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Bulk samples of the pyrite chalcogenide solid solutions (Fg,S, (0<x=<0.5), have been prepared and
their crystal structures and magnetic properties studied by x-ray diffraction and SQUID magnetization mea-
surements. Across the solution series, the distance between sulfur atoms in the pe(r%iﬂ)‘idmit remains
nearly constant. First principles electronic structure calculations using experimental crystal structures as inputs
point to the importance of this constant S-S distance, in helping antibonding S-S levels pin the Fermi energy.
In contrast hypothetical rock-salt CoS is not a good half metal, despite being nearly isostructural and isoelec-
tronic. We use our understanding of the,G&e S, system to make some prescriptions for new half-metallic

ferromagnetic.
DOI: 10.1103/PhysRevB.70.214409 PACS nung®er75.47—m, 71.20—b, 72.25-b, 85.75-d
[. INTRODUCTION netic, and almost a half-metal, closely but not precisely re-

i _ i sembling the prototypic half-metallic  ferromagnet

The rapid development of spin valve-based magnetic reaf|jMnsp 12 Yamadaet al 1% have optimized the structure and
heads and the emergence of spintrohicas thrown up a kwon et al have performed LSDASE (LSDA=local spin
need for new half-metallic ferromagnets for spin injection, asyensijty approximationcalculations on Co$S Shishidouet

well as the need for a better understanding of the underlying) 15 have performed first principles calculations on GoS

materials issues in half-metallic ferrom_agn%?sThe recog-  with gradient correction§GGA=generalized gradient ap-
nition that pyrite Co$ is close to being a half-metallic proximation.

ferromagnef;® and that half-metallicity is robust across the |5 a seminal paper, MaZinhas shown from first-
solid solution Cq_FeS, (Ref. § has led to considerable principles calculations that half-metallic ferromagnetism is
renewed efforts to understand this matefiedlowever, there  «opust” in the system Co,FeS,, in the sense that in the
is as yet no report on why the solid solution G&6S; is  region 0.85<x<0.25 the compounds are perfect half metals,
special: What are the unusual features in the crystal and elegjith moments precisely equal to the spin only values
tronic structure qf thg pyrites that result in its p.roper.ties? [M(ug)/Co=1] in agreement with the experiments of Jarrett
Benoit and Neel first showed that cobalt pyrite G&Sa ¢t 414 He ascribes the singular magnetic behavior of this
ferromagnet® No other MX, compoundX=chalcogenid  gystem to the fact that the Fermi lies on a steep slope in the
or even MXY (Y =pnictide) is ferromagnetié:® Jarrettet al*  densities of states, and predicts that the onset of the ferro-
made magnetic and transport measurements onE8S,  magnetic to paramagnetic transition in e S, should
which indicated itinerant electron ferromagnetism. £€6  occur neax=0.84 in remarkable qualitative agreement with
=1) is ad band semiconductor with filled octahedt§] lev-  experiment. From point-contact Andreev reflection measure-
els of Fé* level separated from empey, levels. As electrons  ments, Cheng, Mazin, and co-work&determine the maxi-
are added0=x=1) the compounds become conducting andmum transport half-metallicity to not exceed 61%. The
ferromagnetic, even fox values as large as 0.9@r electron ~ maximum occurs near=0.5. The reduced half-metallicity is
concentrations as small as 0.03 in #eband. Over a wide ascribed to sulfur deficiency in the samples, which interest-
range ofx, the magnetic momerin Bohr magnetonsob-  ingly, does not seem to affect bulk magnetism.
tained from saturation magnetization is precisely equal to the In this contribution, we focus on the cobalt rich side of the
number ofe, electrons. DiTus&t al!! have recently argued pyrite Ca_,FeS, phase diagram. We obtain a detailed struc-
that the diluteg(x approaching jLregions of the solid solution tural description of the compounds <kx<0.5 from
are worthy of closer examination and that n@ar0.99, an  Rietveld” refinement of powder x-ray diffraction patterns.
insulator-metal transition is already observed. They report &/e also confirm from magnetic measurements that the
quantum critical point in the ferromagnetic-paramagneticsamples behave in the manner described by Jatelt* We
transition betweenx=0.972 andk=0.964. use the crystal structures as inputs for first principles elec-
Spin-polarized electronic structure calculations by Zhaotronic structure calculations based on the linear muffin-tin
Callaway, and Hayashibardound that Co$ is ferromag- orbital methoct! both for pristine CoSas well as the super-
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cells Cq 74 -5, and Cq o sS,. We use the crystal or-
bital hamiltonian populatiofCOHP) (Ref. 19 to examine
details of spin-polarized chemical bonding across the solid
solution series, and examine the relation between chemical
bonding and half-metallicity. A comparison with rock-salt
CoS (whose spin polarized crystal and electronic structure
have been calculated from first-principleonfirms the spe-
cial features of the electronic structure of the pyrites.

Il. EXPERIMENT

Samples of Co,FeS, (0=<x=<0.5 were prepared start-
ing from the elements taken according to stoichiometry, by
heating well-ground powders in evacuated, sealed silica am-
poules for 1 week at 673 K. The powders were then re-
ground, pelletized, resealed in evacuated silica ampoules,
and heated for 873 K for 4 d. A final heating was performed , ,
at 973 K for one week, of samples that had been ground up FIG. 1. MX, pyrite crystal structure_ shqwmg l_v_p(octahedra
and pelletized again. Powder x-ray diffraction patterns wer&®Mer connected through X atoms which, in addition, are bonded
collected on powders using overnight runs on a Scintag X2S"°Wn by stickto X atoms on neighboring octahedra. The coor-
diffractometer operating in the Bragg-BrentaB@6 geom- dination of X is 3M)+1(X).. X, sticks arjd M atomgat the centers
etry. Data were recorded using Gy radiation and a step of the octahedraform two interpenetrating fcc lattices and a struc-

. . . . ture related to NaCl.

size of 0.02° in @. The data were subject to Rietveld

refinement’ using the pyrite(space groupPa3, No. 205
structural model with the transition metéCo or Fe¢ at

free structural parametewas optimized using full-potential

. ~ linearized augmented plane wateAPW) calculations using
(0,0, and S allxs, Xs,Xs) With x5~0.39. Thexnp (Ref. 20 the wIEN2K code?® Exchange correlation was considered fol-

Rietveld program was employed for the refinemt_ents. lowing the Perdew-Burke-Ernzertéfparametrization.
Magnetic measurements were performed using a Quan-

tum Design MPMS 5XL Magnetometer. Sample holders
(gelatin capsules inserted in plastic drinking straweld

small solid pellets of the Gao,FgS, phases. We have not A. Crystal structure
corrected the measured magnetizations for any core or
sample-holder diamagnetism. Demagnetization correctionge
have not been performed.

IV. RESULTS

Powder x-ray diffraction revealed all compounds in the
ries to be single phase, and well-fitted by Rietveld profile
refinement to the pyrite crystal structure described in Fig. 1.
Results of the x-ray refinement are summarized in Fg),2
Ill. COMPUTATIONAL METHODS which shows data for the two extreme compositigxs0.0
Linear muffin-tin orbital (LMTO) calculationd! within andx=0.5 n th_e Series .StUd'ed here. _The_ culam_:ell_ pa-
. SN rameter varies linearly witlx, as shown in Fig. @) indicat-
the atomic sphere approximatigASA) were performed us- . : . .
ing the formation of a homogeneous solid-solution. Careful

ing the STUTTGART TB-LMTO-ASA program‘® Experimental . o .
: : analysis does however suggest a broadening in peak profiles
crystal structures used as inputs for the calculations were

obtained from x-ray Rietveld refinements from this study,aSX increases in Ca,F6S,. The decrease in tha lattice

unless otherwise mentioned. Typically, more than 300 irre? arameter as a function of increasiigsubstitution of Co by

duciblek points within the primitive wedge of Brillouin zone Fe) arises from the different sizes of these ions; Six-

. . . - _coordinate, low spin Gd has an ionic radius of 0.65 A,
were employed in the calculations. The generalized gradien . : . 28
c R . Whereas the corresponding radius foPFis 0.61 A28 The
approximation(GGA) for calculation of exchange correla-

ton was employed following the Perdew-Wang single internal parameter in the pyrite crystal structure is the
prescriptior?? This results in slightly larger moments over position (Xs,Xs,Xs) of S. We have used refined values)gf

the von Barth-Hedi# LSDA, although not to the extent that and a to calculate S-S distances across the solid solution
CoS is a perfect half meta{I as determined by Shishigbu _series. W‘th"? experimental error, we find nea_lrly no change
al.1% Calculations including the effect of the spin-orbit inter- ' the S-S distance as a function xRs seen in Fig. ).

action were also performed using a modified version of theTh|s is an important experimental observation, which we dis-

LMTO code?* The implementation of the spin-orbit coupling cursr;s atrilenngtht?t ? I;’:\tlecrj Stta%e; {E Fl({%Z\/rvne r"ar‘]lzorsm\ggfr
into the otherwise scalar-relativistic LMTO formalism s S0MParson, structural data for the end-membe S GBS,

analogous to the implementation described in Ref. 25 for thgg) and Fe$.
APW method. It was found that neither the states near the
Fermi energy, not the magnetic moment were in any way
affected by the inclusion of spin-orbit coupling. For ferro-  Zero field cooledZFC) and field-cooledFC) magnetiza-
magnetic, rock-salt CoS, the cell volunyehich is the sole tion M as a function of temperature recorded on, Clée,S,

B. Magnetism
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FIG. 2. (a) Powder x-ray Rietveld refinement of Co&=0) and 0 0.1 0.2 0.3 0.4 0.5
CoysFe sS, (x=0.5). Data(circles, the Rietveld fit(fit reliability xin Coy_Fe,S,

Reragg<8% for all sampleg and the difference profiles are shown ] _ _

for each compound. Vertical lines at the top of the plot indicate FIG. 3. (a) Zero-field cooled(dashed linesand field-cooled

expected peak positionéh) Filled circles: Evolution of thea cell ~ Magnetization as a function of temperature of the; (Fé8 S,

parametetin A) with x of the solid solution Cp.FeS,. Error bars ~ samples(b) Field-cooledMT vs T. (c) T, onset(circles and mid-

are smaller than the circles. The dashed lines connects publishdint, corresponding to the maximum valisgjuaresobtained from

crystal structure(Refs. 29 and 30 data on the end members theMT vs T plot, as a function ok. The lines are guides to the eye.

(squares Open circles: S-S distances as functiorxofhe dashed

line connects publisheRef. 29 data(squares Co,_FeS, is a soft ferromagnet. Therefore only the positive
M vs H quadrant is displayed. All the samples display satu-
ration at fields well below 1 T. The saturation magnetization

are indicated in Fig. @. ZFC data were recorded in a field ;,, gonr magnetonéug) is plotted as a function aof in Fig.

of 1000 Oe upon warming from 5 K after cooling from room A - )
temperature under zero field. FC data were also collecte (b)- The dashed line is the expected spin-only value assum

a f 5 K. after th | led g eachey electron contributes Lg per formula unit to the
e A e S e o ey agnetzdion Only e parent Cohase s scen (o hav 2
) i ' ; “saturation magnetization less than the spin-only value. Start-
magnetism, withT,s below 155 K. There is almost no 9 P y

e . ing fromx=0.1 throughx=0.5, all samples display spin-only
ZFC/'I:C sepa;]ratlon in any of ?elsarphplte?ﬁ suggesgl_ng :]h ehavior. This is an indication that all the samples except
sampies are homogeneous, and aiso that they combin€ Nidhy o 5.6 yithin experimental error, perfect half-metals in
permeability with low saturation fields. Clear ferromagnetic

T, onsets as well as widths of the transition are best Seetﬂlerms of their being no “leak” in the magnetization from
¢ ! S jori minori in : h leaking is preven
from plots of MT vs T displayed in Fig. &). The T, onset ajority to ority spin states. Such leaking is prevented by

>~ the complete absence of there are no minority spin states at
does not seem to depend very muchxgrand after an ini- P Y Sp

dallv i i ithy al A ; tant . the Fermi energy. Our results, for both ferromagnéfjc
lally Increasing withx, aimost remains constant as seen In(midpoint) as well as saturation magnetization are nearly
Fig. 3(c). Data were acquired under relatively high field

) X ! : 4

(1000 O¢ so even small clusters of spins are sufficient l‘orldemlcaI with those obtained by Jarrettal.

the magnetization to rise. The midpoints of tNET vs T

traces are therefore better indication of ferromagn@tic C. Electronic structure

These are also shown in Fig(c3, and are seen to initially

increase withx and then decrease. The constant width of the A number of authors have provided detailed electronic

transition[difference betweef, (onsej and T, (midpoint)]  structure descriptions of Ce3'*-1°>Mazin® has examined

for the different values ok reflects that all the samples are magnetism across the series;G6eS,. The purpose of this

homogeneous, and the transition is not due to small ferrosection is to use structure refinements as inputs to obtain first

magnetic clusters. principles electronic structures, and in particular, to calculate
Magnetization at 5 K is displayed in Fig(a. None of COHPs so that trends in spin-polarized bonding across the

the samples showed any significant hysteresis implyingolid solution series can be obtained.
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FIG. 4. (a) Magnetization at 5 K as a function of field. Since
none of the samples show appreciable hysteresis, only the positive
quadrant is displayed. Data were acquired from 5 T through 0 T.
(b) Closed circles are measured saturation magnetizeist 5 T) FIG. 5. (8) LMTO densities of state of hcp Co metgh) Den-
as a function ofx. The open squares are the calculated LMTO gjties of state of CoS The origin on the energy axis i@) and (b),
magnetic moments. The dashed line is the expected spin only valygdicated by a vertical line, are the respective Fermi energ@s.
assuming everygy electron contributes Lg. Densities of state of nonmagnetic ReSplit into two spin direc-

tions. The energy axis ifc) has been shifted as described in the

Figure 5 shows total LMTO densities of stg8OS) in text. The upper and lower parts of each panel indicate respectively,
the two spin states fai@) hcp Co metal, fokb) CoS, (using ~ majority and minority spin states.

the Pa3 crystal structure obtained from x-ray refinementsyanera| trend amongst the first row transition metals that as
performed herpand(c) Fe$ using the crystal structure re- one goes to the righifrom Sc through Cy metald levels are
ported by Finkleaet al;3® SG. Pa3, a=5.4281 A, xs  stabilized. To some extent, this trend is reflected in the Paul-
=0.38504. Fermi energies are taken as 0 on the energy axisg electronegativities which are 1.83 for Fe and 1.88 for Co.
in panels(a) and (b). On going from Co metal to CeSwe |t is the same trend which shifts Mperystal structures from
observe a narrowing d states as well as the effects of the being layeredwith M**) to being three-dimensionavith
octahedral crystal generated by thg™ Snoieties. In Co  M?2*)in a process referred to as redox competiidm oxide
metal, the Fermi energy lies in the minority spin states, in anaterials, the descent of catidrevels as one traverses first
region where majoritys()] states are also found. Removal row transition metals results in the famous Zaanen-
of theses states by ionizatioiforming C&* from Co) is an  Sawatzky-Allen phase diagratln making solid solutions
essential ingredient in rendering the system half metallic. of CoS, and Fe$, we believe the distinctly shifted levels
Panel(c) of this figure is the total DOS of nonmagnetic of FeS have a role to play. While substitution of Co by Fe in
semiconducting FeSdistributed equally between the two the series Cp,FeS, results in electrons being removed
spin states. We have alignesistates of S(in the region from the e, manifold, thed levels themselves are pushed to
-20 eV to -10 eV with respect to the Fermi energy, nothigher energies; the speci@se) which “removes” electrons
shown) by shifting the origin on the energy axis for the DOS actually creates donor states. This is one of the factors which
of FeS, in order to compare it with the DOS of Ce8n an  affects the electronic structure across the solid solution. A
“absolute” energy scale. The assumption is thatiSa core more electronegative substituent might remove electrons
state which should not be affected by compound formationfrom p states of S, and this would be disastrous for the mag-
and therefore can be used as a reference state in the differamgtism as demonstrated presently.
compounds. FeSs a semiconductor with a calculated band  We have performed LMTO calculations on ordered super-
gap of about 0.8 eV? In both Fe$ and Co$, p states of S cells of pyrite Co$ after systematically replacing some of
below Er extend from about -8 eV to —2.5eV. In CHS the Co by Fe. Lattica and internal structural parametess
Co d states(the t,; manifold) start at 2.5 eV, where §  for the calculations were taken from structure refinements of
states terminate. In FgSthere is a gap between occupied Sthe nearest compositions as summarized in Fig). Figure
p states and the metgl, manifold. Comparing the DOS of 6 shows densities of state for CgFe,S,, for (a) x=0.00,(b)
FeS with CoS,, we observe that thel manifold in the x=0.25, andc)x=0.50. In all three compounds, the shape of
former is shifted to higher energies. This is indicative of theunfilled states just abovE is “boxlike” rising sharply with

-10 -8 -6 -4 -2 0 2 4
energy (eV)
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FIG. 6. Evolution of total LMTO densities of state as a function energy (eV)
in x in Co,FeS,: (8) CoS, (x=0.00, (b) Cop7de 255, (X
=0.25, and(c) Coysg-ey 5052 (x=0.50. FIG. 7. (8 LMTO COHPs of nonmagnetic CgShowing Co-

S and S-S interactions. The nonmagnetic COHP has been scaled

energy. The evolution of,, states with Fe substitutioin by & factor of 0.5(b) LMTO COHPs of the Co-S interactions in
both spin directionsseems to result from a weighted super- €0 in the two spin directions(c) LMTO COHPs of the S-S
position of thet,, states of spin-polarized Co&nd nonmag- interactions in Co§|n_ t_he two spin directions. In the dgfln_ltmn
netic Fe$ [shown in Figs. B) and 5c)]. Filled tZg levels vye employ here,. positive COHPs gorresponq to boqdmg |ntgra§-
below E¢ seem pinned firmly in place. Partially filled, tions and _negatlve COHPs _to antlbor_1d|ng mtgr_actlons. This is
levels are shifted up in energy, to netlre respectiveFermi the opposite to the convention used in the original pajfef.
energies” A feature of note is that &g (the few) states in 19).

the minority states are progressively remove &screases

in Co,_,FeS,. This result, as previously reported in the cal- The COHP(Ref. 19 is a very useful tool for mapping the
culations of Mazirf explains the less-than-perfect energy dependence of pairwise bonding and antibonding in-
[(M/ug)/Co< 1] saturation magnetization of pure Co&  teractions between atoms from first-principles electronic
=0), and the increasedM/ ug)/Co=1] magnetization agx  structure calculations, including in systems which are
increases, seen in our magnetic measurements, and in tepin-polarized®*” Figure 7a) shows pairwise Co-S and S-
measurements of Jarrett al# From a magnetism viewpoint, S COHPs of parentonmagnetiaCoS,, scaled by 0.5. We
the extent of half-metallicity in this system can be obtainedhave verified that the spin-orbit coupling is negligible.
as the ratio of the saturation magnetic moment in Bohr maginteractions are therefore confined to separate spin chan-
netons to the number of unpaireglelectrons. Computation- nels. Nonmagnetic CoShas sharply antibonding states at
ally, the magnetic moment, or more precisely, the polarizathe Er. Switching on spin-polarization decreases these an-
tion index P given by?® tibonding states, in keeping with the suggestion of Lan-
drum and DronskowsR¢ that sharply peaked antibonding
COHPs in nonmagnetic calculations can be an indicator
(the equivalent of a Stoner criteripof the electronic in-
stability associated with spin polarization and ferromag-
provides an indication of the half-metallicity, though this netism.

cannot easily be applied directly to Andreev reflection From Fig. {b), we observe bonding Co-S COHPs in the
studies'® We calculateP=1 for both thex=0.25 and thex  region ofty, states and antibonding COHPs corresponding to
=0.5 compounds. Correspondingly, magnetic moments pehe region ofey states.Eg in spin-polarized Cogfalls in a
formula units were, respectively, obtained to be Qugsand  gap flanked by antibonding Co¢8 and antibonding Co-
0.50 ug; whereas for CoS(x=0) it was 0.90ug. These have S(]). The S-S COHP in Fig. (¢) shows the strongly
been plotted in Fig. @) in comparison with experiment, and bonding region where th@ states of S are found. The
are seen to correspond precisely to what is measured. effect of spin-polarization on S-S COHPs is small but

o ‘ N, (Eg) = N, (Ef)
N;(Eg) + N, (Ep)
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o 8 58 % 4 2 o 2 4 FIG. 9. (a) Summary of the nonmagnetic electronic structure of
(b) energy (V) Co,FgS, for largex values(low e filling). As x becomes slightly

less than 1, they, levels are filled and descend belds. The p
FIG. 8. (a) Total energy and magnetic moment per Co atom inStates remain abovg: however. The boxlike shape of the unfilled

rock-salt CoS as a function of the cubic cell parameter, as obtainefl states ensures the Stoner criterion is satisfied even for small fill-
from spin-polarized LAPW calculationgb) Total densities of state INg- (b) Even at large filling (smallerx), only d states descend
in the two spin directions of ferromagnetic CoS, calculated for aPelOWER, andEg is pinned to the bottom of the unfillguistates(c)
rock salt(Fmgm) structure witha=4.67 A. Schematic nonr_nagnetlc states in a more usual material s_uch as
CoS, where unfilled states grow gradually, and the Stoner criterion
is satisfied only for large filling.
important. Interestingly, the antibonding region of the S-
S(1) COHP just aboveEe is slightly stabilized by spin-  ferromagnet, despite minority spin states trying to nest in a
polarization, just as antibonding St{3 is slightly desta- pseudogap. The electronic structure is characteristic of so-
bilized. Antibonding S-8/) state are what pin the Fermi called “intermediate spin” systems such as the finite-
energy, and are perhaps the most significant states faemperature electronic structure of the cobalt oxide perov-
discussing half-metallicity in these compounds. S-S stateskite LaCoQ.3°
are pseudomolecular so they not disperse very greatly.
They can be expected to remain in place because there is
no great change in the charge state or in the degree of
charge-transfer in the system asis increased, as was The low Curie temperatures of €gFe,S, make their use
observed from the constancy of the S-S distance. For aras spin injectors in spintronic circuitry unlikety.This sys-
tibonding S-$%|) states to descend through the Fermi en-tem does however offer insights into the design of new half-
ergy, the S-S bond would have to be elongated. metallic ferromagnets. There are two questions which our
In support of our argument that théﬂmits play a cru- results help to address. The first is, what renders a compound
cial role in determining the electronic structure of Ga®d  half-metallic? From observing changes on going from ferro-
the series Cp,FeS,, we have performed first-principles cal- magnetic Co metal to CgSwe learn thas andp states aEr
culations on hypothetical rock-salt CoS, which has approxi{present in Cpare not good for half-metallic behavior since
mately the same atomic topology, and the same formal Cthey are only poorly exchange split. Compound formation
valence as pyrite CgSFigure &a) shows the results of the through removal of andp electrons is therefore useful. This
structure optimization by plotting total energy as a functionsuggests that even in systems such as the Heusler com-
of the cubic cell parameter, as well as the correspondingounds, %YZ, where X and Y are usually transition ele-
magnetic moment of Co. The GGA-optimized cell parametements and Z is a main group element, it might help to have
was determined to be 4.67 A. The corresponding magnetielectronegative substituents a{(fdr example, Si rather than
moment is about 4.67g per Co. Figure &) shows the den-  Al).4°
sities of state of ferromagnetic CoS in the two spin direc- The second question is how the system retains ferromag-
tions. It is seen that the crystal field in CoS is much smallemetism and half-metallicity across the substitution range. We
than in Co$. More importantly, CoS is not a half-metallic summarize our findings on the unusual electronic structure of

V. CONCLUSIONS
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the pyrites solid solutions GgFeS, in the scheme dis- beyond the present treatment. The important role played
played in Fig. 9. For low filling ofe, states(x approaching by the shape of the DOS in fulfilling the Stoner criterion
1), the electronic structure is characterized by “boxlike” has been examined in detailed for transition metals by
states aboveéEg, with a very sharp rise in the number of Andersen et at!

states with energy, as depicted in Figga)9and qb). The
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