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First-principles calculation of the optical properties
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We used first-principles methods to investigate how oxygen vacancy defects affect the optical properties of
YBa,Cuz07_; (0 < 6 < 1), a high-temperature superconductor with potential applications in optical
detectors. We calculated the electronic structure of YBa,CuzO,_; with different amounts of oxygen
vacancies at three different sites: Cu—O chains, CuO, planes, and apical oxygens. The formation energy
calculations support the formation of oxygen vacancies in the Cu-O chain at higher concentrations of
vacancy defects, with a preference for alignment in the same chain. The presence of oxygen vacancies
affects the optical absorption peak of YBa,CusO;_; in different ways depending on their location and
concentration. The optical absorption peaks in the visible range (1.6-3.2 eV) decrease in intensity and
shift towards the infrared spectrum as oxygen vacancies increase. We demonstrate that oxygen
vacancies can be used as a powerful tool to manipulate the optical response of YBa,CuzO,_; to different
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Introduction

The chemical stoichiometry changes induced by defects have
significant impacts on the superconducting and optical prop-
erties of high-temperature superconductors. The properties of
YBa,Cu;30;_; (YBCO) are determined by the presence of oxygen
vacancies,' which can significantly impact its critical temper-
ature and critical current density.*® The highest transition
temperature of YBa,Cuz0;_; is T. = 93 K for YBa,Cu30g 95, and
superconductivity disappears when 6 > 0.55.® With decreasing
oxygen content (6 = 0-1), the crystal structure of YBa,Cuz0;_;
undergoes a transition from orthorhombic to tetragonal™®
accompanied by a shift in its electrical conductivity from
metallic to semiconducting.’ The crystal structure of YBa,Cu;z0-,
is shown in Fig. 1(a). YBCO is an oxygen-deficient triple perov-
skite with two fully oxidized CuO, superconducting planes.*
Each CuO, superconducting layer is connected to the adjacent

“Beijing Key Laboratory of Space-Ground Interconnection and Convergence, Beijing
University of Posts and Telecommunications, Beijing 100876, China

bSchool of Electronic Engineering, Beijing University of Posts and Telecommunications,
Beijing 100876, China

‘State Key Laboratory of Information Photonics and Optical Communications, Beijing
University of Posts and Telecommunications, Beijing 100876, China

School of Science, Xi'an University of Architecture and Technology, Xi'an 710055,
Shaanxi, China

‘Southwest Institute of Technical Physics, Chengdu 610041, China. E-mail: hzsong@
uestc.edu.cn

ISchool of Integrated Circuits, Beijing University of Posts and Telecommunications,
Beijing 100876, China. E-mail: photon. bupt@gmail.com
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra01921g

© 2023 The Author(s). Published by the Royal Society of Chemistry

wavelengths in optical detector devices.

layer along the Cu-O chain through the apical O atom (labelled
as O(4) in Fig. 1(a)). Four oxygen positions exist in YBCO,
including oxygen in the Cu-O chain (labelled as O(1)), two types
of oxygen in the CuO, plane (labelled as O(2) and O(3)), and
oxygen at the apical position.

It is widely believed that vacancies primarily exist in the Cu-
O chain.’** Complete deoxygenation of the chain under
reducing conditions indicates that the chain vacancies are
energetically favoured. The sequence of oxygen vacancies also
affects the changes in the superconducting properties.*™**
Lopez et al. conducted a detailed study of the ordered-
disordered competition of oxygen in the Cu-O chain for
metal-insulator transition using the self-interaction correction
method and GGA + U method.">*® Studies on apical vacancies
using neutron diffraction show a small concentration of
vacancies at the O(4) apex position, the number of which
depends on the annealing process.”’** Hartman et al.** pre-
dicted the existence of apical oxygen vacancies in YBa,Cuz0;_;
using density functional theory. They confirmed the presence of
apical oxygen vacancies near optimal doping by combining
atomic-resolution scanning transmission electron microscopy
imaging and spectroscopy methods. Poloni et al.>**** used ion
liquid gating and X-ray absorption experiments to investigate
the doping mechanism of high-temperature superconductor
YBa,Cu30;_;. The study demonstrated the alteration of Cu
coordination resulting from the deoxygenation of Cu-O chains
through a comparison between first-principles density func-
tional theory calculations and Cu K-edge spectral changes.
Subsequent research analysed the electronic structure origins of
spectral changes induced by Cu-O chain doping, CuO, plane
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(a) Crystal structure of YBa,CusO5. The right figures show the distribution of oxygen vacancies on the ¢ = 0 plane, where blue represents

Cu atoms, red represents O atoms, and dotted circles represent oxygen vacancy positions. (b) YBa,CuzO; without oxygen vacancy (c) 6 = 0.25,
YBa,CuzOg 75 (d) 6 = 0.5 full-chain YBa,CuzOg 5 (€) 6 = 0.5 broken-chain YBa,CuzOg s (f) 6 = 0.75, broken-chain YBa,CuzOg o5 in 2 x 2 x 1
configuration (g) 6 = 0.75, full-chain YBa,CuzOg 25 in 4 x 2 x 1 (h)—(k) 6 = 0.75, broken-chain YBa,CuzOg 5 in 4 x 2 x 1 configuration () 6 =1,
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Fig. 2 Comparison of the formation energies of planar oxygen
vacancies, apical oxygen vacancies, and chain oxygen vacancy models
under four oxygen concentrations. The model diagrams for planar and
apical oxygen vacancies can be found in Fig. S1,¥ and they have been
numbered accordingly. (@) 6 = 0.25 YBa,CuzOg75 (b) 6 = 0.5 YBa,-
CU306_5 (C) 0=0.75 Y832CU306_25 (d) o0=1 YBaZCu3OG.

doping, and electrostatic doping. The study obtained YBa,-
Cu;0;_; vacancy formation energy results supporting the chain-
vacancy mechanism at three stoichiometric ratios (6 = 0.25, 0.5,
0.75). The study ultimately clarified the connection between X-
ray polarization and oxygen doping mechanisms. Currently,
the oxygen vacancy model in the Cu-O chain has received more
attention in theoretical studies. In contrast, the planar and
apical vacancies may exist throughout the oxygen doping range.
However, a complete analysis of oxygen vacancy models at
different positions is still lacking. At the same time, only a few
researchers have conducted computational studies on the
optical properties of YBa,Cuz;0,_;, and research on the effects
of oxygen vacancies on the electronic structure and optical
properties of YBCO is still insufficient.

18928 | RSC Adv, 2023, 13, 18927-18933

In this paper, we used the first-principle to investigate the
changes in the electronic and optical properties of oxygen
vacancy defective YBa,Cuz0,_; across the entire oxygen doping
range. We constructed 26 oxygen defect models at four different
oxygen concentrations (6 = 0.25, 0.5, 0.75, 1) and three different
locations within YBa,Cuz;0,_s: Cu-O chains, CuO, planes, and
apical oxygen. By computing the formation energy of defects, we
analysed the stability of defects at different locations and chose
the most stable oxygen-defect models for each oxygen concen-
tration. These models were further evaluated for their electronic
and optical properties. As the amount of oxygen vacancies
increases, the intensity of the optical absorption peaks within
the visible range (1.6-3.2 eV) diminishes and their position
shifts towards the infrared spectrum. Our study illustrates the
potential of using oxygen vacancies as an effective means to
control the optical behaviour of YBa,Cu30,_; in various optical
device applications.

Computational details

Based on density functional theory, we performed geometry
optimization and electronic structure calculations using the
Vienna Ab initio Simulation Package (VASP).>*?* We selected the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional*” with a cut-off energy of 520 eV to ensure the conver-
gence of the electronic wave functions in plane-wave expansion.
To achieve higher accuracy, we set the convergence criteria for
the ground state energy to 10~* eV and for the forces to 0.5 eV
A™'. We calculated the electronic and optical properties of
vacancy models of YBa,Cuz0-_; for five different oxygen atomic
ratios (6 = 0, 0.25, 0.50, 0.75, and 1). We realistically treated
several different O-vacancy configurations using the supercell
model, ranging from a 13-atom 1 x 1 X 1 to a 104-atom 4 X 2 X
1 supercell, to investigate different doping scenarios. For the
initial YBa,CuzO, model, we used the 13-atom primitive cell

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and a 6 x 6 x 4 gamma mesh for the reciprocal space
integration.

To better distinguish the distribution of oxygen vacancies in
the Cu-O chain, we referred to the complete chain Cu(1)-O(1)-
Cu(1)-O(1)-Cu(1) as the full-chain and the chain with a missing
oxygen atom as the broken-chain.*” For § = 0.25, we considered
a broken-chain configuration, as shown in Fig. 1(c).'**® For 6 =
0.5, we considered two cases: full-chain and broken-chain, as
shown in Fig. 1(d) and (e). We used a 52-atom 2 X 2 x 1
supercell and a 3 x 3 x 2 gamma mesh for these two stoichi-
ometries. For 6 = 0.75, we investigated a broken-chain config-
uration in a 2 x 2 x 1 supercell, a full-chain, and four broken-
chain alternately distributed configurations in a 4 x 2 x 1
supercell, as shown in Fig. 1(f)-(k). For this stoichiometry, we
used a Hubbard-U correction with DFT + U parameters of U =
10 eV and J = 1 eV, which opened the gap and accurately
described strongly correlated materials, similar to the self-
interaction correction (SIC) scheme used by Lopez et al.*>'
For the other three stoichiometric ratios, we used PBE calcula-
tions, which exhibit good agreement with previous experi-
mental®® and computational*>'® results. Regarding planar and
atop vacancies, we employed 2 x 2 x 1 supercell and 3 x 3 x 2
gamma grids to generate all possible vacancy distribution
models. Electronic properties were calculated using PBE for all
vacancy configurations.

Results and discussion

To investigate the distribution of oxygen vacancies in YBCO, we
identified four types of oxygen atoms, including O(1) in the Cu-
O chain, O(2) and O(3) in the CuO, plane, and O(4) at the apex.
We constructed 26 models of oxygen vacancies, including 11
models with vacancies in the Cu-O chain, as shown in Fig. 1,
while the models with vacancies in the plane and apex were
presented in Fig. S1.7 We obtained the corresponding vacancy
defect models by removing O atoms from different positions
and calculated their vacancy formation energies. The oxygen
vacancy formation energy refers to the energy required to
remove an oxygen atom from the structure and form an oxygen
vacancy. By calculating the O vacancy formation energy, we can
screen for the lowest energy position for O vacancy formation
and determine the location of O vacancies in the crystal. The
calculation method is as follows:

1
Evac - Einil + n_E02

2
AE,,. = 1
; (1)

where AE,,. is the formation energy of the oxygen vacancy, Ey,c
is the total energy of the YBa,Cu30,_; containing n vacancies,
Eini; is the total energy of the initial YBa,Cu30, and Eo, is the
energy of an oxygen molecule.

For assessing model stability, we calculated the formation
energy of O vacancies and compared the formation energy of
various vacancy models with the same oxygen content, as
shown in Fig. 2. The formation energies of the planar and
apical oxygen vacancy models we constructed at these four
concentrations are all larger than 1 eV. It was discovered that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the formation energies of oxygen vacancies within Cu-O
chains are less than that of planar and apical oxygen vacan-
cies. As a result, the investigation shifted towards evaluating
the formation energy status in Cu-O for subsequent studies.
Specifically, when 6 = 0.25, we considered the case of (Fig.
1(c)) where the E,,. of each O vacancy is 0.803 eV. When ¢ =
0.5, we considered two cases (Fig. 1(d) and (f)), with E,,. of
0.852, and 0.952 eV for each O vacancy, respectively. When 6 =
0.75, we considered six cases (Fig. 1(f)-(k)), with E,,. of 0.912
(the broken-chain configuration in the 2 x 2 x 1 supercell),
0.862, 0.907, 0.907, 0.916, and 0.908 eV (the full-chain and
broken-chain alternating distribution configurations in the 4
x 2 x 1 supercell), respectively. The formation energy of the
full-chain configuration is lowest at ¢ = 0.5 and 0.75, corre-
sponding to (Fig. 1(d) and (g)), respectively. When ¢ = 1, we
only considered one case with a formation energy of 0.889 eV.
The final selected structures are in order: Fig. 1(c), (d), (g) and
(). According to the O vacancy formation energy analysis in
YBCO, chain vacancies usually have the lowest formation
energy, followed by apical and planar vacancies, indicating
that oxygen vacancies are more likely to be generated in Cu-O
chains at higher vacancy defect concentrations. Among
different scenarios in Cu-O chains, we found that the full-
chain is more favourable than the broken-chain oxygen
vacancies. Therefore, for an oxygen-deficient YBa,Cu;0;_;
bulk system, at higher vacancy defect concentrations, oxygen
vacancies are more likely to be generated in the Cu-O chain,
tending to align on the same chain to form a full-chain.

By calculating the formation energies of screened YBa,Cuj;-
0,_; oxygen vacancy models with different oxygen contents, we
explored the electronic structure parameters of the most stable
models. The results are shown in Table 1. We presented each
model's lattice constants, apical atom distances, and CuO,
plane bending angles. The lattice parameters of the YBa,Cu30,
initial model used in this study have errors of less than 5%
compared to experimental values, indicating the reliability of
the selected parameters. By analysing the data in the table, we
found that with the increase of oxygen vacancies, a increases,
b contracts, and both tend to be equal and when 6 = 1, a = b.
The length of ¢ also increases by 2.5% with the increase of
vacancies, which is related to the distance between the apical
oxygen and Cu. The distance between Cu(1)-O(4) decreases by
2.6%, while the distance between Cu(2)-O(4) increases by
10.6%. The bending angles « and g in the CuO, plane both
show a decreasing trend, and when 6 = 1, o = (. Finally, we
conclude that the increase in oxygen vacancies leads to an
increase in system volume and a decrease in planar anisotropy,
reflecting the structural phase transition from the ortho-
rhombic phase to the tetragonal phase.

To analyse the influence of oxygen vacancy defects on the
optical properties of YBCO, we calculated the imaginary part of
the dielectric function, reflectivity, and absorption spectrum of
the YBa,Cu;O; oxygen vacancy model under different stoi-
chiometric ratios. Fig. 3 shows the imaginary part of the
complex dielectric function of the YBa,Cuz0O, s system with
oxygen vacancies, as obtained from our calculations. However,
currently there are relatively few experimental or computational

RSC Adv, 2023, 13, 18927-18933 | 18929
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Table1 Optimized lattice parameters (a, b and c), bond distance of Cu(2)-0O(4), Cu(1)-O(4) and bending angles «, B. of YBa,CuzO,_, (6 =0, 0.25,
0.5, 0.75, 1), corresponding to Fig. 1(b)-(d), (g) and (l). Experimental data for YBa,CuzO; are from ref. 30 (for comparison purposes, the lattice

parameters of the single cells in the different models are taken here)

a(A) b (A) c(A) Cu(2)-0(4) Cu(1)-0(4) @ B
YBa,Cu;0; 3.829 3.907 11.863 2.397 1.855 8.735 8.413
YBa,Cu;0,(exp) 3.820 3.885 11.683 2.172 1.882 9.094 8.572

(0.30%) (0.57%) (1.5%) (4.10%) (1.40%) (3.90%) (1.80%)
YBa,Cu;0 75 3.836 3.911 11.969 2.489 1.849 6.784 6.270
YBa,Cu;0g 5 3.848 3.886 12.000 2.500 1.859 6.653 6.004
YBa,Cu;05 5 3.846 3.898 12.087 2.620 1.816 5.982 5.901
YBa,Cu;06 3.865 3.865 12.159 2.652 1.807 5.337 5.337

reports on the optical properties of the YBa,Cuz;0,_; system
with oxygen vacancies. Therefore, we predict its properties by
comparing them with the optical properties of the YBa,Cu;0-
system. The calculated results of the optical properties of
YBa,Cu;0;, are in good agreement with the previous experi-
mental*?* and calculated®?* results. We first analyse the
imaginary part of the complex dielectric function of the
intrinsic YBa,CuzO, system, as shown in Fig. 3(a). YBCO
exhibits strong anisotropy in optical properties. Within the
energy range of 0-3 eV, there is a significant difference between
the three directions, with the imaginary part value in the ¢
direction significantly higher than in the a and b directions. At
around 4.5 eV, the imaginary parts in the three directions
intersect, and their differences decrease. Divergence exists in
the imaginary components of directions “a” and “b”, which
indicates the impact of the location of oxygen atoms on the ¢ =
0 plane. In addition, we observe an increase in the imaginary
part in the low-energy region, which indicates the absorption
characteristics of metal-like Drude carriers or heavily doped
semiconductor characteristics.

The imaginary part spectrum of YBa,Cuz;O, exhibits
several prominent features. A clear peak is observed at 2.8 eV,
consistent with the experimental and computational
results. M. Garriga et al.®* believe this is the plasma resonance
frequency of YBa,Cuz;O,. In combination with its band
structure, the Fermi surface is located about 2 eV below the
top of the S valence band, and there is a significant gap above
the S valence band. An indirect band gap lies 1.06 eV below
the top of the valence band (VB), and up to four holes can
occupy the unoccupied area. The results of our calculated
band structure are presented in Fig. S2.f The absorption of
low-energy primarily results from electronic transitions of
occupied states into the hole region. The existence of a gap
between 1.9 and 2.9 eV above E; leads to minimal light
absorption at 2.8 eV, resulting in the plasma peak at 2.8 eV.**
Experimental data by Orenstein et al. also report a peak at
around 2.8 eV. A similar feature has been reported in La, ,-
Sr,CuO, materials, indicating a possible connection with the
CuO, plane in both materials.*® Additionally, there is a broad
feature in the imaginary part spectrum of YBa,Cu;0; around
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Fig. 3 The imaginary part of the dielectric function in three directions under the YBa,CuzO,_; intrinsic and oxygen vacancy defect models: (a)
6 =0 YBa,Cuz0O5 (b) 6 = 0.25 YBa,CuzOg 75 (c) 6 = 0.5 YBa,CuzOg¢ 5 (d) 6 = 0.75 YBa,CuzOg 25 (€) 6 = 1 YBa,CuzOg. The black line represents the
imaginary part of the dielectric function in the a-direction, the blue dotted line in the b-direction and the red dotted line in the c-direction.
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6-8 eV, which can be attributed to interband transitions from
the Cu(3d)-O(2p) manifold to the empty conduction band
state of Cu(4s).

Analysis of the imaginary component of dielectric function
spectra for varying oxygen vacancies showed that with an
increase in oxygen vacancy concentration, the spectra of direc-
tions @ and b maintain a relatively constant pattern within the
1-3 eV range. In contrast, the c-direction exhibits a dis-
tinguishing peak around 1.7 eV. All three directions show
a characteristic peak development pattern around 4.1 eV, with
peak formation completed at 6 = 1. One probable cause for the
4.1 eV peak is Ba-O transitions, considering BaO has compa-
rable transitions at 4.1 and 4.3 eV.*” Kelly et al.*® designated the
excitonic transition in the relatively isolated O-Cu-O dumbbell
in YBa,Cu;0¢ as the peak at 4.1 eV. In addition, no significant
changes were observed in the broad feature near 6-8 eV, except
for a more pronounced peak at around 7.5 eV in the ¢ direction
of YBa,Cu;0g.

Absorb(x105)
w

Absorb(x10%5)
w

We compared the calculated reflectance of YBCO with the
experimental data. Fig. 4(a) shows the reflectance plot for
YBa,Cu;0, initial model. Reflectance values for a-direction
and b-directions are nearly the same and surpass those for the
c-direction in the 0-1.5 eV range. The curves a and ¢ intersect
at 1.5 eV and 2.8 eV, respectively, and this behaviour has been
experimentally observed in references.®®*° In addition, all
three directions exhibit a distinct peak in the reflectance
curve around 0.4 eV, related to interband transitions. A
prominent peak is also observed in the c-direction around
2.5 eV. By examining additional reflectance data, we discov-
ered that the peak at approximately 0.4 eV becomes more
prominent as oxygen vacancies increase. Moreover, the peak
at 2.5 eV in the c-direction moves to lower energy regions and
stabilizes at approximately 1.5 eV when 6 = 1.

Optical absorption is one of the most important means to
study the optical properties of YBCO. We calculated the
optical absorption spectra of the YBa,Cu;0,_; system and its
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Fig. 5 Optical absorption spectra of YBa,CuzO,_; 6 = (0, 0.25, 0.5, 0.75, 1) at different vacancy concentrations. It shows the optical absorption
from the infrared to the visible wavelength band. (a) Optical absorption in the a-direction (b) optical absorption in the b-direction (c) optical

absorption in the c-direction.
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oxygen vacancy defects, as shown in Fig. 5. The absorption
spectra of various oxygen vacancies are presented together in
a single figure, with Fig. 5(a)-(c) displaying the absorption
spectra in the three respective directions. It is noteworthy that
the principal optical absorption peaks in the three directions
cluster in distinct energy ranges, specifically the short-
wavelength infrared region (0.25-0.5 eV), the near-infrared
region (0.5-1.6 eV), and the visible light region (1.6-3.2 eV).
In direction a, the peak values of the absorption spectra at é =
0, 0.25, and 0.75 are approximately 0.7 eV, 0.4 eV, and 0.6 eV,
respectively. As the oxygen content decreases, the peak values
show a decreasing trend. In direction b, the peak values of the
absorption spectra at ¢ = 0.25, 0.5, 0.75, and 1 are all
concentrated around 1.5 eV. At 6 = 0.5 and 1, the absorption
spectra curves in directions a and b exhibit similarity,
primarily due to different oxygen-deficient states on the z =
0 plane. The optical absorption spectra of the YBCO system
and its oxygen vacancy defects display a consistent pattern
along the z-direction. In the five cases where 6 = 0-1, the peak
values of the absorption spectra are approximately 2.5 eV,
2.4 eV, 2.2 eV, 2.0 eV, and 2.0 eV, respectively. As the oxygen
content decreases, the peak values of the absorption spectra
decrease and exhibit a redshift.

Conclusions

We used first-principles methods to investigate the electronic
structure and optical properties of YBa,Cuz0,_; (6 = 0.25, 0.5,
0.75, 1) vacancy defect systems. The formation energy results
show that oxygen vacancies are more likely to form within the
Cu-O chain and tend to form full-chain structures at higher
concentrations of vacancy defects. We screened the YBa,Cus;-
0,_;s oxygen vacancy defect structures at four different oxygen
concentrations and calculated their optical properties. The
dielectric function imaginary part of the calculation shows that
oxygen vacancy defects have a minor effect on the broadband
features at 6-8 eV, while oxygen vacancy defects cause the
formation of a 4.1 eV characteristic peak due to Ba-O transition.
The reflection spectrum exhibits a phase crossing feature
consistent with the experimental results with, the increase in
oxygen vacancies in the chain leading to a redshift of the peak
around 2.5 eV in the ¢ direction. The optical absorption spec-
trum exhibits strong anisotropy of YBa,Cu30;_s, showing good
optical properties in short-wavelength infrared, near-infrared,
and visible light ranges in three directions. The increase of
oxygen vacancies causes a decrease and redshift of an optical
absorption peak in the c-direction's range of 2.0-2.5 eV. Our
research indicates that oxygen vacancies can serve as a powerful
tool to manipulate the optical response of YBa,Cuz;O,_; in
optical detector devices at different wavelengths. Studying
YBa,Cu;0,_; model's oxygen vacancy defect can provide
a valuable reference for application in photodetectors, solar
cells, and other optoelectronic devices.
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