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We report bulk-sensitive hard x-rayshn=5.95 keVd core-level photoemission spectroscopysPESd of single
crystal V1.98Cr0.02O3 and the high-Tc cuprate Bi2Sr2CaCu2O8+d sBi2212d. V1.98Cr0.02O3 exhibits low binding
energy “satellites” to the V 2p “main lines” in the metallic phase, which are suppressed in the antiferromag-
netic insulator phase. In contrast, the Cu 2p spectra of Bi2212 do not show temperature-dependent features, but
a comparison with soft x-ray PES indicates a large increase in the 2p53d9 satellites or 3d9 weight in the bulk.
Cluster model calculations, including a full multiplet structure and a screening channel derived from the
coherent band at the Fermi energy, give very satisfactory agreement with the experiments.
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Core-level photoemission spectroscopysPESd has played
a very important role in our understanding of the electronic
structure of correlated transition metalsTMd and rare-earth
compounds.1 The appearance of strong satellite structures ac-
companying the main peaks in correlated systems is well
known and systematic variations in the position and intensi-
ties of these satellites provide us with important clues to their
electronic structures.2–4 The interatomic configuration-
interaction approach, using a cluster model or Anderson im-
purity model, gives a quantitative interpretation for satellite
intensities and positions, leading to an accurate description
of the ground state and the excitation spectrum.2–4 In this
approach, the physics of TM compounds can be described in
terms of a few parameters, namely, thed-d Coulomb repul-
sion energyU, the charge-transfer energyD, the ligandp-TM
d hybridization energyV, and the core-hole-d electron Cou-
lomb attraction energyUdc. Zaanen, Sawatzky, and Allen5

proposed a classification scheme for TM compounds which
soon evolved into a paradigm. In this scheme, the band gaps
of late TM compounds are so-called charge-transfersCTd
type with U.D. NiO and CuO are typical examples of CT
insulators while the high-Tc cuprates are CT insulators driven
metallic by doping. In contrast, the early TM compounds,
with U,D are Mott-HubbardsMHd systems. V2O3, with its
alloys, plays the role of a classic MH system displaying a
correlation-induced metal-insulator transition.6–8 While the
old picture of the MH metal-insulator transition involved a
complete collapse or a coalescence of the lower and upper
MH bands into a single band in the metal phase, photoemis-
sion studies showed the formation of a well-defined coherent
band at the Fermi level in the presence of remnant MH bands
for a series of correlated oxides9 and very recently, also for
V2O3.

10 The experimental results are in excellent agreement
with calculations using dynamic mean-field theory
sDMFTd.10,11

In spite of these successes of PES, the surface sensitivity
of PES has often led to controversies regarding surface

versus bulk electronic structure, and hence, hard x-ray
sHXd-PES is very important and promising.12,13With the de-
velopment of high-brilliance synchrotron radiation sources,
HX-PES with a resolution of 240 meV at a photon energy of
5.95 keV has recently become available. The escape depth
for Cu and V 2p core-level photoelectrons using this photon
energy is between,60–80 Å,14 significantly higher than
that in soft x-raysSXd photons from a Mg-Ka or Al-Ka
sources,10 Åd. Thus, it facilitates a bulk electronic struc-
ture investigation of the materials.15–17

In this paper, we study bulk-sensitive 2p core-level HX-
PES shn=5.95 keVd of V1.98Cr0.02O3 and the optimally
doped high-Tc cupratesBi2212d as typical examples of MH
and CT systems, respectively. Single crystals of
V1.98Cr0.02O3 show a sharp metal-insulator transition at
170 K,7 while Bi2212 shows a superconductingTc of
90 K.18 HX-PES measurements are performed in a vacuum
of 1310−10 Torr at undulator beam line BL29XU, SPring-8
sRef. 19d using a Scienta R4000-10 KV electron analyzer.
The energy width of incident x-rays is 70 meV, and the
total energy resolutionDE is set to ,0.4 eV. SX-PES
shn=1500 eVd is performed at BL17SU, withDE,0.3 eV.
The sample temperature is controlled to ±2 K during mea-
surements. Single crystal V1.98Cr0.02O3 is fracturedin situ at
220 K, and measured in a temperaturesTd cycle
s220 K to 90 K to 220 Kd to confirm T-dependent changes,
while Bi2212 is peeled with Scotch tape and measured at
room temperaturesRTd and 30 K. The Fermi levelsEFd of
gold is measured to calibrate the energy scale.

The inset to Fig. 1 shows the O 1s core-level spectra in
the paramagnetic-metalsPMd and antiferromagnetic-
insulatorsAFId phases. For comparison, the spectrum of the
AFI phase is shifted by 0.2 eV to the lower binding energy
so as to align it with the PM line. The clean, single O 1s
peaks confirm the high quality of the data. Moreover, in the
PM phase, the asymmetry due to electron-hole pair shake-up
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sthe Doniach-Šunjić line shaped is clearly observed while the
spectral shape is symmetric in the AFI phase. In Fig. 1sad we
present the V 2p core-level HX-PES spectra measured at
220 K sPM phased and 90 KsAFI phased. The spectra con-
sist of the 2p3/2 and 2p1/2 spin-orbit split features. A clear
change in the PM phase as compared to the AFI phase, with
a sharp additional feature at 512.5 eV and structures around
514 eV and 521 eV binding energy are observed. These fea-
tures are low binding energy “satellites” to the “main peaks”
of the 2p3/2 and 2p1/2 spin-orbit split features. The observa-
tions of T-dependent changes in O 1s and V 2p core-levels
confirm the metal-insulator transition in V1.98Cr0.02O3.

20 The
sharp peak at 512.5 eV and the low binding energy satellites
we observe here appeared as weak shoulders to the main
peak in the earlier study of V2−xCrxO3 using SX-PES, possi-
bly due to the lower resolution and/or the higher surface
sensitivity. Its origin was tentatively attributed to a difference
in core-hole screening between the metallic and insulating
states.20 TheseT-dependent “well-screened” features cannot
be interpreted in the usual cluster model or Anderson impu-
rity model applied to TM compounds, since the calculations
do not include a temperature-dependent modification of the
d-derived states. Further, since recent valence-band PES of
V2O3 shows a prominent coherent peak at theEF sRef. 10d
which gets gapped in the AFI phase,20,21and the low binding
energy “satellites” in V 2p core-levels are also observed only
in the PM phase, but suppressed in the AFI phase, we felt it
important to check the possibility of screening by states at
the EF.22

To do so, one may introduce charge transfer from a co-
herent band atEF within the framework of a cluster model.
Here we retain only a single V ionsVO6d cluster and allow
charge transfer between the V site and the ligand sites as well
as between the V site and the coherent band, approximated as
a level.23,24 The charge transfer from the coherent band can
be directly related to the metallic screening in the core-level
PES, as originally proposed by Kotani and Toyozawa.25 As
shown schematically in Fig. 2sad, the charge transfer energy
from the coherent band to the upper HubbardsUHd band is

D* , whereas the usual charge-transfer energyD sfrom the O
2p ligand band to the UH bandd is defined as the energy
difference of the configuration-averaged energiesEs3d3Ld
−Es3d2d. The inclusion of states where electrons have been
transferred to the V site from the coherent band is expected
to describe the low binding energy satellites in the metallic
phase.

Numerical calculations are carried out, based on the
configuration-interaction cluster model with intra-atomic full
multiplets in C3v local symmetry and including the screening
channel for charge transfer from the coherent band. The
ground state is described by a linear combination of follow-
ing configurations: 3d2, 3d3L, 3d4L2, 3d1C, 3d3C, 3d4LC,
and 3d4C2, whereC represents the electron in the coherent
band just aboveEF, C is the hole state in the coherent band
just belowEF andL is the hole state in the O 2p ligand band.
The final states are thus described by a linear combination of
2p53d2, 2p53d3L, 2p53d4L2, 2p53d1C, 2p53d3C, 2p53d4LC,
and 2p53d4C2. The energy differences of each configuration
in the initial and final states are listed in Table I. The Hamil-

TABLE I. Energy differences for each configurations in both
initial and final stats in 2p core-level PES.

Configuration Initial state Final state

Es3d3Ld−Es3d2d D D−Udc

Es3d4L2d−Es3d2d 2D+Udd 2D+Udd−2Udc

Es3d1Cd−Es3d2d Udd−D* Udd−D* +Udc

Es3d3Cd−Es3d2d D* D* −Udc

Es3d4C2d−Es3d2d 2D* +Udd 2D* +Udd−2Udc

Es3d4LCd−Es3d2d D+D* +Udd, D+D* +Udd−2Udc

FIG. 1. sColor onlined V 2p core-level PES spectra of
V1.98Cr0.02O3: sad Comparison betweenT=220 K sPM phased and
T=90 K sAFI phased. sbd Experimental V 2p PES spectrum of
V1.98Cr0.02O3 in the PM phase compared with a calculated spec-
trum, with an integrated background. The bar diagrams show dis-
crete final states. The inset shows the O 1s core-level spectra.

FIG. 2. Schematic illustration of energy levels and total energy
level diagram of 2p core-level PES for MH and CT systems in
metallic phase.
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tonian is given by

H = HI + HII , s1d

HI = o
G,s

«3dsGddGs
† dGs + o

m,s
«2ppms

† pms + o
G,s

«psGdaGs
† aGs

+ o
G,s

VsGdsdGs
† aGs + aGs

† dGsd

+ Udd o
sG,sdÞsG8,s8d

dGs
† dGsdG8s8

† dG8s8

− Udcs2pd o
G,m,s,s8

dGs
† dGss1 − pms8

† pms8d + Hmultiplet,

s2d

HII = o
G,s

«csGdcGs
† cGs + o

G,s
V*sGdsdGs

† cGs + cGs
† dGsd. s3d

The first termHI of the total HamiltonianH represents the
standard cluster model.26 In addition to the usual cluster
model sHI termd, we introduce states labeled “C” that are
responsible for a screening effect described by theHII term
in Eq. s1d. These states represent the doping-induced states
which develop into a metallic band atEF. «3dsGd, «2p, «psGd,
and«csGd represent the energies of the V 3d, V 2p, and O 2p
ligand states and the doping-induced states atEF, respec-
tively, with the irreducible representations=a1, eg

s, andeg
pd of

the C3v symmetry. The indicesm and s are the orbital and
spin states.VsGd, Udd, and −Udcs2pd are the hybridizations
between the V 3d and O 2p ligand states, the on-site repul-
sive Coulomb interaction between the V 3d states and the
attractive 2p core-hole potential, respectively. The Hamil-
tonianHmultiplet describes the intra-atomic multiplet coupling
originating from the multipole components of the Coulomb
interaction between the V 3d states and that between the V
3d and 2p states. The spin-orbit interactions for V 2p and 3d
states are also included in theHmultiplet. Note that our Hamil-
tonian is essentially the same as that of Bocquetet al.,24 but
with an additional intra-atomic multiplet interaction term.
More significantly, there is an important difference in the
basis set used by Bocquetet al. and that used in the present
work. In the present work, we use additional basis states of
the type 3dn+mCm to account for screening from doping-
induced states, while Bocquetet al. used the basis set con-
sisting of the 3dn+mLm and 3dn−mCm states to describe the
ground state of Ni compounds.

An effective coupling parameter for describing the inter-
action strength between the central V 3d orbitals and the
coherent band,V*sGd, is introduced analogous to the hybrid-
ization VsGd. We allow the 3d-band hybridization to be re-
duced by a factorRc s=0.8d in the presence of the core hole
and enhanced by a factor 1/Rv s=1/0.9d in the presence of an
extra 3d electron.27 Following the recent analysis of linear
dichroism, we also include a small negative trigonal crystal
field Dtrg.

28,29

Figure 1sbd shows our theoretical spectrum for the PM
phase, compared to the experimental spectrum at 220 K. We
used the following parameters for the C3v cluster:Udd=4.5,

D=6.0, Udc=6.5, 10Dq=1.2, Dtrg=−0.05, Vseg
sd=2.9, D*

=0.9, andV*seg
sd=0.75, in units of eV. For checking the va-

lidity of the estimated parameter sets, we have also calcu-
lated the linear dichroism for the same parameter sets and
obtain a good agreement with the previous results.28,29Thus,
theory and experiment show very satisfactory agreement for
the complete multiplet structure and the low binding energy
satellites. Note that, in the limit ofV*sGd→0, our cluster
model reduces to the conventional single cluster model and
the calculated spectrum is identical to the previous theory for
SX-PES.30

To clarify the peak assignment, the total energy level dia-
gram is shown in Fig. 2sbd for V2O3. The ionic configura-
tions are used in the absence of hybridization and multiplet
terms. The 3d4L2, 3d1C, 3d4C2, and 3d4CL configurations
are not depicted for simplicity. SinceD* is smaller thanD,
the 3d3C state lies just above 3d2 ones in the initial state. As
for the final states, 2p53d3L have energies around the 2p53d2,
whereas the 2p53d3C state lies clearly below them. As a
consequence, the main lines are due to a mixture of 2p53d3L
and 2p53d2, whereas the low binding energy satellites are
mainly due to the coherently screened 2p53d3C final states.

Since the screening from states atEF implies long-range
or nonlocal screening, we felt it important to make a com-
parison with the high-Tc cupratesBi2212d as a CT system.
The Cu 2p spectra of the cuprates is complex, and extensive
work has shown the role of nonlocal and local screening in
explaining the data obtained using SX-PES.31,32 Figure 3sad
shows the Cu 2p3/2 HX-PES spectra of Bi2212sfilled circlesd
compared with SX-PES datasopen trianglesd obtained for
the same sample at RT. The 30 K spectrum of HX-PESsopen
circlesd is also shown in Fig. 3sad. The HX-PES spectra do

FIG. 3. sColor onlined Cu 2p3/2 of Bi2212. sad Comparison be-
tween HX s5.95 keVd sfilled circlesd and SX s1.5 keVd sopen tri-
anglesd at RT and withT=30 K sopen circlesd HX-PES after sub-
tracting an integral background.sbd D4h cluster calculations for the
HX-PES sdashed lined and SX-PESssolid lined spectra.scd V* de-
pendence of Cu 2p3/2 PES. The other parameter values are fixed to
the values for SX-PES stated in the text.
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not show significantT-dependent changes. But the SX:HX
comparison clearly shows that the spectral weight in the
high-binding energy satellite increases significantly in the
bulk when we normalize it at 933 eV binding energy. It is
noted that the escape depth of,10 Å in SX-PESsRef. 14d
probes only the top two CuuO layerssc parameter<30 Åd
while the present HX-PES probes at least 2–3 unit cells. The
large increase in intensitys,50%d of the total spectral
weight in HX-PES compared to that in SX-PES would na-
ively suggest an increase of 3d9 weight in the bulk since the
satellite is generally assigned to the 2p53d9 state.

The calculated results of Cu 2p3/2 PES are also shown in
Fig. 3sbd. We use the same model as in the case of
V1.98Cr0.02O3 but change the local symmetry to D4h. The
parameter values used are as follows:sid for HX-PES Udd
=7.2,D=2.75,Udc=9.0,Tpp=1.0 sthe hybridization between
nearest-neighbor O 2p orbitalsd, Vsegd=2.0, V*segd=1.62,
and D* =1.75; sii d for SX-PESUdd=7.2, D=2.75, Udc=9.0,
Tpp=1.0, Vsegd=2.5, V*segd=1.87, andD* =1.75 in units of
eV. The calculated results are in good qualitative agreement
with the experiment, except for the width of the structure in
the main peak at 932 eV. The structure in the main peak
originates in the valence band structure and/or the Zhang-
Rice singlet formation, as is known from the Anderson im-
purity model or multisite calculations32 beyond the present
model. The fitted parameter values indicate that the hybrid-
izationsV andV* are reduced in the bulk HX-PES, compared
to those in the SX-PES. This is somewhat surprising as it
implies a decrease of the hybridization strength in the bulk.
In general, the different atomic environment and the reduced
coordination often conspire to reduce hybridization and
screening at the surfaces. Further experimental and theoreti-
cal studies are necessary to clarify this issue.

A schematic energy diagram for Bi2212 is shown in Fig.
2sdd. Similar to the case of V2O3, the 3d9 state gives the
biggest contribution to the ground state. Since this is a CT-
type systemsi.e., U.Dd, the core-hole potential pulls down
both the 2p53d10C and 2p53d10L states which lie below the
2p53d9 state. The 2p53d10C is the lowest energy state but its
energy is very close to the 2p53d10L state. Therefore the
lowest binding energy peak at 933 eV in the calculation is
due to 2p53d10C while the broad feature at 935 eV is due to
the locally screened peak 2p53d10L. The 933 eV feature can
be identified with a nonlocal screening effect.31,32To confirm
the 3d10C state as the nonlocal screening peak, we calculate
the V* dependence of the Cu 2p3/2 PES spectra as shown in
Fig. 3scd. The calculated spectra without 3d10C have a single
3d10L peak and are identical to the results of the single ion
cluster model calculation. When the hybridizationV* is
switched on, the 3d10C state appears and grows in intensity
for increasingV* . This behavior is identical to the nonlocal
screening effect.31,32 A recent study reported the use of
DMFT to calculate core-level spectra, but in the absence of

the ligand states and the multiplet structure.33 They con-
cluded that the low binding energy satellites observed in a
series of Ru-oxides, which display a metal-insulator transi-
tion, can also be consistently explained in terms of a coher-
ent screening channel atEF.

Since we use HX-PES with a photon energy of,6 keV,
it is also important to discuss the possibility ofsid a multi
pole effectsi.e., a break down of the dipole approximationd34

or sii d a double photo-excitation effect35 as an origin for the
spectral changes observed by us. Since bothsid and sii d are
known to be atomic in origin, they are not expected to ex-
hibit temperature or doping dependence as observed for
V2−xCrxO3, as well as for another system, La1−xSrxMnO3
sLSMOd, studied recently by HX-PES.36 In both these sys-
tems, coherent screening accounts very well for the well-
screened low binding energy feature. Furthermore, we have
also checked the probing depth dependence by changing the
photon energy and emission angle for LSMO.36 The results
indicate that the surface-effect component is minimized for
the largest probing depth geometry as used in the present
HX-PES study.

Finally, from a general viewpoint, it should be empha-
sized that the metallic screening mechanism discussed here
can be related to Kotani and Toyozawa’s model as it was
originally applied to elemental metals.25 In the TM com-
pounds, the original metallic screening has been ignored in
core-level SX-PES because the spectra never showed a me-
tallic screening feature even in the metal phase. The ligand
screening was found to be enough to explain the spectra. The
reason why the conventional core-level PES showed no big
difference between the metal and the insulating phases re-
mains to be answered, and the present study using a hard
x-ray provides an answer to this long standing issue, using
the probing depth variation with photon energy. The present
model thus shows the importance of metallic screening ef-
fects in addition to ligand screening effects.

In summary, core-level HX-PES was used to investigate
V1.98Cr0.02O3 and optimally doped Bi2212 as examples of
MH and CT systems. V1.98Cr0.02O3 displays clear changes in
the O 1s and V 2p spectral shapes across the metal-insulator
transition. From a configuration-interaction cluster model
analysis, the low binding energy satellite is assigned to bulk
screening. In contrast to V1.98Cr0.02O3, the Cu 2p core-level
of Bi2Sr2CaCu2O8+d shows a significant increase in the
2p53d9 satellite intensity in HX-PES compared to SX-PES,
suggesting an increase of the 3d9 weight in the bulk. The
lowest binding energy features in the MH-and CT-type cor-
related metals exhibit bulk screening from the coherent band.
The model is also shown to reproduce the nonlocal screening
peak of the multisite or the Anderson impurity model calcu-
lations, making the model suitable for wide applications.
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