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Impact of hole-doping on the thermoelectric properties of pyrite FeS,

) Anustup Mukherjee* and Alaska Subedi
CPHT, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, 91128 Palaiseau, France
(Dated: November 8, 2024)

We present a comprehensive first-principles analysis of the thermoelectric transport properties of
hole-doped pyrite FeSs that includes electron-phonon interactions. This work was motivated by the
observed variations in the magnitude of thermopower reported in previous experimental and theo-
retical studies of hole-doped FeSa systems. Our calculations reveal that hole-doped FeSs exhibits
large positive room-temperature thermopower across all doping levels, with a room-temperature
thermopower of 608 V/K at a low hole-doping concentration of 10'® cm™*. This promising ther-
mopower finding prompted a comprehensive investigation of other key thermoelectric parameters
governing the thermoelectric figure of merit ZT. The calculated electrical conductivity is modest
and remains below 10° S/m at room-temperature for all doping levels, limiting the achievable power
factor. Furthermore, the thermal conductivity is found to be phonon driven, with a high room-
temperature lattice thermal conductivity of 40.5 W/mK. Consequently, the calculated ZT remains
below 0.1, suggesting that hole-doped FeSs may not a viable candidate for effective thermoelectric
applications despite its promising thermopower.

I. INTRODUCTION

The need of the hour is to use sustainable materials
for energy applications, and FeSs in its pyrite form is a
promising candidate. It has an indirect band gap of 0.95
eV [1, 2], which has motivated different scientific groups
to investigate the electronic and transport properties of
self- and impurity-doped FeSs for photovoltaic [3-5], bat-
tery [6], and thermoelectric [7, 8] applications. Various
dopants such as 3d transition metals [8-12], halogens [13]
and pnictogens [11, 13, 14] have been used to optimize
the transport properties of pyrite FeSy by controlling the
carrier concentration and nature of the charge carrier.

Over the years, the thermoelectric properties of
electron-doped FeSy have been extensively studied
through both experimental and theoretical investiga-
tions [8, 10, 12, 15, 16]. However, electron doping has
proven to be an ineffective strategy for enhancing ther-
moelectric performance. Experimental data consistently
show relatively low thermopower (S) in electron-doped
FeS;. The majority experimental studies on Co-doped
and low-mobility natural n-type samples exhibit room-
temperature S below —100 'V /K [8-10, 15, 17], although
two studies on natural n-type samples have reported ab-
solute room-temperature S values in the range of 300-400
uV/K [7, 18]. The relatively low value of S in electron-
doped FeS, is primarily attributed to the presence of a
highly dispersive band at the bottom of the conduction
band manifold in the electronic structure of FeSs, result-
ing in low density of states (DOS) and consequently re-
duced S. In contrast, the electronic structure of FeS, re-
veals multiple flat bands near the valence band edge, con-
tributing to a high DOS in this region [5, 19-22]. These
heavy bands and increased DOS may result in larger S
and, consequently, a higher thermoelectric figure of merit
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because ZT oc S2. Therefore, it is reasonable to antici-
pate that hole-doped pyrite FeSs could exhibit promising
thermoelectric properties. Despite this potential, there is
a relative scarcity of experimental and theoretical studies
exploring the electronic and thermoelectric properties of
hole-doped FeS,.

A density functional theory (DFT) study by Gudelli et
al. reported a large thermopower of approximately 750
pV/K at a hole concentration of 10'® ¢cm™3 for tempera-
tures up to 800 K, with a reduction to 375 pV /K at 900
K due to bipolar conduction [16] . Another DFT study
by Harran et al. predicted a large S of up to 567 uV/K
for hole concentrations of 5x10' to 1x102° cm=2 below
500 K, and a ZT of ~ 0.212 at room-temperature for a
doping level of 10%* cm™3 [20]. Even in undoped sam-
ples, experimental studies have observed relatively large
positive thermopower, possibly due to defects and impu-
rities present on the surfaces of samples. Karguppikar
and Vedeshwar found natural p-type samples exhibiting
S between 430—660 pV/K [18]. Others have reported
more modest values of S. Uhlig et al. measured S of 128
1V /K at room temperature in nanoscale pyrite FeSy [8],
while Rehman et al. observed S of 119 pV/K at 373 K in
lab-grown pyrite FeSy nanoparticles [23]. Harada et al.
and Zuniga-Puelles et al. reported positive S below 300
K, followed by a change of sign at higher temperatures,
leading to large negative values [24, 25]. These significant
variations in measured S underscore the need for a more
detailed investigation into the thermoelectric transport
properties of hole-doped pyrite FeSs.

In this paper, we examine the thermoelectric proper-
ties of hole-doped pyrite FeSy using first-principles cal-
culations that incorporate scattering processes due to
electron-phonon interactions. We find positive S be-
low 400 K across all examined hole concentrations, with
a maximum room-temperature S of approximately 608
uV/K at the lowest studied hole doping level (109
ecm~3). S changes sign due to bipolar conduction effects
in the investigated temperature range, except for the
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highest doping level. Electrical conductivity (o) exhibits
a non-monotonic trend, initially decreasing with temper-
ature before increasing at higher temperatures, also in-
fluenced by bipolar conduction. The room-temperature
o remains around 10° S/m irrespective of the doping
level, with a value of ~ 470 S/m at hole doping level of
10* em~3. Our calculations taking account the electron-
phonon and three-phonon interactions indicate that the
thermal conductivity is predominantly phonon-driven,
with the lattice contribution (kpp) exceeding 40 W/mK
at room-temperature, while the electronic thermal con-
ductivity (k) remains below 0.15 W/mK across all dop-
ing levels at 300 K. We obtain a reasonably good power
factor (PF) at 100 K, but relatively low PF between
300—700 K for low doping levels. The thermoelectric
figure of merit remains below 0.1 across all temperatures
and doping levels, primarily due to low electrical con-
ductivity and high lattice thermal conductivity, as ZT
is proportional to o/(ke + Kpr). Despite the promisingly
high value of thermopower, the overall low ZT suggests
that hole-doped pyrite FeSs is unlikely to exhibit high
thermoelectric efficiency. While our calculations provide
valuable insights into the thermoelectric properties of
hole-doped pyrite FeSy, experimental investigations are
crucial to validate these theoretical predictions and ex-
plore potential avenues for improving its thermoelectric
performance.

II. COMPUTATIONAL DETAILS

We performed density functional theory calculations
using the QUANTUM ESPRESSO (QE) package [26-28].
The exchange-correlation part of the Hamiltonian was
approximated by the GGA scheme of Perdew, Burke,
and Ernzerhof [29]. We employed the ultrasoft pseudopo-
tentials with core corrections obtained from PSLIBRARY
(v.1.0.0) [30]. The valence shell electronic configurations
of the pseudopotentials were 3d%4s? (Fe) and 3s%3p* (S).
A converged kinetic energy and charge density cut-off of
60 and 600 Ry were taken for the self-consistent cycles,
respectively. A I'-centered k-point mesh of 12 x 12 x 12
was used for the self-consistent calculation. The energy
convergence criterion was set to 1071* Ry.

To calculate the phonon dispersion and the second-
order interatomic force constants, we employed density
functional perturbation theory (DFPT) implemented in
the QE code. We used a I'-centered ¢-point mesh of
4 x 4 x 4 to obtain the dynamical matrices. This mesh
is consistent with the k-point mesh used for non-self-
consistent calculation, as required by the PERTURBO code
[31] to calculate the transport properties. PERTURBO
solves the semiclassical Boltzmann transport equation
(BTE) taking electron-phonon (e-ph) interactions into
account. Within the Boltzmann transport theory, the

BTE for a periodic system is formulated as:

%&Tﬁ = ~[Vofun(r,t).vnk + 7 Vi frn(r, 1) F]
+ I[fnk]a

where fnr(r,t), t, k, r, n, vnk, B, F and I[fnx] are the
electron occupations, time, crystal momentum, spatial
coordinate, band index, band velocities, reduced Planck’s
constant, external fields, and collision integral, respec-
tively. The collision integral is given by:

(1)

X [6(enk — hwng — €mbtq) X Fem]

X [6(6nk + hqu - 6karq) X Fabs]a

where Ng, ¢, |gmquv(k, ¢)|, and v represent the number of
g-points used for the summation, phonon wavevector, e-
ph matrix elements, and mode index, respectively. The
electron quasiparticles and phonon energies are given as
€nk and Awyg. Fep, and Fg,e represent the phonon emis-
sion and absorption terms, respectively.

PERTURBO reads the results of DFT and DFPT calcu-
lations performed on coarse k- and g-point grids and then
expresses the electron energies, phonon frequencies and
e-ph matrix elements in the Wannier basis. Transport
properties are calculated by interpolating these quanti-
ties on fine k- and g-point grids and using them in the
solution of the BTE. We used an interpolation factor of
80 and performed an uniform sampling of the first Bril-
louin zone using 500,000 random ¢-points to obtain the
relaxation time 7,;. We then applied the relaxation time
approximation (RTA) to calculate S, o and k.. The con-
ductivity and Seebeck tensors are given by:

7os = [dE(-01°/0E) Y (E) 3)

af

(7)o = 7 [ AB(-08°/OE)E - 1) Y (B). (1

af

Here S is the Seebeck coefficient and ), ,(E) is the

transport distribution function (TDF), which is defined
as:

S o
af nk

where e is the electronic charge, a and 3 are the Cartesian
directions, fO represents the equilibrium Fermi-Dirac dis-
tribution, p is the chemical potential, T" is the temper-
ature, s represents the spin degeneracy, 2 is unit cell
volume, and F,; = ThxVnk in the RTA approach.

The third-order force constants used in the calculation
of the lattice contribution to thermal conductivity was
obtained using the THIRORDER.PY code [32]. We used a
3 x 3 x 3 supercell to generate an irreducible set of atomic
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FIG. 1. (Left) Electronic band structure and (right) density of states of stoichiometric FeSs. The Fermi energy is shifted to

the valence band maximum.

displacements up to the third nearest neighbour. Self-
consistent DFT runs were performed on the generated
set to obtain the atomic forces, which were then used
to calculate the third-order force constants. The lattice
thermal conductivity was then calculated by solving the
Boltzmann transport equation for phonons within RTA
using the ShengBTE package [32, 33]. kpp within BTE
is formulated as:

af 1

M= L TPON

> folfo+ 1) (hwa) oS FY,  (6)
A

where ky, N, fo, wx, A, and v§ are Boltzmann’s constant,
number of g-points, Bose-Einstein distribution function,
angular frequency, phonon mode, and group velocity, re-
spectively. F f = 7, is the linearized BTE within RTA
and 79 is the relaxation time of the phonon mode .

III. STRUCTURAL DETAILS

Pyrite FeS; adopts a cubic crystal structure, with a
space group of Pa3, with four formula units per unit
cell. The Fe and S atoms occupy distinct crystallographic
sites and their relative positions are governed by a single
structural parameter u. For our calculations, we used an
experimentally determined lattice constant of a = 5.407
A, as reported in previous studies [34, 35]. The atomic
positions were then obtained by minimizing the atomic
forces to less than 107% Ry/Bohr. The optimized value
for u, which governs all the bond distances, was found to
be 0.3827.

IV. RESULTS AND DISCUSSIONS
A. Electronic Structure

Numerous density functional theory studies have pre-
viously explored the electronic structure of stoichiometric
FeSs [1, 5, 19, 22, 34, 36]. These calculations consistently
reveal multiple heavy bands near the valence band edge
that are composed of nominally Fe t5, orbitals, as well as
a highly dispersive band at the bottom of the conduction
band manifold featuring a mix of Fe e, and S p charac-
ter. Consequently, high electronic density of states are
observed near the valence band edge, while the conduc-
tion band region shows a relatively lower DOS. In Fig. 1,
we reproduce the band structure and DOS of FeSs in
the left and right columns, respectively. Our calculations
yield an indirect band gap of 0.40 eV using the PBE func-
tional, which is in reasonable agreement with the 0.52 eV
band gap reported by Harran et al. using the HSE func-
tional [20]. However, our computed band gap is lower
than the 0.95 eV value reported in previous experimen-
tal studies [1, 2].

B. Transport Properties

We first look at the temperature-dependent ther-
mopower S of hole-doped FeS, across various doping lev-
els, as shown in Fig. 2. Our calculations indicate a consis-
tent behaviour in S for hole doping concentrations (ny)
at and below 1x10%° ecm~3. Initially, S increases with in-
creasing temperature. However, at higher temperatures,
it begins to decrease, eventually reaching large negative
values due to occupation of dispersive conduction band
across the gap. With further increase in temperature, S
becomes less negative within this doping range. For ny
of 5x10%° cm ™3, the Fermi level now lies deeper. Conse-
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TABLE I. Room temperature thermopower S and electrical
conductivity o of hole-doped FeSs at doping concentrations

nyp ranging from 10°-10%! cm

n (cm™%) S (uV/K) o x 102 (S/m)
1 x 10 608.12 4.72
5 x 10 474.72 23.71
1 x 10%° 417.10 46.27
5 x 10%° 280.53 220.88
1 x 10%! 223.70 416.16

quently, S becomes negative above only above 800 K. A
similar behaviour in S is also reported in several experi-
ments [24, 25]. In contrast, for the highest n;, considered
in this study (1x10%! ecm™3), S remains positive within
the investigated temperature range. However, we pre-
dict S to change its sign for this doping level at higher
temperatures when bipolar conduction becomes domi-
nant. The room-temperature S values for the studied
hole doping levels are reported in Table I. The maxi-
mum room-temperature S of 608 pV/K occurs, as ex-
pected, for the lowest doping concentration of 1x10'?
cm~3. With further increase in hole doping, the room-
temperature S decreases gradually but remains positive.
This behaviour can be rationalized by observing the elec-
tronic structure of FeSs. As more holes are introduced
in the system, the Fermi energy shifts deeper in the va-
lence band manifold where the bands are more dispersive.
This increases particle-hole symmetry, thereby reducing
S. Since the calculated values of S are promising, with
room-temperature S exceeding 200 pV /K across all stud-
ied ny values, we extend our analysis to the additional
transport parameters that govern ZT.

The calculated room-temperature o for all doping lev-
els are summarized in Table I, and they show the ex-
pected increase in ¢ as a function of ny. Fig. 3 shows
the temperature dependence of o for various hole dop-
ing levels. We find that o shows a similar trend as a
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FIG. 3. Electrical conductivity o of hole-doped FeSs in the
concentration range 10*°—10%' cm™

function of n, at and below 1x10%2° cm™3. Initially, o
decreases with increasing temperature. However, further
increase in temperature leads to upturn in ¢ due to in-
creased population of the dispersive conduction band. As
the doping concentration is increased, the upturn in o
occurs at higher values. For nj of 1x10' em™3, the
upturn happens at 400 K, where as o starts increasing
only above 800 K for nj, of 5x10%° cm™3. The increase
in the population of the dispersive conduction band at
high temperatures also leads to high-temperature o be-
ing larger for low doping levels that is observed in Fig. 3.
Meanwhile, the Fermi level lies deeper for the highest
considered ny, of 1x10%!' ecm™3. Consequently, the dis-
persive conduction band is less occupied for this case,
and its o decreases continuously with temperature, with
only a moderate increase observed above 900 K.

We have so far discussed the temperature dependence
of S and o only in terms of the relative difference in
the dispersion of the heavy valence and light conduction
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FIG. 4. Electron-phonon scattering rates (the inverse of re-
laxation time) as a function of energy at 300 and 700 K for
carrier concentration ny = 1x10'° em™3. The Fermi energy
is shifted to the valence band maximum.
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bands near Fermi level. The relaxation time 7, of the
carriers in these bands is another microscopic quantity
that could play a role in the temperature dependence of
these physical quantities. Fig. 4 shows the calculated el-
ph scattering rates (= 1/7,,x) at 300 K and 700 K for nj
of 1x10* ecm™3. At 300 K, the e-ph scattering rates near
the valence band edge are higher compared to those at
the conduction band minimum. At 700 K, the scatter-
ing rates increase for both sets of bands, but the increase
is much larger in the valence band manifold. The scat-
tering rates of the states near the valence band edge are
now around an order of magnitude larger than those near
the conduction band edge. This large asymmetry likely
causes the large jump in S to negative values at high tem-
peratures. The relatively low values of scattering rate in
the conduction band manifold also contributes to the in-
crease in ¢ at high temperatures.

Following the observation of high values of calculated
S, we investigated the power factor at the corresponding
hole concentrations, which is shown in Fig. 5 as a function
of temperature. At 100 K, the PF is reasonably high, ex-
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FIG. 6. Electronic thermal conductivity ke of hole-doped
FeSs in the concentration range 10'°-10%' cm 3.
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FIG. 7. Lattice thermal conductivity x,n of stoichiomet-
ric FeSs taking into account three-phonon scattering inter-
actions.

ceeding 2 mW /K?m across all doping levels. This can be
attributed to the moderately high conductivity at 100 K,
given that PF is proportional to o. However, for doping
concentrations ranging between 10' and 10?° cm ™3, the
PF decreases and remains below 1 mW /K?m within the
temperature range of 300 to 600 K. In this temperature
range, o remains below 10° S/m, and S undergoes a sign
change, leading to low PF values. Only at the highest nj
of 1x10%! em~3, the PF exceeds 1 mW/K?m up to 600
K. Additionally, at 1000 K, we observe PF values close to
1 mW /K?m for lower doping concentrations (< 1x1029
ecm ™), which can be attributed to the increase in o and
the large negative S observed at this temperature.
Calculation of the thermoelectric figure of merit Z7T
additionally requires the knowledge of thermal conduc-
tivity. The electronic contribution to thermal conductiv-
ity k. across all doping levels is shown in Fig. 6. Our
calculations reveal that x. is relatively low, and remains
below 1.5 W/mK across the entire temperature range
studied. Since the relatively small values of hole doping
concentration considered here is should only modestly
change the phonon dispersions, we calculated the compu-
tationally demanding lattice contribution to thermal con-
ductivity &,p only for the undoped FeSy, which is shown
in Fig. 7. In contrast to k., Kpp is significantly higher,
reaching a maximum of approximately 174 W/mK at 100
K. The room-temperature kp, is around 40.5 W/mK,
whereas k. reaches a maximum of 0.13 W/mK at the
same temperature for a hole doping concentration of
1x10%! em™3. This suggests that the thermal conduc-
tivity is predominantly phonon-driven at these tempera-
tures. Our calculated room-temperature kpp, is in close
agreement with previous experimental finding of 47.8 +
2.4 W/mK on single-crystal FeSy [37], and is lower than
the 65.8 W/mK value reported in a previous theoreti-
cal study [38]. However, a recent experimental inves-
tigation reported a lattice thermal conductivity of ap-
proximately 22-24 W/mK at room-temperature in FeSs
samples grown via chemical vapor transport (CVT) [39].
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This discrepancy could be attributed to the presence of
vacancies and surface impurities in the CVT-grown sam-
ples.

The high values of kp, at low temperatures can be
understood through an examination of anharmonic scat-
tering rates. Fig. 8 illustrates the three-phonon contri-
bution to anharmonic scattering rates obtained at 100,
300 and 1000 K. Our calculations show that anhar-
monic scattering rates increase with temperature across
the entire frequency spectrum. However, this increase
is particularly pronounced in the low to intermediate
frequency region (below 8 THz). Since low frequency
phonons are the primary carriers of heat, this substantial
temperature-induced increase in scattering rates results
in a rapid decrease in kp;, as temperatures is increased.
Our calculated room-temperature scattering rates pre-
dominantly lie in the range of 0.01—0.1 THz, comparable
to those observed in skutterudites like CoSbs and IrShs
that also exhibit room-temperature x,, values above 10
W/mK [40]. In contrast, the skutterudite compound
FeSbs shows significantly higher room-temperature scat-
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FIG. 9. Weighted phase space W of stoichiometric FeSs at
100, 300 and 1000 K.

tering rates (0.1—10 THz), leading to an ultralow room-
temperature kp, of 1.14 W/mK [41]. This comparison
underscores the critical role of scattering rates in deter-
mining thermal transport properties. Our observation
of the increased scattering rates at higher temperatures
is further supported by the behaviour of the weighted
phase space (W), as shown in Fig. 9. W exhibits a
similar temperature-dependent increase across the entire
frequency range. This increase in W indicates a greater
availability of three-phonon scattering channels at ele-
vated temperatures, which contributes to the observed
reduction in spp at elevated temperatures.
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FIG. 10. Thermoelectric figure of merit ZT of hole-doped
FeS2 in the concentration range 10'°-10%' cm 3.

The thermoelectric figure of merit ZT as a function of
temperature obtained using the calculated S, o, and & is
presented in Fig. 10. ZT is less than 0.01 at low tem-
peratures for all doping concentrations. Such low values
can be attributed to the large lattice thermal conductiv-
ity obtained at low temperatures. As the temperature
increases, ZT shows a moderate increase up to 500 K
for doping values between 10'? and 10%° cm™3, consis-
tent with their low PF. At even higher temperatures,
their ZT increases due to a combination of increasing
PF and decreasing xp,. For concentrations above 1020
em™3, ZT gradually increases with temperature, reach-
ing a maximum between 600-700 K, and subsequently
decreases due to the low PF. However, for hole doping
at 5x 1029 cm~3, a moderate increase in ZT is observed
above 900 K, which follows a similar increase in its PF.
The room-temperature Z7 is small, with a maximum of
0.015 for the highest doping level of 1x10%2" cm™3. We
obtain a highest ZT of approximately 0.086 for hole con-
centration of 5x10' cm™2 at 1000 K. Our maximum
calculated ZT is lower than ZT ~ 0.212 at room tem-
perature calculated by Harran et al. without taking into
account electron-phonon scattering [20].



V. CONCLUSIONS

In this study, we investigated the thermoelectric trans-
port properties of hole-doped pyrite FeS,, incorporat-
ing electron-phonon interactions across a wide doping
range using first-principles calculations. This research
was motivated by previous theoretical findings that re-
vealed multiple heavy bands near the valence band edge
in stoichiometric FeSs, as well as subsequent reports of
significant variations in thermopower in hole-doped FeS,
from both experimental and theoretical perspectives.

Our investigation of hole-doped pyrite FeS, revealed
complex thermoelectric behavior across various doping
levels and temperatures. We observed a maximum posi-
tive S of approximately 608 1V /K at room temperature
for the lowest doping level. Notably, bipolar conduction
induced a sign change in S at higher temperatures for
all but the highest doping level. This bipolar conduc-
tion effect was also observed in the electrical conductiv-
ity, which, while moderately high at room temperature,
remained below 10° S/m. The highest observed o was
approximately 5x10° S/m for the highest doping level at
100 K. Due to significant variations in S and moderate
o values, the power factor was relatively low above room
temperature, exceeding 2 mW/K?m only at the lowest

temperatures across all doping levels. We find that ther-
mal transport in the system is dominated by phonon con-
tributions, with lattice thermal conductivity exhibiting
remarkably high values below room temperature, includ-
ing a room-temperature ky, of 40.5 W/mK. This results
from reduced anharmonic scattering rates and limited
phase space availability at low temperatures. In contrast,
the electronic contribution to the thermal conductivity
remains low across all temperatures, consistently below
1.5 W/mK. The modest values of electrical conductivity
and relatively high values of thermal conductivity lead to
low ZT of less than 0.1. This suggests that hole-doped
pyrite FeSs is unlikely to be an effective material for ther-
moelectric applications even though it exhibits high cal-
culated thermopower. So alternative doping strategies
that improve electrical conductivity and degrade thermal
conductivity should be explored to make this material vi-
able for thermoelectric application.
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