatures
than previously believed. For bulk PCMO x = 0, our results
indicate the transition to be near 360 K, which is consistent
with the simulations. This conclusion also affects the assign-
ment of the high-temperature phase transition above 800 K
[10,30,73] for PCMO x = 0, previously assigned to be due to
orbital order. At this point, however, we can only speculate
about the nature of the phases in the high-temperature part of
the phase diagram:

At high temperatures, Pollert et al. [10] determined
two phase transitions in PCMO x = 0, namely, an
orthorhombic-to-orthorhombic O/O′ transition at 815 K
and an orthorhombic-to-pseudocubic O′/C transition at
945 K. Sánchez et al. obtained a similar pattern, albeit
with transitions shifted to higher temperatures, namely,
with the O/O′ transition at 948 K and the O′/C transition
at TJT = 1050 K [74]. The O′/C transition is related to a
strong increase of the electric conductivity with increasing
temperature [73,75]. In the orthorhombic low-temperature
phase, conductivity is restricted due to thermally activated
polarons, while metallic band conduction dominates in
the high-temperature phase. Zhou and Goodenough [73]
also describe a transition temperature T ∗ < TJT which is
characterized by a slope discontinuity in the thermoelectric
power. It must remain open at this point whether T ∗ can be
identified with the O/O′ transition observed by Pollert et al.
[10].

The loss of orbital order alone does not explain the
transition to metallic conduction because it preserves the
Jahn-Teller splitting between the eg orbitals. This notion is
supported by our finding in the simulations, which exhibit a
finite bandgap also above the orbital-order transition.

A possible mechanism for the metal-insulator transition is
as follows: A reduction of the mean Mn-O-Mn bond angle
increases the band width, which in turn may close the bandgap
between upper and lower Jahn-Teller bands. The resulting
redistribution of electrons from the lower to the upper Jahn-
Teller band could eventually lead to a collapse of the orbital
polarization. Loss of orbital polarization lowers the Jahn-
Teller splitting, and this eventually causes the metal-insulator
transition.

Hence, we tend to attribute the orthorhombic-to-
pseudocubic transition at TJT to the loss of orbital polarization
rather than that of orbital order. With this reassignment, there
is no contradiction with an orbital-order transition near room
temperature consistent with our findings.

Both transitions O/O′ and O/C have a strong tilt compo-
nent, as indicated by the strong dependence of the transition
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temperatures on the tolerance factor [73]. The thermodynam-
ics of the octahedral tilt pattern, which strongly determines
the ordering at high temperatures, is expected to be similar for
PrMnO3 and CaMnO3. The latter exhibits two tilt transitions
close to 900 ◦C [76]. It is conceivable, although not guaran-
teed, that the phase transitions T* and TJT are connected to the
two tilt transitions observed for CaMnO3.

A direct experimental probe of the orbital order is the
resonant x-ray scattering experiments by Murakami et al.
[19] on LaMnO3. The orbital-order reflection (3,0,0) exhibits
a clear drop near 200 K, which the authors relate to the
Néel transition at 140 K. Our finding offers the orbital-order
transition as an alternate explanation for the drop in the
orbital-order reflection. However, the work by Murakami et al.
[19] also shows a high-temperature tail of the reflection. A
possible explanation for this tail is a remaining orbital po-
larization induced by the tilt pattern, which persists up to
the orthorhombic-to-orthorhombic transition of LaMnO3 at
780 K. Furthermore, Zimmermann et al. [17] observed an
orbital-order (0,3,0) reflection at the Mn K edge in polarized
x ray for Pr0.75Ca0.25MnO3 which exhibits a steplike reduc-
tion above 220 K and a high-temperature tail up to 850 K,
where it vanishes. Also, Raman studies of PrMnO3 thin films
on LaAlO3 and SrTiO3 substrates indicate possible structural
phase transitions by the significant softening of the JT active
modes at 412 and 690 cm−1 above a temperature of 220 K
[77].

This apparent contradiction can be resolved within a model
in the spirit of the Landau theory of phase transitions for two
coupled order parameters. As reviewed by Cowley [31], there
are several types of Landau free energies that describe the
impact of a primary order parameter, e.g., due to a structural
phase transition, on a secondary order parameter, such as an
induced physical property. Here, we start from the free energy
of two independent second-order phase transitions at different
temperatures, one for the orbital-order parameter and another
one for the tilt angle. The saturation of the order parameters
further away from the transition temperature is accounted for
by replacing the linear prefactor T −TC

�
by tanh( T −TC

�
). Finally,

the two order parameters x and y are coupled by a bilinear
term.

Let us consider a free energy of the form

FT (x, y) = 1

4
x4 + tanh

(T − Tx

�x

)1

2
x2 + 1

4
y4

+ tanh

(
T − Ty

�y

)
1

2
y2 − αxy, (8)

which describes the free energy for two order parameters x
and y as a function of temperature T. For α = 0, the free en-
ergy describes two systems that each undergo a second-order
phase transition at, respectively, Ty. The parameters �x and
�y control the sharpness of the corresponding transition. The
last term with the coupling parameter α describes the coupling
of the two systems. For α > 0, it favors states with order
parameters having equal signs over those with opposite signs.
The parameters (Tx = 300 K, �x = 50 K, Ty = 700 K, �y =
100 K, and α = 0.9) have been adjusted so that the orbital-
order parameter resembles the data for the orbital reflection
of Murakami et al. [19]. The variable x represents the order

FIG. 11. Order parameters for the free energy of Eq. (8) as a
function of temperature. The full line describes the orbital-order
parameter x, and the dashed line represents the tilt angle. Both are
scaled to their low-temperature value without coupling. The dotted
lines show the order parameters in the absence of coupling.

parameter for the orbital order, while the variable y represents
the tilt angle. For the sake of simplicity, we consider only one
tilt angle. Both order parameters are given in units of their
uncoupled low-temperature values.

As shown in Fig. 11, in the presence of a coupling, the
order parameter x for orbital order has two nonzero plateaus.
At low temperatures, the orbital order is spontaneous, while
being enhanced in size due to the cooperative effect of the
tilt angle. At the temperature of the orbital-order transition
of the uncoupled system, the order parameter does not fall
off to zero, but it exhibits a drop to a lower value, which is
due to orbital order induced by the tilt pattern. Consequently,
Tx = 300 K marks the temperature for which the orbital order
is largely lost, i.e., the transition temperature for spontaneous
orbital ordering. While the order parameter x for the orbital
order goes to zero at Ty = 800 K simultaneously with that
for the tilt pattern, one would characterize the region of the
induced orbital order by the tilt pattern rather than by the
orbital order.

Interesting are the changes upon doping, which reduce
the weight of the checkerboard pattern of the orbital order
by inserting hole polarons. Hole polarons in the background
of the checkerboard orbital order are shown in Fig. 1. This
reduces the magnitude of the induced orbital order, as op-
posed to shifting the transition temperature from Ty = 800 K
to Tx = 300 K, as one might expect [78].

When the hole polarons order themselves in a pattern that
cannot couple to the tilt pattern, the two transitions at Tx

and Ty become decoupled, and two independent second-order
transitions are obtained. This is clearly seen by comparing
the temperature dependence of Zimmermann et al. [17]: The
orbital (0,3,0) reflection for doping PCMO x = 0.25 exhibits
an induced orbital order, while that for doping PCMO x = 0.4
in the charge-ordered regime undergoes an abrupt transition to
zero at 240 K.
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The distinction between induced and spontaneous order in
the experimental studies has an impact on the classification
of the phase transition. Figure 9 shows continuous changes
of the lattice parameter across the phase transition, indicative
for a continuous, e.g., second-order phase transition. This is
also reflected in the fit of the lattice parameter by the struc-
ture model including tilt and Jahn-Teller distortion. Only the
amplitudes of the Q2 and Q3 modes are changing across the
phase transition, whereas the symmetry of the distortions is
the same above and below the phase transition. As a result, the
lattice possesses Pbnm symmetry above and below the orbital-
order transition. In contrast, the high-temperature tilt phase
transition is of first order since both the lattice symmetry is
changing as well as the lattice parameters, and the cell volume
shows a step at the transition temperature.

IV. CONCLUSIONS

A previously unknown phase transition has been detected
in the low-doping region of PCMO at TOO = 350 K for x =
0, TOO = 300 K for x = 0.1, and at ∼ TOO = 220–250 K in
thin films with x = 0.1. The experimental fingerprints are an
anomalous thermal expansion behavior in the bulk materi-
als and changes in the physical properties of the thin films.
Remarkable is the increase of lifetime of polaron excitations
below TOO that corresponds to an onset of the polaron photo-
voltaic effect.

Our theoretical simulations provide evidence that this tran-
sition is the orbital-order phase transition with the appearance
of spontaneous orbital ordering. In the theoretical simulations,
the orbital order vanishes during the transition, while the
orbital polarization remains intact up to high temperatures.
Our findings indicate that the orbital-order transition in the
low-doped region occurs in a similar temperature range for
the whole doping regime.

A remaining induced orbital order above the orbital-
ordering temperature observed in resonant XRD [19] for
LaMnO3 and PCMO for x = 0.25 [17] is attributed to an
induced orbital order caused by an octahedral tilt pattern.
The tilt pattern couples to the Jahn-Teller distortion and thus
induces an orbital order via displacements of the A-type (Pr,
Ca) ions. The resonant x-ray scattering studies at PCMO
x = 0.25 exhibit a strong decay of the orbital-order reflection
above 220 K with a tail extending to high temperatures of
850 K.

Our reassignment of the orbital-order transition to appear
at temperatures close or below room temperature has an
impact on the interpretation of the high-temperature phase
transition at 950 K, previously assigned to the orbital-order
transition [10] and taken up by Refs. [17,64]. We attribute
it to a combination of a tilt transition with a metal-insulator
transition, which explains the increased metallic conductivity
above the phase transition. The altered phase diagram is show
in Fig. 12.

Other studies of orbital order in the charge- and orbital-
ordered range of the phase diagram of PCMO using resonant
XRD never found an orbital-ordered state at temperature
close to the melting temperature and thus support our con-
clusion that spontaneous orbital ordering driven by electronic
correlations only emerges at low and moderate temperatures.

FIG. 12. Proposed modified bulk phase diagram of PCMO:
Data points included in the phase diagram are based on the fol-
lowing published results [7–9,16,17,76,79–81] and are listed in
Appendix C. For undoped x = 0 and low-doped x = 0.1, our exper-
imental results based on temperature anomaly of lattice parameters
are shown (squares). In addition, the results from theoretical simula-
tions (crossed out squares) redefine the low-doped region. The data
points for the high-temperature phase transition are included: For un-
doped PCMO x = 0 (1) is an observed change in the thermoelectric
power [30], (2) an O/O′ transition [73], and (3) the disappearance of
residual orbital order measured by resonant x-ray spectroscopy for
PCMO x = 0.25 [64]. Note that various magnetic subphases are not
indicated; see Refs. [8,9,37] as well as possible changes in properties
of the polaron liquid/glass phases as a function of doping found
in other manganites [82]. Since induced orbital order is different
from spontaneous orbital order, it is not indicated as a true phase,
as discussed in the text.

Our results also suggest reevaluating the orbital-ordered cor-
ner of the phase diagrams of other orthorhombic manganites
such as LaMnO3 and NdMnO3.
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APPENDIX A: EXPERIMENTS

1. Sputter deposition of epitaxial films

Epitaxial Pr0.9Ca0.1MnO3 (PCMO) thin films were de-
posited on (100) SrTiO3 (STO) and (100) SrTi0.995Nb0.005O3

(STNO) substrates by ion-beam sputtering with a thickness
of 100 nm. STNO serves as the n-doped part of the hetero-
junctions. For optical and pump-probe spectroscopy, epitaxial
PCMO films on MgO substrates were used because of the
larger bandgap and higher thermal conductivity of this sub-
strate.

During deposition, the total gas pressure amounted to
5.4 × 10–4 mbar. Argon was used for beam neutralization
(PAr = 3 × 10–4 mbar) and xenon for sputtering (PXe = 1 ×
10–4 mbar). An oxygen partial pressure of PO2 = 1.4 ×
10–4 mbar is sufficient for a correct oxygen stoichiometry
of the perovskite phase. The deposition temperature of the
substrate surface was ∼720 °C (the temperature of the heater
was fixed at 820 °C). To reduce strain and growth-induced
defects that affect resistivity, the samples for electric transport
measurements were postannealed in air at 900 °C up to 20 h.
The heating and cooling rates were fixed to 100 K/h.

2. XRD

To characterize the out-of-plane growth directions and the
strain states of the thin film samples, XRD in 
-2
 Bragg-
Brentano geometry and at room temperature was performed
with a Bruker D8 Discover system with monochromatic
Cu Kα1 radiation λ = 1.5406 Å.

For temperature-dependent characterization in the range
between 540 and 90 K, polycrystalline bulk powders pre-
pared by conventional solid-state reaction were investigated
using a Bruker D8 Advance Powder X-Ray system with Cu
Kα radiation. To avoid oxygen losses, measurements above
room temperature were performed in air. For low-temperature
measurements, the sample holder was cooled with liquid
nitrogen, and the sample chamber was evacuated down to
P = 10–2 mbar. The lattice parameters were deduced from
measurements with an angular resolution of 0.01°.

3. Photovoltaic characterization

For photovoltaic characterization, previously reported sam-
ple geometry was used [11]. On the rear side of the STNO
substrate, ohmic back contacts were realized by Ti layers with
protective Au coatings. Using a shadow mask, Pt top contacts
with a thickness of 200 nm and a size of 4 × 1 mm were
deposited onto the PCMO x = 0.1 films. All current densities
are normalized to this top contact area. The deposition of
the contact layers was also performed by ion-beam sputtering
(IBS).

The samples were set up in a Cryostat (Cryovac) with a
suprasil entry window and analyzed in a temperature range
from 80 to 300 K. Excluding resistance contributions of the
supply cables, top and back contacts were connected to a
Keithley 2430 serving as voltage source and ammeter. Addi-
tionally, the voltage drop was measured by a Keithley 2182A
Nanovoltmeter (internal resistance > 10G �).

A LOT 150W Xe-UV lamp served for polychromatic il-
lumination and, by introducing cutoff filters characterized by

FIG. 13. Temperature dependence of different contributions to
the magnetic moment at B0 = 200 mT. mSTO: blank STO substrate
(black symbols). mtot : PCMO x = 0.1 on STO (red symbols). Differ-
ence mtot−mSTO (blue symbols). mfilm: paramagnetic PCMO x = 0.1
contribution (green line). �ms: temperature-independent contribu-
tion due to STO surface ferromagnetism (black line).

a maximum photon excitation energy Emax, for illuminations
with Eph � Emax. The output power of the source was set to
175 mW.

4. Temperature-dependent resistivity

Temperature-dependent four-point resistance measure-
ments in zero magnetic field and at 9 T at a constant voltage
of 75 mV were performed in a Physical Properties Measure-
ment System from Quantum Design. The investigated PCMO
x = 0.1 films on insulating STO substrates were prepared with
ion-beam sputtered 4 × 1 mm Pt top contacts with a spacing
of 2 mm by using a shadow mask. The magnetic field was
aligned perpendicular to the substrate.

5. Magnetic properties

The field- and temperature-dependent magnetic moment of
PCMO x = 0.1 films on STO was measured with a Quan-
tum Design SQUID-magnetometer in the DC measurement
mode. The magnetic field was aligned in-plane, i.e., parallel
to the substrate. Diamagnetic background contributions of
the sample holder and the STO substrate contributions were
deduced from the blank (100) STO substrate. This background
signal was then subtracted from the experimentally observed
moment of coated substrates.

For STO substrates, three relevant contributions to the
magnetic moment need to be considered [83]: the intrinsic
diamagnetic moment, a paramagnetic contribution due to im-
purities, and a ferromagnetic surface magnetism m0 that is
closely related to the formation of oxygen vacancies.

As shown in Fig. 13, the contributions of film and substrate
are comparable in magnitude, and the extraction of the film
contribution needs careful consideration. The blank substrate
measurement mSTO mainly exhibits a diamagnetic contribu-
tion. However, it weakly depends on temperature and applied
field, indicating an additional magnetic contribution that is
most probably due to magnetic impurities. The ferromagnetic

235122-16
63



ORBITAL-ORDER PHASE TRANSITION IN … PHYSICAL REVIEW B 103, 235122 (2021)

surface contribution of STO substrates may change while
heating to the PCMO x = 0.1 deposition temperature under
deposition conditions due to the surface formation of oxygen
vacancies. Therefore, the paramagnetic moment mfilm of the
PCMO x = 0.1 film cannot be directly related to the differ-
ence between the total moment mtot of film and the substrate
moment mSTO.

To consider these changes of the substrate, we have fitted
the difference of the two experimental datasets mtot (H, T ) −
mSTO(H, T ) in the high-temperature range (T > 300 K) by
including a temperature-independent substrate contribution
�mS (H ). Within this model, the magnetic moment mfilm of
the film is then then given by

mfilm = mtot (H, T ) − mSTO(H, T ) − �mS (H )

= χ0 H

(T − TCW)
Vfilm, (A1)

Here, �mS is treated as a temperature-independent constant
that corresponds to changes during heating. This seems to be
reasonable because the surface contribution m0(H ) is tem-
perature independent and saturates at external field of ∼200
mT [46]. The temperature dependence of �mS is very small;
see Fig. S5 of the Supplementary Material [38]. From the
fit, we observed that the correction �ms is negligibly small
(3 × 10–12 Am2) for small fields of 10 mT but significant
(1.6 × 10–9 Am2) at 200 mT.

6. Optical spectroscopy

The overview of the spectral- and temperature-dependent
absorption coefficient was measured in a transmission setup
and is not corrected by reflection. In the UV-Vis range (Eph =
1.13–6.2 eV), the setup consists of an OceanOptics DH-2000
Halogen light source, a fiberglass QP400-2-SR-BX, and a
Maya2000Pro spectrometer. For the determination of the band
gap, additional spectral- and temperature-dependent reflection
measurements in the range Eph = 1.2–1.6 eV were included
to calculate a reflection-corrected absorption coefficient. For
the reflectance measurements, enhanced AU mirror (Thor-
labs) was included in the setup, which provides a reference
spectrum.

The transmittance was calculated by I = IT /I0, where I0

is the incident, and IT is the transmitted spectrally resolved
intensity. A baseline correction was applied to the detectors
by subtracting a dark spectrum.

7. Pump-probe experiments

Experimental data on transient transmission were recorded
with a bichromatic pump-probe setup making use of a fem-
tosecond fiber amplifier system from Active Fiber Systems
running at 50 kHz repetition rate. The pump beam has a
central wavelength of 1030 nm (1.2 eV photon energy); the
frequency-doubled probe beam has a central wavelength of
515 nm (2.4 eV photon energy). Both pump and probe beams
have a pulse duration of <40 fs, as checked by autocorrelation
in front of the sample. The measurements were performed in
nearly collinear beam geometry inside a liquid helium flow
cryostat from Janis with optical access. To obtain high signal-
to-noise ratio, the pump beam was additionally modulated

with an external chopper at a frequency of 534 Hz to allow
direct detection of the transmission change �Tr using lock-in
detection at the chopper frequency. Probe signal detection
itself was performed using a silicon photodiode with an added
bandpass filter to block residual pump light. The measure-
ments were performed on an PCMO x = 0.1 sample on MgO
[39].

APPENDIX B: DETAILS OF THE SIMULATION

1. Model parameters

The parameters for the model Hamiltonian are extracted
from density functional calculations of PCMO with x ∈
{0, 1

2 , 1}. The energy terms and the parameters of the model
Hamiltonian are provided in an earlier publication [47].

We modified this Hamiltonian in the following ways: (1)
We allow the lattice constants to adjust dynamically, as men-
tioned above, but we constrain the lattice constants in the
ab plane to be equal. (2) Following Rajpurohit et al. [84],
the resting force constant of the breathing mode is reduced
slightly from kbr = 10.346 to 9.04 eV/Å2 to reproduce the
ratio of the amplitudes of Jahn-Teller vs breathing mode of
the ab initio calculations for PrMnO3.

2. Computational details

The Car-Parrinello dynamics [60] used in our simulations
introduces fictitious kinetic energy terms for all dynamic de-
grees of freedom. The degrees of freedom are described by
wave functions 
σ, j,R,n for the eg electrons, occupations fn,
positions RR,R′ connecting manganese site R to the neighbor
R′, spins �SR and lattice constants Tx/y/z. Here, n refers to the
band index, index R to manganese sites, and σ and j to spin
and orbital degrees of freedom of the wave functions. This
yields the Lagrangian

L =
∑

σ, j,R,n

fn〈
̇σ, j,R,n|m
 |
̇σ, j,R,n〉 + n

2

∑
R,R′

MRṘ2
R,R′

+ 1

2

∑
R

mS �̇S2
R + 1

2

∑
k∈{x,y,z}

MT Ṫ 2
k − Epot[
, f , R, S, T ]

− Lconstr.

Here, the dot refers to the time derivative, Epot summarizes all
energy terms introduced before and described in Ref. [47], and
the last term Lconstr . describes additional constraints, such as
orthogonality of the wave functions. Friction terms have been
added to the Euler-Lagrange equations.

In the finite-temperature calculation, the Nosé-Hoover
thermostat [61,62] drives the thermal fluctuations via a (pos-
itive and negative) friction acting on the oxygen atoms.
The electrons and spins follow the atoms quasi-adiabatically
when they have a sufficiently small mass and a small con-
stant friction. The values of the thermostat masses, frictions,
and the period of the Nosé-Hoover thermostat are given in
Table I. The lattice constants are kept fixed during the finite-
temperature calculations. For the ground state calculation, the
masses and frictions are adjusted for a rapid convergence, and
the lattice constants are optimized.
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TABLE I. Masses and friction values used in the Lagrangian
equation. m
 and mS are the fictitious masses of electron wave
functions and spins. MR is the oxygen mass. PTS is the quasiperiod of
the Nosé-Hoover thermostat. The friction forces are − f
m

̇σ,α,R,n

for the wave functions and − fsmsṠR for the spins.

m
 mS MR PTS f
 fS

1.0 mea2
0 1.0 me · ( a0

3/2h̄ )2 15.999 u 100 f s 0.41 1
f s 0.41 1

f s

The finite-temperature calculations are performed in a 4
× 4 × 4 manganese sites unit cell. We use a doping of
x = 6

43 = 0.09375, close to the nominal experimental doping
of x = 0.1. Calculations in a 6 × 6 × 4 sites unit cell at
doping x = 14

144 confirmed the ground state and the transition
temperature obtained in the smaller unit cell.

APPENDIX C: PHASE DIAGRAM FOR PCMO

Data points included in the phase diagram in Fig. 10 are
based on data in this publication and the following previously
published results.

1. Low-temperature magnetic transitions

Summary of the magnetic transitions documented by Jirák
et al. [8,9] for doping levels PCMO x = 0−0.9 and Wollan
and Koehler [16] for PCMO x = 1 in a combination of x-ray
and neutron diffraction measurements as well as additional
transport measurements:

(1) x = 0: TN = 91 K antiferromagnetic type A order.
(2) x = 0.1: TN = 100 K ferromagnetic order with easy

axis [010], below T2 = 70 K canted antiferromagnetic order.
(3) x = 0.2: TC = 130 K ferromagnetic order.
(4) x = 0.3: ferromagnetic and antiferromagnetic contri-

butions TC = 115 K and TN = 130 K, respectively.
(5) x = 0.4: TN = 170 K antiferromagnetic CE type.
(6) x = 0.5: TN = 175 antiferromagnetic CE type.
(7) x = 0.6: TN = 165 K antiferromagnetic CE type.
(8) x = 0.7: TN = 180 K antiferromagnetic and noncom-

mensurate spiral magnetic ordering.
(9) x = 0.8: TN = 170 K antiferromagnetic type C.
(10) x = 0.9: TN = 140 K antiferromagnetic type C and

T = 110 K antiferromagnetic type G.
(11) x = 1.0: TN = 110 K antiferromagnetic type G.

2. Charge and orbital-order transitions at medium temperature

Our bulk analysis of the lattice constant determined by
temperature-dependent XRD suggests an orbital-order tran-
sition temperature of 350 and 300 K for PCMO doping
levels of x = 0 and 0.1, respectively. For higher doping
levels between PCMO x = 0.3 and PCMO x = 0.5, a simul-
taneous transition of orbital and charge ordering has been
experimentally observed in a variety of the following publica-

tions and measuring techniques resulting in similar transition
temperature values. For example, Zimmermann et al. [17]
preformed resonant x-ray spectroscopy measurements to
determine a simultaneous charge- and orbital-ordering tran-
sition at TCO/OO = 245 K for doping of PCMO x = 0.4 and
PCMO x = 0.5. The structural analysis and transport mea-
surements performed by Jirák et al. [8,9] determined the
charge-order/orbital-order transition at TCO/OO = 230 K for
PCMO x = 0.3 and TCO/OO = 232 K for PCMO x = 0.4,
whereas Yoshizawa et al. [79] gave a transition temperature
of TCO/OO = 200 K based on changes in lattice parameters de-
termined from neutron diffraction studies for PCMO x = 0.3.
In temperature-dependent resistivity measurements, the onset
of charge order is visible in a pronounced step in resistivity.
Based on such measurements, Tomioka et al. [7] determined
TCO/OO = 220–230 K for PCMO x = 0.35/0.4/0.5 and T =
200 K for PCMO x = 0.3

The charge-order materials are generally considered to
show a broad two-phase region of order and disorder domains.
Jooss et al. [24] and Wu et al. [27] showed for PCMO x =
0.32 and 0.5 a two-phase region of charge-order/orbital-order
domains visible from room temperature until 70 K.

For higher doped region PCMO x = 0.5 to 0.875, Zheng
et al. [81] measured transport, ultrasound, and powder XRD.
In this paper, samples with the following doping have been
investigated PCMO x = 0.5, 0.55, 0.6, 0.625, 0.67, 0.7, 0.75,
0.8, 0.825, 0.85, and 0.875.

3. Structural phase transitions at high temperature

As previously mentioned for PCMO x = 0, a variety of
publications on the high-temperature phase transition exist.
The exact transition temperatures and the statement whether
there are one or two transitions varies. Pollert et al. [10]
published neutron diffraction measurements indicating an O-
to-O′-to-pseudocubic transition for TOO′ = 815 K and TO′C =
945 K, respectively, whereas Sánchez et al. [30] published
considerably higher TJT at 1050 K and a possible second
transition at 948 K, and Zhou and Goodenough [73] identified
two phase transitions using a combination of resistivity and
thermoelectric power measurements. They yielded TJT and T*
at ∼1050 and 750 K [73]. Even though the absolute temper-
atures vary, we suggest that all three publications observe the
same two transitions, although their assignment differs.

For doping PCMO x = 0.52, Carpenter et al. [80] pub-
lished a symmetry and strain analysis of structural phase
transitions using powder neutron diffraction. At high temper-
atures, a first-order transition of orthorhombic Pbmn structure
to R3̄c is reported in a temperature region between 1100
and 1200 K, which has a significant hysteresis [80]. Zim-
mermann et al. [17] analyzed resonant x-ray scattering for
PCMO x = 0.25 and found that the orbital-ordered (030) peak
has a residual intensity until 850 K. In the case of PCMO
x = 1.0, Taguchi et al. [76] found an orthorhombic phase with
a transition into tetragonal phase at 1170 K and a subsequent
cubic transition at 1186 K.
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Chapter 6

Power Density and Spectral Photovoltaic
Response in a Hot Polaron Solar Cell

This Chapter considers the energy and intensity dependence of short circuit current density
and open circuit voltage in PCMO x=0.1. The experimental results are discussed in the
framework of applicability of the SQ theory and modifications caused by the hot polaron
contributions as well as the role of orbital order. Results and discussions are presented as
a manuscript draft that is not published yet.
The corresponding Supplemental Material is included in Appendix C.
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Power density and spectral photovoltaic response in a hot polaron solar cell. 

B. Kressdorf, J. Hoffmann, M. Seibt, C. Jooss 

1. Introduction 

Solar cells based on semiconductor junctions possess an upper theoretical limit of photovoltaic 

energy conversion efficiency as given by the Shockley-Queisser (SQ) theory [1]. It is based on 

the application of the detailed balance principle, where at equilibrium, i.e., without power 

extraction, electron hole pair generation by photon absorption is balanced by radiative 

recombination. For conventional semiconductors, the excess carrier recombination in general 

and radiative recombination in particular is dominated by the excited carriers that have 

thermalized to the band edges after relaxation / carrier cooling. Thus, photon energy input with 

a thermal solar spectrum of temperature Ts is entirely compensated by emission of thermal 

radiation at the temperature of the device Td, however at different solid angles . This type of 

radiative equilibrium is disturbed by electric power extraction. In the absence of any other type 

of recombination a theoretical upper efficiency limit is obtained that depends only on the 

bandgap Eg. For Si homojunctions with Eg = 1.1 eV at room temperature the efficiency limit is 

32% [1]. 

A specific characteristic of the SQ theory is that it describes conventional semiconductors, 

where the quantum efficiency Q(Eph) that accounts for the number of electron-hole pairs 

generated by an absorbed photon at energy Eph shows a step-like spectral response with Q = 1 

for photon energy Eph > Eg and Q = 0 for Eph < Eg. Since relaxation and thermalization of hot 

carriers is much faster than carrier extraction, all generated electrons and holes are extracted 

with the same energy-independent collection efficiency.  

In real solar cells, a deviation from the ideal SQ limit can of course occur through many 

different processes. Different types of recombination mechanisms, ohmic transport losses and 

absorption losses must be taken into consideration [2–5]. Indeed, the SQ limit considers a solar 

cell in the limit of ideal absorption and ideal collection, neglecting spatial dependency of 

absorption and carrier extraction. In organic solar cells the large energy for separation of 

excitons at interfaces must be taken into account [6]. Impact ionisation, where more than one 

exciton or charge carrier pair is generated from a single high energy photon lead to deviations 

in the photon spectral and power dependence compared to prediction from the SQ model [7,8]. 

Often, the SQ theory serves as a starting point, where deviations and non-ideal behaviour can 

be taken into consideration by incorporating additional semi-empirical quantities [9–12].  

In order to overcome the SQ limit, an important strategy within third generation photovoltaics 

is the development of hot carrier solar cells, which aims to reduce thermalization losses by 

harvesting the hot carriers before they relax to the band edges. At present such cells are mainly 

subject of fundamental research [13–15]. The two main directions studied are the increase of 

the lifetime and a faster extraction process of hot carriers. Increase of hot carrier lifetime can 

be realized via a so-called phonon bottleneck strategy, aiming at reduction of hot carrier 

scattering at phonons, which represent the main relaxation channel. Moreover, the transfer of 

the energy of non-equilibrium phonon populations back to the charge carriers can be enhanced 

by restricting phonon thermal transport. Such processes are studied in a number of systems such 

as quantum dots [16,17], quantum wells, Halide-perovskites [18,19] and nanowires [20]. Faster 

extraction of hot carrier can be achieved by well-designed contacts which however typically 

work only in a narrow allowed energy range [21]. The key advancement of hot carrier extraction 

is to reduce the voltage losses ∆𝑈 = (𝑘𝑇𝑠 − 𝐸𝑔)/𝑒 through hot carrier relaxation towards the 
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band edges. Here, 𝑄(𝐸𝑝ℎ) can strongly deviate from a step-like spectral function since carrier 

extraction now becomes a non-trivial function of photon energy. 

The theoretical upper limit of an ideal hot carrier solar cell is given by the Carnot efficiency  

𝜂 = (𝑇𝑠 − 𝑇𝑑)/𝑇𝑠 [22,23]. In principle, this result can also be derived from the SQ theory for a 

system with Eg = 0 and taking into account hot carrier collection. This would then require 

concentrator solar cell photovoltaics to achieve 𝑓𝜔 = 1.  

The applicability of the ideal SQ theory to hot carrier devices thus needs careful evaluation and 

possible adjustments. Relaxing the SQ assumption of a step-like quantum efficiency Q(Eph) due 

to harvesting of hot carriers is of course a very natural extension. Changing the assumption of 

ideal carrier collection to an excitation energy dependent hot carrier collection efficiency is, 

however, a greater modification. It requires the analysis of the competition between energy loss 

via relaxation and energy dependent carrier extraction. Furthermore, a deviation of power 

density dependence of the photovoltaic response from the SQ theory is expected. In 

conventional semiconductor junctions, the open circuit voltage, which represents the splitting 

of Fermi level by excited electrons and holes, is logarithmic in power density. It exhibits an 

upper limit given by the bandgap in the non-degenerate case. In contrast, the Fermi level 

splitting in hot carrier materials can show a much stronger power dependence since it is only 

limited by the temperature of excited carriers.  

In this article, we present a study of the photon power density and spectral dependence of hot 

polaron solar cells and show that the photo-voltaic response strongly deviates from that 

expected form SQ theory. Such solar cells were recently demonstrated in junctions based on p-

doped manganite perovskites, where intraband optical excitations of Jahn-Teller polarons can 

be stabilized, enabling photovoltaic energy conversion [24–27]. The manganite perovskites 

consist of a 3d or 2d network of MnO6 octahedra that undergo Jahn-Teller distortion and form 

small polaron charge carriers in doped systems [28,29]. The absorption of photons generates 

hot carriers in an excited Mn 3d state that is incompatible with the remaining Jahn-Teller 

deformation in the ground state, see Fig. 1. Thus, the excited polaron state must undergo a 

structural relaxation until the electronic structure and the Jahn-Teller distortion becomes self-

consistent. In contrast to the fast relaxation dynamics of isolated MnO6 octahedra, where the 

structural relaxation happens on the timescale of a Jahn-Teller vibrational mode (70 fs), the 

lifetime of hot carriers can reach ns systems [26,27,30,31]. 

The required slowdown of hot carrier relaxation is observed in the charge- and orbital-order 

states of manganites, where excited carrier stabilization results from cooperative electron-

phonon dynamics. Whereas, the transition to the ground state is dipole forbidden [31], the 

remaining structural relaxation of the excited Jahn-Teller polarons damped by the strong 

cooperative electron-phonon interaction. This is called a new type of phonon bottleneck 

strategy [27], where the strong electron phonon interaction can be turned into an advantage. 

Therefore, the structural recombination via a conical intersection dominates over radiative 

recombination [31]. As we will show in this article, in addition to a non SQ-like spectral and 

power dependent photovoltaic response, the temperature dependent order parameter of charge- 

and orbital-order needs to be taken into account. Due to the nature of the phase transition as of 

second order [26], the continuous change of order parameter with temperature across the orbital 

order phase transition at Tc  200-240 K must be considered.  
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FIG. 1: Molecular orbital scheme of ground and excited state of Jahn-Teller polarons in low doped manganites 

based on a dimer of two MnO6 octahedra. It possesses a dipole-allowed excitation from non-bonding to 

antibonding Jahn-Teller split d states. Sign of the wave function is indicated by yellow/black for Mn 3d and 

red/black colour for oxygen 2p.  

The paper is structured as follows: Chapter 2 presents a brief summary of a spectral extension 

of concepts and governing equations based in SQ theory. In Chapter 3 we present the 

temperature and illumination dependent photovoltaic properties and an analysis of the observed 

trends of short circuit current density Jsc and open circuit voltage Uoc in comparison to the SQ 

theory. We show that strong deviations of the qualitative trends of these parameters occur. In 

Chapter 4 we extend our analysis of Uoc and Jsc dependent on power density p and photon 

energy Eph at a fixed temperature of 150 K. Here, we introduce as a new parameter the 

characteristic temperature T*, which includes the effect of order phenomena on photovoltaics. 

The paper ends in Chapter 5 with a general discussion of the observed illumination dependent 

photovoltaic response and discuss the deviation from the SQ predictions in terms of hot carrier 

spectral and power dependent response that is strongly impacted by the temperature dependent 

order parameter.  

2. Photovoltaic characteristics derived from Shockley-Queisser theory 

The SQ theory is based on the detailed balance principle, i.e., equilibrium between the absorbed 

and emitted photon flux density. Within this idealized model each absorbed photon generates 

exactly one electron-hole-pair [1]. Without charge extraction, each generated is finally removed 

by radiative recombination as long as other recombination channels can be ignored. If electric 

energy is extracted out of the device, the electric current density J is then given by the difference 

between total generation rate G and total recombination rate R as J=q (G-R). 

In the case of an ideal collection of charge carriers, where all generated electron hole pairs are 

extracted, the maximum short circuit current Jsc is then given by only the generation rate 

Jsc=qG. 

Shockley and Queisser applied this powerful general approach to conventional semiconductors, 

where the rate of thermalization of excitation above the bandgap Eg is much higher than the rate 

of charge extraction. Thus, all extracted charges that contribute to Jsc stem from electronic states 

close to the band edges. Furthermore, taken into account that only charges within the distance 

of the diffusion length L to the junction interface are collected, one can derive an equation, 

where the short circuit current is expressed via a spatially homogeneous mean generation rate 

G(T,p,Eph) in the areas of distance L from the interface [32]: 
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(eq. 1) 𝐽𝑠𝑐 ≈ 𝑞 𝐺(𝐿ℎ + 𝐿𝑒) ≈ 𝑞 𝐺(√𝐷ℎ𝜏ℎ + √𝐷𝑒𝜏𝑒). 

The diffusion length can be expressed through the diffusion coefficient D and effective lifetime 

 of thermalized carriers close to the band edges. 

Thus, in accordance with equation (1), the SQ models predicts for conventional semiconductors 

that the energy as well as the power dependence of the photocurrent only arises from the carrier 

generation G(T,p,Eph). Therefore, Jsc depends linearly on power density [33–36]. Since all 

minority carriers thermalize to the band edges, the collection of charge carriers is independent 

of Eph. Therefore, Jsc is independent of photon energy if Eph > Eg is met. This is reflected in a 

step-like spectral dependence of the quantum efficiency Q(Eph) with Q = 1 for photon energy 

Eph > Eg and Q = 0 for Eph < Eg for an ideal device [37]. 

The current voltage characteristics of a solar cell is then comprised by the balance of generation 

and recombination currents in the dark, which is modified by the photocurrent. For an ideal 

homojunction under an applied external voltage U the total current is given by the Shockley’s 

ideal diode equation [38], originally derived by Davydov [39]: 

(eq. 2)  𝐽 = 𝐽0 (exp (
𝑒𝑈

𝑘𝑇
) − 1) − 𝐽𝑠𝑐 

J0 represents the dark saturation current density. The equation holds for voltages that are small 

compared to the energy of the emitted thermal radiation of the device, i.e., the distortion of the 

radiative equilibrium is small. 

Under open circuit conditions the carrier generation and recombination balances out. The open 

circuit voltage corresponds to the splitting of hole and electron quasi-Fermi levels in a 

semiconductor according to [40]  

(eq. 3a) 𝑞𝑈𝑜𝑐 = 𝐸𝑓,𝑒 − 𝐸𝑓,ℎ .  

The open circuit voltage can be derived from equation (1) for J = 0, yielding  

(eq. 3b) 𝑞𝑈𝑜𝑐 = 𝑘 𝑇 ln(𝐽𝑠𝑐 𝐽0⁄ + 1) .  

For the purpose of our analysis, it is more convenient to express the open circuit voltage via 

ratio of excited charge carriers ne resp. nh to intrinsic carrier concentration ni [41].  

(eq. 3c) 𝑞𝑈𝑜𝑐 = 𝑘𝑇 ln (
𝑛𝑒𝑛ℎ

𝑛𝑖
2 ) = 𝛥𝐸 − 𝑘𝐵𝑇𝑙𝑛 (

𝑁𝐶𝑁𝑉

𝑛𝑒𝑛ℎ
). 

It represents the point of operation where the total generation current is entirely balanced by the 

recombination current. For a conventional semiconductor homojunction, the recombination 

current is limited by the intrinsic bulk carrier concentration (in the depletion region), i.e.  

(eq. 4)  𝑛𝑖
2 = 𝑁𝑐𝑁𝑣  𝑒𝑥𝑝(𝐸𝑔 𝑘𝑇⁄ ), 

where Nc and Nv represent the effective density-of-states of the conduction and valence band 

close to the band edges, respectively, and E = Eg. More general, ∆𝐸 represents the limiting 

barrier for the recombination current [42]. In a heterojunction, this can be either given by the 

bulk bandgap or by interface band offsets.  

Since the concentration of excited carriers, ne and nh, is proportional to G(T,p,Eph), equation 

(3c) yields a logarithmic dependence of Uoc(T) on power density [33,36,43]. Furthermore, since 

all charge carriers thermalize to the band gap, Uoc(T) is independent of photon energy for Eph > 
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Eg. If one neglects the temperature dependence of the logarithmic term, the open circuit voltage 

thus decreases linearly with increasing temperature. A power law correction to this linear 

temperature dependence enters equation (3c) via the temperature dependence of the effective 

density of states, where the effect of thermal broadening of carrier occupation must be 

considered via an appropriate spectral integration of the states.  

In contrast, hot carrier solar cells may show deviations for both the spectral as the power 

dependence of Uoc(p,Eph) and Jsc(p,Eph), since hot carriers can be directly extracted. 

3. Results and discussion within the framework of SQ carrier kinetics 

In this chapter we give an overview on the photovoltaic response as function of power density 

and photon energy and analyse the characteristics in the light of SQ theory.  

3.1. Overview on photovoltaic response 

 

FIG. 2: a) Absolute current-density-voltage curves without illumination at different temperatures. b) Jsc vs. T for 

different power densities and c) Uoc vs T for different power densities (the black X marks the isothermal 

measurement values), both at fixed spectral range Eph< 2.0 eV (cut-off filter). d) Uoc vs T for monochromatic 

illumination at indicated photon energies and an energy width of 60meV. The power density was fixed to p= 28.3 

W/m2. 

As expected from SQ theory, the current-voltage of PCMO/STNO junction characteristic J(U) 

exhibits diode-like rectifying behaviour (Fig. 2(a)), i.e., exponential increase of the current in 

forward direction and small current in reverse direction, see equation (2). Similar as observed 

for PCMO junctions with higher doping [30], the reverse saturation current deviates from the 
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SQ theory characteristics by a much stronger voltage dependence due to an electric field 

dependent polaron pair dissociation rate. 

Illumination results in a pronounced photovoltaic response only well below room temperature. 

In order to investigate the photovoltaic response in dependence of the incident photons flux, 

i.e., photon power density p and photon energy Eph, two characteristic parameters are 

determined from isothermal J(U) measurements: Short circuit current-density Jsc (at U=0V) and 

open circuit voltage Uoc (at I=0 A). Additionally, Uoc is measured under open circuit conditions 

during continuous cooling. Both methods yield the same values of Uoc.(see fig 2(c)) This proves 

self-consistency of the measurements and excludes cooling rate dependent effects on the direct 

Uoc(T) data. The power density dependent measurements span 3 orders of magnitude. Here, 

polychromatic illumination with a cut-off filter at Emax= 2.0 eV was used that generates a 

constant spectral range energy distribution. Therefore, these measurements scale only with the 

flux of incoming photons. The maximum excitation energy of Emax= 2.0 eV excludes 

photovoltaic contributions in STNO, with its band gap of 3.2 eV. To analyse the spectral 

dependent photovoltaic response, Jsc(Eph) and Uoc(Eph) are measured through monochromatic 

illumination in the spectral range between 1.6 eV and 3.0 eV with a spectral width of about 60 

meV. Here, the power density was fixed to p= 28.3 W/m2.  

Let us first consider the temperature dependence of the characteristic parameters (Figs. 2(b), 

(c), (d)). For all illumination conditions regardless of p and Eph, the following general 

temperature dependencies are observed:  

 The short circuit current-density JSC(T) reveals a dome-shaped temperature dependence. 

With decreasing temperature JSC(T) first increases and, after approaching a maximum value 

then decreases. This temperature dependence is, therefore, characterized by a maximum 

Jmax(Tmax). 

 The open circuit voltage UOC(T) increases monotonously with decreasing temperature, as 

expected qualitatively from equation (3c). With increasing temperature, it vanishes at a 

characteristic temperature which depends on p and Eph. This temperature will be discussed 

in detail in section 4.  

 In addition to the illumination dependence of the characteristic temperature, there is a 

pronounced change of the slope of UOC(T) with temperature with curves getting steeper with 

increasing power density and photon energy.  

Since the monochromatic illumination experiments are performed at a fixed overall power 

density p, the flux of incident photons changes with photon energy Eph according to =p/Eph. 

Therefore, the photon flux is increased by a factor of 2 while decreasing the photon energy from 

3.0 to 1.6 eV. However, Fig. 2(d) reveals a reverse and significantly larger shift in the 

characteristic temperature where UOC(T) ≈ 0 than expected by a change of photon flux alone. 

This shows that both, power density and photon energy strongly affect the photovoltaic 

response but changes in photon energy have a greater impact. 

A qualitative comparison within the SQ theory reveals that the photovoltaic response in the 

manganite junction exhibits several general dependencies which agree with the expected 

behavior: Diode–like rectifying behavior with and without illumination (eq. 2), increase of UOC 

with decreasing temperatures (eq. 3c) and the existence of a characteristic onset temperature, 

(eq. 5)  𝑇𝑜𝑛𝑠𝑒𝑡 ≈
𝛥𝐸

𝑘𝐵 𝑙𝑛(
𝑁𝐶𝑁𝑉
𝑛𝑒𝑛ℎ

)
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where UOC(T) approaches zero, depending on power density. In conventional semiconductor or 

organic heterojunctions the linear extrapolation of UOC(T) shown in [44–46] would result in an 

onset temperature very far above room temperature. This is in contrast to our study of the 

manganite junctions, where the onset temperature is below the order phase transition. Before 

we analyze the effect of the temperature dependent order parameter in section 4, in the 

following we give an analysis of the power dependence of Jsc(T,p) and Uoc(T, p) in the 

framework of the SQ theory. 

3.2. Analysis of Jsc within the SQ theory  

As shown in Fig. 2(b), the temperature dependence of the short circuit current density Jsc shows 

a pronounced maximum at T=Tmax that depends on the incident power density p. According to 

equation (1), Jsc is governed by the mean generation rate G in the diffusion region, the diffusion 

coefficient of the minority charge carriers and the lifetime of excitations. Since we only 

consider excitation energies below the band gap of SrTiO3, we can restrict the analysis to the 

electron-type minority charges in the manganite. Using the Einstein relation to express the 

diffusion constant by the mobility e of the polarons, equation (1) simplifies to 

(eq. 6)  𝐽𝑠𝑐 ≈ 𝑞 𝐺 𝐿𝑒 ≈ 𝑞 𝐺 √
𝑘∙𝑇

𝑞
 𝜇𝑒𝜏𝑒 

The mean generation rate is given by  

(eq. 7)  𝐺 =
1

𝐿
∫ ∫

𝑓(𝐸𝑝ℎ)

𝐸𝑝ℎ
𝛼 𝑒−𝛼𝑥 𝑑𝐸𝑝ℎ

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

𝑑

𝑑−𝐿
𝑑𝑥 

where f(Eph) is the spectral power density distribution of the incident radiation,  is the 

absorption coefficient, L is the diffusion length and d=100 nm is the absorber layer thickness. 

Here, we have assumed that only excitations with photon energies Eph between Emin  1eV and 

Emax=2eV (Fig. 5). The spatial integration is performed over diffusion region with d >> L. For 

details see section S1 in the supplementary information. 

Due to a negligible small temperature dependence of the absorption coefficient [26], the small 

temperature dependence of G can be disregarded and thus Jsc(T) is mainly governed by the 

temperature dependence of the carrier mobility and the polaron lifetime. As seen in Fig. 2(b), 

the short circuit current JSC(T) first increases with decreasing temperature. Since electronic 

order is a prerequisite of photovoltaic energy conversion in manganite-based junctions [26], we 

expect, that the increase of hot polaron lifetime e due to the appearance of orbital order governs 

Jsc(T) in this temperature range. This would imply that e may scale with the order parameter S. 

In the lower temperature range, where the slope of JSC(T) reverses, we propose that the 

temperature dependence is influenced by the reduced mobility. If the mobility of the excited 

polaron charge carrier’s scales with the thermally activated mobility of the small polaron in the 

ground state, JSC(T) should almost exponentially decrease with decreasing temperature as it is 

observed in Fig. 2(b).  

While the temperature dependence of JSC(T) can be qualitatively explained by a competition of 

increasing lifetime and decreasing mobility, it fails to explain the shift of position of the 

maximum with power density. In SQ theory it is commonly assumed that mobility and lifetime 

are power density independent and thus no shift of the JSC(T) maximum is expected. In addition, 

equation (6) fails to predict the right order of magnitude of JSC(T), as will be shown in the 

following: 
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With a spectrally constant reflection of R  0.3 as well as absorption coefficient  6 106 m-1 

and assuming a constant power density distribution f(Eph) in the energy range of Emin to Emax, 

the generation rate amounts to about G  61027 m-3s-1  0.4/(u.c. s) for an incident power density 

of p=1.6 kW/m2 ( [26], supplemental information [47]). 

Table 1 summarizes the calculated generation rate G, the maximum short circuit current density 

Jmax at Tmax and the calculated effective diffusion length Leff =Jsc/qG. The order of magnitude of 

the obtained Leff does not dependent on the details of calculation, which yields extremely small 

values of Leff in the pm range.  

In comparison, the diffusion length 𝐿𝑒 can be also estimated from the experimentally observed 

hot polaron lifetime and the ground state mobility of the polarons. Using a lifetime of a 

ns [26,31] and a ground state mobility deduced from the temperature dependent resistivity, 

yielding an order of magnitude of e  10-3 cm2/Vs (see supplemental information [47]), we 

obtain a diffusion length Le of the order of a few nm. Despite the ground state e representing 

most probably only a lower limit to the excited state mobility, this result is consistent to 

measured diffusion lengths of PCMO (x=0.34) using electron beam induced current 

(EBIC) [30]. 

The contradiction that Leff is three orders of magnitude smaller than Le determined from mobility 

and lifetime cannot be resolved by experimental errors in determining Jsc. By scaling the current 

to the contact area, we underestimate the absolute value of the current density, since the true 

photovoltaic active volume is significantly smaller. However, this cannot explain three to four 

orders of magnitude of difference. This points to a strong suppression of the measured Jsc in 

PCMO/STNO heterojunctions either due to a very low quantum efficiency or collection 

efficiency, since a quite high fraction of generated hot carriers are not extracted. The obtained 

increase of Leff with G indicates a power dependent quantum efficiency or collection efficiency.  

p (kW/m2) G (1027/m3s) Tmax (K) Jmax (mA/m2) Leff (nm) 

16.1 62.3 200.1 23.2  2.310-3 

8.1 31.1 195.7 12.1 2.410-3 

1.61 6.23 183.8 3.74 3.810-3 

0.81 3.11 178.9 2.08 4.210-3 

0.16 0.62 160.8 0.542 5.410-3 

Table 1: incident power density p, generation rate G and experimentally observed Jmax(Tmax) data. The effective 

diffusion length Leff = Jmax / (e G) was calculated according to equation (6) and (7). 

3.3. Analysis of Uoc within the SQ theory  

The open circuit voltage as a function of temperature and power density is now analyzed within 

the SQ theory using Eq. (3c). In a homojunction, the splitting of the chemical potential is 

determined by the total electron and hole density ne and nh, respectively. Since we consider 

only excitations in the manganite, nh is the intrinsic hole density due to doping and ne the excess 

electron density due to optical excitations. 

Equation 3(c) predicts a nearly linear decrease with temperature because the temperature 

dependence of Ne and ne contribute only logarithmically. The experimental Uoc(T) data (Fig. 

2(c), (d)) of the hot polaron solar cell show such a linear decrease with increasing temperature 

only in a narrow temperature range. For this temperature range, a linear fit of the experimental 

data is performed and exemplarily shown in Fig. 3(a). The obtained power dependence of the 
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energy barrier E = e Uoc(T0) and slope b=-1/k dUoc/dT are shown as black symbols in Fig. 

3(c) and (d), respectively, showing an increase with p. 

 

FIG. 3: Analysis of the power density dependence of Uoc(T)in linear approximation. a) Exemplary result for 

experimental Uoc(T) at Eph<2 eV and p=1.6104 W/m2 (black) with a linear fit in the temperature range between 

200 K and 160 K (red). b) Exemplary result for a calculated Uoc(T) at p = 1.6104 W/m2using Eq. (3c) with barrier 

E = 172 meV and reduced polaron mass mred = 2.74 (black). The red line again shows the linear approximation. 

The power density dependence of the obtained barrier E (c) and slope b (d) from the fit of the data (black squares) 

and calculated trends using Eq. (3c) of the Shockley Queisser model. For details see text. 

The experimental data can be compared with prediction of E and b=-1/k ln((Nc Nv) /(ne nh)) 

within the SQ model. The minority charge carrier density ne is estimated by 

(Eq. 8)  𝑛𝑒 ≈ 𝑅𝑒𝑓𝑓 𝜏𝑒𝑓𝑓 ≈ 𝐺 𝜏𝑒𝑓𝑓, 

using the equality of recombination rate Reff and generation rate G under open circuit conditions. 

For the generation rate, the same approximations as in chapter 3.2. are used and the effective 

lifetime of excitations is estimated to eff  2 ns [26]. The hole carrier density nh=1.871027 m-3 

is calculated from heterovalent Ca doping. 

A precise expression for the effective density of states for manganites is not accessible until 

now. One can approximate the Mn3deg – O2p conduction band by a parabolic structure that 

allows an effective mass approach. If the thermal population of the conduction band is taken 

into account by a Boltzmann distribution, the effective density of states Nc as well as NV can be 

expressed via the effective mass m* through [48] 

(Eq. 9)  𝑁𝐶 = 𝑁𝑉 = 2 (
2 𝜋 𝑚∗ 𝑘 𝑇

ℎ2 )

3

2
 𝑀, 
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where M is the number of equivalent band minima and is set to M = 1. 

Within these approximations, Uoc can be written as  

(Eq. 10) 𝑒 ∙ 𝑈𝑜𝑐 ≈ ∆𝐸 − 𝐶1(𝑝) 𝑇 − 3𝑘 𝑙𝑛 (𝑚𝑟𝑒𝑑
𝑇

𝑇𝑟𝑒𝑓
) 𝑇, 

where the prefactor C1 depends on the power density via ne, mred=m*/me is the reduced effective 

mass and Tref is an arbitrary reference temperature.  

Fitting the experimental data of Fig. 3(a) over the whole temperature range yields reasonable 

values of E = 0.172 eV and m*= 2.74 me. The conduction band offset between the Mn 3d eg 

and Ti 3d bands gives an upper limit to E that can be estimated from the work functions of 

the hole and electron doped semiconductors (see [24] for higher doping levels). Using WSTO = 

4.1 eV for Nb-doped SrTiO3 [49] and WPCMO  4.4 eV for x=0 [50] yields E = Wh-We  0.3 

eV. For the effective mass a range between 1.8 and 5 me can be estimated [51]. 

Assuming that E and m* do not depend on p, Uoc(T,p) can be calculated for the various power 

densities. To compare experimental and calculated data we have applied a linear approximation 

to the calculated Uoc(T,p) high temperature data (Figure 3(b)). The extrapolated barriers 

eUoc(T0) and the slopes b are plotted as red symbols in Figures 3(c) and (d).  

In Fig. 3(c), the extrapolated barriers eUoc(T0) do not coincide with the estimated barrier E 

= 0.172 eV. This difference originates from the temperature dependence of the effective density 

of states resulting in a weak increase of the experimentally determined barrier with increasing 

power density. In addition to the difference in absolute value, there is a remarkable difference 

between the power dependence of E(p) expected from the SQ model, where it is almost 

constant, and the experimental trend.  

Furthermore, absolute values and p dependence of the slope b expected from the SQ model and 

obtained from experiment show drastic differences as shown in Fig. 3(d). Experimentally, the 

slope b(p) increases with increasing power density. This trend is opposite to what is expected 

from SQ theory (see Eq. (8b)) which predicts that b decreases with increasing p due to the 

increasing concentration of photocarriers.  

4. Impact of order, power density and energy dependence on Jsc and Uoc  

In this section, the impact of the temperature dependent order parameter of the orbital order 

phase transition is discussed. Such a transition can change several material properties such as 

the density of states, and most importantly, the hot polaron lifetime [26,31]. We introduce a 

new characteristic parameter, the crossover temperature T* as the temperature where Uoc(T) 

drops towards zero. Since Uoc(T) in Fig. 2(c) and (d) shows a nonlinear-temperature 

dependence, a well-suited quantitative definition for T* is required. Clearly, T* does not 

represent the equilibrium transition temperature of the phase transition since it is a non-

equilibrium property that depends on illumination conditions. However, a connection to the 

orbital order transition is implied by the similar range of values of 𝑇∗ ≲ 𝑇0.  

We thus define T* as the temperature, where a pronounced change in the first derivative dUoc/dT 

occurs. More precisely, T* is defined as the temperature where the deviation to the linear slope 

of the first derivative exceeds 5% (see S3 in the supplemental information [47]). We find that 

T* undergoes huge changes as a function of energy and power density and thus has an enormous 

effect on the power dependency of Jsc and Uoc. In order to analyze this effect, we exemplarily 

79



show an analysis of Uoc(p,Eph) and Jsc(p,Eph) at a fixed temperature of 150 K., i.e., close to the 

minimum value of T*. In addition, we have selected this temperature because we expect that 

the temperature dependent order parameter for orbital order is approaching a value close to its 

maximum [26]. The same qualitative behavior of photovoltaic properties as at 150 K are also 

observed at other temperatures (see S4 in the supplemental information [47]). 

4.1. Power density dependencies of Uoc, Jsc and T* 

Figure 4 shows the power density dependence of the photovoltaic parameters Uoc(p) and Jsc(p) 

at a temperature of T = 150 K as well as the onset temperature T*. For Uoc(p) and Jsc(p) 

logarithmic and linear dependencies on power density are expected from the SQ theory. 

 
FIG. 4: Power density dependencies of (a) short circuit current Jsc (b) open circuit voltage Uoc (c) crossover 

temperature T*at 150 K with illumination Eph<2 eV. 

Red lines correspond to low-power and blue lines to the high-power regime. In the inset the scale is adjusted to 

emphasize the different trends. For comparison, Fig. (c) shows the temperature Tmax of maximum Jsc (see Fig. 2(b)). 

The critical power density of pc  300 W/m2is marked in each figure. 
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Two distinct power density regimes are a common feature for the two parameters Uoc and Jsc 

(Fig. 4(a), (b) which are indicated by a significant change in slope at the same critical power 

density of pc  300 W/m2. More specifically, the short circuit current Jsc exhibits a power law 

dependency of 𝐽𝑠𝑐 ∝ 𝑝𝑛 with n  1 below and n  0.64 above the critical power density. The 

strong deviation from a linear Jsc(p) dependence shows an excess loss for charge carriers that 

can be harvested at higher power density. In contrast, open circuit voltage Uoc(p) exhibits an 

approximately logarithmic dependence on the power density (Fig. 4(b)) for power densities 

above the critical power density. However, it turns into a power law dependence below the 

critical power density.  

The cross over temperature T* as analyzed in Fig. 4(c) reveals a huge change of more than 50 

K for a change of p by four orders of magnitude. The observed range of T*(p) variation in Fig. 

4(c) remains below the transition temperature for the appearance of spontaneous orbital order 

in the films at TO  200-240 K. Only T* at the highest applied power density is approaching the 

equilibrium transition temperature of the orbital order transition.  

It is quite remarkable, that Tmax as determined from the maximum of the short circuit current 

density follows a similar trend as T* determined from Uoc. The change in power dependence at 

a critical power of p  300 W/m2 observed for Jsc(p) and Uoc(p) is also visible in the T*(p). T* 

increases linearly at low power densities (inset Fig. 4(c)) and the minimum value T*(p0) 

amounts to about 150 K. At high power densities the dependence is almost logarithmic and the 

crossover between the two regimes also takes place at about 300 W/m2. 

In summary, the photovoltaic parameter Jsc, Uoc and T* reveal a crossover from low to high 

power density regime that is accompanied by a reduction of the overall photovoltaic response 

compared to the values extrapolated from the lower power density regime. 

4.2. Photon energy dependencies of Uoc, Jsc and T* 

As visible in Fig. 5 for T=150 K, the photon energy greatly impacts the photovoltaic response 

in the studied hot polaron junctions. The photon energy is varied under monochromatic 

illumination in the range between 1.6 to 3.2 eV. Therefore, two types of optical transitions are 

involved: the intraband eg to eg transition of the Jahn-Teller polaron at low photon energy as 

well as a charge transfer (CT) transition at higher photon energy. All three quantities Jsc, Uoc 

and T* significantly increase with photon energy. 

Figure 5(a) shows the increase of Uoc with photon energy Eph without any sign of saturation. 

This is a strong deviation from the spectral response of a conventional bandgap semiconductor. 

As already mentioned above, the monochromatic measurements include a weak change of 

incident photon flux because of fixed incident power density. Fitting the low-energy branch 

(below 2.2 eV) according to 

(eq. 11)  𝑈𝑜𝑐(𝑇, 𝐸) = 𝐶𝑈(𝑇) (𝐸 − 𝐸0𝑢(𝑇))  

yields a temperature dependent slope CU(T) and a minimum required excitation energy E0u that 

are summarized in table 2. 

To take power dependence into account, we replaced the short circuit current density by 

effective internal quantum efficiency defined as the number of generated charge carriers per 

absorbed photon 
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(eq. 12) 𝑄𝐼𝑄𝐸(𝐸𝑝ℎ, 𝑇) =
𝐽𝑆𝐶(𝐸𝑝ℎ,𝑇)

𝑞 (1−𝑅)Φ(𝐸𝑝ℎ) 𝛼(𝐸𝑝ℎ,𝑇)
 , 

where JSC is the short circuit current density under monochromatic in with photons of energy 

Eph,  is number of photons per area and unit time incident on the absorber , R the reflectance 

and  is the absorption coefficient deduced from reflection-corrected transmission 

measurements [26].  

FIG. 5: Photon energy dependencies at fixed power density p= 28.3 W/m2 of (a) open circuit voltage Uoc, and (b) 

internal quantum efficiency QIQE at 150 K, as well as (c) crossover temperature T* and (d) the intrinsic barrier 

E. For comparison, the spectral dependent absorption A is shown in b). 

Figure 5(b) gives the spectral dependence of absorption A(Eph) and effective quantum efficiency 

QIQE(Eph). The absolute values of QIQE are well below the 1% level, indicating that only a very 

small fraction of electron hole polaron pairs are extracted. The main origin of the small values 

is the small diffusion length Le which is 2 orders of magnitude smaller than the photon 

absorption length of the order of -1  70 nm [26]. For the qualitative QIQE(Eph) trend, we 

observe a significant deviation from conventional semiconductor photovoltaics, where a step 

function of QIQE(Eph) with a value of zero for energies below the band gap and quantum 

efficiency close to 100% for excitations above the band gap is observed. Remarkably, QIQE(Eph) 

shows an almost linear increase with photon energy over the entire temperature range (125 and 

200 K in supplemental information [47]). Thus, for the quantum efficiency more charge carriers 

are harvested for higher photon energies. The small deviations from a monotonous increase at 

about 1.8 and 2.5 eV reflects that different transitions are involved in generating long living 

charge carriers. A linear fit according to 
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(eq. 13)    𝑄𝐼𝑄𝐸(𝑇, 𝐸) = 𝐶𝑄(𝑇) (𝐸 − 𝐸0𝑄(𝑇)), 

yields the parameters as shown in Table 2, too. 

Both prefactors Cu and CQ reflect the temperature dependence of Uoc and Jsc (Fig. 2). The 

minimum required excitation energies E0u and E0Q strongly decrease with decreasing 

temperature. Since E0u is underestimated compared to E0Q due to the change of photon flux with 

spectral variation, the onset energies of photovoltaic response do not seem to be very different 

for Jsc and Uoc. Such a temperature dependence cannot be associated with temperature 

dependence of the orbital order ‘band gap’ since this dependence is very small. The orbital 

order band gap is at about 1 to 1.2 eV and thus represents the ultimate lower limit of Jahn Teller 

polaron excitations in the orbital order state. 

 Uoc(T) QIQE 

T (K) CU (V/eV) E0u (eV) CQ (1/eV) E0Q (eV) 

200 0.50 1.63 0.0176 1.72 

150 12.57 1.41 0.3353 1.48 

125 17.09 0.89 0.0046 1.34 

Table 2: Fit parameters of the low-energy part of the energy-dependent open circuit voltage and internal 

quantum efficiency. The parameters are defined in equations (11) and (13). 

Figure 5(c,d) shows the spectral dependencies of cross over temperature T*(Eph) and energy 

barrier E(Eph) derived from the linear part of Uoc(T) as E(Eph) =Uoc(T->0). Remarkably, both 

show a strong spectral change. Clearly, E(Eph) should be constant in a bandgap semiconductor 

as described by in SQ theory. The strong increase of E(Eph) with photon energy without any 

sign of saturation is expected in a hot carrier solar cell and confirms that it is not an intrinsic 

electronic property, e.g. determined by band offset. It rather reflects that polarons with different 

excitation energy can overcome the interface barrier.  

4.3. Scaling behavior of Uoc(T, p, Eph) – impact of the phase transition 

In order to analyse the effect of the phase transition, we consider a scaling of the equilibrium 

order parameter with temperature in accordance to S = S0 (1-T/Tc)
y with a critical exponent y. 

Such a critical behaviour is typically found for second order phase transitions as it is observed 

for PCMO x=0.1 [26]. In order to take into consideration, the non-equilibrium properties 

measured in photovoltaic response, we replace the intrinsic equilibrium order-transition 

temperature Tc with a parameter T0(p,Eph), which depends on photon energy and power density. 

Indeed, although the absolute value of T0(p,Eph) is above that of the experimentally determined 

parameter T*(p,Eph), the trend of both parameters in p und Eph are similar. 

We replace equation (3) by the empirical relation 

(eq. 14a)  𝑈𝑜𝑐(𝑇, 𝑝, 𝐸𝑝ℎ) ≈ 𝑈𝑜 (𝑝, 𝐸𝑝ℎ) ∙ (1 −
𝑇

𝑇0(𝑝,𝐸𝑝ℎ)
)

𝑦

 

where, the temperature dependence is expressed by a scaling law typical for the temperature 

dependence of an order parameters for a second order phase transition, however, with an order 

temperature T0 that depends on the illumination conditions. 
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In addition, the maximum open circuit voltage U0 also depends on both, power density and 

photon energy. This is justified from our analysis described above that Uoc does not possess an 

intrinsic barrier and strongly deviates from the close to linear temperature dependence expected 

from the SQ theory. 

 
FIG. 6: Fit results for Uoc with empirical relation according to equation (14a), which includes an order parameter 

and y=3.5. (a) Selection of power density (green) and photon energy (blue) data points in comparison to the fit. 

(b) T0 and (c) U0 for both power density and photon energy. 

Fitting the experimental data of Uoc(T,p,Eph) (Fig. 2(c) and (d)) with respect to U0 and T0 indeed 

gives a good approximation. Although the energy dependence of both parameters is much 

stronger than the almost logarithmic dependence on power density (Fig. 6(b,c)), the same 

exponent of y=3.5 describes the temperature dependence rather well. Figure 6(a) reveals the 

experimental data, normalized according to Uoc(T,p,Eph)/Uo(p,Eph) and T/T0(p,Eph). For clarity, 
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only data at selected values of T/T0 are shown. Despite of good overall agreement, spreading of 

data points as well as small deviations to the slope, e.g., with regards to power density and 

energy dependence are visible. 

 

5. Discussion 

Summarizing the experimental results in this section, we discuss the physical origin of the 

deviations in Uoc(T,p,Eph), Jsc(T, p, Eph) of the manganite solar cell from the SQ theory, due to 

stabilisation of hot polarons by correlations and the impact of the temperature dependent order. 

This includes an interpretation of T*.  

Open circuit voltage  

The SQ theory predicts that the Fermi-level splitting and, therefore, the open circuit voltage 

depends logarithmically on the power density and has an intrinsic upper limit E that 

corresponds, e.g., for homojunctions, to the band gap. Due to the accumulation of the generated 

excess carriers at the band edges, no dependence on Eph is expected.  

Clearly, the hot polaron junction deviates from this behaviour: Uoc(p) exhibits a power law 

dependence below a critical power density and undergoes to an approximately logarithmic p 

dependence only above that threshold (Fig. 4(b)). We observe a strong dependence Uoc(Eph) on 

photon energy. Remarkably, the internal quantum efficiency does not follow the absorption 

coefficient A(Eph). Since the open circuit voltage reflects the Fermi-level splitting, these 

observations imply that the splitting is neither governed by the effective density of states at 

band edges, as in semiconductors, nor by the energy dependent density of states, reflected in 

A(Eph). Since the spectral dependence of the dipole matrix element is low in the studied energy 

range (see e.g. [52]), this implies a pronounced spectral dependence of the collection efficiency 

of hot polarons.  

Furthermore, an intrinsic upper limit of the open circuit limit is not observed. E(p,Eph) does 

not saturate in the studied photon power and spectral range. These results may imply a 

modification of equation (3c) according to: 

(eq. 15)   𝑞 ⋅ 𝑈𝑜𝑐(𝑝, 𝐸𝑝ℎ) = 𝛥𝐸(𝑝, 𝐸𝑝ℎ) − 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝐶( 𝑝,𝐸𝑝ℎ)

𝑛(𝑝,𝐸𝑝ℎ)
) 

It is important to note that even in a non-degenerate conventional semiconductor, Nc represents 

an effective density of states that is integrated over the thermal energy distribution of carriers 

at the band edges. In addition, for manganites, the approximation of rigid bands, where the 

density of states is independent of their population is not valid. Due to the Jahn-Teller splitting, 

the removal of an electron from the lower eg bands leads to a shift of this empty state to the 

upper non-occupied eg states. Vice versa, the occupation of a former unoccupied state by an 

excited charge leads to a structural relaxation of this state to the occupied eg levels. The rate of 

such a Jahn-Teller structural dynamics strongly depends on the orbital order. This has the 

consequence that the correction to the linear temperature dependence given in equation (15) 

becomes strong due to the ordering phase transition. 

Indeed, the remarkably good fit of Uoc(T, p, Eph) by an empirical scaling law equation (14a) 

with an exponent of y=3.5 from fit of the data shows a strong deviation from the linear 

behaviour. Comparing equation (15) with the SQ theory by rewriting equation (3c) as 
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(eq. 14b)  𝑈𝑜𝑐 = ∆𝐸 (1 −
𝑇

𝑇0
) , 𝑇0 ≡

∆𝐸

𝑘 ln(
𝑁𝑐
𝑛

)
.  

would predict a critical exponent y = 1 in strong contrast to the fit. This indicates that the 

temperature dependent order parameter is reflected in the Uoc(T,p,Eph) behaviour as evidenced 

from the nice scaling behaviour using eq. (14a). 

Order parameter and T* 

A significant Fermi level splitting reflected in the open circuit voltage is only present below the 

crossover temperature T* that characterizes turning point from a very small Uoc value to a 

significant increase of Uoc with decreasing T. Therefore, T* reflects the onset of Fermi level 

splitting as a function of both power density and photon energy. The increase of T* with power 

density (Fig. 4(c)) and with Eph (Fig. 5c) reflects an increase of Fermi level splitting due to a 

higher density and higher energy of excited carriers. On the other hand, at constant p and Eph, 

a higher fermi level splitting can be reached by in increasing order parameter. Since these 

change of T*(p,Eph) reflect the change in Fermi level splitting, it only indirectly reflects the 

equilibrium transition temperature of the phase transition. We suggest that the temperature 

dependent order parameter s(T) determines the change of the lifetime of hot polaron excitations 

from very fast structural relaxation in the range of ps in the disordered state to stabilized hot 

polarons on a ns timescale in the ordered state. 

Short circuit current density 

The short circuit current density Jsc is orders of magnitude smaller than predicted from lifetime 

and polaron mobility (see section 3.2). Since our analysis considers that only electron-hole pair 

generation in the diffusion zone contributes to Jsc, the huge difference points to additional loss 

channels that affect the collection probability of hot polarons. This might be related to the 

polaron transfer process across the interface of the junction. As discussed above, the 

temperature dependence of Jsc is governed by two counteracting effects, i.e., increase of lifetime 

when approaching the ordered state and decrease of mobility at decreasing temperature. This 

results in maximum Jsc at characteristic temperature Tmax (Fig. 2(b)). The shift of Tmax with 

increasing power density to higher temperatures may thus reflect a charge mobility of excited 

carriers above the mobility in the dark state, e.g., due to a change of the activation barrier for 

polaron hopping. Remarkably, the temperature of maximum Jsc almost coincides with T* 

deduced from onset of the open circuit voltage. This confirms that an increase of T* and thus 

of Fermi level splitting with increasing power density is due to a higher concentration of long 

living electron hole pairs. 

In summary, the Shockley Queisser theory fails to explain several significant aspects observed 

for the hot polaron photovoltaic system. The characteristic parameters Jsc and Uoc exhibit a 

dependence on power density and photon energy that is qualitatively different and reflect 

stronger the spectral distribution of excited carrier concentration. For the power dependence, 

even two different regimes are observed, where the p-dependent response is reduced at higher 

power densities. This might indicate an onset of excitation induced disordering, although the 

concentration of excited carriers is still very much below that of predicted optically induced 

phase transitions [53]. Additionally, the barrier for the recombination current E varies with 

photon energy and power density and is therefore no longer an intrinsic quantity that is fixed 

by interfacial band offset. This suggests, that hot polarons can contribute to the recombination 

current across the junction.  
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We identified two main origins of the still low efficiency of the hot polaron solar cells: The 

small diffusion length compared to the photon absorption length that results in a small quantum 

efficiency below 1 % and a low collection efficiency of hot polarons at the interface or at 

contacts that further reduces the short circuit current density. Since hot polaron stabilization 

requires the ordered phase, the theoretical description of such solar cells requires the analysis 

of the interplay of temperature dependent order and hot polaron carrier kinetics. Accordingly, 

we introduce the crossover temperature T* for Uoc and Tmax for Jsc. T* marks an increase of hot 

electron hole polaron pair lifetime at lower temperatures. The structural relaxation of excited 

Jahn-Teller polarons slows down significantly at T*(p) which is thus governed by both the order 

transition as well as the hot carrier concentration. It might be interesting to study photovoltaic 

response at much higher photon power where optically induced phase transitions are expected, 

as predicted e.g. in [53,54] for higher doped systems. 

 

Appendix A: Experimental Methods 

1. Photovoltaic junctions 

The photovoltaic PCMO/STNO heterojunctions studied here, consist of a 100 nm thin epitaxial 

Pr1-xCaxMnO3 (PCMO) film with doping of x=0.1 on single-crystalline Nb doped (100) SrTiO3 

(STNO) substrate (Appendix A1). The thin film shows orbital order (OO) below a transition 

temperature of Tc=220-240 K. The sample characteristics is studied in detail elsewhere [26]. 

There, we reported the presence of a 2nd order orbital order-transition which is at much lower 

temperatures than proposed by former phase diagram [55]. The optical hot polaron excitations 

occur in an energy range of 1.2-2.0 eV by intraband eg transitions which are split by the 

formation of Jahn-Teller polarons. Other transitions set in at higher energy, i.e., transitions to 

Mn-3d t2g states above 2 eV and charge transfer transitions above 2.6 eV. The onset of polaron 

absorption at about 1.2 eV is due to the polaron formation in the orbital ordered state and 

therefore fundamentally different from the intrinsic band gaps in conventional semiconductor 

systems. The optical excitations in Nb doped SrTiO3 are excluded in our experiments by using 

a cut-off filter (Appendix A2).  

2. Sputter deposition 

Epitaxial thin films of Pr0.09Ca0.1MnO3 are deposited on SrTiO3: Nb0.5wt% substrates by means 

of ion-beam deposition. During deposition Argon beam as neutralizer was set to a pressure of 

PAr=310-4 mbar and Xenon gas for sputtering was set at PXe=110-4 mbar. In order to avoid 

significant oxygen depletion additional oxygen was inserted into the chamber at PO2=1.410-4 

mbar. The heater was fixed to a set temperature of T=820° C. Additional information on sample 

preparation and characteristic film properties such as Xray diffraction, resistivity, magnetic 

properties are published in [26]. 

3. Photovoltaic property measurements 

For the measurements the previously reported sample geometry was applied [26] and the 

current densities are normalized to the 4 x 1 mm2 top Pt contact. 

The electric characterization was performed through two-point geometry and exclusion of 

contribution to the resistance by the connecting cables. The voltage source and ammeter was a 

Keithley 2430, while the voltage drop across the sample was measured by Keithley 2182A 

Nanovoltmeter. The sample was set up in a Cryostat by Cryovac with a suprasil window and 

measured in a temperature range of 80 K to 300 K. 
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For illumination two different light sources were applied. For the spectrally resolved 

measurements the light source was a 300W Xe lamp with LOT Omni 300 monochromator. The 

power density was calibrated to 200 µW using a calibrated Laserpoint Silicon diode. As a 

second light source a LOT 150W Xe-UV lamp was fixed to a power source output fixed at 175 

mW and focused on a 3 mm diameter light spot. For the spectral limited measurements cut-off 

filters by Schott with Emax of 1.8, 2.0, 2.2 eV were added to the beam bath. For power density 

measurements additional metallic coated neutral density filters by Quantum Design were 

included. 

 

4. Absorption 

The optical property measured in transmission was set up in a photon energy range of Eph=1.13-

6.2eV. As a light source an OceanOptics DH-2000 Halogen light coupled into a fiberglass 

QP400-2-SR-BX was used. The Maya2000Pro served as the spectrometer and a dark spectrum 

baseline subtraction was performed. For reflection correction a fixed baseline value of R=30 % 

was applied. 
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Chapter 7

General Discussion and Summary

In this thesis the conversion of photon to electrical energy in highly correlated materials in
the model system of manganite perovskite/titanite heterojunction is explored. The focus
is placed on investigating the fundamental mechanisms of photovoltaic energy conversion,
in particular the impact of correlation effects, on this process within these hot polaron
solar cells.
The presented junctions are composed of thin films of Pr0.5Ca1.5MnO4 (RP PCMO) and
Pr1−xCaxMnO3 x = 0.1 and Nb-doped SrT iO3 (STNO) substrates. Central topics are
the photovoltaic characterization and investigation of material properties, specifically with
regards to order phenomena. The photovoltaic properties are investigated as a function of
temperature T , power density p and photon energy Eph. Hereby, high quality and well
characterized thin films prepared on different substrates are required.
A key result is that cooperative long-range order is required for photovoltaic energy
conversion in hot polaron solar cells. Ifland et al. first proposed this hypothesis based
on the photovoltaic studies of charge and orbital ordered PCMO x = 0.34 [86]. Within
the scope of this thesis the investigation is extended to two additional materials with
different ordered ground states. The concept is verified, because hot polaron photovoltaics
is established in the purely orbital order phase of PCMO x = 0.1 and in the charge and
orbital order phase of RP PCMO. A pronounced open circuit voltage, which increases
nearly linear with decreasing temperature, is only observed in the order phase, whereas Uoc

is exponentially small in the disorder phase. A characteristic temperature for vanishing
Uoc can be defined and for a power density of p=16 kW/m2 this characteristic temperature
coincides with the onset of order phenomena.
Within the framework of this thesis a generalized concept for a new type of phonon
bottleneck for the photovoltaic energy conversion in hot polaron solar cells is proposed.
Thereby, hot charge carriers are stabilized through cooperative long-range order and these
now long-living hot carriers can be harvested for photovoltaic energy conversion. These
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long-living states with lifetimes of the order of nanoseconds have been experimentally
observed for charge and orbital ordered PCMO x = 0.34 and for purely orbital ordered
PCMO x = 0.1 by transient pump probe measurements [79, 106]. For the intraband
excitation between occupied and unoccupied eg states (Jahn–Teller transition) and relevant
relaxation process of the Jahn–Teller Mn–O–Mn dimer, a model along the following
lines is proposed. The rapid structural relaxation through a conical intersection of the
potential energy surfaces for a single isolated MnO6 octahedra can be suppressed by
placing the octahedra into a cooperative environment [79]. This results in a shift of the
conical intersection between potential surfaces and establishes states with sufficiently long
lifetimes [79].
Additionally, hot polaron photovoltaics is observed in the magnetic ordered phase of
PCMO x = 0.95 [86]. As the manganese valence is mainly Mn4+, this material has no
static Jahn–Teller effect and thus, the charge transfer excitation result in the observed
photovoltaic effect. In the materials investigated within this thesis both Jahn–Teller
transition and charge transfer transition are explored.
The verification of the new phonon bottleneck principle is carried out in two model
systems: charge and orbital order Pr0.5Ca1.5MnO4 (RP PCMO) and purely orbital order
Pr1−xCaxMnO3 x = 0.1.
In Chapter 4 proof of principle for the design of a room temperature RP PCMO hot
polaron solar cell is demonstrated. Epitaxial thin RP PCMO films with an in plane
alignment of the c-axis and a high quality interface were prepared by means of MAD (by
A. Belenchuk, O. Shapoval and V. Moshnyaga) and as well as IBS [87, 88]. The quasi 2D
layered Ruddlesden Popper structure in combination with small out-of-plain strains of
the prepared thin films yielded a charge and orbital order transition temperature of 320
K. Consequently, an order transition temperature not only significantly higher than the
typical transition temperatures observed in their 3D counterparts, but also well above room
temperature, has been achieved. Illumination with photon energies well below the band
gap of STNO yields a pronounced photovoltaic effect that is only caused by excitations in
the manganite. Due to the charge order at room temperature, it was possible to achieve
room temperature hot polaron photovoltaics for the first time.
Chapter 5 demonstrates the close correlation between electronic phase diagram and
photovoltaic effect for the purely orbital order PCMO x = 0.1 (see Fig. 7.1). According
to the commonly accepted phase diagram by Jirak et al. the orbital order transition
temperature amounts to about 600 K for x = 0.1 [89]. The photon bottleneck model
therefore predicts a characteristic temperature for the pronounced increase of the open
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Figure 7.1: Phase diagram for the 3D Pr1−xCaxMnO3 perovskite according to [106] (see
Chapter 5) shows the purely orbital order phase for doping x < 0.28 and
the charge and orbital order phase for 0.28 < x < 0.9. At low temperatures
different magnetic ground states such as antiferromagnetic insulating (AFI)
and ferromagnetic insulting (FMI) emerge.

circuit voltage at similar temperatures. However, experimentally a pronounced open circuit
voltage is only present well below room temperature, as the characteristic temperature for
vanishing is observed at about T = 220 K.
This apparent contradiction prompted a closer investigation of the orbital order phase
of x = 0.1. Since the orbital order cannot be measured directly, several complementary
properties were investigated within the relevant temperature range. Here, changes and
anomalies well below room temperature were found in optical absorption, electric transport,
magnetization, and ultra-fast transient pump probe studies. For bulk material changes
in the temperature dependence of lattice parameters and thermal expansion are evident.
This is additionally strengthened by theoretical finite-temperature simulations performed
by M. ten Brink using a tight-binding model, which reveals an orbital order transition at
300 K [106]. When considered together, these results collectively indicate a second order
phase transition in a temperature regime of 200 – 240 K.
As the phase diagram indicates, PCMO undergoes a structural transition from pseudo-cubic
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to orthorhombic at high temperatures, which results in tilt and distortion of the Mn − O

octahedra and the emergence of static Jahn–Teller effect. Therefore, this phase transition
was equated with the orbital order transition in the original phase diagram by Jirak. This
structural high temperature transition was also observed in a PCMO x = 0.1 thin film by
T. Meyer by environmental in-situ heating nano-beam electron diffraction, demonstrating
a slightly reduced transition temperature [144]. Two aspects for orbital order must be
considered separately: At the high temperature orthorhombic phase transition, orbital
polarization is induced by the octahedral tilt pattern, which couples to the Jahn–Teller
distortion. However, at lower temperatures, a second phase transition to spontaneous
orbital order, driven by electronic correlations, occurs. Thus, only the low temperature,
orbital ordered phase fulfills the required cooperative phenomena in order to stabilize the
long living hot polaron states for photovoltaic energy conversion.
In Chapter 6 the dependence of the open circuit Uoc and the short circuit voltage on
temperature T , power density p and photon energy Eph is investigated. Due to the different
nature of the mechanism for photovoltaic energy conversion in hot polaron systems and
conventional solar cells, major deviations to the Shockley–Queisser theory for conventional
semiconductors are observed. The dependence of the internal quantum efficiency on
photon energy is quite different. Because all charge carriers relax to the band edge in the
conventional semiconductor model, they are extracted at the same energy and thus, the
internal quantum efficiency is independent of the photon energy for excitation energies
above the band gap. In contrast, in hot carrier systems, electron–hole pairs generated by a
variety of different photon energies can be harvested. Experimentally, the internal quantum
efficiency for monochromatic illumination in the PCMO x = 0.1 junction increases linearly
with increasing photon energy.
In contrast to the prediction of the SQ model, the short circuit current density and the
open circuit voltage exhibit two distinct regimes with respect to dependence on incident
power density and in the higher power densities regime the response of both parameters is
reduced. Additionally, the short circuit current density Jsc is orders of magnitude smaller
than the lifetime and polaron mobility would lead one to expect. This indicates additional
loss channels in the hot polaron solar cells, which significantly reduce the collection of hot
polarons.
A new characteristic photovoltaic parameter T ∗ is introduced. T ∗ is defined as the
characteristic turning point from a very small Uoc value to a significant increase of Uoc with
decreasing T . Remarkably T ∗ can be tuned through power density and photon energy
as T ∗ decreases with increasing p and Eph. The temperature T ∗ is governed by the hot
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carrier concentration and the order transition, as carrier lifetime increases towards lower
temperatures.
As hot polaron solar cells, the investigated materials belong to third generation solar
cells. They fall within the concept of slowing down of hot carrier thermalization and
the corresponding harvest of such hot charge carriers. However, the new type of phonon
bottleneck differs in approach and mechanism compared to the typical phonon bottleneck
observed in for example Halides and Quantum dots. For the latter, the phonon interactions
are suppressed. With this new type of phonon bottleneck, the strong electron-phonon
interaction is turned into an advantage and utilized, because the cooperative correlations
stabilize the hot polaron state.
However, very small overall efficiencies are observed for the hot polaron solar cells. This
can be traced back to several different reasons and fundamental mechanisms. Only charge
carriers generated in the material volume, which is composed of the space charge region and
the diffusion length distance from the space charge region, contribute to the photovoltaic
effect. The number of charge carriers generated within this volume depends among other
things on the absorption of the materials. The intrinsic material variable of absorption
length is defined as the distance, in which the fraction 1/e (or 63 %) of the incident photons
has been absorbed. The excited charges are separated within the space charge region and
transported through the material to the contacts, through which they finally are extracted
as current. These loss processes, that affect the collection of charges, are summarized in
the collection probability. As indicated in Chapter 6, the hot polaron solar cells exhibit
small quantum efficiency and small collection probability, which are influenced by different
factors:

• With a space charge region of approximately 1 nm and a diffusion length of the excited
charge carriers in the order of 2 nm, the active material volume for charge carriers
generation, which can be utilized the photovoltaic effect, is small. Additionally, space
charge region and diffusion length are significantly smaller than the length scale of
absorption, which is in the order of 70 nm. Therefore, only a small fraction of the
generated electron-hole-pairs can be utilized for photovoltaic energy conversion.

• The transfer of the charges across the interface is accompanied by a change in nature
of the polaron, as the excited electron polarons in the PCMO component converts
into a large polaron in the STNO component. Additionally, the currently applied
contacts are not electronically optimized for hot carrier extraction. Accordingly,
significant losses are expected for this process.
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Strategies to overcome these limits are given by, but not limited to:

• The number of charge carriers generated within the active volume relevant for the
photovoltaics can be significantly increased by decreasing the absorption length,
while simultaneously reducing the manganese film thickness. For this design concept
a 5 – 10 nm thick film with almost full absorption on this length scale is proposed.
The absorption of the film could be increased through plasmonic concept, where
high electric fields lead to higher absorption [145, 146].

• By increasing the diffusion length and thus increasing the active generation volume,
the number of charge carriers, which can be utilized for photovoltaic energy conversion,
can also be increased. As the diffusion length is determined by mobility and lifetime
of charge carrier, increasing either of these factors would increase the volume.

• The collection probability can be increased through electrical and structural interface
design e. g. increase the width of the space charge region, increase the transfer
probability across the interface, as well as the integration of energy-selective or
energy specific contacts.

The mobility and lifetime of the hot charge carriers and their interplay are possible
parameters for tuning the photovoltaic energy conversion in hot polaron solar cells. One
question raised, is, if the mobility and diffusion length can be modified separately. Within
the non-rigid band of the manganite, the excitation of charge carriers impacts and modifies
the density of states and additionally induces localized disruption. Open questions remain,
how the excited state influences the mobility of the charge carrier and can the mobility be
tuned. Additionally, the impact of correlation and different order ground states on the life
time of the hot polaron states can be further explored.
The RP PCMO room temperature hot polaron solar cell now enables investigations at room
temperature. In the context of material development, the Ruddlesden-Popper n = 2 phase
is an additional model system for the systematically study the correlation between charge
and orbital order transition temperature and photovoltaic energy conversion. As the order
transition temperature is shifted to higher temperatures, the question is raised whether
short circuit current density and open circuit voltage at room temperature simultaneously
increase. With access to additional types of order states, such as additional short range
charge order, the impact of correlation and order on the lifetime of hot polarons can be
further extended. For illumination conditions applied in this thesis, the mean distance
between two simultaneous excitation events is large and thus, no interaction is expected.

98



CHAPTER 7. GENERAL DISCUSSION AND SUMMARY

Accordingly, the global order parameter is not changed, i.e., reduced. Under high excitation
density, where correspondingly significant proportion of distorted areas are introduced
into the material, the global order parameter could be reduced. Implementing laser
light sources will give access to very high incident power density, thus, aspects such as
collective distortion, interaction between excitation events and even optically induced
phase transitions come into play [147–149].
Further research is needed to determine the respective role of the charge order compared
to the orbital order in the stabilization of the hot polaron state. One could cautiously
hypothesise that orbital order is the fundamental requirement and that the charge order
further improves the stabilization of the long-living state. Strong correlation between
order and pronounced open circuit voltage is demonstrated for orbital as well as orbital
and charge ordered systems. However, the questions arises which other types of order
besides orbital/charge order contribute to long-living states.

99





Appendix A

Supplemental Material for Room-temperature
Hot-polaron Photovoltaics in the Charge-ordered
State of a Layered Perovskite Oxide
Heterojunction

101



Supplemental Material for  

Room-temperature hot-polaron photovoltaics in the charge-ordered state of a layered 
perovskite oxide heterojunction 

B. Kressdorf1, T. Meyer2, A. Belenchuk3,4, O. Shapoval3,4, M. ten Brink5, S. Melles1, 
 U. Ross1, J. Hoffmann1, V. Moshnyaga3, M. Seibt2, P. Blöchl5,6, C. Jooss1 

1University of Goettingen, Institute of Materials Physics, Friedrich-Hund-
Platz 1, 37077 Goettingen, Germany 

2University of Goettingen, 4th Physical Institute – Solids and Nanostructures, 
Friedrich-Hund-Platz 1, 37077 Goettingen, Germany 

3University of Goettingen, 1st Physical Institute, Friedrich-Hund-Platz 1, 
37077 Goettingen, Germany 

4IIEN, Academy of Sciences in Moldova, str. Academiei 3/3, MD-2028, 
Chisinau, Moldova 

5Institute for Theoretical Physics, University of Goettingen, Friedrich-Hund-
Platz 1, 37077 Goettingen Germany 

6Institute for Theoretical Physics, Clausthal University of Technology, 
Leibnizstr. 10. D-38678 Clausthal-Zellerfeld, Germany 

(Dated: October 15, 2020) 
I. X-ray diffraction (XRD) 

XRD in Θ−2Θ Bragg-Brentano geometry was 
performed with a Bruker D8 Discover system with 
monochromatic Cu Kα1 radiation.  

 
FIG S1.  a) XRD patterns of the MAD grown [100]/[010] 
oriented RP-PCMO films on a (011) STNO substrate. 
Beside reflections of the substrate only the RP-PCMO 
[200]/[020] peak and higher orders are visible. b) Detail of 
the diffractogram showing angular position and relative 
height of possible misorientation reflections (black bars) 
which are however not detected within detection limit. 

 
FIG S2. A comparison of XRD patterns of MAD- and IBS-
prepared RP-PCMO films on [011] STO. 

The diffractogram of the PR-PCMO film only 
reveals reflections corresponding to a [100]/[010] 
growth direction. No peaks of possible 
misorientations are visible (Fig. S1a, b). Figure S2 
shows the comparson of [100]/[010] films on (011) 
STNO, grown by metalorganic aerosol deposition (MAD) 
and ion beam sputtering (IBS). 

 

II. Film grown by means of IBS 
 

The thin film epitaxial growth was checked by XRD 
(Fig. S2) and annular dark field (ADF) scanning 
transmission electron microscopy (STEM) (Fig. S3) 
and reveals the same [100]/[010] growth orientation 
as films prepared by MAD. Furthermore, the IBS 
grown films reveal a similar out-of-plane strain state, 
as well as a comparable photovoltaic response 
compared to the MAD prepared film. Therefore, 
MAD and IBS result in films with same epitaxial 
relationships as well as comparable bulk properties.  
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FIG. S3. High-resolution ADF-STEM image of the 
interface of MAD grown RP-PCMO on STO in STO [100] 
zone axis. A misfit dislocation is marked by the red 
symbol.  

 
III. Electric characterization 

Using film thickness of 30 nm, film width of 4 mm 
and a distance between the contacts of 2 mm, the 
resistance at room temperature and at zero magnetic 
field corresponds to a resistivity parallel to the c-axis 
of 0.46 Ωcm.  

After cooling down the sample to 150 K in zero field, 
a magnetic field of 9 T was applied and the sample 
was heated up to room temperature. The resistance 
at room temperature and 9 T corresponds to a 
resistivity of 0.6 Ωcm. We expect that the small 
increase in resistivity reflects hysteretic behavior in 
the charge ordering phase transition.  

In order to investigate the cross-plane electric 
transport of RP-PCMO/STNO heterojunctions in the 
dark and under illumination, Pt contacts were 
deposited on top of the RP-PCMO film and Ti/Au 
layers on the rear side of the STNO substrates. Here, 
the Ti layer is used to avoid formation of a Schottky-
barrier at the metal/STNO interface and the Au layer 
serves as a protection layer. Top and bottom contact 
were connected to a Keithley 2430, which served as 
voltage source and ammeter. 

At room temperature, the resistivity is of the order of 
30 mΩcm for STNO and of the order of 1 Ωcm for 
RP-PCMO in the charge ordered phase [1], 
respectively. In cross-section measurements, this 
would lead to a resistance contribution of the 
manganite film of approx. 10-3 Ω. However, the two-
point cross-plane resistance between the top and 
bottom contacts (2.8 x 105 Ω) is orders of magnitude 
larger than that expected from the bulk resistivity. 
Therefore, the interface resistances Pt/RP-PCMO 
and RP-PCMO/STNO dominate the total cross-
plane resistance Rcp. For a contact area of A = 4 mm2, 
Rcp corresponds to a contact resistance of Rc = Rcp x 
A =1.1 x 104 Ωcm2. Within the equivalent circuit 

model of a solar cell, the interface contact resistance 
corresponds to the shunt resistance. 

Fig. S4a shows temperature-dependent resistances 
normalized to the room temperature values; in-plane 
in zero magnetic field and 9 T and cross-plane in 
zero field. The different data points almost follow the 
same master curve (especially above 200 K), 
indicating that the activation barrier of polaronic 
mobility is only weekly affected by magnetic fields 
and quite similar in in-plane and cross-plane 
direction. 

Fig S4b shows Arrhenius-type analysis for two films 
of different thicknesses. At high temperature range 
of constant slope is visible, where a fit is performed 
to deduce the activation energy in the charge-
disordered HT-phase. At lower temperatures, the 
dependence is non-linear and the change in slope 
indicates the charge-ordering temperature TCO. Due 
to higher volume of material the change in resistance 
and slope is more pronounced for the 200 nm film 
but TCO is almost unaffected by the film thickness. 

 
FIG. S4. a) Temperature dependence of resistance 
normalized to room temperature value. In-plane resistance 
in zero-field (black squares) and at 9 T (red circles) of a 30 
nm thick RP-PCMO film on insulating (110) STO. The 
sample was analyzed twice at an interval of 3 months 
(green triangles). Cross-plane resistance was measured for 
a 60 nm thick sample on STNO (blue diamonds). b) 
Temperature dependence of the Arrhenius-type 
representation R/T vs. 1/T of a 30 nm and 200 nm thick 
film. The change in slopes in the Arrhenius plot indicate 
the charge ordering temperature of Tco ≈ 320 K. 
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IV. Optical characterization 
The reflectance is measured with the addition of a 
UV-enhanced AU mirror (Thorlabs) which provides 
a reference spectrum. The measured transmittance 
and reflectance are shown in Fig. S5 a. 
Measurements of reflectance in the NIR regime were 
not possible in our current setup due to low signal-
to-noise ratio. In such a measurement setup 
transmission will be underestimated due to, e.g., 
additional contributions from the substrate, whereas 
the reflection is overestimated due to contributions 
of double reflections, interface and substrate 
contributions. Therefore, a fixed reflectance value of 
R0=0.3 was assumed over the entire spectral range 
for the calculation of the absorption coefficient in the 
main text. Note, that the exact value of R0 shifts the 
absolute value of the absorption coefficient but the 
peak positions of the absorption bands remain fixed. 
In Fig S5 b) the comparison between two different 
RP samples shows similar transmission spectra. The 
absolute value of transmittance in sample 2 is higher 
than in sample 1. Since the reflectance of samples 
strongly depend on surface, which in turn changes 
due to contamination during measurements, sample 
age, a variation in absolute transmittance for 
different samples is expected. Even though the 
absolute value of the transmittance differs, the 
general shape of 3 observed peaks and their energetic 
positions does not change. In sample 2 the C peak 
intensity is stronger whereas the B peak intensity is 
diminished in comparison to sample 1. 

 
FIG. S5. a) Spectra of reflectance and transmittance at 
room temperature of an RP-PCMO film with thickness 
d=100nm. b) Comparison of the transmittance spectra for 
two d=100nm samples. 

V. Density of states 
The density functional calculations for the density of 
states were performed analogous to a previous 
publication [2]. The calculations based on the 
projector augmented wave method (PAW) [3] using 
the PBE0r hybrid functional introduced in Ref [2]. 
The PBE0r exchange and double-counting 
correction terms are expressed in terms of a set of 
local orbitals. 

The augmentation of the orbital shells, the 
construction and radii of the nodeless partial waves, 
the plane-wave cutoffs, the hybrid mixing factors 
and the PBE0r local orbitals are chosen similar as in 
Ref. [2], and summarized in table T1.  

orbital shells of 
augmentation 

 

Pr 
Ca 
Mn 
O 

5s,6s,5p,6p,5d,4f 
3s,4s,3p,4p,3d 

4s,4p,3d 
2s,2p,3d 

partial waves for 
augmentation 

 

construction method 

matching radii for Pr  

 

matching radii for Ca  

matching radii for Mn  

matching radii for O  

nodeless partial waves [4] 

s: 0.84, p: 0.77, d: 0.8,  

f:0.7 

all angular momenta: 0.6 

all angular momenta: 1 

all angular momenta: 0.85 

plane-wave cutoffs  

auxiliary wave function 

auxiliary density 

40 Ry 

80 Ry 

hybrid mixing factors  

Pr 
Ca 
Mn 
O 

0.15 
0.1 

0.07 
0.1 

PBE0r local orbitals  

construction method 
 
 

orbital sets for Pr 
orbital sets for Ca 
orbital sets for Mn 
orbital sets for O 

tight-binding linear 
muffin 

tin orbitals [5] with 
nodeless 

partial waves 
5s,5p,5d,4f 

3s,3p 
4s,3d 
2s,2p 

TAB. T1. Parameters of the density functional 
calculations. All parameters listed here are chosen similar 
as in [2] and described in more detail there. 
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The calculations were performed in a 2x2x1 
supercell of the original Fmm2 unit cell, with total 
lattice parameters a=10.730 Å, b=10.709 Å and 
c=11.840 Å, corresponding to two manganese planes 
with eight manganese atoms each. A k-point 
integration grid of (4x4x4) reciprocal lattice vectors 
was used. Starting from an initial magnetic structure 
corresponding to CE-type magnetic chains (see [6]), 
both electronic and atomic degrees of freedom were 
relaxed. 
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I. Microstructural characterization of epitaxial thin film junctions  

Figure S1 shows the structural characterization of a typical Pr0.9Ca0.1MnO3 (PCMO x=0.1) on 
STO/STNO substrates by x-ray diffraction (XRD) measurements and transmission electron (TEM) 
studies. In the Pbnm notation, epitaxial relations typically observed for PCMO films on (100) STO are  

[001]oop STO || [001]oop PCMO with [110]ip STO || [100]ip PCMO or [110]ip STO || [010]ip PCMO 

and 
[001]oop STO || [110]oop PCMO with [100]ip STO || [001]ip PCMO or [010]ip STO || [001]ip PCMO 

Here, oop corresponds to the epitaxial relation perpendicular to the substrate and ip to the in-plane 
configuration. Additional exchange of the a and b directions of PCMO leads to six different twin 
domains. 
The XRD scan in Fig. S1 (a) reveals that PCMO x=0.1 on STO has two out-of-plane growth orinetations, 
[110] and [001], that corresponds to the usually observed twinning. No additional orientations are 
visible. By considering the different structure factors of [220] and [004] reflections, the intensity ratio 
of the experimentally observed peaks implies predominantly [001] growth with a volume fraction of 
about 85%. This has been confirmed by TEM annular dark-field (ADF) imaging of cross plane lamellas.  

Electron-transparent lamellae in cross-section geometry were prepared by means of focused ion-beam 
etching (FEI Nova NanoLab Dual Beam system) using an acceleration voltage of 5 kV during the final 
thinning step. The TEM measurements were carried out in an FEI Titan 80-300 operated at 300kV and 
equipped with a Gatan Quantum 965 ER image filter. Selective area electron diffraction (SAED) was 
performed with a 10 µm aperture that approximately corresponds to a lateral size of about 170 nm in the 
image plane. Scanning TEM (STEM) images with an annular dark field (ADF) detector were taken at 
an electron current of 42 pA with an inner and outer acceptance semi-angle of 46.8 mrad and 200 mrad, 
respectively (camera length 38 mm). Electron energy loss spectroscopy (EELS) data acquisition was 
performed at a beam current of 150 pA and at a collection semi-angle of 39 mrad. 

Fig. S1 (b) shows a typical columnar pattern of (001) oriented quite regularly arranged domains with a 
size of 100-150 nm. Remarkably, the interface between STO and PCMO x=0.1 is almost coherent with 
a very low density of dislocations (Fig. S1 (c)), although the nominal lattice mismatch is rather large. 
EELS analysis confirms a chemically sharp interface with no interdiffusion (Fig S1 (d)). 

The formation of [110] and [001] orientational twin domains is a result of the local symmetry breaking 
in the cubic to orthorhombic phase transition above 600 K [1]. In addition to the (minor) contribution of 
(220) orientations they are visible by subsequent alternation of PCMO x=0.1 in-plane [100] and [010] 
orientations within the (001) oriented domains. Post-annealing of the sample at 900o C gives rise to a 
quite strong relaxation of the small volume fraction of (110) oriented domains and a pronounced 
reduction of the out-of-plane strain εoop (Fig. S1 (a)).  
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The strain stress state in our thin films can be determined through the XRD measurement. According 
to [2], the lattice parameters of PCMO x=0.1 are a=0.5442 nm, b=0.5617 nm and c=0.7635 nm. Using 
the lattice constant of STO of 0.3905 nm, the lattice mismatches for [001] growth correspond to εip(a) = 
1.48 % ([110]ip STO || [100]ip PCMO) and εip(b) = -1.68 % ([110]ip STO || [010]ip PCMO).  

From simple isotropic elastic consideration, the out-of-plane strain εoop should be of the order of 

(1) 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 ≈ − 𝜈𝜈
1−𝜈𝜈

 �𝜀𝜀𝑖𝑖𝑖𝑖(𝑎𝑎) + 𝜀𝜀𝑖𝑖𝑖𝑖(𝑏𝑏)�, 
where Poisson's ratio of PCMO is about 0.3. Therefore, one would expect an out-of-plane strain of the 
order of 0.1% which is considerably smaller than the experimentally observed εoop = 0.8% deduced from 
the plane spacing of the [004] reflection. This suggests an additional compressive in-plane strain 
component. Since this additional component almost vanished after post-annealing (see main text), 
preparation-induced defects are the most likely source of this strain. 

 
FIG. S1: Structural characterization of PCMO x=0.1 thin films on STO substrates. Because of nearly identical 
lattice constant, the same structure is observed on Nb-doped STO. (a) XRD of the PCMO x=0.1 film on (100) 
STO, as-prepared and post-annealed for 4h at 900o C in air. The black lines indicate the angular peak positions of 
(220) and (004) for bulk PCMO x=0.1 [2]. (b) Annular dark field (ADF)-STEM image showing the nano twinned 
microstructure of PCMO x=0.1 films on STO. (c) ADF-HRSTEM of a [001] twin domain showing a coherent 
interface between film and substrate. (d) Normalized EELS profile reveals no chemical segregation or 
interdiffusion at the interface. 

In Fig. S2 the complementary structural characterization of an as-prepared PCMO x=0.1 film on (100) 
MgO by XRD and TEM studies is shown. Similar to the films grown on STO the XRD scan (Fig. S2 
(a)) reveals epitaxial growth with the twinning of [110] and [001] out-of plane directions. In contrast to 
STO, the film growth on MgO is dominated by the [110] orientation and only the asymmetric, shoulder-
like intensity distribution of the substrate peak hints to a small [001] contribution. No additional miss-109



orientations are observed. Similar to films of STO the reduced angle of both orientations indicates a 
compressive in plane strain. For [220] reflection the strain arises to εoop = 1.1%. 
TEM studies in Fig. S2 (b)-(d) confirm the epitaxial growth with preferred [110] orientation and the 
absence of interfacial chemical interdiffusion between the MgO substrate and the PCMO film.  

 

FIG. S2: Structural characterization of an as-prepared PCMO x=0.1 film on MgO. (a) XRD scan , where the peak 
positions of (220) and (004) for bulk PCMO x=0.1 have been included [2]. (b) ADF-STEM image showing a flat 
film with a columnar structure of (110) oriented domains. Electron diffraction indicates that the c-axis is in-plane 
and alternates between the [100] and [010] directions of the MgO substrate (not shown). (c) The ADF-HRSTEM 
of a [110] oriented twin domain reveals a semicoherent interface with some misfit dislocations. (d) Normalized 
EELS profile reveals no chemical segregation or interdiffusion at the interface. 

II. Resistivity and logarithmic derivative 

Post-annealing, i.e. annihilation of preparation-caused defects, strongly affects the temperature 
dependent resistivity of weakly doped PCMO x=0.1. Fig. S3 (a) shows the changes of resistivity ρ due 
to post-annealing for ta hours at 900o C. The heat treatment causes a reduction of resistivity by roughly 
one order of magnitude. The magneto-resistance effect 

(2a) ∆𝜌𝜌
𝜌𝜌
≡ 𝜌𝜌(0)−𝜌𝜌(9 𝑇𝑇)

𝜌𝜌(0)  

at room temperature amounts to about 6% but strongly increases to about 30% at 180 K. The effect of 
post-annealing is small but an increase with increasing annealing time is observed. 

Fig. S3 (b) shows the influence of different annealing times on the logarithmic derivative 

(2b) 𝐸𝐸𝐴𝐴 = 𝑘𝑘 𝑑𝑑
𝑑𝑑(1 𝑇𝑇⁄ )

𝑙𝑙𝑙𝑙 �𝜌𝜌
𝑇𝑇
� 
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that equals the small polaron hopping energy in the adiabatic approach. In [3], the interplay of 
preparation-caused defects, charge- and orbital ordering and melting in strong magnetic fields is 
discussed. 

 
FIG. S3: (a) Resistivity of the PCMO x=0.1 film on (100) STO at 300/180 K in zero field and B=9 T vs. annealing 
time ta. Post-annealing was performed at 900o C with a heating and cooling rate of 100 K/min. (b) Logarithmic 
derivative EA vs. temperature in zero field and B=9 T after different annealing time ta. 

III. Reflection correction of the absorption coefficient 

Using Taucs’s relationship, the reflection-corrected absorption coefficient 𝛼𝛼 and the optical band gap Eg 
can be deduced from the transmittance T, the reflectance R and the film thickness d [4 and references 
within]: 

(3a)  𝛼𝛼 = 1
𝑑𝑑

ln �(1−𝑅𝑅)2

2𝑇𝑇
+ �(1−𝑅𝑅)4

4𝑇𝑇2
+ 𝑅𝑅2� 

(3b) 𝛼𝛼ℎ𝜈𝜈 = 𝛼𝛼0(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)𝑛𝑛 

𝛼𝛼0 is the band tailing parameter and n is a characteristic exponent depending on the character of 
transition. Fig. S4 (a) shows the absorption coefficient according to equation (3a) for various 
temperatures in the photon energy regime of Eph=1.2 eV to Eph=1.6 eV. The reflection data for the 
samples were measured and scaled down by 7% to match a reference mirror sample. In order to 
determine the band gap, we compare  the measured 𝛼𝛼ℎ𝜈𝜈 vs ℎ𝜈𝜈 with Eq.3b for various trial values of the 
band gap Eg and for the characteristic exponents of n= 1/2 for direct allowed transitions, n=2 for indirect 
allowed, n=3/2 for direct forbidden and n=3 for indirect forbidden transitions.  The exponent n=3/2 gave 
the best fit. In figure S4 (b) the phonon energy Eph is plotted for this exponent and a linear fit is applied 
for the shown energy regime to determine the band gap in accordance with equation (3b). A detailed 
analysis of this method for determining the band gab using Tauc’s relation can be found in [4]. 111



 
FIG. S4: (a) Temperature and spectral dependence of the absorption coefficient for PCMO x=0.1 film on (001) 
STO deduced from eq. 3a. (b) Linearized plot according to eq. 3b with characteristic exponent n=3/2. 
 
IV. Magnetic measurements: Substrate correction 

Due to the small magnetic signal of the thin film the substrate contributions need to be considered very 
carefully in the orbital ordering temperature range. Therefore, we took a closer look at temperature 
dependent substrate contribution and its change at thin film deposition conditions. This is required, since 
the treatment of the STO-substrate during the sputtering process – strong heating under low pressure 
conditions – can cause a loss of oxygen and therefore, a higher ferromagnetic moment can be generated 
in the STO-substrate [5]. We take this additional moment Δ𝑚𝑚𝑆𝑆(𝐻𝐻) into account in equation (A1) in the 
main text as a temperature-independent contribution.  

Therefore, we heated a STO-substrate, from the same batch of substrates as the sample shown in the 
main text, in two different ways: (i) under sputter conditions, and (ii) under vacuum conditions. After 
both steps, we measured m(T) at an external magnetic field of 200mT as well as m(H) of the substrate.  

Case (i) represents the conditions during the sputtering process. We heated the substrate to deposition 
temperature of about 720o C for the duration of film deposition of t=33 min  under a partial oxygen 
pressure of 𝑝𝑝𝑂𝑂𝑂𝑂 = 1.4 ∗ 10−4mbar. Since the ion bombardment of the STO surface in the initial growth 
stages can result in additional vacancies, we increased the oxygen vacancy density of the substrate 
surface in case (ii) by an additional heating process to 720 °C in high vacuum, i.e. 𝑝𝑝 = 1 ∗ 10−6mbar 
for 45 min. 
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FIG. S5: Temperature dependence magnetic moment Δ𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇) of STO-substrates at 200mT applied field after 
subtraction of the diamagnetic contribution. The black curve shows the pristine state of the substrate used for the 
study of the magnetic properties of the PCMO x=0.1 film in the main text. Furthermore, an additional substrate is 
shown before (cyan) and after heating at sputtering conditions (blue) and in high vacuum (red).  

We subtracted a temperature independent diamagnetic contribution obtained from m(H) curves from the 
measured total substrate moment in order to separate the possible paramagnetic impurity and 
temperature depended diamagnetic contributions as well as ferromagnetic surface contributions 
Δ𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇). The diamagnetic correction was determined through linear fits to m(H) in the high-field 
region at 250 K. The resulting magnetic properties of the substrate before and after the two heating 
procedures are shown in the Fig. S5. Data of the original substrate with the PCMO x=0.1 film shown in 
the main text is shown. It exhibits a comparable magnetic behavior.  

The para- and ferromagnetic contributions Δ𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇) after annealing show only a small temperature 
variation which is most pronounced above 300 K and thus well above the orbital ordering transition 
observed in the PCMO 0.1 films. This T-dependent deviation from a constant average magnetization is 
of the order of 10−10 Am² and therefore much too small to affect the change in slope 𝜒𝜒𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑇𝑇) at the 
orbital order transition. Thus, the assumption of a temperature independent offset Δ𝑚𝑚𝑆𝑆(𝐻𝐻) after thin 
film growth is justified. It can be excluded that the change in the slope of the magnetic susceptibility 
𝜒𝜒𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑇𝑇) is caused by preparation-induced changes. 

 

V. Simulation of pump probe dynamics 

Finite-Difference Time Domain (FDTD) simulations of a one dimensional three-temperature model [6] 
were carried out in order to interpret the pump-probe experiments. In this model, the PCMO film (100 
nm) on a MgO substrate (1000 nm) is divided into three subsystems, conventionally associated with 
electrons, lattice and spins. To each subsystem, a temperature is assigned, which evolves in time and 
space according to a simple diffusion equation. Differential coupling terms ~(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑗𝑗) assure 
equilibration of the subsystems. 
Note that free electrons are likely not present in the PCMO film. We here include them, representing an 
energy reservoir which a) takes up the optically deposited energy, and b) rapidly (faster than a few 
picoseconds) equilibrates with the lattice. These simulations explore a counter argument to the 
explanations given in the main text, namely, the outcome from our pump-probe experiments on time 
scales above 10 ps, when only thermal diffusion inside the manganite and into the substrate are 
considered. 113



 
FIG. S6: Temperature dependencies of modelling parameters used for the FDTD simulation. (a) and (c) refer to 
MgO. The green curves interpolated between the experimental data points from […] and […] is used for 
simulation. For the non-magnetic insulator MgO only the lattice temperature is defined. (b) and (d) refer to PCMO, 
for which below the FM PT at 80 K three temperature reservoir (electrons, lattice, spin) are distinguished. The CO 
or OO PT at 200 K is modelled by a corresponding local maximum in the lattice specific heat. 

When only thermal diffusion is considered, thermal relaxation is governed by the thermal conductivity 
and the specific heats of the manganite film and of the MgO substrate, including their temperature 
dependencies. Figure S6 shows these temperature dependencies entering the coupled diffusion 
equations. For MgO (see Fig. S5 (a) and (c)), tabulated data from literature were taken and 
interpolated [7] or the special PCMO x=0.1 composition investigated in this work, such data do not yet 
exist. Therefore, the generic behavior of the thermal material properties (see Fig. S6 (b) and (d)) 
compatible with typical experimental findings obtained from different manganite films was 
assumed. [8,9] During the simulation, the parameters are adjusted in each time step  to the local 
temperature. Note that, our FDTD model [6] was initially developed to describe pump-probe reflectivity 
experiments. In contrast, the experiments discussed in the main article are concerned with pump-probe 
transmission. The physical processes sampled by these two measurement schemes are nevertheless 
almost identical, in particular regarding transient thermal properties. 
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FIG. S7: Simulated pump probe reflectivity dynamics. (a) Emulated reflectivity signals ∆𝑅𝑅(𝑡𝑡)  for two different 
base temperatures as indicated (solid lines), overlaid a fit of a stretched exponential function (dashed line).  (b) 
Temperature dependence of ∆𝑅𝑅(90 𝑝𝑝𝑝𝑝). (c) and (d) depict the temperature dependence of the thermal decay time 
and of the stretching exponent b. Red vertical dashed lines indicate the phase transition temperatures.   
 
Fig. S7 summarizes the results from the simulations. Typical reflectivity curves, emulated from 
simulations at base temperatures of 20 K and 300 K are shown in Fig. S7 (a). One can clearly see that, 
the relaxation towards equilibrium is much faster at low temperatures than at 300 K. Also, the maximum 
amplitudes are much larger, reflecting the much smaller specific heat of both the film and the substrate 
at low temperature. In Fig. S7 (b), the reflectivity signal 90 ps after the initial excitation is depicted as a 
function of the base temperature. Similar to the experimental findings, one sees an overall decrease of 
the reflectivity with increasing temperature. Around the phase transition temperature, anomalies appear, 
as explained in the main article.  
Furthermore, the emulated reflectivity curves were fitted by a stretched exponential function 

𝑓𝑓(𝑡𝑡)~𝑒𝑒−�
𝑡𝑡
𝜏𝜏�
𝑏𝑏

, yielding the temperature dependence of the decay time 𝜏𝜏 and of the stretching parameter 
𝑏𝑏 shown in Fig S7 (c) and (d). Both show a monotonous behavior for temperatures away from phase 
transitions, and anomalies at the critical temperatures. Note that, quantitatively similar results can be 
obtained from an even simpler one-temperature model, because all subsystems are equilibrated anyway 
on the time scales of interest (100 ps to 1 ns). In such a one-temperature model, all contributions to the 
specific heat and the thermal conductivity are summed up. 
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In contrast to the real experiments, the simulations show an increase of the decay time from about 0.7 
ns to 1.7 ns between 20 K and 300 K. We infer that, in particular at low temperatures, a long-living 
excitation is present in the experiments, whose live time exceeds the thermal decay time. A more realistic 
modelling of the manganite should incorporate this non-thermal process. Simply decreasing the 
electron-phonon and electron-spin coupling constant is not sufficient. Instead of electrons, a polaronic 
subsystem should be considered. The spatio-temporal diffusion of polarons and decay into phonons can 
maybe be described within the framework of a two-temperature model as derived for semiconductors. 
 
VI. Details on the theoretical simulation of the orbital ordering transition 

A. Heating and cooling protocol 
The heating simulations started from the ground state described in the main text. The oxygen atoms 
received an initial random velocity distribution according to the target temperature of each simulation, 
followed by 2.4 ps of equilibration (24 thermostat cycles) with the thermostat at that temperature. 
Afterwards the Jahn-Teller structure factor was averaged for the next 12 ps. Starting from the 400 K 
heating simulation, the first set of cooling simulations reduced the target temperature of the thermostat 
to values between 20 K and 400 K. Again 2.4 ps of equilibration and 12 ps of averaging was used. A 
direct cooling from 400 K to low temperatures freezes the system in metastable states, as the cooling 
happens within one cycle of the thermostat of PTS =100 fs. Therefore, a second set of cooling 
simulations continued from the 200 K cooling calculations, again with the same equilibration and 
averaging times. The simulations recovered the initial orbital order of the ground state, although, in 
some cases, with the hole-polaron clusters distributed over several planes and thus with a slightly 
reduced order parameter. These more disordered metastable states are close in energy to the ground 
state, as explained in the main text. Heating simulations starting from such a metastable state led to the 
same transition temperature as the calculations shown in this paper.  

B. Orbital-order transition and Néel transition 
In our simulation, the dominant A-type antiferromagnetic order breaks down simultaneously with the 
orbital order. In some simulation runs, we observe a small increase in the ferromagnetic moment 
during the transition. Above the orbital-order transition the system is paramagnetic. This is 
inconsistent with experiment where the Néel transition occurs at around 70 K and the system becomes 
paramagnetic around 80-130 K [2,10]. Both temperatures are substantially lower than in our 
simulations. This failure might originate from the adiabatic description of the spin dynamics in our 
simulation. In our current framework, we cannot yet verify whether the ferromagnetic moment is 
related to another magnetic phase transition. 

 

VII. Temperature dependent XRD studies: double-peak structure 

The temperature dependence of the lattice parameters was deduced from the peak positions of the (200), 
(020) and (004) reflections. Fig. S8 shows the shift of these peaks with temperature for PCMO x=0 ((a), 
(b), (c)). For comparison, the shift of (004) PCMO x=0.1 peak is also shown (d). 
For both compositions, the reflections reveal a double-peak shape, clearly visible in the shoulder-like 
feature of the (220) and (004) reflections ((c), (d)). For a coarse estimation of the volume fractions, the 
(004) reflections were fitted by two Gaussian peaks. Figure S8 shows such fits for the PCMO x=0.1 data 
in two different temperature ranges (230 – 300 K and 83 – 150 K). The data points at different 
temperatures were normalized to position and maximum height of the (004) reflection. The Gaussian 
peaks are practically unaffected by the temperature range and the peak areas correspond to a volume 
fraction of about 10% of the right-handed peak. 
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FIG. S8: (a), (b), (c) poly-crystalline PCMO x=0 bulk sample: Temperature dependence of angular position and 
shape of (a) (200) reflection, (b) (020) reflection and (c) (004) reflection. d) PCMO x=0.1 bulk sample, angular 
position and shape of (004) reflection. 

 

 
FIG. S9: (004) reflection PCMO x=0.1 bulk sample. The experimental data points are normalized to angular 
position and maximum intensity of the reflections at the respective temperature. (a) Data points in the temperature 
range from 230 to 300 K. (b) Data points in the temperature range from 83 to 150 K. The solid green and blue 
lines correspond to fit with two gaussian distributions (peak 1 and 2). The red line is the sum of both peaks. 
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VIII. Extraction of the octahedral rotation axis from Rietveld refined data 

As Rietveld refined positions due to experimental noise do not necessarily satisfy the condition of 
ideal MnO6 octahedra, i.e. no distortion of the right angles, the rotation axis (n1, n2, n3) resp. angle θ 
are defined as minima of 

(5)    min
𝑛𝑛1,𝑛𝑛2,𝑛𝑛3,𝜃𝜃

��|𝑑𝑑𝑖𝑖 ⋅ 𝑹𝑹(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3,𝜃𝜃)𝑒𝑒𝑖𝑖 − 𝑜⃗𝑜𝑖𝑖|�
2

6

𝑖𝑖=1

 subject to 𝑛𝑛12 + 𝑛𝑛22 + 𝑛𝑛32 = 1 

Here, 𝑜⃗𝑜𝑖𝑖 are the refined positions of the six oxygen atoms with respect to Mn, di the experimentally 
found bonding lengths, and 𝑒𝑒𝑖𝑖 unit vectors pointing to the position of the corresponding oxygen atom 
prior any rotation, i.e. along the Cartesian axes. R(n1, n2, n3, θ) denotes a three-dimensional rotation 
matrix with rotation axis (n1, n2, n3) and angle θ. Noteworthy, the extracted values from [2,11] show 
little variations with doping and temperature justifying their fixation. In detail, solely n2 = 0.78 is 
fixed, as the same geometrical consideration of a corner-shared octahedral network with Pbnm 
symmetry leading to eq.s (7a)-(7c) in the main text yields the following condition: 

(6)  0 = (𝑑𝑑𝑙𝑙 + 𝑑𝑑𝑠𝑠) ⋅ (𝑛𝑛3𝑛𝑛2(1− cos𝜃𝜃) + 𝑛𝑛1 sin𝜃𝜃) + (𝑑𝑑𝑙𝑙 − 𝑑𝑑𝑠𝑠) ⋅ (𝑛𝑛3𝑛𝑛1(1− cos𝜃𝜃)− 𝑛𝑛2 sin𝜃𝜃) 

Combined with the normalization condition of (n1, n2, n3), fixing n2 determines the rotation axis fully 
for given values (dl, ds, θ). 
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Supplemental Information for: 

Power density and spectral photovoltaic response in a hot polaron solar cell 

B. Kressdorf, J. Hoffmann, M. Seibt, C. Jooss 

S1. Estimation of the generation rate 

As mentioned in the main text (eq. 7) the mean generation rate can be estimated from 

(eq. S1.1)  𝐺 =
1

𝐿
∫ ∫

𝑓

𝐸𝑝ℎ
𝛼 𝑒−𝛼𝑥 𝑑𝐸𝑝ℎ

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

𝑑

𝑑−𝐿
𝑑𝑥 

where f is the spectral power density distribution of the incident radiation,  is the absorption 

coefficient, L is the diffusion length and d=100 nm is the absorber layer thickness. Here, it is 

assumed that the absorption is governed by Lambert-Beer law and that only photons in the 

energy range Emin to Emax absorbed near the interface contribute to the photovoltaic effect. 

To relate the incident power density p and the absorbed power density two approximations can 

be used: 

i) The temperature and spectral dependence of reflectance R and absorption coefficient  can 

be neglected. We have used R=0.3 and =6106/m [1]. 

ii) The spectral power density distribution f is constant within the spectral range between Emin 

to Emax. 

The fraction (1-a)  0.4 of absorbed power that corresponds to the spectral range between Emin 

to Emax was deduced from intensities passing different cut-of filters.  

(eq. S1.2)  𝑓 =
(1−𝑎) 𝑝

𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛
 

Since the diffusion length L is small compared to absorber thickness d, the integration finally 

yields 

(eq. S1.3)  𝐺 =
(1−𝑎) (1−𝑅)

𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛
ln (

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛
) 𝛼 𝑒−𝛼𝑑 𝑝 ≈ 3.9 ∙ 1027  (

𝑝

𝑘𝑊𝑚2) 𝑚−3 𝑠−1 

S2. Estimation of charge carrier mobility  

The charge carriers in PCMO (x=0.1) are small polarons. Within the adiabatic model the 

temperature dependence of the resistivity is given by [2] 

(eq. S2.1) 𝜌(𝑇) = 𝜌0 𝑇 𝑒
𝐸𝐴
𝑘 𝑇 

where EA is the activation barrier of thermally activated hopping steps and k is the Boltzmann 

constant.  

The mobility  of these hole polarons can be calculated from the resistivity and the charge 

carrier density ndop that is given by the Ca doping level: ndop  1.91027 m-3. 

(eq. S2.2) 𝜇(𝑇) =
1

𝑒 𝜌(𝑇) 𝑛𝑑𝑜𝑝
 

Figure S2 shows the temperature dependence of mobility calculated from experimental 

resistivity data in [1]. 
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Fig. S2: Temperature dependence of mobility (black symbols) and Landau (orbital) order parameter (red line). 

The latter was calculated for an ordering temperature TOO=250 K and a transition width OO =50 K. 

For comparison, the temperature dependence of a Landau order parameter S  

(eq. S2.3) 𝑆(𝑇) = −𝑡𝑎𝑛ℎ (
𝑇−𝑇𝑂𝑂

∆𝑂𝑂
) 

is included in Fig. S2 (see also [1]). Here, TOO is the orbital ordering temperature and OO is the 

transition width. 

S3. Determination of T* through temperature dependent Uoc 

We determine the crossover temperature T* -the onset of photovoltaic response- for the 

experimental data of UOC(T) through the change in slope dUoc/dT behavior as follows.  

 

Fig. S3: Exemplary determination of T* from Uoc(T) experimental data Emax=2 eV and p=16 kW/cm2: (a) first 

derivative of Uoc (T) with a linear low temperature fit and (b) residuum R 

In Figure S3 the different analysis steps are shown exemplary for cut-off filter data set of Emax=2 

eV and highest incident power density of p=16 kW/cm2. As a first step we calculate the first 

derivative for Uoc(T) (Fig. S3(a)). For all data sets a region of linear increase of dUoc/dT at lower 

temperatures and a significant change of the slope at higher temperatures is observed. 

Additional features at even further decreased temperatures can be found. Note that we do not 

obtain a constant slope at lower temperatures, therefore the dependence of the open-circuit 

voltage on the temperatures is not linear but a more complicated dependence. 

As a second step we perform a linear fit in the regime at low temperatures. The Residuum R 

between experimental data and fit is shown in Figure S3(b), where a clear turning point in slope 

behavior can be seen. Finally, we define T* as the temperature value, where 5% change in slope 121



is achieved. The 5% change in slope is chosen since this value exceeds the error bars of the 

linear fit. 

S4: Power density dependence of Jsc and Uoc at different T and cut-off filters 

In the main text, we have focused our analysis of the power dependent data on a fixed 

temperature of T=150 K and a cut-of filter of Emax = 2.0 eV showing that the power dependence 

of Jsc and Uoc changes at a critical power density pc. Here, we present data for additional 

temperatures and cut-off filter settings.  

 

Fig. S4: Power density dependence for different temperatures and cut-off filter settings. (a) Change of Jsc(p) with 

temperature for Emax= 2.0 eV and (b) exponent n of power law dependence Jsc  pn at different temperatures and 

filter settings. Open symbols correspond to the low-power and solid symbols to the high-power regime. (c) Change 

of Uoc(p) with temperature for Emax= 2.0 eV. (d) Change of slope m= dUoc/dlog(p) with temperature and filter 

setting. 

Figure S4 (a) and (c) shows power density dependence of Uoc and Jsc for Emax = 2.0 eV in 20 K 

steps for a temperature range of 120 to 200 K. The temperature dependence is in accordance 

with results discussed in chapter 3 of the main text i.e. Jsc decreases with decreasing T as Uoc 

increases. Note that the crossover between the two power density regimes (see Fig. 4, main 

text), i.e., the critical power density pc, increases to higher power densities for increased 

temperatures.  

As shown in the main text for T=150 K and Emax=2 eV, the short-circuit current density exhibits 

power law dependence on power density, i.e., Jsc  pn with exponent n that changes from n  1 

to n  0.64 at the critical power density. Although the number of data points is smaller and, 
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therefore, the accuracy of fits is greatly reduced, similar exponents n are observed at other 

temperatures and other filter settings (Fig. S4(b)). 

In the high-power regime the open-circuit voltage increases with power according to Uocln(p). 

This dependence is observed in a broad temperature range (Fig. S4(c)) but with a slope 

dUoc/dlog(p) that dependent on temperature and filter setting (Fig. S4(d)). 

S5: Photon energy dependence of QIQE and Uoc at different T (125 K, 200 K) 

Analog to the irradiance dependent measurements, the main text shown the experimental 

photon energy dependent data for fixed temperature of 150 K.  

Fig. S4 shows additional experimental results for the photon energy dependence of QIQE and 

Uoc at two additional temperatures of 125 K and 200 K. The general slope behavior of the 

decrease of QIQE and Uoc with decreasing photon energy does not change with temperature. But 

the absolute values change in accordance with the temperature dependence of Jsc and Uoc as 

discussed in the main text in chapter 3. A decrease of temperature from 200 K to 150 K leads 

to an increase of UOC at fixed photon energy of 3 eV of 0.68 mV to 17 mV by 2 orders of 

magnitude. The current JSC increases from 0.14 A/cm2 to 3.2 A/cm2 by one order of 

magnitude. 

 

Fig. S5: Photon dependent QIQE and Uoc for T=200 K (a)+(c) and T=125 K for (b)+(d) 
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