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Abstract 

We investigate the limiting electrical conductivity of BiFeO3 (BFO) nanofibers via 

first-principles modelling and experiments. Based on a semi-empirical approach, all transition 

metals are first screened for their suitability to form an acceptor in BFO. The resultant 

candidates (e.g., Ni, Cu and Ag) are, further studied by more sophisticated electronic 

structure theory and experiments. Accordingly, a systematic approach in forecasting the 

electrical conduction in BFO nanofibers is established. The calculated results show that Ag+ 

cations prefer substitutions of Bi3+ while Ni2+ and Cu2+ prefer substitution of Fe3+ sites to 

form acceptors. All three metals contribute to an increased overall hole concentration which 

may lead to a conductivity limit in BFO. These predictions were confirmed consistently 

through the synthesis and electrical testing of Ni-, Cu- and Ag-doped BFO nanofibers. 

Finally, our results indicate the conductivity limit is approached by Ni doping in BFO. The 

methodology presented here may be extended to search for the doping conductivity limits of 

other semiconductors of interest.  

Introduction 

BiFeO3 (BFO) is an important single-phase multiferroic material due to its distinctive 

ferroelectric, magnetic, piezoelectric, and optical properties including a high Currie 

temperature of ferroelectricity (T~1100 K) and high Néel temperature of G type 

antiferromagnetism (T ~650 K).1-6 The ground state of BFO has a rhombohedral symmetry 

(space group: R3c), which has large remnant polarization of ~ 90 µCcm-2.7 However, its high 

leakage current limits the high-dielectric technological applications,8,9 because of the break 

down when a large leakage current passes through before the polarization of the device is 

switched. Hence, concerted efforts have been made on reducing the high leakage current of 

BFO by using various dopants, for instance, group-II atoms, transition-metal atoms, and rare-

earth atoms.10-16 This “disadvantage” caused by the high leakage current of BFO limits its use 
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in spintronic and memory applications, however, it can be turned into an “advantage” when 

used as ionic and electronic conductive materials for photocatalyst applications, and chemical 

gas sensors.. Our recent work show that the Bi vacancies dominate the conductivity of BFO 

under normal chemical laboratory conditions, that is, oxygen-rich conditions.17 Every Bi 

vacancy generates three acceptor defect levels in BFO band gap because of its valence state 

of +3. Thus, BFO is a p-type semiconductor with a high concentration of holes induced by Bi 

vacancies. As a consequence, the conductivity of BFO can be tuned by controlling the 

concentration of Bi vacancies through appropriate doping. Nonetheless, a lack of theoretical 

guidance on the rationale behind the limiting conductivity, for not only doped BFO, but also 

a wide range of semiconductors, has bottlenecked the development in photo-catalytic 

technology.18-21     

In this work, we report on a theoretical study using first-principles density functional 

theory (DFT), and supported by experiments, on how to best increase the conductivity 

through transition metals doping. There are two substituted-cation sites in a BFO cell, Fe3+ 

site and Bi3+ site, and the size relationship for cations and anions is critical for the stability of 

the structure associated with general perovskites.22-24 The univalent or divalent ions of 

dopants are expected to form acceptors defects, enhancing overall BFO conductivity. In order 

to choose the appropriate dopants, we screened the periodic table of elements according to 

their ionic radius and their Gibbs free energy of ionization. The screening method used here 

has already been discussed in ref. 25, for further details also see ref. 26. We find that the low-

valent ionic sizes of transition metal atoms are close to Fe3+, which means they can occupy 

Fe3+ sites with lower strain energies.  

The radii of the pertinent transition metal ions, which were selected on the basis of 

their ionic radius (closer to Bi3+ and Fe3+) and charge (lower than Bi3+ and Fe3+) are listed in 

Table 1. The cations Ti2+ and V2+ are ruled out because these ions will introduce higher strain 

energies due to their much larger radii in comparison to Fe3+. Although the sizes of the 

remaining cations listed in Table1 are close to Fe3+, other factors must be first considered for 

suitability. Doping with Sc and Co does not enhance the conductivity because there is no 

increase in the hole concentration, mainly due to their stable 3+ valence state. In the case of 

Cr, Mn, Ni, and Cu atoms, Ni2+ and Cu2+ ions can be formed with lower Gibbs free energy of 

ionization. As a result, Ni and Cu are chosen as suitable candidates of Fe3+ site substitution. 

As for the Bi3+ site substitution, from all transition metals only Ag+ is close in size to Bi3+. As 

a result, Ni2+, Cu2+, and Ag+ are selected for further analysis. Based on recent works28, the 

dopants of Ni and Cu generate a higher current, whereas Cr and Mn decrease the BFO 
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conductivity, however, the origin of the high current is still unclear. Furthermore, these 

theoretical predictions are confirmed experimentally by measuring the electrical properties of 

Ni-, Cu- and Ag-doped BFO nanofibers. 

 

Table 1. The radii of transition metal ions.27 The unit of radius is given as Å. 

q +1 +2 +3 

Bi - - 1.17 

Fe - - 0.69 

Sc - - 0.89 

Ti - 1.00 - 

V - 0.93 - 

Cr - 0.87 - 

Mn - 0.81 - 

Co - 0.79 - 

Ni - 0.83 - 

Cu - 0.87 - 

Ag 1.29 - - 

 

Computational Details 

We use the all-electron-like projector augmented wave (PAW) method29 and the 

Perdew-Burke-Ernserh of (PBE) exchange correlation potential30 as implemented in the 

Vienna Ab-initio Simulation Package (VASP).31 In this basis, the semicores of Bi, Fe, Ni, Cu, 

and Ag atoms are treated as valence electrons, for example, 15 valence electrons for Bi (5d10 

6s
2
 6p

3) atom, 16 valence electrons for Fe (3s2 3p6 3d6 4s2) atom, 16 valence electrons for Ni 

(3p6 3d9 4s1), 17 valence electrons for Cu (3p6 3d10 4s1), and 17 valence electrons for Ag 

(4p64d10 5s1). In all calculations, the cut-off energy for the plane wave expansion of the wave 

functions is 500 eV, and the Hellman-Feynman forces are less than 0.01 eV. In the lattice 

parameters optimization of BFO, the 9 × 9 × 9 Monkhorst-Pack grid of k-points32 for 

Brillouin zone integration was used. In the doping calculations, we constructed a 120-atom 

supercell using its hexagonal conventional cell, in which one of the Bi or Fe atom is replaced 

with one impurity atom (Ni, Cu, or Ag), corresponding to a doping concentration of 4.17 %. 

The 3 × 3 × 3 Monkhorst-pack grid is taken for Brillouin zone in doping calculations. The G-

type antiferromagnetic order of the BFO cell with a homogeneous and collinear spin 

arrangement is maintained in all calculations.7 In order to analyse the electronic structures of 
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Ni, Cu and Ag-doped BFO, we employed the PBE+U method to take into account the strong 

electron correlations of Fe-3d, Ni-3d, and Cu-3d electrons. Here we use the approach 

described by Dudarev et al.,33 whereby only an effective Hubbard parameter Ueff = U-J enters 

the Hamiltonian. For the Fe atoms in BFO, its Ueff is taken as 5 eV, which can give closer 

values to experimental results.34, 35 The Ueff of Ni, Cu and Ag are of 5.3 eV, 6.52 eV and 5.8 

eV, respectively, whose value are taken from their oxides.36-38 

To determine the defect formation energies and defect transition energy levels, we 

calculated the total energy E (α, q) for the system containing the relaxed defect α (α = Ni, 

Cu, and Ag) in charge state q, and the total energy E(BFO) for the same supercell in the 

absence of the defect. We also calculated the total energies of all elemental solids or gases at 

their stable phases. From these quantities, the defect formation energy ∆��	���, 	
  is 

defined39 as  

∆��	��� , 	
 = ∆���� , 	
 + ���� + ���� + 	��.                                                                (1) 

∆���� , 	
 = ���� , 	
 − ������ + ����
� + ����� + 	��.                    (2) 

Here, β is Bi or Fe atom, Ef is Fermi energy of the electrons referenced to valence band 

maximum (VBM) of BFO (EV). ��	is the chemical potential of constituent i referenced to 

elemental solid or gas with chemical potential ��
�. The n's are the number of β, extrinsic 

defect α, and the number of electrons q, transferred from the host to the reservoirs in forming 

the defect BFO.40 The defect transition energy level ���	 	′⁄ �is the Fermi energy (Ef) in 

Eq.(1) at which the formation energy ∆��	��� , 	
 of defect �� in charge state 	 is equal to 

that of another charge state 	′of the same defect.40 That is, 

���	 	′⁄ � =
∆����,�
 ∆����,�!


�! �
.                                                                                                (3) 

 

Experimental Details 

First the nanofibers of pristine, Ni-doped, Ag-doped and Cu-doped BFO were 

synthesized by sol-gel electrospinning method. The precursor solution was prepared by 

dissolving appropriate hydrous portions of bismuth nitrate Bi(NO3)3·5H2O and 

Fe(NO3)3·9H2O  in 2-methoxyethanol to form a 0.8 M solution. A mixture of acetone, DMF 

and PVP (0.06 gm/ml) were added to the above solution to form a homogeneous 0.2M 

precursor solution. The volume ratio of acetone to DMF was kept to 1:2. For doping Ni, Ag 
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and Cu, Ni(CH3COO)2, AgCl, and CuCl2 were added separately in the 0.8 M solution before 

making the 0.2M solution.  The concentrations of the dopants were kept at 3wt%. The mixed 

solution was loaded into a plastic syringe, equipped with a 21 gauge stainless steel needle. 

The distance between the tip of the syringe needle and the collector of an Al plate was fixed 

at 13 cm. A positive voltage of 20 kV was applied to the needle while the Al metal collector 

was grounded. The feeding rate of the solution was adjusted at a constant rate of 0.6 ml h−1 

by using a syringe pump. As-spun nanofibers were collected onto glass substrates (1cm 

×1cm) placed onto the metal collector, then dried at 60 °C for 4h, followed by calcination at 

550 °C for 2h in air in an oven with a heating rate of 5° C min-1.  

The microstructure of the synthesized nanofibers was examined using field emission 

Scanning electron microscopy (FE-SEM, JEOL JSM-7600F) operated at 15 KV accelerating 

voltage. The crystal structure and phase composition of the annealed nanofibers in powder 

state was checked by X-ray diffraction (XRD) (Shimadzu XRD-6000, Cu-Kα radiation, (λ 

=1.54 Å). Electrical measurements were conducted using a probe station (Signatone) that was 

connected to a source meter (6430, Keithly) to perform the measurement. Au electrodes were 

prepared by depositing200 nm onto the nanofibers using a shadow mask in a vacuum sputter 

coating unit.  

Results and Discussion 

Fig. 1(a) and 1(b) show the side-view and top-view of the supercell of hexagonal BFO 

with G-type AFM order. The green and yellow distorted octahedrals show the opposite 

magnetic moment direction of Fe atoms. The optimized structural parameters of 

Rhombohedral BFO with R3c symmetry obtained using spin-polarized PBE (SPBE) and 

SPBE+U are reported in Table 2. In general, all sets of optimized parameters are in close 

agreement with the experimental values. In particular, the lattice constant is overestimated by 

only 0.7% compared with Kubel and Schmid's results41, and the magnetic moment of Fe atom 

is only 3.4% larger than experimental value.42 However, the energy gap obtained by using 

SPBE is 1.04 eV, smaller than experimental value of 2.5 eV.43 Within the SPBE+U approach, 

however, its band gap is 2.44 eV, which is in agreement with experimental results. The 

projected density of states (pDOS) of BFO calculated within SPBE+U approximation is 

shown in Fig. 1(c). The valence band maximum (VBM) is dominated by O2p state. The main 

O2pvalence band is found between 0 and -5.5 eV. The main Fe3d valence band is focus in a 

narrow range near -6.5 eV lightly mixed with O2p bonding state. The peak of the majority of 
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Bi6s state is found between -9 eV and -10 eV. Because the coupling between Bi6s and O2p 

state, the antibonding Bi6s state is found at the top of valence band.44 The conduction band 

minimum (CBM) is mainly dominated by Fe3d state, but O2p and Bi6p states also contribute. 

 

Fig. 1 (Color Online) Representation of the supercell of hexagonal BFO with G-type antiferromagnetic (AFM) 

order. The green and yellow distorted octahedrals show the opposite magnetic moment direction of Fe atoms. 

(a) side-view of the supercell of hexagonal BFO, (b) top-view of the supercell of hexagonal BFO, and (c) the 

projected density of states (pDOS) of BFO calculated within spin-polarized PBE+U (SPBE+U) approximation. 

The dash-dot vertical line is at the fermi level of BFO referenced to valence band maximum (VBM). 

 

Table 2. The equilibrium structural parameters of rhombohedral BFO with R3c symmetry derived 

from experiments and calculations. The Eg is the energy band gap, while the µFe is the magnetic 

moment of Fe atom. 

 experiments PBE PBE+U 

a0=b0=c0 (Å) 5.6341 5.67  5.70 

α= β =γ 59.3541 59.22  59.11 
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Eg (eV) 2.5043 1.04 2.44 

µFe (µb) 3.7542 3.62 4.11 

 

In order to gain a clearer insight into the conduction properties of Ni-, Cu-, and Ag-

doped BFO, we first calculated the defect formation energies ∆��	���, 0
 of the three metals 

in BFO using SPBE as shown in Table 3, where � is Ni, Cu, and Ag, # is Fe and Bi. From 

Table 3, it can be observed that the formation energies of all dopants under the oxygen-rich 

conditions are lower than those under the oxygen-poor conditions, indicating that the doping 

processes can be realized under the oxygen-rich conditions. The calculated results show that 

the dopants Ni and Cu prefer to occupy the Fe sites, while the dopant Ag is inclined to 

substitute the Bi site. It is noticed that the defect formation energies of NiFe and AgBi are 

negative under the oxygen-rich conditions, which means that they can be doped in BFO 

without external energy consumption, providing high concentration doping avenue for BFO. 

 

Table 3. The calculated defect formation energy ∆��	��� , 0
 of various defects calculated by spin-

polarized PBE (SPBE) under the oxygen-rich and oxygen-poor conditions. The α is the doped atom. 
The µO and µα are the chemical potential of oxygen and doped atoms. 
 

�� 

∆��	��� , 0
 (eV) 

µO = 0.0 eV 

(oxygen-rich) 

µα = 0.0 eV 

(oxygen-poor) 
NiFe -0.22 1.69 
CuFe 0.07 2.07 
NiBi 0.66 2.54 
CuBi 0.81 2.78 
AgFe 0.37 3.31 
AgBi -0.16 2.75 

 

The defect formation energies ∆��	���, 0
 as a function of Fermi energy level for 

NiFe, CuFe, and AgBi are shown in Fig. 2. The transition energy levels of the defects are 

represented by the solid dots, which are reference to the VBM of pristine BFO. Our 

electronic structure calculations have revealed that all three dopants are acceptors making 

BFO p-type semiconductor. Ni2+ and Cu2+ ion occupying the Fe3+ site creates a single 

acceptor state, while Ag+ ion occupying a Bi site creates double acceptor states above the 

VBM of pristine BFO. The calculated transition energy level �NiFe�0 −⁄ �	 is of 0.26 eV, 

�CuFe�0 −⁄ � is of 0.60 eV, �AgBi�0 −⁄ � is of 0.39 eV, and �AgBi�0 2 −⁄ � is of 0.44 eV. These 

results indicate that the acceptor level created by NiFe is shallower than that created by CuFe, 
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suggesting that NiFe can be readily ionized, giving rise to high conductivity. Meanwhile AgBi 

also enhance the conductivity of BFO by introducing two acceptor levels, in other words, by 

increasing the concentration of holes. 

 

 

 

Fig. 2 (Color Online) The defect formation energy of BFO doped with Ni, Cu and Ag atom as a function of the 

Fermi energy in the band gap of BFO for oxygen-rich and oxygen-poor conditions. The solid lines represent 

charge states of the defect. The solid dots represent the transition energy levels ���0 	⁄ �of defects. EV and EC 

denote positions of the valence band maximum (VBM) and the conduction band minimum (CBM) of the host, 

respectively. Only the most stable charge state of a defect is shown. 

 

The defect formation energies ∆��	�NiFe, 0�  is lower than ∆��	�CuFe, 0� , and the 

transition energy level �NiFe�0 −⁄ � is also shallower than �CuFe�0 −⁄ � as shown in Fig 2. The reason 

can be understood in the following manner: The induced acceptor level from substitutional 

dopants at Fe sites is derived mostly from the VBM state of pristine BFO, which is mainly 

dominated by O2p state mixed with Fe3d state, shown in Fig. 1(b). Because both the p and d 

orbitals have the same t2g symmetry in the octahedral structures, there is strong p-d coupling 

between the two states45, pushing the acceptor levels higher in energy. For the Ni and Cu, the 

orbital energy of Ni3d is lower in energy than that of Cu3d, thus the p-d coupling of Cu3d and 

O2p is stronger, making its acceptor level deeper than that of Ni3d.
46 In Fig. 3, we show the 
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pDOS of doped BFO calculated using SPBE+U. In panels (a) and (b), we find that the defect 

level introduced by NiFe is mainly comprised of O2p state mixed with Ni3d and Fe3d states. In 

panels (c) and (d), the components of CuFe defect level are similar to those of NiFe, for 

example, O2p state mixes to small degree with Cu3d and Fe3d states. In addition, the ion size of 

Fe3+is 0.69 Å, smaller than Ni2+ (0.83 Å) and Cu2+ (0.87 Å). The larger ion size of defect 

generates larger compress strain on the oxygen atoms surrounding the defect. Thus, the 

higher ∆��	�CuFe, 0�	is caused by the large p-d coupling of Cu3d and O2p and the defect strain 

effect induced by the larger radius of Cu2+. In the case of dopant Ag, Ag+ has a much larger 

size (1.29 Å) than Fe3+, thus its larger strain effect make its defect formation energy 

∆��	�Ag
Fe
, 0
  higher than ∆��	�Ag

Bi
, 0
 . In Fig. 3(e) and 3(f), the defect level is only 

comprised of O2p and Fe3d states because the 4d orbitals of Ag+ are fully occupied. The 

transition energy level �AgBi
�0 −⁄ �  is higher than �NiFe

�0 −⁄ �  and lower than �CuFe
�0 −⁄ � , 

because the orbital energy of Ag4d is lower than that of Cu3d and higher than that of Ni3d, 

resulting in a stronger O2p and Ag4d p-d coupling than that of O2p and Ni3d, but a weaker p-d 

coupling  than that of O2p and Cu3d.  

 

To validate the theoretical calculations we performed a series of doping experiments 

of Ni2+, Ag+ and Cu2+ in BFO nanofibers. Fig. 4 (a)-(d) shows the surface morphologies of 

the pristine and doped BFO nanofibers taken by field emission scanning electron microscope. 

It is observed that the morphology of the nanofibers changed with the addition of dopants. 

The nanofibers doped with Ni displayed smooth surface morphology as compared to Cu and 

Ag doping. The diameters of the calcined nanofibers were in the range of 20-130 nm. Some 

nanofibers with larger diameter of ~ 150 nm were observed for the Ag doping case. The size 

distribution histogram of the pristine and doped nanofibers is shown below the respective 

SEM images. The average diameters of the nanofibers were 61 nm, 48 nm, 73 nm and 69 nm 

corresponding to pristine, Ni doped, Ag doped and Cu doped samples respectively.  
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Fig. 3 (Color Online) The projected density of states of BFO doped with Ni, Cu, and Ag, respectively. The dash-

dot vertical line is at the Fermi level of BFO referenced to valence band maximum (VBM) of host.  

 

 

Fig 4: FE-SEM images of BFO nanofibers synthesized by electrospinning method and corresponding size 

distribution histograms of (a) Pristine (b) Ni-doped (c) Ag-doped and (d) Cu-doped.  

 

The phases of the nanofibers were investigated by XRD as shown in Fig 5 (a). It is 

observed that all the samples exhibit single phase perovskite structure with a small amount of 
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non-perovskite phase such as Bi2Fe4O9 present. Comparison of the experimental data with the 

standard Powder Diffraction File (PDF) indicates that all the expected peaks originating from 

BiFeO3 structure are present.47 All the four samples are indexed as rhombohedral structure 

with R3c space group. Structural phase transition is not observed in the samples. When Ni 

ions are doped in BFO, the doublet peaks around 32° slightly shift toward lower angle 

direction, presumably because the radius of Ni2+ (0.075 nm) is larger than that of the Fe3+ 

(0.069 nm). For Ag+ and Cu2+ doping, Ag will substitute Bi atoms and Cu substitutes Fe 

atoms as predicted by DFT calculations above, and similarly, the doublet peak shifts towards 

lower angle as both Ag+ and Cu2+ are larger than Bi and Fe respectively. The crystalline 

structure of BFO nanofibers is further examined by HRTEM, as shown in Fig. 5(b). The 

selected area electron diffraction (SAED) pattern in the inset of Fig. 5(b) shows very sharp 

diffraction spots, proving the well-developed single-crystalline structure. The regular spacing 

of the observed lattice are 0.396 and 0.278 nm, which corresponds to the (012) and (110) 

crystal planes of a rhombohedral BFO phase, respectively. 

 

 

Fig 5: (a) XRD diffraction pattern of pristine and doped BFO nanofibers. (b) HRTEM image of pristine BFO 

nanofibers.  Inset shows the selected area diffraction pattern (SAED).  

 

We now investigate the electrical conduction of the pristine and doped BFO 

nanofibers. Fig 6 shows the plots of the current density (A/cm2) as a function of applied 

voltage (V). The current increases when BFO is doped with Ni, Ag and Cu. It is observed that 

Ni doping increases the current, followed by Ag and Cu. The value of current density for Ni, 

Ag and Cu doping at 5 V were 3.68×10-4 A.cm-2, 2.67×10-4 A.cm-2, and 1.02×10-4 A.cm-2, 

respectively. These experimental results can be explained from our DFT calculations as 

shown in Fig 2, which show that the transition energy level for NiFe is 0.26 eV, 0.60 eV for 
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CuFe, and 0.30 and 0.44 eV for AgBi. In other words, the acceptor level created by NiFe is 

shallower than that created by CuFe suggesting that it can be readily ionized to grant higher 

conductivity as displayed in Fig 6. AgBi also enhances the conductivity of BFO by 

introducing two acceptor levels, but the conduction is still lower than NiFe because the 

acceptor levels are deeper than that of NiFe. 

 

 

 

Fig 6: Representative curves of current density versus applied voltage of pristine and Ni-, Cu-, and Ag-doped 

BFO nanofibers.  

 

Conclusion 

Our study shows that doping BFO with Ni approaches the conductivity limit. This 

was accomplished by first screening all transition metals with a semi-empirical approach 

(e.g., radius size, and Gibb’s free energy of ionization). This approach was followed by 

further analysis using first-principles calculations, which were then corroborated through 

experiment. Application of the above-mentioned method shows that VBi are the dominant 

factor determining the conductivity in BFO at oxygen-rich conditions, which implies that 

controlling the concentration of holes by p-type doping can effectively tune the conductivity 

of BFO. The calculated results show that Ni and Cu atoms prefer to substitute Fe sites to form 

acceptors, however, Ag atoms favor the substitution of Bi sites to form double acceptors. As 

a result, all three dopants increase the overall concentration of holes in BFO. Beyond 

theoretical predictions, our experimental results also confirm that the conductivities of Ni-, 

Cu- and Ag-doped BFO nanofibers significantly increase. Similar studies based on the 

methodology presented here may be conducted to search for the limiting conductivity in other 

photocatalytic systems, such as ZnO, TiO2, SnO2 and PbTiO3.
18-21 
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