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The electronic structures of the antiferromagnetic semiconductor FeS and ferrimagnetic m&alanBe
Fe,Se; have been studied by spin-integrated and spin-resolved photoemission spectroscopy and inverse-
photoemission spectroscopy. The overall Eel#&ndwidth in the photoemission spectra is 25—30 % narrower
than the density of stat€®OS) predicted by first-principles band-structure calculations and is accompanied by
an intense tail on the high-binding-energy side, indicating the correlated nature of electrons in thedrel3
Deviation from the band DOS is more significant in,&gthan in FeSe;, and in the minority-spin spectra than
in the majority-spin spectra. Cluster-model calculation for FeS has shown satellite structures at high binding
energies, but the calculated spectral line shape is not in good agreement with experiment compared to the band
DOS. By introducing a self-energy correction to the band DOS, we could explain the narrowing of the overall
Fe 3d bandwidth and the high-binding-energy tail shape but not for the unusual broadening of tdebBaB
within ~1 eV of the Fermi level[S0163-18208)02415-]

[. INTRODUCTION small displacement of the Fe and S atoms from the regular
NiAs-type structure, and leads to the so-called “troilite
It is well known that electron correlation is important in structure.”® According to a neutron diffraction study, the
3d transition-metal oxides and electrons in these com- temperature dependence of the magnetic reflection intensity
pounds have tendencies to be localized in many cases. near the Nel temperature can be well explained by the Bril-
electrons in transition-metal chalcogenides generally havéouin function of theS=2 (d°) local momenf The magni-
more itinerant character than those in corresponding oxideide of the hyperfine field also shows the same temperature
because covalency between the transition-mdtairbitals ~ dependenc@. )
and the anionp orbitals becomes stronger as the atomic Fe&Sg and FeSe; are ferrimagnetic metals with eetem-
number of anion increases from O to S to Se to Te. In th@eratures ofTy= 578 and 423-460 K, respectivelyThe
present paper, we have investigated the electronic structuresystal structures of & and FeSe; are derived from the
of some iron chalcogenides, FeS,;§¢ and FeSe, using NiAs-type one by introducing ordered Fe vacanéiesThe
photoemission and inverse-photoemission spectroscopy. Fegetal-full and metal-deficient layers are alternatively stacked
(troilite) and FeS; (pyrrhotite) are among the most common along thec direction. The compounds are referred to a&s 2
iron compounds in earth. The electrical and magnetic prop3c, and 4 structures according to the unit-cell periodicity
erties of these compounds have been studied so far, but theitong thec axis®® The easy axis of &g lies within thec
electronic structures have not been well understood. We shatllane abovel = 220 K (3c Fe;Sg) or 130 K (4c Fe,Se)
compare the observed spectra with a localized-electrobut is off thec plane below it®1*The same behavior has
model, namely, the configuration-interactid€!) cluster —been observed for F8,.' The temperature dependence of
model and with an itinerant electron model, namely, bandthe easy magnetization axes has been well explained using a
structure calculations. We shall clarify the effects of electronspin Hamiltoniart. In such a localized-electron model, the
correlation with the use of cluster-model calculation andmetal-full layer consists of F& ions (with the ordered mo-
self-energy correction to the density of stdi#0S) derived ment of 4ug) and the metal-deficient layers consist of both
from the band-structure calculations. Fe?* and F€" ions (with the ordered moments ofi4 and
FeS is antiferromagnetic below the’ ®leemperature of 5ug, respectively. According to neutron diffraction
Ty= 593-598 K2 Above T,= 420 K23 FeS is a metal studies:®> ® however, the magnitudes of the magnetic mo-
with the NiAs-type crystal structure, but becomes an insulaments are smaller thanu (Fe?*) and Sug (Fe*"). The
tor with a narrow band gap of 0.04 eV beldly,.>® This  observed magnetic moments of;Bgin the metal-full and
transition, known as the transition, is accompanied by a the metal-deficient layers are &p and 3.5ug,
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respectively* The magnetic moments of g, have not rated Au. Spectra taken at different photon energies were
been accurately determined but they are also significantipormalized to the photon flux determined by the total yield
smaller than 4—fg (Refs. 13 and 1pand their site depen- of Au. The spectra were also corrected for the transmission
dence is smaft® indicating the itinerant nature of the Fel3 of the DCMA.

electrons. Also, the ionic electron configurations cannot ex- AS for XPS measurements, we used a spectrometer
plain the result of Mesbauer studie<2°0n the other hand, €duipped with a Mg x-ray sourdélg Ka: hv= 1253.6 eV

the effective magnetic moment of S8, derived from the @nd @ DCMA. The energy resolution wasl eV. The satel-
paramagnetic susceptibility; 5.5u5, agrees well with the lites of_the MgKa x ray were nu_me_rlcally subtracted. High-
ionic model2! resolution ultraviolet photoemission measurements were

Recently, first-principles band-structure calculations usinqgade using a spectrometer equipped with a He discharge

e . ; ; ) mp (He I: hv= 21.2 eV and He Ilthv= 40.8 eV} and a
the local-spin-density approximati¢hSDA) have been per 150 mme-radius hemispherical analyzer. The samples were

mounted on a closed-cycle He refrigerator and cooled down
- ; . ; "% 25-30 K. The energy resolution was estimated from the
thg itinerant-electron point of view. Acco.rdlng to the palcu— Fermi edge of Au evaporated on the samples and found to be
lations, the ground state of FeS is an antiferromagnetic sembs_30 meV for He | and 80—-90 meV for He II. BIS mea-
metal with a magnetic moment of ¢, which is smaller g ;rements were made using a Si€rystal monochromator
than the ionic value of Ag.° As for FeS;, the calculated o detect photons div= 1486.6 eV. The energy calibration
magnetic moment in the metal-full layer (gg and 2.915) ~ was made using the Fermi edge of Au evaporated on the
and that in the metal-deficient layet@.0ug) show reason- samples. The total energy resolution wa<.8 eV. The
able agreement with the neutron diffraction stdéiffhe cal- samples were mounted on a liquid nitrogen cryostat and were
culated magnetic moments for /88 (3.1ug, 2.8ug, and cooled during the measurements.
—3.0ug) are smaller than those for f&.2*?*1t is also in- The SRPES measurements were performed on the 4
dicated that the calculated optical conductivity spectrum ofe,Sg; single crystals and the F&; polycrystals. The mea-
FeSe, (Ref. 24 agrees well with the experimental surements were done at the Revolver undulator beamline
spectrunt® In the band-structure calculations, the dtruc-  BL-19A of the Photon Factory, National Laboratory for High
ture has been assumed for,5gand FeSes, considering that Energy Physicé® A 100-kV Mott detecto?® was used for
the electronic structure would not be sensitive to the periodspin analysis. The samples were cut into a disk of 3 mm
icity of vacancy ordering. On the other hand, according todiameter and 0.5 mm thickness and mounted on a liquid-He
the calculation for F&Se;, the electronic specific-heat coef- flow cryostat and cooled to 30—-35 K. Clean surfaces were
ficient is y=3.1 mJ/K? atomic mol** which is smaller than obtained by fracturing and afterwards by scrapingsitu
the experimental values, 8 and 4.4 m3/#&omic mol(for 4c  with a diamond file. The energy resolution was 0.5 eV for
and ¥ Fe;Se;, respectively (Refs. 26 and 27 For FeS;, hv= 65 eV. Prior to the SRPES measurements, we mea-
too, the calculated valug = 3.1 mJ/K? atomic mol(Ref.  sured the hysteresis curves of the$eand FeSg, samples
23) is significantly smaller than the experimental values, 4.9using a SQUID magnetometer. The saturation magnetization
and 7.8 mJ/Katomic mol (for 4c and % FeS;  was attained under an external magnetic field of 0.5 T, but
respectively.?’ This implies a mass enhancement of conduc-the residual magnetization was 20—60 % and 25% of the
tion electrons due to electron correlation. saturation magnetization for {8 and FeSe;, respectively,
at ~30 K. In order to magnetize the samplassitu, we used
a coil made 6a 2 mm? Cu wire connected to a condenser
bank for current supply. A pulsed magnetic field ofL T

We have studied polycrystals of FeS,;8¢ 3c Fe,Se,  with a duration of~0.1 msec was produced by the cail,
and single crystals of ¢l Fe;Sg;. We used 8 Fe,Sg for  which sufficiently exceeds the coersive force of the present
x-ray photoemission spectroscopyPS) and resonant pho- samples. During the photoemission measurements, we mag-
toemission spectroscopy, and 4e,Seg; for high-resolution  netized the sample every hour and reversed the magnetiza-
ultraviolet photoemission spectroscopy, inverse-tion direction. According to the SQUID measurements, the
photoemission spectroscopybremsstrahlung isochromat residual magnetization remained unchanged for more than 1
spectroscopyBIS)], and spin-resolved photoemission spec-h. We repeated the SRPES measurements changing the di-
troscopy(SRPES. We found no detectable differences in the rection of the residual magnetization by changing the exter-
line shape between thecaand 4 compounds. The samples nal magnetic field. We took an average over the photoemis-
were synthesized by the Bridgman method, which are desion spectra taken for the opposite residual magnetization
scribed in detail elsewhef@. and calculate the asymmetd. One can deduce the spin

A 0.4-GeV electron storage ring at the Synchrotron Ra-olarization ) by P=A/Sy, where Sy is a Sherman
diation Laboratory, Institute for Solid State Physics, Univer-function (S;+= 0.23 for the present detecjolJsing the spin
sity of Tokyo was used as an excitation source for resonarolarization and the spin-integrated total intensityne can
photoemission studies. A double-pass cylindrical-mirror anaderive the intensity of majority- and minority-spin emission
lyzer (DCMA) was used for energy analysis. Samples werd ; andl |, by |, =1(1+P/f)/2 andl =1(1—P/f)/2. Here,f
mounted on a liquid nitrogen cryostat. In order to obtain(<1) is the residual magnetization divided by the saturation
clean surfaces, they were scrapeditu with a diamond file. magnetization to account for the incomplete magnetization
The overall energy resolution was 0.4—0.5 eV fier= 40—  of the sample. It should be noted that if there were no spin-
100 eV. The base pressure was B) ! Torr. Binding en-  polarization effects, the majority- and minority-spin spectra
ergies were referenced to the Fermi edge of freshly evapowould be identical.

Il. EXPERIMENT
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FIG. 1. Fe 2 core-level spectra of FeS, f&, FeSg, and Binding Energy (ev)
Cdy oF-& 055€ (Ref. 30.

FIG. 2. Valence-band photoemission spectra of FegSd-and
Fe,Se;. Vertical bars indicate the peak positions determined from

second derivatives.

lll. RESULTS

The Fe D core-level XPS spectra of FeS,#g Fe,Se,  =54.8-52.5 eV difference spectrum, the intensity of the
and Cd o 0s5€ are shown in Fig. 1. The broad peak lo- ~2.6 eV peak becomes weak and the peak just below the
cated at binding energiyz~730 eV is largely due to a plas- Fermi level €g), Eg~0.3 eV, becomes clearer, as in the
mon satellite accompanying the Fe peak, judging from  case of Cg_,Fe,Se*® We can identify a broad peak &t
the plasmon satellites for the S and Se core-level spectra-5 eV, which becomes a broad tail accompanying the main
While clear charge-transfer satellites were seen in thepg-e 2Fe 3d band athv= 40 eV.
spectrum of Cgl_,Fe Se’ in which the Fe 8 electrons are One can recognize the same situation inSgenamely, a
localized and the electronic states are well described by throad structure aEg~5 eV although the enhancement at
Cl cluster modef®3! the Fe D spectra of FeS, F8&;, and Eg~2.6 eV in the difference spectra becomes weaker. The
Fe,;Sg show only the main peaks with a high-binding-energydifferent resonance behaviors between FeS an@gFadi-
tail. However, the existence of broad satellites within the tailcate the different degrees of the itinerant character of the Fe
cannot be excluded. 3d electrons. In the Fe [2 core-level spectra and the

Figure 2 shows the valence-band photoemission spectigalence-band spectra of the iron sulfides taken away from the
of FeS, FeS;, and FeSe. The calculated photoionization Fe 3p— 3d resonance, the satellite structures are not clearly
cross sections of Fed3 S 3p, and Se 4 are comparable identified or are embedded in the tail of the main structure.
[(Fe Ad)/(S 3p) = 1.12 andFe 3d)/(Se 4p) = 0.60] for He As for FeSe;, the valence-band spectrum is enhanced as
| excitation hv= 21.2 e\) whereas the cross section of Fe a whole, and thénhv= 57—52 eV difference spectrum re-
3d is larger by a factor of- 15 than those of SiBand Se 4  sembles thdrv= 49 eV spectrum, which represents the Fe
for He Il excitation hv= 40.8 e\}.3? Because the structures 3d states. The satellite structure is not clear as in the iron
atEg= 3-4 and 6-7 eV are strong forw= 21.2 eV, they sulfides. These observations indicate that electrons in the Fe
are assigned to SpBor Se 4 states. In going from FeS to 3d band of FeSg, are more itinerant than the iron sulfides.
Fe,S;, the structure aEg= 6-7 eV is slightly shifted to- Figure 4 shows the constant-initial-stdtelS) spectra of
wardsEg . The shifts are consistent with the decrease in th&=eS, FeS;, and FeSe; for Eg= 0.2-0.3 eV and 2.3-2.6 eV.
filling of the Fe 3 band because the formal valence of Fe inThe CIS spectra show rather simple Fano-type profiles,
Fe,S; (Fe™229 is higher than thatFe®") in FeS. similar to the CIS spectra of other metallic systems. The CIS

Figure 3 shows photoemission spectra taken in the Fepectra for smalleEg tend to be of antiresonance type while
3p—3d core-absorption region. In the figure, we also showthose for largeEg tend to be of resonance type. If we com-
difference spectra between on and off resonance. Ihthe pare FeS; and FeSe;, the deduced) parameter of the Fano
= 56.9-52.5 eV difference spectrum of FeS, one can idendine shape is larger for F& (Eg=0.3 eV: q=0.5; Eg
tify peaks atEg~ 10, 5, and 2.6 eV. The broad peakE&{ =2.6 eV: g=1.0) than for FeSe, (Eg=0.2 eV: q=0.1;
~ 10 eV is the F&MVV Auger peak. The peak &z~ 2.6 Eg=2.3 eV:q=0.75). This indicates that the super-Coster-
eV is resonantly enhanced dtv~57 eV. In the hv  Kronig contribution is largef and the probability of the di-
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FIG. 4. Constant-initial-statéCIS) spectra of FeS, F&; and
Fe,Se,. Dashed lines are fitted Fano profiles.
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12 8 4 0=E, IV. DISCUSSION
Binding Energy (eV)

A. Evolution of the electronic structure from FeS to FeSg

FIG. 3. Photoemission spectra of FeS;&eand FeSe; in the Changes in the spectra in going from the antiferromag-
Fe 3p— 3d core absorption region. Dots represent difference specnetic insulator FeS to the ferrimagnetic metal,&ecan be
tra. Shaded regionémarked with arrowsimply the existence of viewed in two ways. One is to start from the band picture
satellites. ignoring electron correlation. As the Fe vacancies are intro-

duced, the filling of the Fe @ band decreases as a result of

rect recombination of excited electrons is higher in,3ge  the large number of removed electrons compared to the num-
than in FeSe;. The higher probability of the direct recombi- ber of removed Fe @ states. The other picture is to consider
nation means a more localized nature of excited electrons ihole doping into the Mott insulator FeS, where Fe is formally
the Fe 3 band. In more localized systems such asdivalent with the high-spid® configuration. The 12.5% Fe
Cd,_.FeSe, one can see two peaks in the CIS spectra coracancies in F&g lead to a doping of-0.3 holes per Fe into
responding to théD, 5F, and °P states of the intermediate the Fe 3! band of FeS. As a result, the lower Hubbard band
3p°®3d® multiplet®® Such a multiple-peak structure is not is shifted towardEr and spectral weight is transferred from
obvious in the present case. below E¢ to above it and fill the band gap region of FeS.

Figure 5 shows high-resolution photoemission spectrahis spectral weight transfer will be accompanied by addi-
nearEg taken withhy=21.2 eV. The intensity &g of FeS tional spectral weight transfer towards higher binding ener-
is low, reflecting the insulating state. Because the photoiongies separated frofg by the intra-atomic Coulomb energy
ization cross section of Fed3and that of S  are almostthe U of Fe 3.
same for He I, we have normalized the He | spectra of FeS The photoemission and BIS spectra of FeS angsf-are
and FeS; so that the integrated spectral intensity is propor-shown in Fig. 6. The difference between FeS angBfean-
tional to the number of electrons per sulfur atom in the va-not be explained by a simple rigid band model. We have to
lence band. NeaEr (Ez=0-0.15 eV, the photoemission explicitly consider the effect of the Fe vacancies on the band
intensity of FeSg is higher than that of FeS, reflecting the structure if we use the itinerant band model. On the other
metallic conductivity in FgSg. However, the photoemission hand, from the hole-doped Mott insulator picture, we can
intensity steeply decreases towdtd (compared with the indeed see the behavior expected for the hole-doped Mott
Fermi edge of Alleven in metallic F&S; and FeSe;. This  insulator as schematically shown in the inset of Fig. 6.
tendency is more significant for & than for FeSe;. Namely, the intensity a@¢ (particularly that just above&,
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FIG. 5. High-resolution photoemission spectra néarof FeS, y ™
Fe,Sg, and FeSe;. The dashed line represents photoemission spec-
trum of FeS and the solid lines represent photoemission spectra of "1
| | | | | |
Au evaporated on the samples. 8 5 ) ) 0=E, 2 4
so-called “in-gap” spectral weight, i.e.d®—d®) is in- Energy relative to Eg (eV)

creased in going from FeS to 33 together with a decrease o
in the peak intensity aE~—0.3 eV (@°—d°L spectral FIG. 7. Photoemission and BIS spectra of FeS;Sgeand

weight, whereL denotes a ligand holeand atE~+1 eV Fe,;Sg compared with broadened band DQ@Refs. 23 and 2)4. .
(d°—d” spectral weight, that is, the upper Hubbard band Integral backgrounds have been subtracted from the photoemission
On the other hand, there is an increaseEat—4 eV (as- spectra.

signed tod®—d* spectral weight, the lower Hubbard band proadened with the experimental energy resolution and the
From this we evaluaté)~4 eV. lifetime broadening, which linearly increases with energy
from Er. The BIS spectra of F&; and FeSe; are almost
identical to each other. There is a pealEat +1 eV for FeS

) o and atE~+1.5 eV for FeS; and FeSe;. According to the

In Fig. 7, we compare the photoemission and BIS spectrgang-structure calculations, the broad pealEat—2.5 eV
of FeS, FeS;, and FQSQ; with the DOS derived from the -omes from the Fe®t,y band, the sharp peak Bt~ — 0.3
band-structure calculatici=>* The band DOS has been gy from the Fe Bl-egm and Fe 3-t,, bands, and
E~+1-1.5 eV mainly from Fe 8-e4 band®*~**

As for FeS, since the band gap is not opened in the band-
d6>del  d6—sd7 structure calculatio”® we have shifted the valence and con-
SN duction bands so as to give the band gap of 0.04 eV, which
FerSe ™ - IEeSS was obtained from the electrical conductivity and thermo-

1 : — €79 electric power measuremeritSince FeS is a@-type semi-
upS Eﬁ BIS conductor, we have aligned the top of the calculated occu-
dssctt s cosale pied states aE . It should be noted that the band-structure
calculation for FeS was done for the ideal NiAs-type crystal
structuré? although Fe atoms in FeS are displaced from the
regular position belovl ,= 411 K*°

Figure 7 also shows that the overall Fd Bandwidth in
the experimental spectra is 25—-30 % narrower than that in

UPS ) BIS the calculated DOS for F&; and FeSe;. On the other hand,
L hv=148
| | |

B. Comparison with band-structure calculation

Intensity (arb.units)

hv=40 eV 6.6 6V all the observed spectra have an intense tail at higher binding
I | energies, Eg>5 eV, irrespective of background and
-8 -6 -4 -2 0=E_ 2 4 6 plasmon-satellite subtraction. Contrary to the overall narrow-
Energy relative to E¢ (eV) ing of the Fe & band, the measured peak n&ar(E~—0.3
eV) is broader than the calculated one. The rieampeak in
FIG. 6. Photoemission and BIS spectra of FeS angbfahe  the BIS spectra of F& and FeSe; is also broader in ex-
inset shows a schematic view of the hole-doped Mott insulatorperiment than in the calculation. This is more clearly seen in
Thicker and thinner lines represent FeS angSgerespectively. the high-resolution photoemission spectra shown in Fig. 8,
Dashed lines represent new states created by iron vacancies.  where one can see that the broadening rigais more sig-
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nificant in F&Sg than in FeSe;. Larger deviation from the FIG. 9. Spin-resolved photoemission spectra of,Sgeand
calculated DOS in F&g than in FeSe; indicates the stronger Fe,Sg nearE: compared with the broadened band D@&fs. 23
electron correlation effects in F®&. This is consistent with and 24. The closed and open circles represent the majority- and
the observation of the satellite feature in the resonant photaninority-spin spectra, respectively, and the solid and dashed curves
emission measurements ofBg but not of FeSe,. the corresponding DOS.

Here, it is noticed in Fig. 7 that the difference between the
calculated and observed Fa Bandwidths is more signifi- present result is opposite to the case of Ni metal, in which
cant for FeSg than in FeS although the localized nature of Fethe majority-spin band is more strongly affected by electron
3d electrons in FeS is stronger than in;Bgas described correlation than the minority-spin banid.Different band
above. This is probably due to the underestimation of thestructures and band fillings between the two systems may be
magnetic moment in the band-structure calculation of FeStesponsible for the different behaviors of the SRPES spectra.
The calculated magnetic moment on the Fe atomy.3.& is
indeed smaller than the value from neutron diffraction, C. Comparison with Configuration_interaction
4pp > o cluster-model calculations
n e;-rhEeF ilr?epfc?m?)g?é?jevraltislﬂg igﬁ:iﬁge?jﬁssi})ﬁ?gpi%%%spin— In ord(_er to clarify the effect of electron correlation on the
down DOS in Fig. 9. Although the observed spin polariza—phOtoemISSIOn .S?E);%ra’ we havg performed a .CI cluster-
tion (~5%) was small due to small residual magnetizationmodel calculatio for the antiferromagnetic insulator

ono i~ o eS. We have used an octahedral (&5 cluster and as-
(~20%), the spin-polarization spectra show structures nea%Jmeol that the P ion is in the high-spird® (S= 2) con-

Er. The SRPES spectra shown in Fig. 9 are those expect . o .
for fully magnetized samples obtained by correcting for thghguranon. The initial statg®;) and the final statgdy) of

incomplete magnetization. The experimental minority-spin "€ p?otoemlfsmn process have thef 1;0rms/ |?i>
intensity is dominant nedEg, in agreement with the calcu- =ap|d°) +-as|d’L) +ag|d°L?) and [®r)=ag|d®)+ag|d°L)
lation. However, the peak just belo& is significantly —+ay/d’L?). Adjustable parameters here are ttiel Cou-
broader than that of the theoretical curve, especially fotomb interactionl, thep-to-d charge-transfer energy, and
Fe,Sg. While the calculated majority-spior minority-spin the transfer integralddo). Racah paramete®& andC have
density of states of F& and FeSe are very similar, the been fixed at 0.131 and 0.484, respectivély.

observed spectra are different between these compounds. A In order to estimaté) andA, we refer to the parameters
peak structure is absent in the observed minority-spin spe®f Cd;_FgSe for the first step because the Fa-derived
trum of FeS; while it is obvious in that of Fe&Se;. It indi- spectra of C¢_,Fe Se are well explained by CI calculations
cates larger deviation from the calculated DOS ipggehan  for a tetrahedral (FeSF~ cluster:A=1.5 eV,U=4.5 eV,

in Fe,Se;, consistent with the results of the satellite structureand (pdo)=—1.1 eV> It should be noted that the spectra
of iron sulfides observed in the resonant photoemission mea&f Cd;_,Mn,Te with tetrahedrally coordinated Mn and
surements and the hole-doped Mott insulator picture. ThéinTe with octahedrally coordinated Mn are equally well
broadening effect is more significant for the minority-spin fitted using almost the same and A,* with (pdo) for
spectrum than that of the majority-spin spectrum. It suggestdinTe being smaller than that for Gd,Mn,Te following
that the broadening in the observed spin-integrated specttdarrison’s law?°

nearEg (Fig. 8) is a result of spin-dependent spectral weight Figure 10 shows the result of the cluster-model calcula-
redistribution, especially in the minority-spin spectra. Thetion using parametersA=2 eV, U=5 eV, and (pdo)
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FeS compared with the observed spectrum. Vertical bars show the

calculated energy positions and spectral weight.

chemical trend§5 The obtained valu&J =5 eV is close to
the value J~4 eV) estimated in Sec. IV A. Sinc&>A,

FeS is in the charge-transfer regime of the Zaanen-Sawatzk

Allen diagram* The obtained transfer integrap@o) is
smaller than that in Cd ,Fe,Se due to the larger Fe-S dis-

tance in FeS. In the calculated spectrum, one can see four

peaks atEg~0.3, 2, 4, and 6—10 eV. The structure B
~0.3 eV mainly consists ofi®L states. The broad peak ex-
tending fromEg~ 6 to 10 eV consists of a mixture df and

—0.8 eV, which are also close to values expected from

Binding Energy (eV)

FIG. 11. Spectral DO (w) of Fe;Sg obtained by applying the
self-energy correction to the band DOS of Ref. 24. The inset shows

the spectra near the Fermi level. The real and imaginary parts of the
model self-energy. (w) are also shown.

y-

1
p(w)=— ;Ek: Im

——fdeN

d’L? states, which should correspond to the satellite as _ .
shown in Fig. 3. The cluster-model calculation suggests th&here Ny(e) is the Fe @ partial DOS from the band-

existence of a satellite &z~ 8 eV. However, Fig. 10 shows

structure calculation.

w—wg—z(w)

1

Mo e w—e—3(w)’

()

that the agreement between the observed spectrum and theAs shown in Fig. 11, the overall line shape of the photo-
calculated spectrum is not satisfactory in the intensity of theémission spectrum of F8e is explained very well by the
satellite and the line shape of the main bands. Thus, evepand DOS corrected for the self-energy wigh-17 andTl’
though electron correlation is important for the opening of=5: The narrowing of the overall Fed3bandwidth and the

the band gap in FeS and for the appearance of the higlappearance of the high-binding-energy tail have been well
binding-energy satellites, the spectral line shape of the maireproduced, indicating that the itinerant model gives a good

band is better described by the band-structure calculation. Starting point(We have not attempted the self-energy analy-
sis of the spectra of FeS starting from the LSDA DOS be-

D. Self-energy correction

Now we consider F&Seg starting from the itinerant-

correction. Instead of calculating the self-enerdyk,w)
theoretically using, e.g., perturbation the8fywe take an

form for w-dependent but momentum-independéitw)

tallic states, the lifetime of a quasiparticle n&gr should be
proportional to the square of energy froB:: Im2(w)

cause the magnetic moment has not been reproduced by the
LSDA calculation) The mass enhancement factof /my, is

given by z71=1-9dReS (w)/dw|,,—o=1+g/T’?. Using the
electron limit and treat electron correlation as a self-energyboveg andI” values, we obtaim*/m,~ 1.7, wherem,, and

m* are the bare band mass and the enhanced effective mass
at E¢, respectively. This value is in the same range as the
empirical approach. Namely, we assume a simple analyticatxperimental values deduced from the electronic specific
heats,m*/m,~2.6 (Ref. 26 and~1.4 (Ref. 27.

and adjust parameters so as to reproduce the experimental However, the above model self-enerfyw) cannot ex-
spectrd® 3 (w) has to satisfy several conditions: In the me- plain the broadening of the peak ndag as shown in the
inset of Fig. 11 because * cannot be smaller than unity and
the self-energy correction narrows the bandwidth. Improve-

*w?.* NearEg, Re(w) should be linear in the binding ment of the self-energy correction by the inclusion of nonlo-
energy. In order to satisfy these conditions, we have assumeghl effect’>*’i.e., the momentum dependence of the self-
a simple analytical form fo(w), 2 (w)=gw/(w+il)2,  energy, is certainly necessary for further analyses. It should
whereg and I' are treated as adjustable parameters. Thd&e noted that from the knowledge of the interacting electron
single-particle spectral DO$|(w), is thus given by gas with the Hartree-Fock approximation, the spectral inten-



8852 K. SHIMADA et al. 57

sity near the Fermi level is lowered due to the momentunbroadened compared with the band DOS. According to the
dependence of the self-energy, i.e., the exchange energgRPES measurements, the deviation of the measured spectra
Also, in order to explain the stronger discrepancy of thefrom the band DOS is stronger for the minority-spin band,
minority-spin spectrum between the band DOS and experisuggesting a spin-dependent correlation effect. Although the
ment than the majority-spin spectrum, the spin dependencél cluster-model calculation for FeS yields a satellite, which
of the self-energy correction will also have to be consideredmay correspond to the high-binding-energy tail of the pho-
toemission spectra, the overall agreement between experi-
V. CONCLUSION ment and theory is not satisfactory. Alternatively we have
) made a self-energy correction to the band DOS by introduc-
The eIeptrom_c structures _of FeS,7Bg and FeSes havg _ing a modelw-dependent self-energy. The discrepancy be-
been studied using photoemission and inverse-photoemissiQeen the band DOS and the observed spectrum {8dés
spectroscopy. The resonant photoemission measuremen{gnsiderably reduced, showing the validity of the itinerant
show enhancement in the higher-binding-energy region, sugsand model for FéSe as a starting point as well as the
gesting the existence of satellites. It is indicated that the |°Tmportance of correlation effects. In spite of the overall
calized nature of the@®electrons in FeS is relatively strong agreement between the self-energy-corrected DOS and the
and that of FgSe; is relatively weak, with FgSg being lo-  photoemission spectra, serious discrepancies remain for the
cated intermediate between the two compounds. spectra neaEg . Nonlocal(i.e., momentum-dependérdand

~ Spectral weight redistribution in the valence band in go-gpin-dependent effects in the self-energy correction would
ing from FeS to Fg5; has been discussed based on both thg,gyve to be included in future studies.

itinerant band picture and the hole-doped Mott insulator pic-
ture. In order to understand the ground state of FeS in more
detail, a band-structure calculation on the rédistorted
NiAs-type) structure is desirable. We have compared the ob-
served spectra with the calculated band DOS from the band- We would like to thank the staff of Synchrotron Radiation
structure calculations. The observed overall F& Band-  Laboratory for technical support. We also thank Professor Y.
widths of FeS; and FeSe are narrower and at high- Murakami for help in the SQUID measurements. This work
binding-energies have stronger intensity than the band DOSvas supported by a Grant-in-Aid for Scientific Research
On the other hand, the peaks just below and al®yeare  from the Ministry of Education, Science and Culture, Japan.
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