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The parent compound BaBiO; of bismuthate high-temperature superconductors (HTSCs) BaBi(Pb)O; and
Ba(K)BiO; with perovskitelike structure exhibits unusual electronic and structural properties, which can be
satisfactorily explained if we assume that all charge carriers are in the paired state. However, the prior ex-
periments and the first-principle calculations only indirectly indicate the existence of paired charge carriers
in BaBiOs. In this work, we report the direct evidence of initially paired electrons and holes in the upper
antibonding Bi 65—O 2p,+ orbital of the neighboring octahedral complexes in the ground state of BaBiO; using
the time-resolved x-ray absorption spectroscopy (XAS) to monitor the electron dynamics after the femtosecond
resonant 633 nm laser excitation. We observe strong changes in the oxygen K-edge XAS preedge region, defined
by the Bi 65—0O 2p,« orbitals. We interpret them as a fast (<0.3 ps) breaking of charge carrier pairs and slower
(0.3-0.8 ps) lattice rearrangement from the distorted monoclinic structure into the new metastable state with a
cubic lattice, which persists at least up to 60 ps after the excitation. Analysis of the intermediate state at the fast
excitation shows that the bond disproportionation and monoclinic distortion of BaBiOs structure are energetically
favorable due to the charge carrier pairing. Thus the compound BaBiO; forms a new quantum state that we define
as a local pair density wave. Taking into account a large number of similarities between bismuthate and cuprate
high-temperature superconductors, we believe that our work will give a new impetus to understanding the nature

of superconductivity in perovskite HTSCs.

DOLI: 10.1103/PhysRevResearch.6.023307

I. INTRODUCTION

In recent years, BaBiOs, the parent compound of the
bismuthate high-temperature superconductor (HTSC) fam-
ily (Ba;_,K,BiO3 and BaPb,;_,Bi,O3) has attracted a new
wave of interest from both theoretical and experimental con-
densed matter communities (see the review [1] and references
therein). This is partially due to the observation of a topolog-
ical state in BaBiO; [1-4] predicted by Yan er al. [5]. But
the main interest in this material is caused by the fact that
a unified theory for the insulating state in the pure BaBiO3
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and superconductivity in the doped phases is still missing
[1,2,6-13].

After the discovery of superconductivity in
BaPb(,5Bip7503 at ~13 K [14] and in BaggKp4BiO5 at
~30 K [15,16] the bismuthates have been studied extensively
using state-of-the-art methods. However, a significant part
of the unusual properties of the parent compound BaBiOs,
described already in the early review by Uchida er al. [17],
have not consistently been explained so far.

Among the most important anomalies of this unique
semiconductor, the review [17] emphasizes the following:
the existence of two energy gaps—an optical gap Eg =
1.96 eV and transport (activation) gap E, =~ 0.24 eV; the ex-
traordinarily large value of the preexponential factor ny =
1.1 x 10> cm™3, equal to the number of unit cells per
unit volume, obtained from the charge transport measure-
ments for a concentration of itinerant charge carriers n(7) =
noexp (—E,/kT); abnormally large amplitude of the breath-
ing Raman mode (~570 cm™") at the resonant laser excitation
through the optical gap. Based on the summary of these

Published by the American Physical Society
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FIG. 1. Local crystal and electronic structure of BaBiOs. Left: ground state with larger BiLOg and smaller BiL?Og octahedra carrying the
electron and hole pairs on the upper antibonding Bi 65—O 2p,+ orbital, respectively. Right: excited state after resonant laser excitation fiwg
through the optical gap with broken pairs and equal octahedra. Circles denote paired states. L%, L°, and L' denote a local hole pair, a local

electron pair, and a single electron (hole), respectively.

observations it was suggested in [17] that unusual electronic
and structural properties of BaBiO3 can be satisfactorily ex-
plained if one assumes that all charge carriers are in the paired
state and the conductivity is due to two-particle transport,
possibly within the bipolaronic description. Thus the main
question raised by the authors of [17] is the nature of the
ground state in the parent compound. We believe that the
answer to this question is the key to understanding not only
the insulating state and the two-particle transport in BaBiOs3,
but also the mechanism of superconductivity in the doped
bismuthates.

The approaches explaining the insulating behavior of
BaBiOj in the literature can be divided into two groups:
charge disproportionation on the Bi sites and bond dispro-
portionation per hybridization between the Bi 6s and O 2p
orbitals. Both approaches lead to the appearance of breathing
distortion in the BaBiO3 perovskite lattice [1].

A few different models of Bi charge disproportionation
2Bi*" — Bi*" 4+ Bi’" have been proposed [9,18-22]. How-
ever, this scenario does not agree with the results of photoe-
mission spectroscopy, which showed no splitting of the Bi 4 f
core states [23-25]. Some of the electronic structure calcula-
tions using the linear-augmented-plane-wave (LAPW) [26,27]
and density-functional-theory (DFT) [28,29] approaches also
indicated the absence of a visible charge difference at two
bismuth sites. To smooth over these contradictions, Rice’s
concept [20,30] of a local commensurate charge density wave
(CDW) was proposed [17,26,27,31,32]. In addition, several
models of charge disproportionation with noninteger bismuth
valence Bi**® (0 < 8 < 1) were considered [13,33].

Another approach, the so-called “bond disproportiona-
tion,” based on the scheme 2Bi*"— Bi** + Bi**L2, proposed
for the first time in [34,35] (here I:2 denotes two holes spread
over the 2p orbitals of six oxygen atoms surrounding the
Bi ion), does not contradict the photoemission spectroscopy
results since both bismuth ions are in the same valence state
Bi**. It was implemented in a variety of models [12,28,29,36—
38] and is now regarded as the preferred one [1]. How-
ever, these models do not take into account the paired state
of charge carriers [17] in the ground state of BaBiO3; and

consider the breathing lattice distortion [28] or different local
environments of bismuth atoms [29] to be responsible for the
bond disproportionation.

Besides, the above models do not explain the splitting of
Bi 4f lines, observed in high-resolution photoelectron spectra
[24] in the superconducting phase of Ba;_,K,BiO3, which,
from our point of view [39], indicates the appearance of two
bismuth valence states upon doping in contrast to the initial
BaBiO3.

In our previous works based on EXAFS (extended x-ray
absorption fine structure) [39,40] and XANES (x-ray absorp-
tion near edge structure) [34,35] experiments, we proposed
the bond disproportionation model 2BiL!Ogs — BiL’Og +
BiL?Og that emphasizes the role of real-space pairing and may
explain the anomalies of the BaBiO3; ground state noted in
[17]. In this model, the Bi]:206 is a small octahedron carrying
the hole pair L?> and behaving as a rigid molecule with a
vacant upper antibonding Bi 6s—O 2p,- orbital. BiL°Oy is
a large soft octahedron carrying the electron pair and act-
ing as an unstable molecule with a filled upper antibonding
Bi 65—0O 2p,+ orbital. It is the local pairing that produces
the monoclinic distortion of a BaBiO3 cubic lattice includ-
ing breathing and tilting distortions. A local electron pair
can tunnel between the neighboring complexes according to
the dynamic exchange BiL>Q4 <> BiL’Og, causing oxygen
atom vibrations in a double-well potential. Resonant optical
excitation through the optical gap Eg ~ 1.96¢eV should lead
to the local pair destruction and in the excited state BaBiOj3
represents a system of identical BiL'Og octahedra with one
electron and one hole in the upper Bi 6s—O 2p,« antibonding
orbital [39] (Fig. 1).

Within such a point of view, the parent compound BaBiO3
may also be considered as a system with real-space [41] or
hardcore [42] bosons (i.e., with only one boson per site) using
Anderson’s concept of negative U’ potential [20]. A number
of works argue that the electron- and hole-pairing mechanism
in BaBiOj3 has an electronic [42—44] rather than phononic
(bipolaronic) [17,20,32,45,46] nature.

Our bond disproportionation model is in good agreement
with the results of transport measurements, x-ray and neutron
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diffraction, inelastic neutron and electron scattering, Raman
scattering, and photoemission spectroscopy. By taking into ac-
count the conservation of the real space pairing occurring with
the potassium doping of parent BaBiOs3 [39,47], it allowed
us to propose a new scenario for the microscopic mechanism
of superconductivity in Ba;_,K,BiO3 (BKBO) based on the
existence of spatially separated Fermi-Bose mixture [48,49].

However, our EXAFS and resonant Raman results
[39,40,47] as well as other studies of optical conductivity,
Raman scattering, and transport measurements discussed in
[17] might be considered only an indirect proof of the local
charge carrier pairing in the ground state of BaBiOs.

In recent years x-ray free electron lasers (XFELs) have
opened unique opportunities for time-resolved studies of
charge order dynamics and the relationship between elec-
tronic, spin, and lattice degrees of freedom in the complex
systems such as cuprate HTSCs [50-53]. The photoexcita-
tions leading to the emergence of unique properties can be
efficiently separated in space, time, and energy domains. In
this work we use these capabilities in order to show direct
evidence of initially paired carriers in BaBiO5; forming a new
quantum state of local pair-density wave (LPDW). We employ
transient X-ray absorption spectroscopy (tr-XAS) to follow the
electron dynamics driven by a femtosecond laser across the
optical gap. The temporal evolution of different electronic and
lattice states observed in tr-XAS clearly points to the existence
of coupled local electron and hole pairs in the ground state of
BaBiO3.

II. RESULTS

We performed time-resolved oxygen K-edge x-ray absorp-
tion spectroscopy of photoexcited thin 90 nm BaBiOj3 films
grown on 100 nm Si membrane substrates. The experiment
was conducted at the Spectroscopy and Coherent Scattering
(SCS) instrument of the European XFEL facility. All measure-
ments were carried out at room temperature.

Figure 2(a) shows the experimental scheme for tr-XAS
based on a beam-splitting off-axis zone plate (BOZ) creating
three copies of the incoming beam [54], which are used to
measure the transmitted intensity through the laser-excited
and unexcited sample, as well as to monitor the incoming
intensity with a pulse-resolved detector; see Appendix B.
The sample was excited using 30 fs laser pulses centered at
1.96 eV (633 nm) and a pump fluence reaching 32 mJ/cm?.
The probe photon energy was scanned in the range of 525—
550 eV [55] with a resolution of AE/E ~ 2 x 107*. The
delay between the optical pump and the XFEL probe pulses
was varied over a wide range from —1 ps to 60 ps. Thus
we directly probed the changes and dynamics of the BaBiO3
unoccupied density of states after the femtosecond laser pulse
excitation through the optical gap Eg ~ 1.96¢eV.

The oxygen K-edge XAS spectra of the ground and ex-
cited BaBiOj states are shown in Fig. 2(b). They consist
primarily of the preedge peak around 529 eV, which is de-
fined by the Bi 65s—O 2p,+ antibonding orbital [red area in
Fig. 2(b)], the shoulder at 531-533 eV, which corresponds
to the O 2p—Bi 6p hybridized states (green area), and the
main peak at 533-535 eV, which is determined mainly by the
O 2p-Ba 5d hybridized states (blue area) [24,56].

In the bottom panel of Fig. 2(b) the differences between the
spectra of excited state measured with the pump laser fluence
8 mJ/cm? and the spectra of ground state are shown for the
different pump-probe delay times from —0.1 to 59.8 ps. First,
one can see the positive and negative peaks appearing in the
preedge region of the difference spectrum AXAS immediately
after the excitation, which corresponds to the increase and the
drop of XAS intensity at the rising edge and near the center
of the preedge peak, respectively. These positive and negative
contributions in AXAS, which we further denote as peaks
A and B, are separated by ~1¢eV in energy and are visible
already at O ps, showing the maximum amplitude at ~0.2 ps,
which is followed by a monotonous decay. Notably, within
the first picosecond, from 0 to 0.8 ps after the excitation, the
maximum of peak A shifts by ~0.2¢eV to the higher photon
energy. This shift is shown in a greater detail in Figs. 2(c)
and 2(d).

There are a few less pronounced negative and positive
features in the difference spectrum in the energy region
531-533eV. They become clearly visible at the delay time
0.1 ps and undergo intensity redistribution within the first
picosecond after the excitation, with the negative feature
disappearing shortly after 0.5 ps. At larger delay times the
amplitudes of the remaining features change slightly.

In the energy range 533-535 eV of the difference spectrum
no features are visible right after time zero. However, at the
delay times 0.2-0.3 ps two weak minima appear in this range.
Their amplitudes keep growing slowly and reach saturation
between (0.8 and 1.8 ps.

Importantly, most of the above described spectral features
do not disappear completely before the largest delay time of
59.8 ps reached in our experiment. This indicates that the
system does not relax into the ground state at least up to
60 ps after the excitation and a new quasiequilibrium state
forms.

We believe that the most important information about
the rearrangement of the local electronic and crystal struc-
tures upon the excitation over the optical gap in BaBiOj is
contained in the preedge region of XAS, since this energy
range corresponds to the upper Bi 65—O 2p,- antibonding
orbital. The dependence of the preedge peak shape on the
delay time after the resonant optical excitation appears in
the difference spectrum as a change of the peak A and
B amplitudes, positions, and widths [Fig. 2(b)]. It allows
us to analyze the entire dynamics of the local electronic
and crystal structure rearrangement in BaBiO;. Therefore,
the subsequent analysis will mainly focus on this spectral
range.

The delay time evolution of the O K-edge XAS preedge
peak at different optical pump fluences is shown in the top
panel of Fig. 3. The maximum change of the preedge peak is
observed at an early time (0.2 ps) after the excitation: the peak
broadens and shifts to the lower photon energy side and its
amplitude decreases strongly. At later times (0.8—4.8 ps) the
peak restores its amplitude and shifts back to higher photon
energy, but not completely, which points to the transition of
the system to a new state. Notably, the peak shape at 4.8 ps is
close to the shape at 0.8 ps, which means that the transition in
the electronic and crystal structure is mostly complete already
at the delay time of 0.8 ps. As excitation fluence increases, we
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FIG. 2. Pump-induced excitation of BaBiO; ground state in the O K-edge XAS experiment at XFEL. (a) Schematics of the tr-XAS
experiment at the SCS instrument. (b) Top panel: the experimental ground state (black line) and the excited state (red line) O K XAS of
BaBiO; measured at the delay time 0.3 ps and optical pump fluence 8 mJ/cm?. Three characteristic spectral ranges are marked with colors:
(red) the pre-edge O K XAS peak corresponding to the Bi 6s—O 2p,+ antibonding orbital; (green) the rising edge of the main O K XAS peak
corresponding to the hybridized O 2p—Bi 6p states; (blue) the main O K XAS peak corresponding to the hybridized O 2p—Ba 5d states (the
“lattice” states). Bottom panel: the difference between the excited and ground state spectra AXAS of BaBiO3; measured at the different delay
times from —0.1 to 59.8 ps. The positive peak A and negative peak B in AXAS are marked with the vertical dashed lines. (c) The evolution of
peak A in AXAS with the delay time changing from 0.1 to 1.8 ps. (d) The energy position of peak A vs the delay time.

see qualitatively similar effects in the preedge region, but they
become stronger.

At times > 0.8ps after the excitation the sample can
be described as a mixture of excited and ground states of
BaBiOj3, with the density of states (DOS) of each type giving
a contribution to the XAS with a certain weight. The bottom
panel of Fig. 3 shows the spectra measured at the delay time
4.8 ps fitted with the sum of DOS for the ground and excited
states, calculated ab initio (see the Supplemental Material
Fig. S1[57]). The ground state is characterized by a distortion
of the ideal cubic perovskite lattice and two types of oxygen
octahedrons. In the excited state, the octahedra transform
into two identical ones and the lattice distortion disappears.
Parameters of the ground state contribution in XAS (energy

position and width) were found from the fit of the unexcited
spectrum. The energy position of the excited state contribution
in XAS was determined from the energy separation between
the peak and the dip in the difference spectrum [Fig. 2(b)]. The
weight of the excited state & was obtained from the spectra
using the equation XAS = (1 — a)DOSgoung + @DOSexciteq-
It shows almost linear dependence vs the optical pump fluence
(the inset in the bottom panel of Fig. 3). At the highest optical
pump fluence 32 mJ/cm? applied in our experiment, the frac-
tion of the excited state reaches 27%. In order to reduce the
heat load and prevent damage of the thin film sample, most of
the time-resolved measurements were performed at the pump
fluence 8 mJ/ cm?, at which the fraction of the excited state is
estimated as 5%.
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FIG. 3. Dynamics of BaBiO; K O XAS preedge peak. Top panel: the preedge peak of BaBiO; O K XAS measured at the ground
(unpumped) state and different delay times after the excitation (0.2, 0.8, and 4.8 ps) at three optical pump fluences. Bottom panel: the
experimental preedge XAS peak at the delay time 4.8 ps (blue circles) and its fitting (solid red line) with the sum of calculated ground
(green) and excited (purple) state DOS. Inset in the bottom panel: the fraction of the excited state « in the resulting XAS spectrum vs the

optical pump fluence.

In order to estimate the characteristic times of the local
electronic and crystal structure rearrangement in BaBiOj3 after
femtosecond resonant excitation over the optical gap we have
used a three-exponential model [51]. Figure 4 shows a delay

0.05
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v 0.04 1 T2 = 0.24 (ps)
c T3 = 1.5 (ps)
>
S 0031
—
©
~ 0.02 -
V)
<
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FIG. 4. Three-exponential fitting of time-dependent AXAS at
the photon energy 528.2 eV (peak A). (Red circles) The delay time
scan measured at the fixed photon energy 528.2 eV corresponding
to the peak A in the difference spectrum AXAS and the pump
fluence 8 mJ/cm?. (Solid red line) Three-exponential fitting of the
time scan. The time ranges where three characteristic processes give
the biggest impact are marked with colors: (orange) electronic struc-
ture excitation, (green) electronic structure relaxation, and (blue)
lattice rearrangement. Inset: three characteristic times obtained from
the exponential fit.

time scan measured at a fixed photon energy 528.2 eV, corre-
sponding to the peak A in the difference spectrum AXAS, and
its fitting with three exponents according to Eq. (1):

=ty

AXAS =[O0 —1)(1 —e )

X (A1 +Ase” = +Aze )] (1)
From the fitting three characteristic times are obtained,
which we relate to the fast excitation of the electronic sub-
system right after the absorption of laser pulse 7; ~ 0.15 ps,
the relatively fast partial relaxation of the electronic subsys-
tem back to the ground state 7, ~ 0.24 ps, and the slower
rearrangement of the lattice t3 ~ 1.5 ps. Very similar char-
acteristic times were also obtained from the analysis of the
time delay scan measured at the photon energy 529.1 eV,
corresponding to the negative peak B in AXAS (Fig. S2 in
the Supplemental Material [57]). We note once again that the
amplitude of both peaks A and B do not relax to zero at large
delay times, which confirms the formation of a new state after
excitation, stable at least on the tens of picoseconds time scale.
More details about the three-exponential fitting procedure are

given in Supplemental Material [57].

III. DISCUSSION

The temporal behavior of the difference spectrum AXAS
[Figs. 2(b) and 2(c)] within the first picosecond after the
resonant optical excitation may provide a direct confirmation
that the charge carriers in the ground state of BaBiO; exist in
the form of electron and hole pairs, localized in the large and
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FIG. 5. Scheme of BaBiO; ground state excitation by a resonant optical photon. The main changes occur in BaBiO; upon the fast resonant
excitation over the optical gap. The simultaneous rearrangement of local electronic (bottom panel) and local crystal (top panel) structures is
reflected in the shape of the O K-edge XAS and the difference spectrum AXAS of BaBiOj at the delay time 0.8 ps (right panel).

small octahedral complexes, respectively. Based on the gen-
eral assumptions about such conditions, which we describe
below in detail, the features of the difference spectra in the
preedge region of XAS can be associated with the contribu-
tions from the paired and single electron and hole states before
and after the excitation.

As we showed in the previous section, the energy position
of peak A [Figs. 2(b), 2(c) and 2(d)] in the difference spectrum
is stabilized at the delay time 0.8 ps after the arrival of the
laser pulse. This suggests that the process of both local elec-
tronic and crystal structure rearrangement in BaBiOj is nearly
complete by this time. Therefore, we will start the analysis of
difference spectrum from the delay time 0.8 ps when the final
excited state is achieved. The fast transients occurring at the
delay times 0—0.8 ps will be discussed in detail later.

In the ground state of BaBiOs3 (Fig. 5) the alternating large
BiL’04 and small BiL?O¢ octahedral complexes carry the
local pair of electrons (blue) and holes (gray) on the upper
antibonding Bi 65s—O 2p,« orbital, respectively. The absorp-
tion of a short laser pulse with photon energy resonant with
the optical gap fiwg = E¢ leads to the destruction of local
electron and hole pairs. Thus the two-particle local electronic
structure with pair states Eo(L°) and Ey(L?) transforms into
the single-particle local electronic structure with two similar
E ,*(I_,l) states containing one electron and one hole at the final
stage of excitation. Two single electrons from the broken pair
are excited by ~1eV to the E} (L) energy level. At the same
time two single holes L! from the broken hole pair appear
on the same E; (L") level approximately 1 eV lower than the
paired holes state EO(I;Z).

Such a local electronic structure transformation induces
a lattice rearrangement from the monoclinic structure with
different BiL’Og and BiL?Og octahedra to the cubic structure
with similar octahedra BiL!Og, each of them containing one

electron and one hole on the upper antibonding Bi 65—O 2p,+
orbital.

These changes can be associated with the features observed
in the preedge region of difference spectrum AXAS (Fig. 5)
at the delay time > 0.8 ps after the laser excitation. The pos-
itive peak A in AXAS at lower photon energy we attribute
to the appearance of single unpaired holes L! at the energy
level El*(I:l), resulting from the local pair dissociation at the
final stage of excitation. The negative peak B in AXAS at
higher photon energy we attribute to the reduction of formerly
unoccupied states due to the decrease of the number of paired
holes ]:2 at the energy level E (Lz).

It is important to emphasize that, although the excitation
photon energy is hwg =~ 2eV, the separation between the
peaks A and B in the difference spectrum AXAS is clearly
~1eV. We interpret this as a fingerprint of the transition from
a two-particle to a single-particle spectrum, caused by the
resonant optical excitation. In this case the quantum energy
hwg ~ 2 eV, required to break one local electron pair, is split
between two resulting single electrons, which are excited each
by ~1eV to the new level Ef(Ll). Indeed, if we assume
that two electrons at the Eo(L") level are not bound into a
local pair, but the ground state represents a single-electron
spectrum, then the shape of AXAS upon resonant excitation
through the semiconductorlike CDW gap would be different.
In that case, a quantum fiwg =~ 2 eV would excite one of the
two single electrons from the ground level Eo(L°) to a vacant
state in the preedge region and a hole would appear at the
level Eo(L%). As a result, the peaks A and B would also be
observed in the AXAS spectrum, but the separation between
them would be ~2 eV, which is not what we observed.

Thus the effects observed in the preedge region of O
K-edge XAS upon resonant optical excitation should be con-
sidered as the direct experimental evidence that BaBiO;
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FIG. 6. Scheme of fast transients occurring in BaBiOj; at short delay times after excitation. The detailed scheme of BaBiOj; local electronic
structure (top) and local crystal structure (bottom) rearrangement observed at the delay times 0-0.8 ps after femtosecond resonant excitation

over the optical gap fiwg

= Eg. Left panel: the two-particle paired ground state E,(L°) + Eo(L?); middle panel: the single-particle unpaired

intermediate excited state E; (L°) + E; (L?); right panel: the single-particle metastable final excited state 2E;(L").

is a unique compound with initially paired carriers form-
ing a new quantum state of the local pair density wave
(LPDW).

In the model [39,48,49], the local electron and hole pairs
in the neighboring octahedra are directly linked. The presence
of an electron pair at the energy level Eo(L°) in the large
octahedron assumes the presence of the hole pair L? at the
energy level EO(LZ) in the nearest small octahedron. The
configuration of the ground state local electronic structure
of BaBiO3 should then be understood as Eo(I_f)) + EO(I:Z)
(Fig. 5). Different occupation (I:2 or I:O) of the antibonding
Bi 65s—0 2p,+ orbital defines the configuration and the size of
octahedron and is the primary cause for the lattice breathing
and tilting distortions, but not vice versa. In the case of equal
occupation L' of the antibonding Bi 65—O 2p,- orbital in
the nearest octahedra no breathing distortion can happen and
the structure should consist of identical BiL'Og octahedra
(Fig. 5).

Figures 2(c) and 2(d) show the dynamics of shape and
energy position of peak A (appearance and growth of the
unpaired holes) in the difference spectra AXAS for the delay
times 0.1, 0.2, 0.3, 0.5, 0.8, and 1.8 ps. However, the little
precursors of the peaks A and B are observed in AXAS
already at time zero (the maximum overlap between the
pump and probe pulses) and the separation between them
is ~1eV [Fig. 2(b)]. It means that the process of local pair
dissociation after the absorption of the optical photon be-
gins within the time resolution of our experiment (a few
tens of fs). At the delay time 0.1 ps after the excitation the
peaks A and B already have significant amplitudes which
keep growing further. During the delay time 0.1-0.8 ps
the peak A shifts slightly to the higher energy by ~0.2¢eV,
while its amplitude reaches the maximum near the delay time
0.2 ps. Between ~0.5 and 0.8 ps the position of peak A stabi-
lizes and does not change at further delay times [Fig. 2(d)].

The transition processes occurring in the local electronic
and crystal structure of BaBiOj; at the early times from 0 to

0.8 ps after the resonant laser excitation over the optical gap
are summarized schematically in Fig. 6.

As mentioned before, the ground state is observed in the
O K-edge XAS spectrum of unexcited BaBiO3 [Fig. 2(b);
Fig. 5] as a preedge peak at an energy corresponding to the
unoccupied level Ey(L?) in the Bi 6s—O 2p,- orbital of the
small BiL?Og complex. The energy level Ey(L°) occupied by
the electron pair in the large BiL’Og octahedron in the ground
state |0) (Fig. 6, left panel) does not appear in XAS, because
it lacks the density of unoccupied states L°, while XAS is
sensitive only to the vacant states.

In order to describe the transition processes taking place
during the short delay times 0-0.8 ps in Fig. 6 we use
the expression for the pairing (pair bonding) energy E,
[42,43,48,49]:

= E(BIiL'O¢ + BiL'Og) — E(BiL°Og + BiL*Og)

= Eg — 2E,, @)

where Eg = Hiwg is the optical gap and 2E, is the activation

gap.

In the two-particle spectrum of the BaBiO; ground state,
|0), the electron and hole pairs are combined with pair binding
energy E, so that the energy separation between levels Ey(L?)
and Ey(L°) is equal to Ej, = E; — 2E, (Fig. 6, left panel).

The first stage of excitation after the absorption of resonant
(hwg = Eg ~ 2eV) optical pump pulse at the delay times
0-0.3 ps corresponds to the transformation from a two-particle
(Fig. 6, left panel) to a single-particle spectrum (Fig. 6, middle
panel). At this stage the following processes with characteris-
tic time t; occur (Fig. 6, middle panel): both local electron
and hole pairs dissociate simultaneously according to the

optical transition Eo(L°) + Eo(L?) 228 E3(L) + Ef(L2). It
transforms the two-particle energy structure to the new single-
particle one and E;(L°) and Ej(L?) are the intermediate
excited single-electron and single-hole levels with two un-
paired electrons and two unpaired holes in the large and
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small octahedra, respectively, in the intermediate excited state
|2). So, the energy of both electrons increases by fiwg/2 =
Ey/2 + E, = 1 eV relative to the initial EO(I_f)) level, while
the energy of the E5 (L?) level with two unpaired holes shifts
by the same value /iwg/2 in the opposite direction relative
to the initial Ey(L?) position. The activation gap 2E, appears
between the levels EJ (L% and E; (L?). Note that, at the first
stage of excitation, the two unpaired electrons and two un-
paired holes remain in their own octahedra, thus maintaining
the breathing distortion of the lattice due to different occupa-
tion (L? and L) of the antibonding Bi 6s—O 2p,- orbital.

While the lattice is not rearranged yet, the intermediate
excited state |2) can relax back to the ground state. This pro-
cess with characteristic time 1, happens as a reverse transition
E;(L%) + E;(L?) — Eo(L°) + Eo(L?), which is probably ac-
companied by the emission of a photon with an energy Ziw ~
2 eV, giving back the pairing energy Ej.

The first stage of excitation with characteristic time T
is observed in the difference spectrum AXAS [Figs. 2(b)
and 2(c)] at the delay times 0-0.3 ps as the simultaneous
appearance and growth of peak A [appearance and increase
of the number of unpaired holes at the level E;(]:z)] and
negative peak B [decrease of the number of paired holes at
the level E, (I_f)], proportional to the number of broken pairs.
The process of recombination to the initial paired state with
characteristic time 7, becomes noticeable after ~0.2 ps only
as a slight decrease of the peak A and B amplitudes.

At delay times 0.3-0.8 ps after the initial excitation the
dominant process is the transformation of the local electronic
structure with levels EJ (L% and E (L?), belonging to the dif-
ferent octahedra, and occupied by two unpaired electrons and
two unpaired holes, respectively, into the structure with two
half-filled E} (L') levels, corresponding to the identical octa-
hedra (the final excited state |1)). This transition, described
by equation EJ LY + E;(I_}) — 2F ]*(I_J ), leads to the rear-
rangement of the lattice into a cubic structure with identical
octahedra. This process is accompanied by the closing of the
activation gap 2E, and characterized by the time 73 (see Fig. 6,
right panel).

In the AXAS spectrum this stage at the delay times 0.3-0.8
ps must be observed as the shift of peak A to higher energy
by the value of E, due to the transformation of the EJ (L?)
level to the E 1*(]:') levels. Indeed, taking E, =~ 0.24 eV from
[17] we obtain an exhaustive explanation of the peak A shift
by ~0.2eV, observed in the difference spectrum AXAS [see
Figs. 2(c) and 2(d)].

After the final state of excitation is reached, the electronic
transition 2E; (L") — Eo(L°) + Eo(L?) back to the ground
state |1) — |0) is forbidden, since it requires the energy E,
for the reverse rearrangement of the lattice. Thus, in the final
state |1), the system has the structure of identical octahedra
with a half-filled antibonding Bi 6s—O 2p,- orbital and it is
metastable until at least 60 ps.

The slow monotonous decrease of the peak amplitudes
in the difference spectrum at large delay times 0.8-60 ps
[Fig. 2(b)] indicates that the excited state of the system still
tends to relax to the ground state in a very long time compared
to the time scale of our experiment. This relaxation happens
probably due to the interaction of initially optically excited
volume with a surrounding unexcited matrix. Note that the

fraction of the excited state in the probed volume does not
exceed 5% at the pump fluence of 8 mJ/cm? (Fig. 3).

Taking into account the fitting of the difference spectrum
AXAS at the energy of peak A using the three-exponential
model (Fig. 4) and the fast transients observed at the delay
times 0-0.8 ps (Fig. 6), we can estimate the characteristic time
of local electron and hole pairs destruction by the resonant
femtosecond excitation over the optical gap as t; = 0.15 ps,
the time of pairs recombination (relaxation to the ground
paired state) as 7, = 0.24 ps, and the time of rearrangement of
the lattice into a new cubic structure with identical octahedra
as 3 = 1.5 ps. Similar characteristic times were also obtained
from the three-exponential fit of the spectrum at the energy of
negative peak B (Fig. S2 in the Supplemental Material [57]).
It is quite natural since the dynamics of both peaks A and B is
defined by the same process of local pair dissociation.

The relatively large characteristic time at the first stage of
excitation, estimated as t; ~ 0.15 ps (Fig. 4), can be consid-
ered as another argument in favor of the BaBiO3 two-particle
ground state. Indeed, in the case of a single-particle state, the
excitation time of a single electron upon the absorption of a
hwg = 2 eV photon is expected to be of the femtosecond time
scale and therefore should be observed in the spectrum as
faster process closer to the laser pulse duration. Apparently,
the dissociation of a paired state is a process more compli-
cated than the excitation of a single electron and requires the
additional energy and time cost.

The first direct observation of fast processes of electron
and hole pair dissociation accompanied by lattice rearrange-
ment at the short delay times of 0-0.8 ps (Fig. 6) is another
very important fundamental result of this work. It demon-
strates directly the nature of the two gaps in BaBiO; and
indicates that, upon femtosecond resonant optical excitation,
the carrier pairing and bond disproportionation disappear and
optical and activation gaps close. The latter is the sign of
the insulator-metal phase transition, so in the excited state
the system with a cubic structure and identical octahedra
should exhibit metallic properties, which agrees well with the
results of our DFT calculations [58,59]. Therefore, BaBiO3 in
the metastable excited state behaves as the imaginary system
BaBi*T0; [18,60], a metal with a half-filled band.

In addition, it is worth noting that the density of states of
paired local ligand holes Ey(L?) in the two-particle spectrum
(Fig. 6, left panel) which appears in the ground state XAS as
the preedge peak [Fig. 2(b)], upon resonant excitation over the
optical gap transforms into the density of vacant single states
EF(L') in the single-particle spectrum (Fig. 6, right panel)
and forms a conduction band in a metallic metastable excited
state.

The existence of two energy gaps in BaBiOs; was pre-
viously proposed in a number of works [17,31,32,42], but
here we directly evidence that the optical gap is related to
the pairing energy and the activation gap as Eg = E; + 2E,.
The pairing energy E}, is responsible for binding the electrons
and the holes located on completely filled and unoccupied
levels in the large and small octahedra, respectively. The
activation energy E, is related to the breathing-type de-
formation of the cubic structure and the formation of the
structure with different octahedra (Fig. 6). It is the pairing
energy E, that ensures the energy gain and makes the bond
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disproportionation process in BaBiO3 energetically favorable.
The activation gap E, represents an energy barrier in the two-
particle spectrum that prevents two-particle charge transfer in
the structure with different octahedra and disappears upon the
lattice rearrangement into a system with identical octahedra
at the insulator-metal transition. As was pointed out earlier, in
the two-particle charge transfer the activation gap plays a role
of the pair localization energy [39,48,49].

The extraordinarily large value of the preexponential fac-
tor in the transport measurements n(7) = ngexp (—E,/kT),
where ng = 1.1 x 10?> cm™3 is equal to the number of unit
cells [17], becomes obvious since we have shown that every
unit cell in BaBiO; carries a local pair and participates in the
two-particle conductivity.

In addition, the nature of the extremely large amplitude
of the breathing mode at ~570 cm™' in the Raman spectra
[17,61] upon resonant excitation over the optical gap is clar-
ified. The breaking of the carrier pairs leads to fast (0.8 ps)
local structure rearrangement and the closing of the activation
gap. The released energy brings about an abnormal increase
in the intensity of the breathing mode together with its higher
harmonics up to the fourth order in Raman spectra [17,61].

It is worth noting that the analysis of fast transients at the
delay times 0-0.8 ps gives the new important experimental in-
sight into the bond disproportionation mechanism in BaBiOs.
This casts doubt on the conclusions previously obtained from
the DFT calculations that the breathing mode or the different
local environments of the Bi atom in BaBiOs are responsi-
ble for the bond disproportionation [28,29]. Our experiment
shows that the local electronic and crystal structure of the final
excited state (Fig. 6, right panel), that corresponds to the cubic
lattice of imaginary system BaBi** O3, cannot be transformed
into a breathing distorted structure with large and small octa-
hedra (Fig. 6, middle panel) by the simple transition of one of
the ligand holes L' to the neighboring octahedron (L' — L?)
because it requires an energy cost of E,. Such a transition is
energetically favorable only if two electrons and two holes
form local pairs in the large and small octahedra, respectively,
releasing the binding energy E, (Fig. 6, left panel). Thus the
mechanism of bond disproportionation in the BaBiO3 ground
state can be realized only due to the local pairing of electrons
and holes in real space.

Introducing the concept of local pair density wave (LPDW)
as a new quantum state of charge carriers in BaBiO3, we use
the local nature of the charge density wave (CDW) [20,30],
but emphasize the importance of carrier pairing and the strong
localization of electron and hole pairs in real space on the
different octahedra of the crystal structure. In the case of an
ordinary CDW, the charge carriers do not have to be in a paired
state, while the LPDW is formed by the alternating local elec-
tron and hole pairs in the neighboring octahedra. Besides, such
a definition shows the difference between such a local pair
density wave and the PDW state recently discovered in cuprate
HTSCs [62]. Indeed, the PDW in cuprates describes a wave of
carriers paired in reciprocal space, while the LPDW is strictly
related to the local pairing of electrons and holes in real space.
Moreover, the LPDW state has a dynamic character due to the
local pair tunneling between the neighboring complexes in
accordance with the dynamic exchange BiL>Og <> BiLOg,
causing oxygen atom oscillations in a double-well potential

[39]. The LPDW state with alternating local electron and hole
pairs means that the charge difference between the neighbor-
ing octahedra is exactly 2e.

A similar real-space pairing phenomenon was previously
discussed in cuprate HTSCs, StTiO3, and related compounds
with a perovskitelike structure as the appearance of a pre-
pairing preceding the formation of a superconducting state
[63-65]. For example, in the Zr-doped SrTiOsz, where the
existence of unconventional real space pairing was predicted
in [66], the preformed electron pairs can be considered as a
precursor of the superconducting Bose-Einstein condensate
(BEC) at lower temperatures and lower magnetic fields. In
the BEC regime, pairing has a local nature and precedes the
formation of a superconducting state [65].

Our results also allow for a deeper understanding of the
local processes occurring in BaBiO3 with potassium doping,
described earlier in the model of spatially separated Fermi-
Bose mixture, which explains the microscopic mechanism
of superconductivity in bismuthates [48,49]. Replacing every
two barium atoms with two potassium atoms adds two holes
and replaces the part of large BiL’Og octahedra with small
BiL?0g ones. However, these additional holes are in the un-
paired state as in the middle panel of Fig. 6, since there are
no large octahedra BiL°Og with paired electrons nearby. We
could guess that the emergence of these new unpaired states
was observed in [24,33,56] in the O K-edge XAS spectrum of
Ba;_,K,BiOj as a shift of the preedge peak to lower energy
by ~1eV. It coincides with the position of the unpaired hole
level in the difference spectrum of the excited state El*(I;I)
of BaBiO; upon resonant laser excitation [Figs. 2(b) and 5]
observed in this work.

The growing number of small octahedra with doping leads
to their intersection in real space, causing the splitting of their
unoccupied levels. When the percolation limit x = 0.37 is
reached and exceeded, these levels merge into the conduction
band [39,67], providing an insulator-metal phase transition in
the fermionic subsystem, similar to the metastable metallic
excited state of BaBiOj (Fig. 6, right panel).

At the same time, the local electron pairs in the Bi]:006 oc-
tahedra, representing the bosonic subsystem, do not disappear
with doping and can travel freely along the [100]-type axes,
providing superconductivity at x > 0.37 [39,48,49].

New arguments are also given in order to explain the
splitting of Bi 4f lines in superconducting Ba;_,K,BiOs3,
discovered in x-ray photoemission spectroscopy (XPS) ex-
periments [23,24,68,69]. These observations, in our opinion,
play an essential role in understanding the mechanism of
superconductivity in bismuthates. Our results suggest that the
ground state of BaBiO; (Fig. 6, left panel) can be considered
as a two-particle (bosonic) analog of a conventional semicon-
ductor with a band gap E}, and the bosonic chemical potential
Wo in the center of this band. This ug level is common for all
octahedra, which defines the absence of splitting of the Bi 4 f
states counted from ¢ and indicates the same valence state
of all bismuth ions in BaBiOj [23-25,68]. In superconducting
Ba;_,K,BiO3, the local electron and hole pairs are stored in
the bosonic subsystem with their own chemical potential 1.
At the same time, with x > 0.37 the additional unpaired holes
in small octahedra form a conduction band in the fermionic
subsystem with fermionic chemical potential ur at the energy
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position Ej (]:0). Since the fermionic and bosonic subsystems
are spatially separated (i.e., they belong to different octahedra)
[48,49], the binding energies of Bi 4 f states counted from two
different chemical potentials are separated as well. It results
in their splitting and the occurrence of two bismuth valence
states in superconducting Ba;_,K,BiOs.

Our observation of a quantum LPDW state in bismuthates
has something in common with the recent insight into the
high-temperature superconductivity mechanism in cuprates,
proposed in [70,71]. The authors studied how the quantum
phase coherence evolves across the superconductor-metal-
insulator transition by looking at the quantum magnetocon-
ductance 71/2e oscillations in the anomalous bosonic metallic
state in nanopatterned YBa,Cu3zO7_s, which is similar to
the Fermi-Bose mixture in the metallic superconducting
Ba;_,K,BiO3 [48,49].

Taking into account a large number of similarities between
bismuthate and cuprate HTSCs [44,72], including the strong
anharmonicity due to the oxygen atom vibrations in a double
well potential [73-77], the transition to a synchronized phase
in the charge-lattice dynamics [76,78], the coexistence of the
small bosonic and fermionic charge carriers [79], observation
of the preformed pairing [63,65], and the behavior of elec-
tronic structure in the time-resolved experiments [52,53,80],
we hope to extend our model [48,49] to the cuprates as well
[75,81]. Thus we expect that the results of our experiment will
give a new impetus to the development of a unified model
of high-temperature superconductivity in all superconducting
oxides with a perovskitelike structure.

IV. CONCLUSIONS

Our time-resolved XAS experiment on BaBiO; with a
femtosecond resonant laser excitation through the optical gap
shows evidence of local electron and hole pairs existing in the
ground state of BaBiOs.

The changes observed in XAS at the short delay times from
0 to 0.8 ps allowed us to extract the characteristic times of
local pair dissociation (t; = 0.15 ps), of pair recombination
(r2 = 0.24 ps), and of the lattice rearrangement from the
monoclinic structure with breathing and tilting distortions into
the cubic structure with identical octahedra (r3 = 1.5 ps). This
helped us to elucidate the intermediate phase of excitation
and to explain the mechanism of bond disproportionation in
BaBiO;.

We see that after the excitation the system does not relax
into the initial state for at least 60 ps (the maximum delay time
in our experiment). Instead, it remains in the new quasiequi-
librium state with the structure of identical octahedra. Since
both the optical and activation gaps close shortly after the
excitation, this metastable state probably behaves as a metal
with a half-filled valence band.

In summary, the changes in the XAS spectrum of BaBiO3
at short delay times after the excitation can hardly be
explained using the single-electron approach, but can be in-
terpreted much more consistently as a trace of broken charge
carrier pairs. It suggests that the ground state of BaBiO; is not
a conventional CDW, but the new quantum state of local pair
density wave (LPDW).
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APPENDIX A: SAMPLE PREPARATION
AND CHARACTERIZATION

We prepared 90-nm-thick films of BaBiOs; on Si(100)
substrates using pulsed laser deposition in the oxidizing at-
mosphere of N,O. During deposition the temperature of the
substrate was maintained at 500 °C and the pressure of N,O
at 50 mTorr. A polycrystalline BaBiOj target was synthesized
by the standard solid phase reaction from a stoichiometric
mixture of Bi;O3 and BaCO; powders. The mixture was
annealed at 800°C in three sessions, 8 h each, with inter-
mediate grinding of the powder in an agate mortar. Then,
the obtained powder was pressed into a tablet and sintered
at 850°C for 12 h. To ablate the target we used the excimer
KrF laser, operating at A = 248 nm, the repetition rate 10 Hz,
pulse energy 100 mJ, and the fluence 1.6J/cm? at the target
surface. In order to eliminate the macrosized particles in the
ablated flux we implemented a direct flux screening approach
when the substrate is placed behind the screen in its shadow
and the film grows from a highly dispersed fraction of the
flux, scattered on the molecules of the ambient gas in the
deposition chamber. The Si(100) substrate (Silson Ltd.) was a
single-crystal plate of 7.5 x 7.5 mm? with alternating rows of
etched windows with Si(100) membranes and empty apertures
of the size 0.2 x 0.2 mm?. The Si(100) membrane thickness
was 100 nm. The film thickness was evaluated by stylus
profilometry of the reference samples using the Dektak 150
stylus profiler. The films were characterized by XRD (Rigaku
Ultima IV, Cu K,), scanning electron microscopy (Tescan
VEGA3 SB), and Raman spectroscopy (LabRAM HR Evo-
lution Raman spectrometer, He-Ne laser, A = 633 nm). The
XRD analysis of the reference samples revealed 98% of the
polycrystalline monoclinic phase with space group /12/m1l
in the films. Raman spectra demonstrated a strong peak at
563 cm~! corresponding to the breathing mode of BaBiO;.
More data on the sample characterization is given in Supple-
mental Material [57].

APPENDIX B: TIME-RESOLVED XAS EXPERIMENT

The time-resolved x-ray absorption spectroscopy exper-
iment was performed at the SCS instrument of European
XFEL. The photon energy was scanned in the range
525-550eV across the O K absorption edge, using the
synchronized motion of the monochromator grating and
the undulator gap. In first order diffraction the soft x-ray
monochromator provides an x-ray bandwidth of 100 meV in
this photon energy range [55]. The array of BaBiO3 samples
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was installed on a sample holder that could be moved in three
spatial directions relative to the beam.

For the XAS measurement, we used the novel technique
comprising the beam splitting off-axis zone plate [54] com-
bined with the pulse-resolved DSSC detector [82]. In this
scheme, the incident x-ray beam is split by the zone plate
in three diffraction orders [Fig. 2(a)]. Two of the resulting
beams pass through the sample array windows containing
BaBiOj;, one of which is pumped by the optical laser, while
the third beam passes through the empty aperture. The beams
produce three spots on a single module of the DSSC detec-
tor. By integrating over these spots we obtain the values for
the pumped, unpumped, and reference x-ray pulse intensity.
Such a technique significantly improves the accuracy which
is crucial for the transient XAS measurement at the x-ray
free electron laser. In this work we used this scheme slightly
modified: the optical laser pulse was arriving on the sample
window with half of the x-ray pulse repetition rate. Thus
the pumped and unpumped x-ray intensities for the analysis
were obtained from the same window, which eliminates the
possible problem of sample inhomogeneity. The x-ray beam
was collimated on the zone plate using a Kirkpatrick-Baez
mirror system. After the zone plate, the beams were diverging,
resulting in the x-ray spot size on the sample ~50 um and the
x-ray fluence ~0.2 mJ/cm?.

The sample was pumped by 50 fs optical pulses of the
photon energy 1.96 eV (the wavelength 633 nm), which cor-
responds to the optical gap in the thin film BaBiO; [83]. The
pump pulses were produced by a tunable optical parametric
amplifier driven by the femtosecond SASE3 pp-laser with
a fundamental wavelength 800 nm. The spatial overlap be-
tween the x-ray and laser beams was verified by microscope
camera images. The temporal overlap was verified in two
stages. Coarse timing was done using the overlap of x-ray

and laser signals measured by an antenna connected to a
fast oscilloscope. Fine timing was achieved by measuring the
x-ray pump-optical probe reflectivity from a silicon nitride
membrane, installed on the sample holder in the same plane
as the BaBiOj3 sample. The laser spot size on the sample
was 150 um and the optical fluence was increased up to
32 mJ/cm?. However, the majority of XAS spectra were
measured with the optical pump fluence 8 mJ/cm? to avoid
sample damage. The time resolution of the pump-probe ex-
periment was ~70 fs. Experiments were performed ata 10 Hz
repetition rate using one x-ray pulse to probe the initial state
of the sample and another x-ray pulse, arriving approximately
140 us later, to probe the sample excited by the optical pump
pulse. The delay time between the optical pump and the x-ray
probe pulse varied from —1 to 60 ps.

APPENDIX C: AB INITIO CALCULATIONS

Ab initio calculations were performed using the full-
potential linearized augmented plane wave (FP-LAPW)
method implemented in the WIEN2K software package [84];
to include the exchange-correlation potential in our calcula-
tions, we utilized the Perdew-Burke-Ernzerhof (PBE) gradient
correction method. We employed a resolution of 400 k
points in the first Brillouin zone. The crystal structure for
the ground state was taken from [85]. The structure of the
system is characterized by different lengths of Bi-O bonds,
which are determined by the occupancy of the antibonding
Bi 6s—0O 2p,+ orbital. The ground state exhibits insulating
behavior, with an indirect gap of 0.3 eV and a direct gap of
less than 2 eV. In the excited state, the material adopts a simple
cubic structure with the length of the Bi-O bond equal to the
average size of the initial octahedra.
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