MERRC K

caktcth
the SU

Product Category list:

e Organic Photovoltaic (OPV) Donors and Acceptors
* Dye-Sensitized Solar Cell Materials

e Perovskite Materials

Visit us at:
SigmaAldrich.com/organic-electronics

@ 2022 Merck KGaA, Darmstadt, Germany and/
or its affiliates. All Rights Reserved. Merck, the
vibrant M, and Sigma-Aldrich are trademarks

of Merck KGaA, Darmstadt, Germany or its
affiliates. All other trademarks are the property
of their respective owners. Detailed information
on trademarks is available via publicly
accessible resources.

MK_ADS792EN 43729 08/2022

The Life Science - a
business of Merck I m a — I"‘I c
operates as ®

MilliporeSigma in : :
the U.S. and Canada. Lab & Production Materials


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Adb48e644-e2da-4eab-95d7-e397fd990fe4&url=https%3A%2F%2Fwww.sigmaaldrich.com%2FUS%2Fen%2Fapplications%2Fmaterials-science-and-engineering%2Forganic-electronics%3F%26utm_source%3Dchemanager%26utm_medium%3Donline%2520display%2520ad%26utm_campaign%3Dindustrial%2520chemical%2520manufacturing-tid-2022045017&pubDoi=10.1002/aenm.201602174&viewOrigin=offlinePdf

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Evolution of Hot Polaron States with a Nanosecond

Lifetime in a Manganite Perovskite

Dirk Raiser, Stephanie Mildner, Benedikt Ifland, Mohsen Sotoudeh, Peter Bléchl,

Simone Techert, and Christian Jooss*

Understanding and controlling the relaxation process of optically excited
charge carriers in solids with strong correlations is of great interest in the
quest for new strategies to exploit solar energy. Usually, optically excited elec-
trons in a solid thermalize rapidly on a femtosecond to picosecond timescale
due to interactions with other electrons and phonons. New mechanisms to
slow down thermalization will thus be of great significance for efficient light
energy conversion, e.g., in photovoltaic devices. Ultrafast optical pump—probe
experiments in the manganite Prg ¢;Ca, 35MnO; a photovoltaic, thermoelectric,
and electrocatalytic material with strong polaronic correlations, reveal an
ultraslow recombination dynamics on a nanosecond-time scale. The nature

of long living excitations is further elucidated by photovoltaic measurements,
showing the presence of photodiffusion of excited electron-hole polaron pairs.
Theoretical considerations suggest that the excited charge carriers are trapped
in a hot polaron state. Escape from this state is possible via a slow dipole-
forbidden recombination process or via rare thermal fluctuations toward a
conical intersection followed by a radiation-less decay. The strong correlation
between the excited polaron and the octahedral dynamics of its environment

1. Introduction

Searching new mechanisms with enhanced
lifetimes of hot charge carrier excitations is
of huge importance for improving the effi-
ciency of photovoltaic and photochemical
energy conversion.!!l Generally, the lifetime
of hot charge carriers is determined by
the collisions with electrons, phonons or
spins as well as the requirement of energy-
momentum conservation during electron—
hole recombination. In the case of metals,
where the excitation energy is not restricted
by a bandgap, hot carriers directly relax
into thermal equilibrium. The lifetime of
electronic excitations is thus limited to a
few femtoseconds. In semiconductors, the
lifetime of interband excitations can be
dramatically increased, by the large energy
and momentum separation of photoexcited
electron and hole states??! and can even
reach hundreds of milliseconds in clean

appears to be substantial for stabilizing the hot polaron.
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indirect bandgap systems.
The mechanism of electron-hole
recombination can be entirely modi-
fied by strong electronic and electron-lattice correlations. For
example, optical excitations in Mott-insulators are expected to
show enhanced lifetimes due to the suppression of spin-relax-
ation channels.) Theoretical work suggests that excitations of
small polarons, i.e., quasiparticles which are formed by strong
electron—phonon interactions, can exhibit large lifetimes due to
the formation of delocalized metastable states.”] Experiments
in molecular systems reveal that large lifetimes of polaronic
excitations require, that electron-hole recombination by dipole-
allowed radiative processes as well as by fast structural relaxa-
tion through a conical intersection between the potential-energy
surfaces of different electronic states must be avoided.l®) The
latter requires, that the minimum on an excited energy surface
is well separated from a conical intersection.

In this work, we study the temporal evolution of a hot
polaron state with a long lifetime in a hole-doped manganite
Pr;_,Ca,MnO; (PCMO) with high carrier concentration of
=3 x 10%! cm™ at x = 0.35. Moreover, we substantiate the exist-
ence of long-living hot polarons by measurements of the open-
circuit voltage of a Pr;_,Ca,MnOj;-based photovoltaic device at
the same doping level. In the doping range 0.3 < x < 0.5, charge
carriers in Pr;_,Ca,MnO; form an interacting dense system of
small polarons.”=! Below the charge-ordering (CO) transition
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temperature Teo = 240 K, the polaron liquid crystallizes and
forms a charge-ordered state (see Figure S5, Supporting Informa-
tion). Several manganites such as Pr;_,Ca,MnOs3, La;_,Ca,MnO,
(LCMO) and the semiconducting phase of La;_Sr,MnO;
(LSMO) exhibit a strong small polaron IR optical absorption
feature between 500 meV and 2 eV,[1%13 followed by charge-
transfer (CT) transitions at higher energies. Figure 1a shows the
optical conductivity. The broad maximum in optical conductivity
at around 1.5 eV is typical for narrow-bandwidth manganites
and is a fingerprint for small-polaron absorption.['!:141]

This absorption band at about 1.5 eV is generally attributed
to a transition between Jahn-Teller (JT) split Mn 3d e, states
(Figure 1b), either occurring as an intrasite or as an intersite
transition between Mn** and Mn** sites.'>1¢17] The transition

(a) Probe
600 —————r——r——
| T 1A0D,  AOD; ||
- - | | |
400 N ]

o(m) [1/Qcm]

(b)

Crystal  Jahn-
field Teller

e

Figure 1. Optical absorption experiments at energies close to the |T split-
ting of Mn 3d e,~O 2p states of an epitaxial Prg g5Cag 3sMnO; film. a) Meas-
ured optical conductivity with indicated energies of the pump and the
probe pulses. The results are obtained from transmission spectroscopy
at 300 K (bold line) and 80 K (broken line). The gray line is the result of
peak fitting at 300 K. The main peak at the |T energy is broadened towards
lower energies due to the presence of polaron hopping. The red tail results
from CT transitions at higher energy. b) Scheme of the crystal field splitting
and the JT splitting of the degenerated Mn 3d levels in undoped PrMnO;.
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is broadened by a polaron hopping feature at 0.5-0.8 eV and
coupling to a phonon bath. The JT effect describes the forma-
tion of polarons via strong electron-phonon coupling between
an electron in a pair of degenerate electron states and nuclear
distortions, i.e., phonons that lift the degeneracy by lowering
the underlying symmetry.'® In manganites, the involved
electronic states are the two Mn 3d e, states pointing toward
the oxygen neighbors and the JT active nuclear distortions
encompass combinations of prolate and oblate distortions of
the MnOg octahedra along the three axes. The energy gain of
involved Mn 3d e, states is comprised by an electronic energy
gain —2F, and the energy +E, expended for lattice deforma-
tion.*! E, typically is of the order of 0.2-0.6 eV in manganites
for x < 0.5.12:20]

In a single JT active MnOg octahedron, an optical transition
from the lower to the upper Mn 3d e, states at AE = 4 E is
dipole forbidden and can therefore not explain the observed
dominant spectral absorption band in manganites. Similarly,
radiative decay of the excited JT polaron is suppressed by the
optical selection rules. However, such an excited state would
rapidly depopulate by a radiation-less transition through a con-
ical intersection.?!! This transition involves nuclear distortions
and would occur within a few periods of a JT active vibrational
mode, that is, on a sub-picosecond timescale.’Z Such a rapid
decay of a JT excitation is, however, in contrast with our findings
for Prje5Cag3sMnO; reported below. It furthermore seems to
contradict the observed long lifetimes of polaron excitations of
up to 1 ns in the semiconducting phase of Lay;Cay;MnO;2324
and several nanoseconds in Nd,;Sr,sMnO;,?) all measured at
pump energies of E = 1.55 eV = 4 E,. The origin of the long
lifetimes is controversially discussed. Whereas Ren et al.l?]
attribute the long lifetime in LCMO to a localized metastable
state, the ns decay of optical density is simply interpreted
as heat diffusion from the film into the substrate by Bielecki
et al.?”’l In Nd5SrosMnOs, the long polaron lifetime is even
considered as a prerequisite for the observed optically induced
phase transitions at high photon intensities.?!

2. Results

2.1. Photovoltaic Measurements

In order to evaluate the presence of photodiffusion of electron—
hole pairs excited at a photon energy of 1.55 eV in the PCMO,
the photovoltaic effect in a junction formed with an electron-
doped SrTi;_,Nb,O; (y = 0.002) (STNO) substrate is measured.
The open-circuit voltage Voc as a function of temperature
measured under monochromatic illumination at 1.55 eV is
shown in Figure 2a. Below the charge-ordering temperature at
Tco = 200 K, Vo shows a linear increase toward lower tem-
peratures with an intercept at Voc(T = 0) = 520 meV, which
represents the barrier for polaronic charge separation at the
interface (see also Section 15, Supporting Information). A linear
temperature dependence of V¢ reflects that charge separation
is determined by the barrier for the recombination current.?82°
Thus excess carrier accumulation at the junction is not limited
by photodiffusion of excited minority carriers, i.e., their diffu-
sion length is larger than the space charge region of the junction.

Adv. Energy Mater. 2017, 7, 1602174
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Figure 2. Photovoltaic effect in a PCMO/Nb:STO heterojunction under
monochromatic illumination at E=1.55 eV. a) Photovoltage under open-
circuit conditions V¢ as a function of temperature. The linear behavior
below T¢o is due to bulk photodiffusion of electron—hole pairs. Above
Tco, there is a cross over into thermally activated exponential tempera-
ture dependence (logarithmic representation in the inset). b) Tempera-
ture dependence of the apparent activation energy E, determined from
Voc (T) in (a). The strong drop below TCO is due to cross over from
activated interface to bulk photodiffusion of carriers.

By contrast, above T, an exponential temperature dependence
of Voc is observed (Figure 2a, inset). It is reflecting a limita-
tion of the photovoltage by interface excitations. The apparent
activation energy E, is determined from the logarithmic deriva-
tive (Figure 2b). It shows a plateau value of E5 = 515 £ 30 meV
between 220 and 300 K (equalling the barrier for the recombina-
tion current) and has a strong drop of E, below 220 K due to the
onset of the bulk diffusion of photocarriers in the manganite.
Because of the bandgap of 3.3 eV in STNO, photon absorption
at the pump energy is absent at the n-doped material and the
photovoltage is entirely generated by photogeneration of charge
carriers in the hole-doped PCMO film.

2.2. Transient Absorbance Measurements
The time evolution of the polaron excitation at E = 1.55 eV is

studied by optical pump-probe spectroscopy, revealing the
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induced change in the optical density AOD of an epitaxial
PCMO (x = 0.35) thin film grown on MgO in transmission con-
figuration. Details concerning the measurement, its parameters
and the properties of the film are provided in the Supporting
Information (see Sections 1 and 2).

Figure 3 gives an overview on the temporal and spectral
change of the optical density at energies slightly above the exci-
tation energy. We observe a drop of AOD due to ground-state
bleaching. This effect can be probed up to a photon energy of
2.2 eV. In addition, there is an increase of the OD at energies
above 2.4 eV at temperatures T > 150 K.

From the temporal evolution of the obtained spectra, four
processes can be distinguished:

e Process (i): An ultrafast change of AOD on a time scale of
<200 fs caused by the absorption of the pump pulse, which
can be either negative (below 2.2 eV) or positive (above
2.4 eV). The temporal evolution of this process cannot be
resolved with our setup.

e Process (ii): A fast relaxation of the AOD from a maximum
value on a short time scale (7gg =~ 980 fs), which is inde-
pendent of whether the total AOD is positive or negative.
This process is superimposed by coherent oscillations in the
THz range, which we in the following discuss as process
(iii). The exponential decrease of the signal is characterized
by its amplitude Agy, its decay time 7g, and its stretching
factor bg,g.

e Process (iii): Coherent oscillations of the AOD with a dom-
inant frequency of 25 GHz (t,,, = 40 ps) and several addi-
tional frequency bands, which extend up to the THz range.

e Process (iv): A slow relaxation of AOD on a long time
scale of 7y, = 1-2 ns. This relaxation process is superim-
posed by the low frequency GHz oscillations described in
process (iii). Its exponential decrease is characterized by
its amplitude Ay, its decay time 7y, and its stretching
factor by

Since in the energy range from 2.4 to 2.6 eV, where a posi-
tive change of AOD is observed, charge-transfer (CT) transi-
tions are involved, we focus in the following on the temporal
evolution of the AOD in the energy range of E = 1.77-2.07 eV,
where the small polaron transition is dominant. To account
for the cooperative response of the polarons in PCMO we use
a stretched exponential fit function with variable exponent b
according to the Johnson-Mehl-Avrami-Kolmogorow (JMAK)
model, which turned out to be an expedient model to recog-
nize and characterize optical induced phase transitions in
manganites.3% However, the fit exponent b is only marginally
addressed here. An extensive analysis of b in the framework
of the JMAK model will be subject of a forthcoming paper.
Details of the fitting procedures for the analysis the pro-
cesses (ii)—(iv) are provided in Sections 6-11 of the Supporting
Information.

2.3. Fast Relaxation Process (ii)

Figure 4 shows the spectral and temperature dependence of
the fast relaxation process (ii). We find that both the absolute
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Figure 3. Time-resolved transient changes of the optical density AOD of an epitaxial PrqgsCag3sMnO; thin film after ultrafast photoexcitation at
E=1.55 eV at room temperature. a) Photon energy and time-dependent 3D plot of AmOD (AOD/10%). b) Line-wise cut through at different energies.
c,d) Correlation functions of the integral intensities of two selected energy ranges. In both cases a multiexponential fit is applied and implemented as
a red line (see Section 6, Supporting Information).
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Figure 4. Energy and temperature dependency of the fast relaxation process (ii) in the AOD. a) The amplitude, b) the decay time, and c) the stretching
factor of this process are shown as a function of temperature and probe energy. Mean values along the probe energy for d) the amplitude, e) the decay
time, and f) the stretching factor.
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value of the amplitude Agg as well as the relaxation time g,
decreases monotonously with rising temperature. The spec-
trally averaged values of the relaxation time are 1.78 ps for
low temperatures and 980 fs for high temperatures. Further-
more, the absolute value of the amplitude Ay, increases with
decreasing probe energy and is largest close to the fundamental
energy of the pump pulse. The resulting stretching factor bg, is
relatively constant and lies between 2 and 3. In order to analyze
the temperature dependence of the fast relaxation process, the
values of all three parameters averaged over the energy range of
E =1.7-1.9 eV are shown in Figure 4 d—f. The strong increase
of T with decreasing temperature points to a thermally
activated fast relaxation channel due to the interaction of the
excited polaron with a thermally populated species. No finger-
print of the charge-order phase transition at T = 240 K is visible.

2.4. Coherent Oscillations (iii)

Figure 5 shows the analysis of the frequency spectrum of
coherent phonon oscillations, which are superimposed to the
fast relaxation process and which have a damping coefficient
of about 3.4 ps (see Section 9, Supporting Information). Due to
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the given temporal resolution limit, frequency bands at higher
phonon frequencies than those shown cannot be ruled out. A
dominant frequency band at f= 2.2 THz (E =9 meV) is observed
for all temperatures and becomes even more pronounced at low
temperatures. This frequency band is also observed in ultrafast
X-ray crystallography of the JT distortion.l3!l This mode is only
visible, while probing the AOD at low energies close to the JT
peak maximum. Figure 5d shows the normalized temperature
evolution of the amplitude of this phonon mode. This phonon
mode is rather absent above the charge-ordering temperature,
which indicates its origin in the collective octahedral dynamics
in the CO state.

Further coherent phonon modes exist in a spectral range
between 0.5 and 4 THz. There are three main modes at around
1 THz (4.2 meV), at 2.2 THz (9 meV) and 3.9 THz (16 meV).
Since they all evolve only below Tcq, they clearly correspond
to the CO state. Although the 1 THz and 2.2 THz processes
scatter strongly, they can be fitted by a phase step function,
which bends up at around the CO phase transition tempera-
ture (Figure 5c¢,d). This is to some extent also the case for the
3.5-4 THz bands, however, the correlation function is more
scattered and thus not shown. In addition to the coherent lat-
tice oscillation in the THz regime, there is a pronounced

$ ¢ Pr,Ca , MnO,
14 23 —— Phase Step Fit
5
o,
§.
UV
04
1 ¥ 1 4 ) H 1
100 200 300 400
T [K]
b 4 ¢ Pr . Ca ,MnO,
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L.
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&)
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*e *
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Figure 5. a,b) 2D color-coded wavelength dependency of the absolute values of the Fourier transform | F | of the OD oscillations of Prg¢sCag3sMnO3
shown exemplary at two different temperatures. c,d) Correlation functions of the mean values of certain sections of the graphs shown on the left for
different frequency bands. The corresponding sections are indicated by colored boxes. The central temperature of the phase transition was fitted to
T=178(14) K with a width of 76(19) K for frequencies below 1 THz and to T = 147(9) K with a width of 25(12) K for frequencies around 2 THz. For

other frequency bands a phase transition fit was not applicable.
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coherent oscillation with a period of about 40 ps (=25 GHz)
(see Figure 3). The in-depth analysis for the whole frequency
range up to 4 THz can be found in the Supporting Information
(Section 9).

2.5. Slow Relaxation Process (iv)

Figure 6 shows the spectral and temperature dependence of the
slow relaxation process (iv). We find that the absolute value of
the amplitude Ay, monotonously increases with decreasing
temperature (Figure 6a). Ay, also increases with decreasing
probe energy toward the fundamental of the photoexcitation

Cao. (T)=(en. (T, E)),

Aslow (T: E) - A510W(360 K, E) (1)
AS]OW(80 K, E) - Aslow(360 K, E)

with ¢y, (T, E)=—

The negative sign in the temperature-dependent correlation
function ¢, is due to the decrease of the absolute values of
Agow With increasing temperature. The temperature-dependent
correlation function C,  is best described by a nonlinear
phase step fit and thus reflects the phase transition to the
charge-ordered phase at around T = 240 K, which is broad-
ened due to an extended two phase region of charge-ordered
and charge-disordered nanoscale domains.?2 Remarkably, the
relaxation time 7., monotonously increases from 0.9 to 1.3 ns
toward higher temperatures (Figure 6b,e). The total increase of
the absolute values of Agg; + Aqy at decreasing temperature by
a factor of three reflects a strong sensitivity of the optical ground
state bleaching to long range ordering of small polarons due to
formation of the charge-ordered phase (see also Section 3, Sup-
porting Information).
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The stretching factor by, lies slightly above 1 for low tem-
peratures and shows a strong rise up to a value of 2 between
T =180 K and T =220 K. At T = 220 K the stretching factor
unsteadily falls back to 1, from where it continuously rises up
to higher temperatures. This indicates a change in the nature
of the underlying process at a temperature range close to the
charge-ordering temperature.

2.6. Jahn-Teller Dimer Model

For a detailed analysis of the underlying mechanisms and
time scales involved in the hot polaron relaxation, in the fol-
lowing, we introduce a JT dimer model. The model consists of
two corner-sharing MnOg octahedra sharing one oxygen bridge
(Figure 7). Each octahedron can undergo two independent JT
active distortions and it contains two spin-aligned Mn 3d e,
states forming the polaron. The electrons can hop between the
two Mn sites. Here we consider the special case with one elec-
tron shared between two Mn sites. The JT dimer with a shared
single electron is a minimal model for a Zener polaron,33-3]
which is the dominant feature for the doped (ideally half-doped)
manganites. The two Mn ions of the half-doped JT dimer are
ferromagnetically aligned, so that the electron delocalizes over
both sites, a mechanism that is the so-called double exchange
mechanism. Experiments provide structural evidence for Zener
polarons.l3¢37] They are further supported by the observation,
that in the charge-ordered state of PCMO in a doping range
of 0.3 < x < 0.5, the spatial variation of charge carrier den-
sity occurs on oxygen sites,/®l whereas the valence separation
between different Mn sites is rather low.[83840]

Since the Mn 3d e, states have the same parity with respect
to the Mn-site, the optical transition between JT split states,
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Figure 6. Energy and temperature dependence of the slow relaxation process (iv) in the AOD, after photoexcitation at 1.55 eV. a) The amplitude, b) the
decay time, and c) the stretching factor of the stretched exponential decay fitting of this process measured at different temperatures between 80 and
360 K. d) Correlation function for the amplitude. A nonlinear phase step fit for the correlation function of the amplitude is illustrated by the red line.
The central temperature of the phase transition was fitted to T=212(2) K with a width of 67(4) K. The medians of the measurements at 80 and 360 K
are shown in gray. e) Mean value along the probe energy of the decay time. f) Mean value along the probe energy of the stretching factor.
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Figure 7. Dipole-allowed polaron transition and subsequent temporal
evolution of the hot polaron state, based on the model of a ferromag-
netically coupled JT dimer, which forms a Zener polaron. Shown is the
schematic orbital diagram of a Zener polaron (right) and its relation to
the density of states of Prq5Cag35sMnO; with CE-type antiferromagnetic
order (left) and transitions (middle) as obtained by first-principles calcu-
lations. The relevant Mn 3d states are distinguished as e, states (yellow)
pointing toward the oxygen bridges and the t,, orbitals (green). For the
magnetic ions Pr and Mn, the density of states is shown only for ions with
one spin direction (up).

such as the one from orbital o4 to f3; in Figure 7, is dipole for-
bidden. Symmetry-lowering distortions in the crystal or odd-
parity vibrations are unable to explain the observed strong
absorption in Figure 1, which reaches 25%-30% of that of the
charge-transfer transitions.['?) However, a strong dipole-allowed
transition exists in the Zener polaron (Section 13, Supporting
Information). Initial and final state of the optical transition,
denoted as (B) and (E) in Figure 7, are Mn 3d e, orbitals of o-
bond character, pointing toward the bridging oxygen ion. These
states satisfy the selection rules, because the initial state of the
transition (B) is even with respect to a reflection at the mid
plane of the dimer, while the final state (E) is odd.

Our ab initio calculations position the final state (E) of the
optical transition slightly above the JT partners (C) and (D), i.e.,
the e, orbitals with &-symmetry with respect to the bridging
oxygen. They are located slightly below the final state (E) of the
optical transition. This indicates that the excited electrons may
relax after the optical excitation through a conical intersection
into the Mn 3d e, orbitals, denoted as (C) and (D) in Figure 7.
The involved energy surfaces and conical intersections are illus-
trated in Figure 8. We have chosen the parameters of the model
so that the conical intersection with the o-type energy surface
is also the minimum of the upper energy surface, this is an
idealization. Actually, the energetic separation of the states (E)
and the states (C) and (D) indicates, that the highest energy
surface has a minimum, which is separated from the conical
intersection. Thus, the initial relaxation through the conical
intersection, i.e., process (2) in Figure 8, should be thermally
activated.

Our model suggests that the population of originally unoc-
cupied JT partners, i.e., states (C) and (D), initiates a struc-
tural dynamics. The JT distortions get inverted, which means
that the octahedral distortion changes from prolate along the
dimer axis to oblate. During this fast structural rearrangement,
the excited electron on the &-type energy surface evolves toward
a conical intersection with the ground state energy surface,

Adv. Energy Mater. 2017, 7, 1602174
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Figure 8. Born-Oppenheimer surfaces relevant for the relaxation pro-
cess of the JT dimer. On the bottom and top surfaces in each subfigure
the electron is in the states with 6-symmetry. On the middle surface the
electron has 8-symmetry. The sketches of the states are shown next to
the corresponding energy surfaces. The two graphs (a) and (b) consider
an isolated JT dimer, while the graphs (c) and (d) account for coopera-
tive effects. a,c) The cut through configuration space with X; = X, =0,
which allows only oblate and prolate distortions of the octahedra along
the dimer axis. b,d) The configuration space of one of the octahedra,
while the other one is kept at the structure it has in the ground state
with X; =0 and Z, = 0.5. An optical excitation (1) takes the electron from
the ground state into the antibonding o-state. From there the electron
relaxes onto the middle energy surface (2). Without cooperative effects
(left) the system passes through a conical intersection onto the lowest
surface (3), from where it can return to the ground state (4) by passing
around the conical intersection. By contrast, with sufficiently strong coop-
erative effects (right), the middle surface exhibits a minimum (2), which
can trap the system. It can escape onto the lowest surface either by an
optical transition or by a radiation-less thermal process. Recombina-
tion (3) of the electron-hole pair is slow because the optical transition
is dipole forbidden. The alternative is a thermal fluctuation toward the
conical intersection, from where it can pass onto the lowest surface in a
radiation-less process.

i.e., the system proceeds to configuration (3). From here the
relaxation to ground state via recombination of the electron in
states (C) and (D) with the hole in state (B) is symmetry for-
bidden, i.e., & versus o-bonding. Nevertheless, the system is
not trapped in (3) in case of an isolated JT dimer, decoupled
from collective behavior of the environment. As shown in
Figure 8D, it can pass around the conical intersection with the
ground state energy surface and proceed on process (4) toward
the ground state.

By contrast, sufficiently strong cooperative effects of the
environment shift the position of the minimum on the &-type
potential energy surface. This is modeled by introducing a term
accounting for the coupling of the Zener polaron to the environ-
mental bond network (see Section 14, Supporting Information).
The resulting minimum of the potential energy surface is then
separated from the conical intersection with the ground state
energy surface (Figure 8c,d). As mentioned before, radiative
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decay, one of the relaxation channels (process (3)), is dipole for-
bidden and thus slow. The other relaxation channel requires a
thermal fluctuation to the conical intersection, through which
the system can then escape toward the ground state.

3. Discussion

We rationalize our experimental findings on the basis of the JT
dimer model, introduced above. Let us first investigate the optical
absorption and the initial fast relaxation step: We argue against
the conventional view, that the optical transition is one between
the lower and the upper JT split Mn 3d e, states on a single site
(e.g., ref. [18]). Rather do we attribute the absorption band to a
transition between two states, labeled (B) and (E) in Figure 7,
that are delocalized over two or more sites. The initial relaxation
termed process (2) in Figure 8 from state (E) to the states with
O-symmetry (C) and (D) is most likely related to the fast relaxa-
tion process (ii) observed in the transient absorbance described
by Tpe = 980 fs (¢> 4.2 meV) at 360 K. The observed slowdown
to Tpg = 1.78 ps (¢»> 2.3 meV) at 80 K (Figure 4d) is consistent
with the proposed thermally activated process.

The existence of a hot polaron state with a long lifetime in
the states (C) and (D) at temperatures below Tcq is strongly
supported by the observation of a photovoltage at the pump
energy E = 1.55 eV, which linearly increases with decreasing
temperature. Such a behavior proves photoexcited minority
carriers with a lifetime long enough for diffusion to the inter-
face of the heterojunction.*!! The limit V¢ (T — 0) gives the
barrier of the heterojunction for charge separation It reflects
charge separation of the photoexcited minority charge car-
riers, i.e., electrons, from the majority hole-type carriers in the
p-doped PCMO film.*?l A linear fit yields F, = 520 meV, which
is close to the value for broadband illumination (Ej, = 547 meV),
showing that the splitting of the chemical potential of electrons
and holes under E = 1.55 eV illumination is not significantly
increased at higher photon energies and thus governed by the
energy of the polaronic excitation. Electron beam induced cur-
rent analysis supports the presence of a finite diffusion length
of excited charge carriers in the 10 nm range,*3! consistent with
a nanosecond lifetime of the involved excitations at low tem-
peratures. Above T, the observed thermally activated behavior
of Voc with an activation energy of E, = 515 £ 30 meV points
to an origin from interface-type electron-hole photoexcitation
across the interface barrier E,.

In the following we discuss the process underlying the
observed slow ns dynamics of the transient AOD(t), process (iv).
Our JT model suggests a strong dependence of the hot polaron
lifetime on the dynamics of the octahedral network of the envi-
ronment. The separation between the hot polaron configuration
at the minimum of the energy potential surface of the J-states
from the conical intersection with the ground state energy
surface requires a type of cooperative dynamics of the excited
MnOg octahedra which seems to exist only in the CO state.
This generates an energy barrier for hot polaron recombination
which determines the lifetime at low temperatures. With a tem-
perature increase to T > T¢q the reduced degree of cooperative
response in the disordered phase shifts the minimum toward
the conical intersection, thus, reducing the barrier height for
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hot polaron recombination. Accordingly, we would expect a
faster decay of the hot polaron state in the disordered phase at
T> Tco, which is obviously in contradiction to the observed tem-
perature dependence of Ty, i.e., the increase with increasing
temperature from 7y, = 0.9 ns at 80 K to 7y, = 1.3 ns at
room temperature (Figure 6e). The observed Ty, (I) trend is
also inconsistent with the conventional Langevin-type recom-
bination mechanism, which considers the collision probability
of spatially separated electron-type and hole-type polarons.[*4
Since the collision probability is proportional to the excited car-
rier mobility, which increases with temperature irrespective of
the involved phases, the Langevin mechanism would give rise
to a reduction of the lifetime with temperature and thus contra-
dicts our experimental finding.

However, as frequently stated in literature, pump pulse
induced sample heating and heat diffusion play a role in tran-
sient optical spectroscopy of manganites and can give rise to
a slow decay of AOD (t) in the ns range.?”=] A quantitative
evaluation of heating of the PCMO film and heat diffusion
into the MgO substrate (Section 16.2, Supporting Information)
reveals a heat decay constant and a heat induced optical density
change, which are in quite good agreement with 7, and Ay,
at room temperature. This and the absence of a photovoltaic
effect due to bulk photodiffusion gives strong evidence, that
heat diffusion governs the nanosecond process above T¢qo. By
contrast, for T < T¢o the heat decay proceeds much faster than
the observed slow relaxation, pointing to the predominance of
hot polaron lifetime over heat diffusion. In a nutshell, the tem-
perature trend of 7y, can be understood as a transition from
hot polaron decay in the CO phase according to process (3) at
T < Tco (Figure 8c,d) to a heat diffusion controlled process at
T > Tco. The strong scattering and discontinuity of the param-
eter byo at T = 220 K (Figure 6f) supports the change of the
relaxation mechanism at the phase transition. The variation
range of by, at T = 220 K is significantly larger than the error
bars, indicating a mechanistic origin of the by, discontinuity.

A change in the cooperative dynamics at the charge-order
transition is furthermore supported by the observed change
of the coherent THz dynamics (Figure 5). Our model sug-
gests, that due to the long lifetime of the inverted population
of the formerly unoccupied Mn 3d e, states ((C) and (D)), a
cooperative structural dynamics in the THz range (orbital
waves) is initiated, being visible as coherent oscillations of
the AOD. According to Raman spectroscopy by Amelitchev
and co-workers the 2 THz coherent oscillation corresponds to
an A, mode, that strongly depends on the A-cation mass and
is accordingly attributed to vibrations of Pr/Ca atoms.[*84
Clearly, introducing disorder into the CO state via long living
hot polaron states can induce structural rearrangements, which
trigger coherent motion of the Mn, O, and the Pr/Ca atoms.
The strong change of the amplitude of the THz oscillations
at Teo (Figure 5d) is a consequence of this effect.’% Other
coherent waves include a 25 GHz mode (40 ps oscillation)
which can be interpreted as an acoustic strain wave, initiated by
a strong lattice expansion in the excited volume at high pump
intensities (Section 8, Supporting Information). It propagates
back and forth through the entire PCMO film between the
films surface and the film-substrate! until it disappears due to
decoherence and dissipation into heat.
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4. Summary and Conclusion

In conclusion, time-resolved transient absorption spectroscopy
in combination with photovoltaic measurements provides clear
evidence for long-lived polaron-type optical excitations in the
strongly correlated manganite PCMO. Of particular interest is
the ultraslow relaxation with a decay time of 1-2 ns. At room
temperature, conversion of polaronic excitations into heat and
diffusion into the substrate is most likely responsible for this
slow process. However, based on measurements of the open-
circuit voltage of the PCMO/STNO heterojunction, the origin
of the long lived state at low temperatures is attributed to a hot
polaron, that is a long lived electron-hole polaron pair excita-
tion, which stores energy far from thermal equilibrium. The
nature of the hot polaron, its excitation and relaxation processes
have been analyzed in detail using a JT dimer as a model for
a Zener polaron. Our calculations identify a transition with a
large transition matrix element between two states that spread
over two Mn sites. Following the excitation, a complex electronic
and structural dynamics sets in, which, when isolated, takes the
system rapidly back into the ground state via radiation-less tran-
sitions through two conical intersections. However, when coop-
erative effects of the environment are taken into account, the
system is trapped in a long-lived hot polaron state.

The implications are quite far reaching, since such long-
living states can be the origin for the evolution of optical phase
transitions with hidden phases at high photon fluxes.l?’! The
involved strong dipole allowed transition gives rise to very small
optical absorption lengths of less than 150 nm.*?l Consequently,
such strongly absorbing hot polarons with long lifetimes may
represent an ideal light absorber for harvesting photons in the
IR and visible part of the solar spectrum. These results may
offer new perspectives for design of nanoscale oxides for hot
polaron photovoltaics or photocatalysis.

5. Experimental Section

All presented pump-probe measurements were performed using a
homebuilt transient absorption spectrometer with a temporal resolution
at the sample position of =200 fs. Temperature control of the sample
was realized using a commercially available Cryo Cell from Oxford
Instruments (Microstat He), where the sample is kept in a moderate
vacuum. Further details concerning the setup, analysis of the data as
well as the sample preparation can be found within the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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