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Electronic structure of oxysulfide „LaO…CuS and „La1ÀxCaxO…Cu1ÀxNixS „xÏ0.10… studied by
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Valence-band and conduction-band electronic structure of the transparentp-type semiconductor~LaO!CuS
and the Ca and Ni co-doped system (La12xCaxO)Cu12xNixS (x<0.10) has been investigated by means of
photoemission and inverse-photoemission spectroscopies. It is confirmed that the valence bands of~LaO!CuS
are composed of the bonding and antibonding states of the Cu 3d (t2g) and S 3p orbitals as well as the nearly
localized Cu 3d (eg), and the O 2p states. With increasingx up tox50.03, the structure due to the Cu 3d (eg)
states shifts away from the Fermi level (EF) and the energy separation between the valence-band maximum
and conduction-band minimum decreases rapidly, followed by an appearance of new density of states~DOS!
derived from the Ni 3d and S 3p states just aboveEF of ~LaO!CuS. Forx>0.03, the new DOS shows up with
x, while the energy position of the Cu 3d (eg)-derived structure no longer shifts. The finite DOS atEF has
been observed as a clear structure forx50.10. These results are not understood in terms of a rigid-band model.
We propose a different band model for (La12xCaxO)Cu12xNixS taking into account the Ni 3d and S
3p-derived new DOS.

DOI: 10.1103/PhysRevB.68.035112 PACS number~s!: 71.20.Nr, 79.60.2i
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I. INTRODUCTION

Layered oxysulfide~LaO!CuS is known to be one of few
materials with a transparentp-type semiconductive property
For the development of optoelectronic devices, fabrication
transparentp-n junctions based on wide-gap materials is e
sentially important. However, most transparent conduc
materials aren type and a conversion top-type conductors is,
in general, difficult. Recently,~LaO!CuS is expected to be
one of the candidate materials for optoelectronic device
ultraviolet and/or blue regions, since it has a wide band-
energy of;3.1 eV,1–3 with an intense photoluminescenc
due to the interband transition at room temperature.3

The crystal structure of~LaO!CuS shown in Fig. 1 is te-
tragonal~LaO!AgS type with a space group ofP4/nmm,4,5

and it consists of@LaO#11 and @CuS#12 layers with OLa4
and CuS4 tetrahedra, respectively, alternately stacked alo
thec axis. An interlayer interaction between the almost ion
LaO and covalent CuS layers is believed to be weak. T
valence bands are primary composed of well-hybridiz
states of the Cu 3d and S 3p orbitals, while the bottom of
the conduction bands mainly of the Cu 4s states, leading to
semiconductive properties, as predicted by the recent b
structure calculation using the full-potential linearized au
mented plane-wave~FLAPW! method.1

On the other hand, Sekizawaet al. have studied exhaus
tively the doping effect on the electrical and magnetic pro
erties of ~LaO!CuS. The Ca singly doped syste
(La12xCaxO)CuS is all semiconductive up to the solubili
limit of x50.15,6 while the Sr-doped system is semicondu
tive for x,0.03 and metallic forx.0.03.2,7 In case of the Ca
and Ni co-doped system (La12xCaxO)Cu12xNixS, where the
La and Cu ions are simultaneously substituted by the Ca
0163-1829/2003/68~3!/035112~8!/$20.00 68 0351
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Ni ions, respectively, the resistivity decreases remarka
with x and its temperature dependence changes from s
conductive (x,0.03) to metallic (x.0.03) behaviors.
In particular, a metal~low temperature!–semiconductor
~high temperature! transition takes place at;150 K for the
critical concentration ofx50.03.6,8 Moreover, a ferromag-
netic behavior with a magnetic moment of;0.06mB /Ni
atom is observed forx>0.01 and the Curie temperatures a

FIG. 1. Crystal structure of~LaO!CuS.
©2003 The American Physical Society12-1
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evaluated to be;300 and;380 K for x50.01 and 0.10,
respectively.

Most recently, nuclear magnetic resonance~NMR! mea-
surements on (La12xCaxO)Cu12xNixS have revealed that th
density of states~DOS! at the Fermi level (EF) at the Cu
sites is substantially low still for the metallic region though
slightly increases withx.9 The ionic state of the Cu ion in
~LaO!CuS (x50) is monovalent (Cu11, 3d10) and the value
of the 63Cu NMR shift is almost independent ofx. The x-ray
photoemission spectroscopy~XPS! study, on the other hand
suggests the existence of the Cu21 (3d9) ions even for
~LaO!CuS and an increase of the Cu21 ions with x from the
Cu 2p satellite intensity8 in contrast to the NMR results.9 For
the Sr singly doped system (La0.95Sr0.05O)CuS with a metal-
lic behavior, ultraviolet photoemission spectroscopy~UPS!,
XPS and inverse-photoemission spectroscopy~IPES! have
been performed.1 The observed results are discussed co
pared with the calculated band structure of~LaO!CuS, ne-
glecting any Sr-doping effect.

In the present study, we have investigated the valen
band and conduction-band electronic structure of~LaO!CuS
and the Ca and Ni co-doped system (La12xCaxO)Cu12xNixS
(x<0.07) by means of UPS and IPES. The Ni substitutio
within the CuS layer are expected to change the electro
structure more than the singly doped system. We have
carried out the XPS and synchrotron radiation photoemiss
~SRPES! experiments forx50 and 0.10. Based on the ex
perimental results, we discuss the variations of the vale
bands and conduction bands by the co-doping effect and
pose a band model of (La12xCaxO)Cu12xNixS taking into
account the Ni 3d and S 3p-derived states.

II. EXPERIMENT

The UPS and IPES spectra were taken using the UPS
PES spectrometers mounted in ultrahigh vacuum cham
with base pressures of 131029 and 1310210 Torr, respec-
tively. The UPS spectrometer is composed of an He d
charge lamp (hn521.2 and 40.8 eV! and a double-stage
cylindrical-mirror analyzer~DCMA!. Pass energy of photo
electrons was fixed to 16.0 eV with a corresponding ene
resolution of 0.2 eV. The IPES spectrometer10,11 is made up
of the low-energy electron gun of Erdmann-Zipf type with
BaO cathod and a band-pass-type photon detector center
hn59.43 eV. The IPES spectra were measured with
bremsstrahlung isochromat spectroscopy mode with a t
energy resolution of 0.56 eV.10,11

The SRPES experiments were carried out on the beam
BL7 at Hiroshima Synchrotron Radiation Center~HSRC!.
The synchrotron radiation generated from the storage r
HiSOR, was monochromatized by the Dragon-ty
monochromator.12 We used a photoemission spectrome
with the hemispherical photoelectron analyzer~GAMMA-
DATA SCIENTA SES100! attached to the analysis chamb
at the end station of BL7. The total-energy resolution of
SRPES spectra was;100 meV aroundhn5100 eV. The
XPS experiments were also done using the same ana
chamber at BL7 and photoelectrons were excited using
Mg Ka line (hn51253.6 eV).
03511
-

e-

s
ic
so
n

ce
o-

nd
rs

-

y

d at
e
al

ne

g,

r

e

sis
e

All spectra were collected at room temperature
(La12xCaxO)Cu12xNixS polycrystals. Clean surfaces we
in situ obtained by scraping with a diamond file in th
sample preparation chamber below 1310210 Torr. Changes
of the spectral feature due to the carbon and/or oxygen c
tamination have not been observed within 24 h and exp
ments were performed within 12 h after the surface clean
The energy of all spectra is defined with respect toEF deter-
mined from the spectra of the fleshly evaporated Au film

Polycrystalline (La12xCaxO)Cu12xNixS samples used fo
the UPS, IPES, and SRPES experiments were prepare
the solid-state reaction. Stoichiometric amount of La2O3,
La2S3 , CaO, CuS, and NiS powders were thoroughly mix
under an Ar atmosphere. La2O3 and CaO were preheated
900 °C for 10 h to remove hydroxides and carbonates prio
mixing the starting materials. The mixture was pressed int
bar and the bar was sintered at 900 °C for 40 h in an eva
ated ampoule with 1025 Torr.

The grown samples were characterized by means of
x-ray powder diffraction~XRD!, energy dispersive x-ray
fluorescence spectroscopy~EDX!, electrical resistivity, and
scanning electron microscopy~SEM! experiments. Figure 2
shows the XRD patterns of the grown samples forx50,
0.03, and 0.07 together with the calculation forx50. One
notices that all diffraction peaks are in agreement with
calculation and the grown samples have a single phase
the ~LaO!AgS-type structure. No peak originating from im
purities such as CuO is observed within an experimental
curacy. According to the XRD measurements using synch
tron radiation at SPring-8,13 an amount of impurity phases i
~LaO!CuS is less than 0.1%.

Real compositions of the constituent ions for the gro
samples estimated by the EDX measurements are in ag
ment with the nominal values (x) within 61%. The Ni and
Cu 3p XPS measurements as described in Sec. III also in

FIG. 2. XRD patterns of (La12xCaxO)Cu12xNixS with x50,
0.03, and 0.07 together with the calculation forx50. No peak due
to impurities is observed.
2-2
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ELECTRONIC STRUCTURE OF OXYSULFIDE~LaO!CuS . . . PHYSICAL REVIEW B 68, 035112 ~2003!
cate that the compositions are close to thex values ~see
Fig. 6!. The x dependence of the electrical resistivity f
0<x<0.10 shown in Fig. 3 is semiconductive forx<0.02,
metallic for x>0.04 and the metal-semiconductor transiti
at ;150 K for x50.03. This indicates that the Ca and N
ions are indeed doped into the samples continuously
systematically withx.

Figure 4 shows the SEM images forx50, 0.03, and 0.07.
From these images, one notices that the grown samples
composed of more or less large pieces with habits and
are homogeneous. In particular, a size of the pieces incre

FIG. 3. Electrical resistivities of (La12xCaxO)Cu12xNixS
(0<x<0.10).

FIG. 4. SEM images of (La12xCaxO)Cu12xNixS with x50,
0.03, and 0.07.
03511
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with x to the mm order, indicating that the Ca and Ni co
doped systems crystallize more easily than~LaO!CuS.14

Thus the samples used for the present experiments h
enough high quality to measure the UPS, IPES, and SR
spectra with respect to the crystal structure, composition,
homogeneity.

III. RESULTS AND DISCUSSION

Figure 5 depicts the XPS spectrum
(La0.90Ca0.10O)Cu0.90Ni0.10S in the wide energy region. On
notices that the several structures derived from the cons
ent elements are observed. The Cu 2p3/2- (C3 in the figure!
and 2p1/2- (C4) derived peaks are observed at2933 and
2953 eV, respectively. No remarkable satellite structure
found, and it is difficult to evaluate the satellite intensi
ratio relative to main peak intensity due to the Cu 2p states,
as done by Takanoet al.8 For the substituted elements, th
weak structures due to the Ni 3p (N1) and Ca 2p (A1) states
are detected at268 and2347 eV, respectively. One of th
Ni LMM Auger structures is also observed at2408 eV (E4).
On the other hand, the Ni 2p1/2 states are not clearly de
tected, the energy region of which is indicated by an arr
with N3 . The structure of the Ni 2p3/2 states (N2) is over-
lapped with that of the La 3d3/2 states (L5).

Also, as shown in Fig. 6~a!, the SRPES spectrum o
(La12xCaxO)Cu12xNixS with x50.10 in the Cu and Ni 3p
regions clearly shows the structure due to the Ni 3p states, in
comparison with that of~LaO!CuS (x50). We have carried
out the curve fitting for the experimental spectrum ofx
50.10. The background contribution is removed from t
experimental spectrum, and the Gaussian functions are

FIG. 5. The XPS spectrum of (La0.90Ca0.10O)Cu0.90Ni0.10S mea-
sured with the MgKa line. Several arrows indicate structures due
the valence bands~V!, La 4d (L1), La 4p (L2), La 4s (L3), La
3d5/2 (L4), La 3d3/2 (L5), O 2s (O1), O 1s (O2), Cu 3p (C1), Cu
3s (C2), Cu 2p3/2 (C3), Cu 2p1/2 (C4), S 3s (S1), S 2p (S2), S 2s
(S3), Ni 3p (N1), Ni 2p3/2 (N2), and Ca 2p (A1) states. The
structures in the E1 , E2 , and E3 regions originate from the Cu
LMM, La MNN, and O KLL Auger electron emissions, respe
tively. The E4 peak is also one of the Ni LMM Auger structures. A
arrow with N3 denotes the energy region of the Ni 2p1/2 states.
2-3
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HITOSHI SATO et al. PHYSICAL REVIEW B 68, 035112 ~2003!
for the 3p3/2 and 3p1/2 states of both Cu and Ni element
where the intensity ratio of the 3p3/2 and 3p1/2 peaks is fixed
to 2:1. Here, we neglect a lifetime broadening effect for si
plicity. The curve fitting reproduces well the experimen
result as shown in Fig. 6~b!. The derived intensity of the Cu
3p peak relative to that of the Ni 3p peak is about 7.5
Taking into account the photoionization cross sections of
Cu and Ni 3p states athn5200 eV,15 the amount of the Ni
elements is estimated to be;12%, in good agreement with
the nominal concentration.

Next, the UPS and SRPES spectra of~LaO!CuS are pre-
sented in Fig. 7. The UPS spectrum athn521.2 eV shows
structures at;21.5 ~A!, 23.2 ~B!, 25.0 ~C!, and 26 eV
~D!. With increasinghn to 40.8 eV, structure B is enhance
as a prominent peak and structure D almost disappears.
other two structures, A and C, exhibit little change. In ad
tion, one notices a clear structure at29.5 eV ~E!, which is
slightly observed in the UPS spectrum athn521.2 eV be-
hind the background due to the secondary electrons. Athn
5200 eV, peak B with shoulder A is observed as a prom
nent peak and component C is observed as a tail. Structu
disappears and structure E is slightly observed. Thehn de-
pendence of the UPS and SRPES spectra are explaine
the photoionization cross sections of the valence elec
orbitals.15 The valence bands are mainly composed of the
3d, S 3p, and O 2p states. Athn521.2 eV, the cross sec
tions of these states are similar. With increasinghn to 40.8

FIG. 6. ~a! SRPES spectra of (La12xCaxO)Cu12xNixS with x
50 and 0.10 in the Cu and Ni 3p regions.~b! The SRPES spectrum
fitted with the Gaussian functions for the Cu 3p3/2, Cu 3p1/2, Ni
3p3/2 and Ni 3p1/2 states.
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eV, that of the S 3p states rapidly decreases relative to t
Cu 3d and O 2p states. For further increase ofhn to 200 eV,
only the Cu 3d states contribute to the photoemission sp
tra; the ratios of the cross sections athn5200 eV are
@Cu 3d#/@O 2p#;14 and@Cu 3d#/@S 3p#;15. Accordingly,
structures A, B, and C are ascribed to the Cu 3d states hy-
bridized with the S 3p states and structure D to the O 2p
states.

The Cu 3d states coordinated tetrahedrally by four S io
split into the triplett2g and doubleteg states under the crysta
field with Td symmetry. From the symmetries of the wav
functions, thet2g states well hybridize with the S 3p states,
while theeg states have a nearly localized character. The
fore the structures A, B, and C are attributed to the Cud
(t2g) – S 3p antibonding states, nearly localized Cu 3d (eg)
states and Cu 3d (t2g) – S 3p bonding states, respectively.
should be noticed that the Cu 3d (t2g) – S 3p antibonding
states mainly contribute to the top of the valence bands
~LaO!CuS, as predicted by the band-structure calculation1

As for structure E around29.5 eV, its origin cannot be
specified clearly in the present stage. Structure E is also
served for all the Ca and Ni co-doped syste
(La12xCaxO)Cu12xNixS with the almost similar intensity
and feature~see Fig. 9!. The Cu 3d-derived satellite struc-
tures are observed around210 eV as clear double peaks i
the photoemission spectra of CuO (Cu21),16,17 while struc-
ture E in Fig. 7 is a single peak. Furthermore, since the
ion in the (La12xCaxO)Cu12xNixS compound is almos
monovalent, as indicated by the Cu 2p XPS, SRPES~Fig. 8,
shown later! and NMR experiments,9 structure E is not at-
tributable to the Cu 3d states. This is strongly supporte
from the photoemission result for~LaO!CuS that structure E
almost disappears athn5200 eV.

A bump around29.5 eV is observed in the UPS spect
of polycrystalline La12xSrxMnO3 also prepared by the solid
state reaction in case that the surface cleaning
insufficient.18 If structure E is caused by some contamin

FIG. 7. UPS spectra measured athn521.2 and 40.8 eV, and
SRPES spectrum athn5200 eV of ~LaO!CuS.
2-4
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tions, these are intrinsically included in the grain bound
of the present samples, since the intensity and featur
structure E are independent of the surface cleaning by sc
ing. However, the grain boundary estimated to at most;3%
in area relative to the whole sample surface from the S
image is too small to give rise to the clear structure. T
main feature of the O 1s XPS spectrum of~LaO!CuS ~not
shown here! is a single peak and has no tail on the high
binding energy side, suggesting almost no contaminatio19

In addition, the C 1s peak is not observed in the XPS spe
trum. It should again be noticed that an amount of the im
rity phases in the grown samples is estimated to be at m
0.1% by means of the XRD measurements using synchro
radiation.13

Recently, we have carried out the O 2p-1s emission ex-
periments on~LaO!CuS in order to deduce the O 2p partial
DOS in the valence bands.20 Preliminary results indicate tha
the O 2p partial DOS is located at;26 eV as a peak and
structure E is not due to the O 2p states. In order to clarify
the origin of structure E, the soft x-ray emission experime
in the La, S, and Cu core excitation region is in progress.
further discussion, the growth of the single crystal with hi
quality is also required necessarily.

In order to derive the Cu 3d contribution to the valence
bands of~LaO!CuS, we have carried out the resonant pho
emission experiments in the Cu 3p-3d excitation region
~;74 eV!. The experimental results are shown in Fig. 8. T
SRPES spectra are measured athn from 60 to 80 eV includ-
ing the Cu 3p-3d excitation region. All spectra are norma
ized to the monochromator output. The SRPES spectrum
hn574 eV is indicated by a thick line. One notices no r

FIG. 8. hn dependence of the SRPES spectra of~LaO!CuS in-
cluding the Cu 3p-3d excitation region. The thick line is a spec
trum taken near the Cu 3p-3d resonance.
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markable enhancement for the photoemission intensity in
Cu 3p-3d excitation region within an experimental acc
racy. The resonance enhancement takes place as a res
the interference effect of the two processes of~i!
(3p)6(3d)n1hn→(3p)6(3d)n211«d and ~ii ! (3p)6(3d)n

1hn→(3p)5(3d)n11→(3p)6(3d)n211«d , where«d rep-
resents an emitted 3d photoelectron. In case that the Cu ato
exists in the compounds in the form of the Cu21 ion, the
resonance enhancement should take place in the 3d photo-
emission intensity, in particular, in that of the satellite stru
ture at ;29.5 eV.16 On the other hand, since the Cu 3d
orbitals of the Cu11 ion are fully occupied by electrons, th
Cu 3p-3d excitation does not take place so much and, a
result, no resonant enhancement is observed. Actually,
Cu 3p-3d absorption is also not detected in the Cu 3p-3d
excitation region in the present experiments. Therefore
Cu ion in ~LaO!CuS is monovalent (Cu11, 3d10), in agree-
ment with the result of the NMR study.9 Also from the simi-
lar SRPES spectra of (La0.90Ca0.10O)Cu0.90Ni0.10S ~not
shown here!, the Cu ion in the Ca and Ni co-doped syste
remains monovalent, in consistent with thex-independent
63Cu NMR shift.9

Now, we shall be concerned with thex dependence of the
spectra of the Ca and Ni co-doped syste
(La12xCaxO)Cu12xNixS. Figure 9 shows a series of UP
spectra measured athn540.8 eV together with IPES spectr
of (La12xCaxO)Cu12xNixS (0<x<0.07). Energy is defined
with respect toEF of respective samples.EF is close to the
valence-band maximum~VBM ! for the semiconductive re
gion of x<0.03, indicating that the Ca and Ni co-doped sy
tem is also thep-type semiconductor. Still for the metalli
region (x.0.03), the DOS atEF is substantially low and a
clear Fermi edge is not observed in the UPS and IPES s
tra. The low DOS atEF at the Cu sites for the metallic regio
has also been confirmed from the analysis of the tempera

FIG. 9. A series of the UPS spectra measured athn540.8 eV
and IPES spectra of (La12xCaxO)Cu12xNixS (0<x<0.07).
2-5
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HITOSHI SATO et al. PHYSICAL REVIEW B 68, 035112 ~2003!
dependence of the nuclear spin-lattice relaxation time of
63Cu NMR experiments.9 Although the NMR experiments
give information only on the Cu sites, the present resu
indicate that the contribution of the S 3p states toEF is also
low. One notices that the energy position of the main pe
due to the nearly localized Cu 3d (eg) states~structure B in
Fig. 7! shifts to the deeper energy side from23.2 eV for x
50 to 23.7 eV for x50.03, and it keeps constant for 0.0
<x<0.07. A similar energy shift is observed in the structu
around29.5 eV~E in Fig. 7! as indicated by a dashed line
Fig. 9.

On the other hand, the IPES spectrum of~LaO!CuS (x
50) shows only a broad structure from 2 to 9 eV. The Lad
states together with the Cu 4s states contribute to this energ
region. No distinct structure in the conduction bands is c
sistent with results of the band-structure calculations.1 The
energy separation between the VBM and conduction-b
minimum ~CBM!, determined from the leading edges of t
UPS and IPES spectra, is around 2.1 eV, which is small21 in
comparison with 3.1 eV derived from the photoluminescen
data.3 The basic feature of the IPES spectra is similar fo
<x<0.07. It is noted that the CBM edge of the IPES sp
trum becomes rapidly close toEF for x50.02, and become
unchanged for 0.03<x<0.07. The spectral weight in the en
ergy region of 0–2 eV of the IPES spectra forx>0.02 in-
creases~shaded area in the figure!, indicating the unoccupied
states of some new DOS due to the co-doping effect.23

In order to see more clearly the Ca and Ni co-dop
effect, we compare the SRPES spectra
(La12xCaxO)Cu12xNixS with x50 and 0.10 measured a
hn580 eV in Fig. 10. Forx50.10, the intensity of the Cu
3d(eg)-derived main peak decreases, and the spectral we
transfers to the top 2-eV region and around26 eV, in com-
parison with the spectrum ofx50. An inset shows the spec
tra nearEF . One notices the finite DOS atEF in the spectra
of x50.10 compared with that ofx50, in consistent with the
metallic behavior ofx50.10. Furthermore, the finite DOS a
EF is observed as a clear structure as indicated by a ver
arrow in the figure, suggesting the new DOS increases wix

FIG. 10. SRPES spectra of (La12xCaxO)Cu12xNixS with x50
and 0.10 measured athn580 eV. Spectra nearEF are shown in the
inset. The finite DOS atEF is observed forx50.10 as indicated by
a vertical arrow.
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just above the Cu 3d(t2g) – S 3p antibonding states o
~LaO!CuS.

Based on the above experimental results, we discuss
band modification of~LaO!CuS induced by the Ca and N
co-doping. In the (La12xCaxO)Cu12xNixS compounds, the
ionic states of the elements have been considered to be L31,
Ca21, O22, Cu11, Ni21, and S22. The nominal electron
configurations of the Cu11 and Ni21 ions are 3d10 and 3d8,
respectively. For~LaO!CuS, the Cu 3d– S 3p bands are fully
occupied, andEF is located at the top of the Cu 3d– S 3p
hybridization bands, as shown schematically in Fig.
where ‘‘B’’ corresponds to the main peak B in Fig. 7. Ac
cording to a rigid-band model~left-hand side in the figure!,
with increasingx, holes would be introduced simply into th
Cu 3d– S 3p bands. Then,EF moves into the Cu 3d– S 3p
bands and the Cu 3d (eg)-derived main peak becomes clos
to EF , in contrast to the experimental results in Fig. 9, ind
cating that the rigid-band model is no longer valid f
(La12xCaxO)Cu12xNixS.

Next, we propose a simple band model taking into a
count the new DOS derived from the Ni 3d and S 3p states
in (La12xCaxO)Cu12xNixS. The Ni21 3d bands are ex-
pected to be shallower than the Cu11 3d bands, since the 3d
electron number occupying the 3d bands is smaller for Ni21

ions than for Cu11 ions. The Ni 3d states also hybridize with
the S 3p states and the Ni 3d– S 3p antibonding states
may appear as the new DOS at the higher energy
of EF of ~LaO!CuS, as shown at the right-hand side
Fig. 11. Holes are doped into this new DOS andEF of
(La12xCaxO)Cu12xNixS becomes higher than that o
~LaO!CuS, leading to the energy shift of the Cu 3d
(eg)-derived main peak away fromEF . The rapid shift of
the CBM edge withx in the IPES spectra is also unde
stood as the unoccupied states of these new DOS.23 This
proposed band model thus explains qualitatively the
served energy shift of the Cu 3d (eg)-derived peak, as wel
as the clear structure nearEF in the SRPES spectrum
of x50.10 as indicated by a vertical arrow in Fig. 10. He
the Ca21 ions play an important role to compensate a cha
deviation in @Cu12xNixS# (12x)2 layers by the neighboring
@La12xCaxO# (12x)1 layers in order to keep the neutrality o
the material. Since the Ca-derived states are expecte

FIG. 11. Schematic band models for the valence-band electr
structure of (La12xCaxO)Cu12xNixS. Left-hand side: rigid-band
model. Right-hand side: proposed band model with the new D
derived from the Ni 3d and S 3p states just aboveEF of ~LaO!CuS
~see text for details!.
2-6
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show up in the energy region much higher than the CB
they are not shown in Fig. 11.

In order to clarify whether the new DOS nearEF in the
SRPES spectrum of (La12xCaxO)Cu12xNixS with x50.10 is
due to the Ni 3d states, we have measured the resonant p
toemission spectra in the Ni 3p-3d excitation region~;65
eV!. The SRPES spectra are normalized to the monoc
mator output. Because thehn dependence of the photoemi
sion intensities nearEF is substantially weak, we plot th
integrated intensity in the top 0.5-eV region in the valen
bands as a function ofhn. The result is shown in Fig. 12 b
a solid line, in comparison with the intensities in the t
1.0-eV region of~LaO!CuS by a dotted line. One notices
clear resonance feature in the spectrum ofx50.10. From
hn560 eV, the integrated intensity gradually decreases w
hn, and reaches to a minimum athn566 eV. The resonance
enhancement takes place athn566– 70 eV. After that, the
intensity again decreases withhn. The line shape is close t
the Fano type with aq parameter of nearly zero.24,25 Such a
resonance behavior is often observed for Ni compound26

The experimental results indicate that the new DOS is ind
due to the Ni 3d states and support the proposed band mo
in Fig. 11.

Finally, we should notice a difference between the pres

FIG. 12. The integrated photoemission intensities in the
0.5-eV region in the valence bands of (La12xCaxO)Cu12xNixS with
x50.10 in the Ni 3p-3d excitation region~solid line!, in compari-
son with the intensities in the top 1.0-eV region of~LaO!CuS~dot-
ted line!. The photo-emission intensities are calibrated by the mo
chromator output and normalized using the intensities at20.5 eV of
the photoemission spectra athn560 eV.
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results for~LaO!CuS and those for the Sr singly doped sy
tem (La0.95Sr0.05O)CuS measured by Inoueet al.1 The char-
acteristic structures A, B, C, and D in the UPS and X
spectra for (La0.95Sr0.05O)CuS are observed at21.9, 23.6,
25.3, and26.3 eV, respectively, which are shallower tha
those of~LaO!CuS by ;0.4 eV. Although such an energ
shift is comparable to the value of;0.5 eV for the Ca and Ni
co-doped system (La12xCaxO)Cu12xNixS with x>0.03,
there is a remarkable difference in the photoemission int
sities just belowEF . The photoemission intensities fo
(La0.95Sr0.05O)CuS is substantially low in the top 0.4-eV re
gion belowEF ~see Fig. 2 in Ref. 1!, in contrast to the rela-
tively high intensities for all (La12xCaxO)Cu12xNixS ~Figs.
9 and 10!. Such results can be attributed to the formation
the impurity levels in the band gap in the Sr-doped syste
which may be derived from the Sr ions or some crystall
imperfections, and located at;0.4 eV above the VBM. Tak-
ing into account the fact that (La0.95Sr0.05O)CuS is metallic
with the resistivity of the order of 1V cm,7 the actual Sr
concentration measured by Inoueet al.may be slightly lower
than the nominal concentration ofx50.05. In any way, we
would like to emphasize the difference between the sing
doping and co-doping effects on the valence-band electro
structure of~LaO!CuS. The valence bands of~LaO!CuS can
easily be modified for the co-doped system but hardly for
singly doped system, since the replaced elements for the
ions would produce new DOS near the top of the valen
bands.

IV. SUMMARY

We have investigated electronic structure of the transp
ent p-type ~LaO!CuS and the Ca and Ni co-doped syste
(La12xCaxO)Cu12xNixS (x<0.10), and found that the si
multaneous substitution of the Ca and Ni ions for the La a
Cu ions produces the Ni 3d and S 3p-derived new DOS nea
EF , which is essential for metallic behavior forx>0.03.
From this result, more drastic change of the band structur
expected for Co, Fe, and/or Mn substituted systems for
ions. The magnetic element dopings to~LaO!CuS would also
lead to the fabrication of new transparent magnetic semic
ductors. The solid solution betweenp-type ~LaO!CuS and
n-type ~LaO!AgS,5 with nearly the same in-plane lattice con
stant, would be a candidate of homogenousp-n junctions.
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