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Valence-band photoemission study ofR3S4 „RÄLa, Ce…
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Electronic structures of R3S4 ~R5La, Ce! has been investigated by using photoemission spectroscopy~PES!
and electronic structure calculations performed in the LSDA and the LSDA1U method. The valence-band
spectrum of La3S4 reveals that the electronic states nearEF have mainly La 5d character, in agreement with the
LSDA calculation. The Ce 4f PES spectrum exhibits three prominent features at about20.5 eV, 22.5 eV,
and25.5 eV. We interpret the Ce 4f spectrum as the essentially trivalent Ce 4f spectrum, and identify the
peaks at20.5 eV and22.5 eV as the correlation-split 4f states, and the25.5 eV peak as the hybridized
4 f /5d states with Sp electrons. The CIS and CFS yield spectra show that Ce3S4 has formally trivalent Ce31

ions. Nearly half-metallic nature is obtained for ferromagnetic Ce3S4, and the LSDA1U calculation provides
a reasonably good description of the electronic structure of Ce3S4. Superconductivity in La3S4 and the absence
of the tetragonal distortion in Ce3S4 have been discussed based on their electronic structures.

DOI: 10.1103/PhysRevB.66.075108 PACS number~s!: 79.60.2i, 71.20.Eh, 71.28.1d
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I. INTRODUCTION

The Th3P4-type La chalcogenides La3X4 (X5S,Se) have
attracted much attention because of their high supercond
ing transition temperatures (TC58.3 K for La3S4 and TC

57.4 K for La3Se4),1 and also because of their Jahn-Tel
type structural phase transitions at higher temperature2,3

They undergo cubic to tetragonal phase transitions
;103 K and ;70 K for the stoichiometric La3S4 and
La3Se4 compounds, respectively. The cubic-tetragonal tr
sition temperatureTS shifts to lower values with increasin
vacancy concentrationx on the La sites in La32xX4 (X
5S,Se).3 This phenomenon suggests that the structural tr
sition in La32xX4 depends on the conduction-electron de
sity of states at the Fermi levelEF . La3S4 shows a softening
in an elastic constantC851/2(C112C12) as temperatureT is
lowered towardTS ,4,5 which is attributed to itinerant La 5d
electrons. In the tetragonal phase, a linear-expansion co
cient exhibits an invar-type anomaly with lowering tempe
ture, which has been interpreted as an anomalous lattice
pansion driven by conduction electrons and the counterac
normal lattice contraction.6 In contrast to La3S4, no tetrago-
nal distortion has been observed in Ce3S4,3 and the elastic
softening is much smaller.7,8 The ground state of Ce3S4 is
ferromagnetic with a transition temperature of;7.2 K.9

In spite of extensive investigation on La3X4 (X5S,Se),
the correlation between the structural and superconduc
transitions in La3X4 is not well understood yet. The tetrago
nal structural transition in La3X4 has been explained by th
band Jahn-Teller mechanism, in which the tetragonal sp
ting of the Laeg band reduces the free energy.3,5 The band
Jahn-Teller model for La3S4 is based on its band structur
0163-1829/2002/66~7!/075108~7!/$20.00 66 0751
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which consists of one free-electron-like broad band an
very narrow band with a very high density of states~DOS! at
EF . It has been suggested that the existence of 4f electrons
in Ce3S4 prevents the band Jahn-Teller-type structural tr
sition because the 4f level is located at the Fermi level.8

However, neither the band structure of La3S4 nor the 4f
level in Ce3S4 has been confirmed yet. Furthermore, physi
properties and the electronic structure of ferromagne
Ce3S4 have not been explored much so far.

Therefore a systematic investigation on the electro
structures ofR3X4 (R5La,Ce;X5S,Se) is required. In this
paper, we have studied electronic structures of Ce3S4 and
La3X4 (X5S,Se) using photoemission spectroscopy~PES!.
In particular, we have performed resonant photoemiss
spectroscopy~RPES! measurements near theR 4d→4 f ab-
sorption edge (R5La, Ce!. Experimental results are com
pared to the band-structure calculations ofR3S4 (R
5Ce,La) performed both in the local spin-density appro
mation ~LSDA! and the LSDA1U incorporating the Cou-
lomb correlation interactionU.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

To prepare stoichiometric La3Se4 , La3S4, and Ce3S4, we
put S~or Se! in a quartz tube first, and then added La~or Ce!
of corresponding quantity. The tube was evacuated
sealed. The temperature of the sealed tube was raised sl
up to 400 °C with an increasing rate of 20 °C/h. In the pr
cess, S~Se! and La~Ce! reacted slowly. After this process
temperature was raised to 700 °C and the sample was
nealed for 3 days at 700 °C. The reacted sample was gro
in the Ar atmosphere and the powder was pressed to f
pellet-type samples. La3S4 and Ce3S4 samples were put into
©2002 The American Physical Society08-1
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a Mo crucible and sealed using a plasma arc, whereas La3Se4
was put into a W crucible. Next, the Bridgeman-Stockbar
method was employed to obtain single crystals. This proc
uses a high-temperature oven, over 2300 °C, which is
melting point of these samples. We obtained samples of
in the range of 7 mm diameter and 20 mm height throu
this process. X-ray powder-diffraction patterns showed
clean single phase with the cubic Th3P4 structure for all the
samples. In order to determine the vacancy ratiox for the
samples, we carried outT-dependent resistivity measure
ments for La32xX4 (X5S,Se). These results showed thax
'0.016 for La32xS4 and x'0.015 for La32xSe4 according
to a known interpolation scheme.3 The vacancy ratiox for
Ce32xS4 has not been determined experimentally, but is
pected to be close to that for La32xS4 (x'0.016) because
both La32xS4 and Ce32xS4 samples were grown in the sam
way.

Photoemission measurements were done on si
crystals10 of R3S4 (R5La, Ce! and La3Se4 at the Ames/
Montana beam line at the Synchrotron Radiation Cen
~SRC!. Samples were fractured and measured in vacu
with a base pressure better than 3310211 Torr and at T
'15 K. The electron energy analyzer employed in this
periment was a movable 50-mm-radius hemispherical an
resolved analyzer with two degrees of rotational freedom
an acceptance angle of about 2°. However, the PES sp
obtained from fracturedR3S4 and La3Se4 samples were con
sidered as being angle integrated. This is because the
tured surfaces were not flat microscopically. This argumen
supported by the observation that the peak positions in
valence-band PES spectra did not change when the ana
angle was varied. The Fermi level of the system was de
mined from the valence-band spectrum of a sputtered Pt
The total instrumental resolution~FWHM, full width at half
maximum! was about 80 meV athn;20 eV and 250 meV
at hn;120 eV All the spectra were normalized to the me
current.

The electronic structures ofR3S4 were calculated by em
ploying the self-consistent linearized muffin-tin-orbit
~LMTO! band method. The projected angular moment
densities of states~PLDOS’s! of La3S4 were calculated for
the paramagnetic ground state in the LSDA. For Ce3S4, the
PLDOS’s were calculated for the ferromagnetic ground s
both in the LSDA and LSDA1U methods. The von Barth
Hedin form of the exchange-correlation potential were u
lized. In the LSDA1U method, the spin-orbit interaction i
incorporated in the self-consistent variational loop, so t
the orbital polarization is properly taken into account.11

III. RESULTS AND DISCUSSION

A. Valence-band energy distribution curves

Figure 1~a! presents the normalized valence-band ene
distribution curves~EDC’s! for Ce3S4 in the photon energy
(hn) range of 18–121 eV. Similarly, Figs. 1~b! and 1~c!
present the valence-band EDC’s for La3S4 and La3Se4 with
18 eV<hn<117 eV, where the EDC’s are scaled at t
peak maxima to show their line shapes better. The abovehn
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range includes theR 4d absorption thresholds (R5La, Ce!.12

In Fig. 1~a!, hn5121 andhn5115 eV correspond to the
on- and off-resonance energies due to the Ce 4d→4 f ab-
sorption, respectively. Similarly, in Fig. 1~b! and 1~c!, hn
'117 eV corresponds to the on-resonance energy in the
4d→4 f RPES. Therefore the emission enhanced athn
5121 eV in Ce3S4 and that athn5117 eV in La3X4 (X
5S,Se) can be identified due to the Ce 4f and La 5d emis-
sion, respectively.

In Ce3S4, the off-resonance spectrum athn5115 eV is
dominated by the S 3p emission because at this value ofhn
the Ce 5d electron cross section is negligible with respect
the S 3p cross section (&1% of the S 3p emission13! and
the Ce 4f emission is suppressed at the off-resonance ene
due to the interference effect. The latter argument is s
ported by the fact that thehn590 eV spectra well away
from the resonance are very alike for Ce3S4 and La3S4, ex-
cept for a small bump at;22.5 eV and a peak nearEF for
Ce3S4 due to the incompletely suppressed Cef emission~see
Fig. 5!.14 At low hn ’s, the relative Ce 5d cross section be-
comes the largest athn'30 eV, where it is comparable to
the S 3p cross section.13 However, since the Ce 5d and S 3p
states are strongly hybridized to each other, the Ce 5d partial
spectral weight~PSW! resembles the S 3p PSW.

In La3S4 and La3Se4, the line shape of the valence-ban
spectrum does not change much with varyinghn, indicating
that the La 5d and S 3p ~Se 4p) states are highly hybridized
to each other. In contrast to the strong 4f resonance in
Ce3S4, the magnitude of the 5d resonance in La3X4 (X
5S,Se) is very weak. This phenomenon reflects the itine
character of La 5d electrons, as explained below. RPE
arises from the interference between the two processe
direct PES process

4d104 f n5dm1hn→4d104 f n5dm21ek ~1!

and another Auger decay process following a photoabs
tion of a core electron to an unoccupied localized state

FIG. 1. ~a! Valence-band energy distribution curves~EDC’s! for
Ce3S4 for 18 eV <hn<121 eV. Similarly for~b! La3S4 and ~c!
La3Se4 for 18 eV <hn<117 eV.
8-2
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4d104 f n5dm1hn→4d94 f n115dm→4d104 f n5dm21ek .
~2!

The larger the Auger matrix element of the Coulomb int
action ^4d,eku1/r 12u4 f ,5d& is, the stronger the resonanc
strength will be. Hence the resonance effect is large when
emitted photoelectron originates from a localized state s
as the Ce 4f state, while it will be weak when the emitte
photoelectron originates from an itinerant state such as
La 5d state.

Despite a very weak resonance in La3X4, the enhanced
features at the on-resonance energy (hn5117 eV) represen
the resonating La 5d electrons. Note that the emission ne
EF is enhanced athn5117 eV, compared tohn590 eV,
where the S 3p ~Se 4p) emission is dominant over the La 5d
emission.13 The FWHM of the peak nearEF is about 0.5 eV.
This behavior indicates that the electronic states nearEF
have mainly La 5d electron character in La3X4, correspond-
ing to an occupied bandwidth of&0.5 eV.

B. R 4d\4f RPES „RÄLa, Ce…

Figure 2 presents the subtraction procedure of the Ced
→4f off-resonance spectrum~gray line! from the on-
resonance spectrum~dots!, and the difference curve~solid
line!. The difference curve is considered to represent the
tracted Ce 4f PSW. All the spectra were normalized to th
mesh current, as described in Sec. II. No further scaling
been done on the on- and off-resonance spectra before
traction. Namely, in the extraction of the Ce 4f PSW distri-

FIG. 2. Normalized valence-band spectra for Ce3S4, obtained at
the 4d→4 f on-resonance (hn5121 eV, open dots! and off-
resonance (hn5115 eV, gray line!, respectively. The difference
curve~solid line! is considered to represent the Ce 4f partial spec-
tral weight ~PSW! distribution. See the text for the details of th
subtraction procedure.
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bution, we have ignored thehn dependence of the emissio
from non-4f valence-band electrons~Ce 5d and S 3p elec-
trons!. This subtraction scheme seems to be reasonable s
the line shape of the extracted Ce 4f PSW is found to be
insensitive to the relative scale factor used for the o
resonance spectrum because of the strong Ce 4f resonance.

The difference curve exhibits three prominent features
about 20.5 eV (A), 22.5 eV (B), and 25.5 eV (C).
There is some ambiguity in the relative intensity ofC in the
extraction procedure of the Ce 4f PSW, depending on the
scale factor multiplied to the off-resonance spectrum to
count for thehn dependence of conduction-band electro
In addition, the bulk 4f spectrum of Ce3S4 might be some-
what different from the difference curve in Fig. 2 because
the large surface 4f contribution in the Ce 4d→4 f RPES
region.15,16 In this context, a more bulk-sensitive Ce 3d
→4 f RPES measurement will be useful.

The peaksA and B are reminiscent of the well-known
double-peak structures observed in Ce metal and metallic
compounds,17–20 while the high-binding-energy~BE! peak
~C! seems to reflect the hybridization of Ce 4f electrons to
neighboring valence-band electrons. On the other hand,
Ce 5d resonance is known to occur in the Ce 4d→4 f RPES.
To check the contribution from the Ce 5d states to the peak
C, we have estimated the relative resonance strengths od
and 4f states in Ce3S4, assuming that the resonance streng
of 5d states in Ce3S4 is comparable to that in La3S4.21 The
estimated resonance strength of the 5d states in La3S4 is
about&20% of the 4f resonance Ce3S4. This value suggests
that the resonating Ce 5d states might also contribute to th
high-BE peakC in Ce3S4 to some extent. Therefore we in
terpret that the high-BE peakC arises from both the Ce 4f
and 5d states hybridized to neighboring valence-band el
trons. The large intensity of the 2.5-eV BE peak~B! and the
rather low intensity of the peak nearEF ~A! indicate the
localized character of Cef electrons in Ce3S4. The origin of
the peak near EF in Ce systems is still
controversial.16–19,22–24The detailed nature of each peak
the Ce 4f PSW of Ce3S4 will be discussed later under Figs
5 and 6.

Note that the nearest-neighbor separation between
sites in Ce3S4 (d54.03 Å) ~Ref. 3! is larger than the critical
Ce-Ce distance in the Hill plot (3.3–3.5 Å),25 beyond which
the Ce 4f electrons are observed to form local momen
Thus it is likely that the direct interaction between nea
neighbor Ce 4f electrons is negligible in Ce3S4, and that the
interaction between Ce 4f electrons should be mediated b
the hybridization to neighboring valence-band electro
such as Ce 5d and S 3p electrons. The nearest-neighb
separation between Ce and S atoms (2.88 Å) is m
shorter than that between Ce and Ce atoms (4.03 Å), s
gesting that the Ce 4f –S 3p hybridization is larger than the
Ce 4f –Ce 5d hybridization. Therefore we interpret the ma
jor origin of peakC (25.5 eV) in the Ce 4f PSW as due to
the Ce 4f –S 3p hybridization and/or the Ce 5d–S 3p hy-
bridization.

Figure 3 compares the constant-initial-state~CIS! spectra
of R3S4 (R5La, Ce! for several initial-state energiesEi
8-3



a

in

ee
e

-

a

rg

te
r
F

CF

fin

th
4
C
rg

tu
h

nd

a

te.
and

f

act

S
nal

idth
g

s of

an
n-

r
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through the valence bands, taken around theR 4d absorption
thresholds (R5La, Ce!. In taking a CIS spectrum,hn and
EK are simultaneously varied so as to keep2Ei5hn2f
2EK constant (EK , kinetic energy;f, work function!. The
CIS spectrum measures the RPES cross-section line sh
determined by the initial and final states.26 The CIS spectra
of Ce3S4 with Ei520.3 eV (A), 22.3 eV (B), and
25.5 eV ~C! show very strong Fano-type enhancement
the photoionization cross section aroundhn;121 eV, indi-
cating that the states at;26 eV<Ei<EF have Ce 4f elec-
tron character. The similarities of the CIS’s for the thr
initial states show that they have a common origin in thf
emission. The CIS spectra of La3S4 with Ei520.2 and
24.0 eV also reveal enhancement at abouthn;117 eV, at
the La 4d→4 f resonance energy in the La 5d RPES.27,28

This finding supports that the electronic states nearEF in
La3S4 certainly have La 5d electron character, which is con
sistent with the finding in Fig. 1.

On top of the CIS spectra are shown the constant-fin
state~CFS! partial yield spectra ofR3S4 (R5La, Ce!. The
CFS partial yield spectrum was taken with a kinetic ene
EK of 2 eV. Since the photoelectrons withEK52 eV have
an estimated electron escape depth of the order of a few
Å, the CFS partial yield spectrum can be regarded to rep
sent the bulk spectrum of the material and indeed the C
corresponds to a photoabsorption spectrum. The overall
spectrum of Ce3S4 is characteristic of trivalent Ce31, as re-
ported in Ref. 29. The inset compares the enlarged CIS
structures of Ce3S4 to those of the typical trivalent Ce2Sb.
The latter spectrum has been reproduced from
literature.28 The CIS fine structures at the onset of the Ced
absorption serve as fingerprints for the valence state of
ions. If Ce ions have different valence states, the ene
separations and relative strengths among the fine struc
in the CIS spectra would be very different. Essentially t

FIG. 3. The constant-initial-state~CIS! spectra ofR3S4 (R
5La, Ce! for several initial-state energiesEi , taken across theR
4d→4 f absorption thresholds. The top curves are the const
final-state~CFS! partial yield spectra. Inset: Comparison of the e
larged CIS fine structures of Ce3S4 to those of Ce2Sb ~from Ref.
28!.
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same fine structures for Ce3S4 and Ce2Sb indicate that Ce3S4
has formally Ce31 ions.

C. Comparison to the LSDA and LSDA¿U calculations

To examine the microscopic origin of the valence-ba
electronic structures ofR3S4 (R5La, Ce!, we have calcu-
lated the electronic structures ofR3S4 (R5La, Ce! in the
LSDA and LSDA1U approximation. Figure 4 shows the L
d and Sp PLDOS’s of tetragonal La3S4, obtained from the
LSDA calculation by assuming paramagnetic ground sta
Each PLDOS is per atom. It is shown that the valence b
extends fromEF to about 7 eV belowEF , in agreement with
the measured photoemission spectra~see Fig. 1!. There is a
gap between20.5 and23 eV. Most of the occupied Lad
states are concentrated at23 to 27 eV and a small occu-
pied DOS peak appears nearEF , corresponding to the tail o
the huge unoccupied DOS aboveEF . The Fermi level of
La3S4 is located near a DOS peak, in agreement with the f
that La3S4 is a superconductor.3

The DOS of cubic La3S4 is very similar to that of tetrag-
onal La3S4, except that the bands are split and the PLDO
nearEF becomes smeared and a bit wider in the tetrago
structure.30 Note that the width of the La band nearEF is
about 200 meV, which is comparable to the measured w
~Fig. 1!, but is larger by almost one order than the fittin
parameters used in the analysis of the elastic propertie

t-

FIG. 4. The projected local density of states~PLDOS! of La d
and Sp states for La3S4, obtained from the LSDA calculation fo
the paramagnetic ground state.
8-4
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VALENCE-BAND PHOTOEMISSION STUDY OF . . . PHYSICAL REVIEW B 66, 075108 ~2002!
La3S4 and Ce3S4 in terms of the band Jahn-Telle
model.8Hence a more refined model that considers the r
istic bandwidth of the Laeg band is required. The Sp bands
are nearly filled with a very low DOS atEF , in agreement
with the very low spectral intensity in the S 3p PSW@see the
hn518 eV orhn590 eV spectrum in Fig. 1~b!#. Therefore
the main contribution toN(EF) comes from Lad electrons
(;60%) with a small contribution from Sp electrons
(;3%). The Lad and Sp PLDOS’s are very similar each
other, indicating large hybridization between the two sta
Our theoretical result on La3S4 is qualitatively consisten
with the previous report.31

Figure 5 presents the Cef, Ce d, and Sp PLDOS’s of
Ce3S4, obtained from the LSDA1U calculation by assuming
the ferromagnetic ground state. Each PLDOS is per spin
per atom. The parameters used in this calculation are
Coulomb correlation U57.0 eV and the exchangeJ
50.98 eV for the Ce 4f electrons. In choosing theU value
for Ce3S4, we started from the experimentalU values for
other Ce compounds, and then chose the value which g
reasonably good agreement with the measured PES sp
for Ce3S4. It has been known experimentally that the on-s

FIG. 5. The PLDOS for Ce3S4, obtained from the LSDA1U
calculation for the ferromagnetic ground state. From the top,
majority-spin ~upper curve! and minority-spin~lower curve! Ce f,
Ce d, and Sp PLDOS’s.
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Coulomb interaction energy between Ce 4f electrons is
'5 –7 eV.17,32The effects of including the on-site Coulom
interaction between the Ce 4f orbitals in the LSDA1U are
~i! the shift of the occupied 4f peak belowEF toward a
higher BE and~ii ! the shift of the unoccupied 4f peak above
EF farther away fromEF . The former effect makes the Cef
bands move well belowEF , which were originally concen-
trated aroundEF in the LSDA. The spin-upf PLDOS shows
the seven split subbands, and the Fermi level lies in the
ond spin-up Cef subband. The Cef PLDOS exhibits the
exchange-split spin-up and -down 4f bands, separated b
about 2 –4 eV from each other. In contrast, the Ced and Sp
PLDOS’s exhibit nearly no exchange splitting, indicatin
that the spin polarization in Ce3S4 is mainly due to Ce 4f
electrons. The calculated spin and orbital magnetic mome
for Ce are 1.27mB and 2.81mB , respectively. Since their po
larization directions are opposite, the total magnetic mom
of Ce becomes 1.54mB .33

The Ced and Sp PLDOS’s of Ce3S4 obtained from the
LSDA1U calculation are essentially the same as those fr
the LSDA calculation. The Ced and Sp PLDOS’s share
common features, again indicating the large hybridizat
between them. The difference between Ce3S4 and La3S4 is
that a small peak is observed at about22 eV in both Ced
and Sp PLDOS’s, which reflects the hybridization with Cef
electrons. The largest contribution to (EF) comes from the
Ce f electrons (;87%) with a small contribution from Ced
electrons (;10%). Thus our LSDA1U calculation is com-
patible with the previous suggestion that the existence off
electrons atEF prevents the band Jahn-Teller-type structu
transition in Ce3S4.8 Note in Fig. 5 that the minority-spin
states are negligible atEF , suggesting that Ce3S4 is nearly
half-metallic in its ferromagnetic phase. In the half-metal
phase, conduction carriers are 100% spin polarized.
spin-polarized PES experiment is desirable to check this
ture.

Figure 6 compares the experimental Ce 4f PSW, thehn
526 eV, andhn518 eV spectra of Ce3S4 ~left! to the cal-
culated Ce 4f , Ce 5d, and S 3p PLDOS’s ~right! obtained
from the LSDA1U calculation. In each theory curve, th
region forE<EF is shown to represent the occupied part
PLDOS. Then the theory is convoluted with a Gaussian fu
tion of 0.2 eV at FWHM to simulate the instrumental res
lution. We have not extracted the Ce 5d and S 3p PSW’s
because of the large hybridization between them, wh
makes it difficult to separate out each PSW. Nevertheless
enhanced emission nearEF at the 5d on-resonance (hn
5117 eV) has been identified due to the La 5d states in
La3S4 @Fig. 1~b!#, and the Ce 5d PSW in Ce3S4 is expected
to be similar to the La 5d PSW in La3S4. For Ce3S4, the
intensity nearEF is the largest athn'26 eV ~where the
relative cross section of Ce 5d electrons is the largest!, as
mentioned in Fig. 1~a!. Thus thehn526 eV spectrum for
Ce3S4 is considered to represent a mixture of the Ce 5d and
S 3p PSW’s. On the other hand, the S 3p emission is ex-
pected to be dominant athn518 eV,13 and so thehn
518 eV spectrum is considered to represent the S 3p PSW.

e
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It is clearly observed that the trends in the experimen
PSW’s are in good agreement with those in the LSDA1U
calculations. As to the Ce 4f states, the main peak aroun
22.5 eV, a small emission nearEF , and a broad shoulder
like structure around24 to 26 eV agree well with those in
the calculated Cef PLDOS. The large correlation splitting o
Ce 4f orbitals in the LSDA1U calculation produces a rea
sonably good description of the main peak arou
22.5 eV in the Ce 4f PSW, even though it is still about 0.
eV off from the experimental position. A larger value ofU
would yield an improved agreement with the experimen
Ce 4f PSW. The good agreement between the PES exp
ment and the LSDA1U calculation for the Ce 4f states of
Ce3S4 is quite surprising, considering the discrepancy fou
for other metallic Ce systems. In addition, the trend of
higher emission nearEF and the more pronounce
22.5 eV feature in the Ce 5d PSW (hn526 eV), than in
the S 3p PSW (hn518 eV), is also consistent with th
trend in the calculated PLDOS’s. Based on the compari
between PES data and theoretical results in Fig. 6, we id
tify each peak in the Ce 4f PSW in Fig. 2: The peak nearEF
~A! and the22.5 eV peak~B! are identified as the split 4f

FIG. 6. Left: the experimental Ce 4f PSW, thehn526 eV, and
hn518 eV spectra for Ce3S4. Right: the calculated Ce 4f , Ce 5d,
and S 3p PLDOS’s obtained from the LSDA1U calculation. See
the text for details.
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states due to the large Coulomb correlation. The25.5 eV
peak~C! arises from the hybridization bonding between C
4 f /5d and S 3p states. This interpretation of the Ce 4f PSW
for Ce3S4 awaits the unified picture for the Ce 4f spectra of
other Ce systems.17,19

To summarize, it is found that the LSDA1U calculation
provides a reasonably good description of the electro
structure of Ce3S4. This finding opens up a possibility that
the on-site Coulomb interaction between Ce 4f electrons is
properly incorporated in the LSDA band approach, it cou
describe the electronic structures of some otherg-like Ce
compounds. Similarly as in Ce3S4 , La3S4 also shows that
the trend in the experimental PSW’s~Fig. 1! agree well with
those in the LSDA PLDOS’s~Fig. 4!. This finding is consis-
tent with the previous finding that the La 5d states have an
itinerant character.

IV. CONCLUSIONS

RPES measurements have been performed onR3S4 (R
5La, Ce! near theR 4d→4 f absorption edge, and the me
sured PSW’s are compared to the electronic structure ca
lations using the LSDA and LSDA1U methods. In contras
to the large Ce 4f resonance for Ce3S4, a very weak La 5d
resonance has been observed for La3X4 (X5S, Se!, reflect-
ing the itinerant character of La 5d electrons. The valence
band spectrum of La3S4 reveals that the electronic states ne
EF have mainly La 5d character, which agrees with th
LSDA calculation. The extracted Ce 4f PSW of Ce3S4 ex-
hibits three prominent features at about20.5 eV,
22.5 eV, and25.5 eV. By comparing PSW’s with the ca
culated PLDOS’s from the LSDA1U, the peak nearEF and
the 22.5 eV peak are identified as the correlation-splitf
states, and the25.5 eV peak is identified as the Ce 4f states
hybridized to Sp electrons with some contribution from th
Ce 5d states. The CFS yield spectrum and the CIS fine str
tures of Ce3S4 are characteristic of trivalent Ce31 ions.

The calculated PLDOS’s forR3S4 show that most of the
occupied La and Ced states are concentrated at23 to
27 eV with a small occupied DOS peak nearEF . The
La/Ced and Sp PLDOS’s share common features, indicatin
the large hybridization between them. The Fermi level
La3S4 is located near a DOS peak, in support of the sup
conductivity in La3S4. Ferromagnetic Ce3S4 is found to be
nearly half-metallic, and the existence of thef electrons atEF
seems to be consistent with the previous suggestion tha
band Jahn-Teller-type structural transition is suppressed
to 4f electrons atEF in Ce3S4.
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