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Soft x-ray excited angle-resolved photoemission spectroscopy(ARPES) is performed for the valence bands
of quasi-one-dimensional V6O13 and SrCuO2 in order to reveal behavior of the strongly correlated V 3d and
Cu 3d states. The resonance enhancement of the V 3d state for the V 2p core excitation and the high photo-
ionization cross section of the Cu 3d states compared with the O 2p states are fully utilized in addition to the
high resolutions in energy and momentum facilitated by recent instrument developments. Clear differences
from the results of low photon energy ARPES have been observed for both materials by virtue of the high 3d
sensitivity as well as high bulk sensitivity. Coexistence of a quasiparticle peak with an incoherent peak is
observed in the metallic phase of V6O13, whereas the quasiparticle peak collapses in the insulator phase, in
which two incoherent peaks are observed. In SrCuO2, the dispersive behavior of the spectra is well understood
on the basis of the one-dimensional half-filled Hubbard model withU / t=7.5 andU=3.0 eV (U: Coulomb
repulsive energy andt: transfer energy) and substantial coupling between the spin and charge excitations is
suggested.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy(ARPES)
with high resolutions in energy and momentum(or wave
numberk) realized at low photon energiesshnd between,20
and ,100 eV has extensively been applied to correlated
electron systems.1,2 However, it is known that such a lowhn
photoemission spectroscopy(PES) is surface sensitive and
often provides spectral shapes that are not consistent with
bulk electronic structures in several transition metal and rare
earth compounds.3–8 For example, among accumulated low
hn ARPES results for 3d and 4d transition metals and their
compounds, some ARPES results are inconsistent with the
results of such bulk sensitive measurements as the de Haas
van Alphen studies because of the contribution of surface-
characteristic electronic states. Therefore, caution is required
in the photoemission spectroscopy to suppress surface effects
sensitively probed by the short photoelectron mean free path
sld for the study of bulk electronic structures. Very often,l
has a minimum below 5 A between 20 and 100 eV. To over-
come this essential difficulty, the bulk sensitive ARPES

above several hundred eV withl.10 A has strongly been
desired. High-energy ARPES is bulk sensitive but thought to
be strongly influenced by thek averaging effects, on the
other hand.

Pioneering ARPES with highhn was performed many
years ago,9,10 and the applicability of the direct-transition
model and the rather weak dependence on the matrix element
effects were reported. However, the unsatisfactory angular
s±2°d and energys0.35–0.85 eVd resolutions made it im-
practical for band mapping and fermiology. The highhn and
high resolution ARPES is very difficult because the photo-
ionization cross sectionssd decreases drastically withhn
above 100 eV11 and the energy resolutionDhn of the soft x
ray is generally very poor.

Here we report an application of the soft x-ray ARPES by
virtue of the high angular resolution and satisfactory energy
resolution at several hundred eV enabled by instrument de-
velopment. By the use of the state-of-the-art light source, a
high quality monochromator, and a high performance elec-
tron analyzer, the high resolution soft x-ray ARPES became
a reality12 with the angular resolution of ±0.25° and the total
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energy resolutionsDEd of ,100 meV. The matrix element
effects are much weaker in the soft x-ray ARPES at several
hundred eV than for the lowhn ARPES.

By this means, we have challenged the bulk-sensitive
ARPES studies of two typical quasi-one-dimensional(1D)
correlated electron systems: V6O13 and SrCuO2, which show
the metal-to-insulator transition(MIT ) and the so-called
“spin-charge separation,” respectively, to be very important
subjects in strongly correlated electron systems. We found
for high kinetic energysEKd photoelectrons excited near the
Fermi levelsEFd: (1) direct transition effect is dominating far
beyond the phonon inducedk averaging, revealing the bulk
intrinsic dispersions and(2) noticeable differences are
present compared with the lowhn ARPES.

II. EXPERIMENTAL PROCEDURE

The soft x-ray PES and ARPES were performed at
BL25SU of SPring-8 by using a circularly polarized light
from a helical undulator, a high resolution varied line spac-
ing plane grating monochromator and a SES200 electron
analyzer. The surface normal of the sample was set parallel
to the axis of the lens attached to a hemispherical analyzer,
which was set to 45° from the light incidence direction. It is
thought by considerable number of scientists as the non-
negligible magnitude of the photon momentumq spoils the
resolution in the wave number of ARPES. As demonstrated
for a layeredh-Mo4O11,

13 the wave number resolution in the
soft x-ray ARPES is not deteriorated by the large photon
momentumq, which is just transferred to the photoelectron
momentum in the photoexcitation process. Forhn=700 eV,
the photon momentumq is equal to 0.36 A−1. The qi

=0.25 A−1 is then transferred to the photoelectron momen-
tum parallel to the surfaceskid according to the momentum
conservation law. For a lattice constant ofc=3.9 A
sSrCuO2d, for example, the wave number at the Brillouin
zone edge isp /c=0.80 A−1. Since ki is represented as
0.51sEKd1/2 sinu sA−1d, whereu is the emission angle from
the surface normal, the instrumental angular resolution of
0.25° corresponds to theki resolution of,0.06 A−1, which is
less than 10% ofp /c. The total horizontal angular aperture
of 12° (or ±6° from the lens axis) separated into 127 seg-
ments corresponds to 2.8 A−1, which is 1.76 times as large as
2p /c. Thus, a mirror symmetry of the dispersion at the Bril-
louin zone center in the wide wave number region is really
observed in our experiment, where only subtraction of the
offset qi is required for the evaluation ofki. Such results
have demonstrated the validity of our argument. The angular
acceptance perpendicular to this direction is about ±0.25° for
ARPES. The angular acceptance for the angle integrated
measurement is set to around ±3°(The other acceptance
angle perpendicular to this is 12°.)

High quality V6O13 and SrCuO2 single crystals werein
situ cleaved at about 130 and 300 K, providing thea-b and
a-c specular surfaces, respectively. We performed the angle
integrated PES and ARPES measurements at 180 and 100 K
for V6O13 and at 300 K for the insulating SrCuO2, where no
charging up effect was observed. The Fermi level was cali-
brated by a Au thin film.

III. RESULTS AND DISCUSSION

A. V6O13

V6O13 is a layered material with a quasi-1D behavior due
to the V chains along theb axis.14–16This material is metallic
(M) aboveTt,145 K and insulating(I) below it (antiferro-
magnetic belowTN=55 K). The valence mixing is taking
place in the M phase with three inequivalent V sites of nomi-
nally V4+s3d1d and V5+s3d0d (with the ratio of 2 to 1). Three
kinds of distorted VO6 octahedra run along theb axis by
edge sharing. According to x-ray diffraction,15 Vs1dO6 octa-
hedra form single zigzag strings with the effective V valence
of 4.16, whereas Vs2dO6 and Vs3dO6 octahedra form double
zigzag strings with effective V valences of 4.60 and 4.34,
respectively. Namely, it is suggested that V(1) and V(3) have
a V4+-like character and V(2) has a V5+-like character in the
M phase.16 Below the first order MIT are reported the charge
redistribution and the presence of the paramagnetic V4+ and
singlet paired spin V4+, as well as V5+ states. It is reported in
the I phase at 120 K that the loss of the mirror plane sym-
metry induces the atoms to move vertically along theb axis
with a coincident twinning. The resultant charge redistribu-
tion is reported to make the valences as,4.4 for V(1), ,4.4
for V(2) and,4.2 for V(3) at 120 K.15 Although these val-
ues may be not so accurate, it is thought as V(2) forms a V4+

spin singlet pair and V(3) corresponds to the paramagnetic
V4+ and V(1) corresponds to V5+ site.15 Through the MIT,
the V(1) site becomes more V5+-like, while both V(2) and
V(3) sites become more V4+-like.

We have performed the angle integrated PES meas-
urements with the resolution of 80 meV at severalhn and
selected 515.7 eV, the low energy threshold of the main
V 2p-3d absorption, to resonantly excite the V 3d compo-
nent and still do not induce noticeable Auger features. Under
this condition, the V 3d spectral weight is one order of mag-
nitude larger than that of the O 2p state.

We then performed ARPES along theb axis of V6O13
with the energy resolution of 160 meV to realize an accept-
able signal to noise ratio. The polar angleu for the ARPES in
Fig. 1 covers the region from −6° to+5°. The rawenergy
distribution curves(EDC) of ARPES in both M and I phases
are given in Fig. 1(a). No noticeable dispersion was seen
perpendicular to theb axis. Figure 1(b) shows the angle in-
tegrated PES with the energy resolution of 80 meV, demon-
strating a detailed change of the EDC on MIT. In the M
phase at 180 K,EF crosses the rising part of EDC beyond
the instrument resolution and thermal broadening. In addi-
tion, a strong peak is observed at the binding energy
EB=0.70–0.75 eV. In the I phase at 100 K, however, a band-
gap of ,120 meV is observed by extrapolating the EDC
threshold to zero intensity. This gap is noticeably smaller
than the gap of,0.2 eV, as revealed by the lowhn
ARPES.17 A strong peak is observed in 0.5–0.7 eV. In addi-
tion, a clear hump is reproducibly observed near 1.5 eV in
our spectra, whereas such a feature is absent in the low-hn
PES14 and ARPES.17

More details are obtained from ARPES. Figure 1(c)
shows the density plot of the ARPES given in Fig. 1(a) and
the corresponding momentum distribution curves(MDC) are

SUGA et al. PHYSICAL REVIEW B 70, 155106(2004)

155106-2



shown in Fig. 1(d), where a branch crossingEF with notice-
able intensity on both sides ofu=0° nearki=0.30p /b is
directly seen. This structure corresponds to a quasiparticle or
a coherent peak. Although the decrease of the PES intensity
towardEF is often observed for quasi-1D systems, the result
in Fig. 1(d) together with the finite EDC intensity atEF in
Fig. 1(b) are different from what is predicted for a
Tomonaga-Luttinger-liquid18 for 1D system, and therefore
suggests the non-negligible three-dimensional(3D) character
of the relevant electronic states in the M phase of V6O13.

In the MDC it is found that the dispersion belowEF is
larger than 0.5 eV, with its bottom located at theG point
ski=0d. Thus, the soft x-ray ARPES under the resonance ex-
citation enabled the resolution ofk and band mapping. The
second energy derivatives of the results in Fig. 1(a) are dis-

played in Figs. 1(e) and 1(f). The dispersive quasiparticle
peak in the M phase is coexisting in the samek region with
the incoherent peak at 0.7–0.75 eV, which is ascribed to the
lower Hubbard band(LHB). Thus, the electron correlation
energy or the on-site Coulomb repulsive energyU is esti-
mated as,1.4–1.5 eV. If the transfer energyt is taken as
,0.5 eV,U / t is estimated to be,2.8–3 for the M phase of
V6O13. The quasiparticle peak crossingEF is ascribed to the
electronic state in the plane with the V4+ and V5+ valence
mixing, whereas the prominent incoherent state in Fig. 1(e)
is ascribed to that in the plane with the different V
valence.15,16 More specifically, the valence mixing between
V(3) and V(2) is responsible for the coherent part and V(1) is
responsible for the incoherent peak in the M phase. The
Curie-Weiss paramagnetism due to the local magnetic mo-

FIG. 1. ARPES and PES of V6O13 at hn=515.7 eV.(a) Raw ARPES EDC of V6O13 in the metallic(M) and insulator(I) phases at 180
and 100 K with the energy resolution of 160 meV. The polar angle ranges from −6° to 5°. Hereafter, theu values are given after correcting
the photonqi. (b) Angle integrated PES at 180 and 100 K measured with the energy resolution of 80 meV.(c) Density plot of ARPES.(d)
Momentum distribution curves(MDC). (e) Second energy derivative for the M phase at 180 K.(f) Second energy derivative for the I phase
at 100 K.
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ment in the M phase results from the V(1) site. In the M
phase of thed2 system V2O3 (d1 system SrVO3), a strong
incoherent peak is located near 1.2 eVs1.6 eVd in addition
to the coherent peak crossingEF.19,20Analogously, the inco-
herent part corresponding to the quasiparticle is hidden in the
high EB tail of the EDC in Figs. 1(a) and 1(b).

In the I phase, however, the quasiparticle peak nearEF is
collapsed. Instead, an incoherent peak is observed near
1.5 eV in addition to an incoherent structure at 0.5–0.7 eV
in Fig. 1(f). These two incoherent structures observed in the
bulk-sensitive as well as V 3d-sensitive measurement near
0.5–0.7 and 1.5 eV in the I phase are interpreted as resulting
from the LHB due to the crystallographically inequivalent
V4+ sites15,16 with essentially different valences. It is seen
that the incoherent peak in the M phase is shifted slightly
toward smallerEB in the I phase. Since V(1) site is thought
to be responsible for this peak, the increase of the valence
from 4.16 in the M phase to 4.4 in the I phase may be
responsible for such a change because of the reduction of the
d electron number. On the other hand, the reduction of the
valence of the V(3) and V(2) sites in the I phase results in the
increase of thed electron number, providing a very promi-
nent incoherent peak near 1.5 eV.

These energies of the incoherent peaks are much different
from those reported at 21.2 eV near 0.8–1.0 and 0.4–0.5 eV
in the I phase.17 This remarkable difference between high
and low hn ARPES is due to the V 3d sensitivity in our
V 2p-3d resonant photoemission experiment in comparison
with the O 2p sensitivity in the lowhn experiment(in which
the V 3d cross section is a few times smaller than that of the
O 2p state11) as well as to the bulk sensitivity19,20 of our
experiment. The energy difference of the V 3d coherent peak
on the surface and in the bulk is already seen in the case of
V2O3.

19 Even when one probes the O 2p state well hybrid-
ized with the V 3d state, its peak energy on the surface will
be deviated from that in the bulk because of such an origin.
Surface degradation is observed after several hours even in
our rather bulk-sensitive ARPES. Whenl is in the range of
3–5 A in the low-hn ARPES, the results are much more
sensitive to the surface degradation.

The M phase of V6O13 can be regarded as a quasi-1D
metallic system. Although two V 3d branches, namely, a
simply dispersive quasiparticle and incoherent peak(s), are
observed, they are ascribed to different V sites. Clear sepa-
ration of the dispersive peak into the spinon and holon
branches is not seen in our measurement in contrast to the
spin-charge separation scenario.21,22 This may be due to the
aforementioned non-negligible 3D character15,16as well as to
the coupling between the spin and chargeexcitations due to
the smallU / t,3 in the M phase of V6O13, as discussed later
in more detail for SrCuO2.

B. SrCuO2

In the 1D antiferromagnetic insulator SrCuO2, the double
Cu-O chains are lined parallel to thec axis.23,24 The inter-
chain coupling is much weaker than the intrachain interac-
tion. The cleavage is done between two Sr-O planes. Thus,
the Cu-O chains correspond to the second and third planes as

well as to the sixth and seventh planes from the surface,
which could be probed within the photoelectron mean free
path l for the kinetic energy near 700 eV.25 The ARPES
measured along theki parallel to the chain axis athn
=700 eV is summarized in Fig. 2(a). The photoionization
cross sections for the Cu 3d state is one order of magnitude
larger than that for the O 2p state at thishn. These EDC
shows that there is a clear bandgap between the top of the
observed bands andEF. The double peak structures in the
region of 2–4 eV are ascribed to the so called “O 2p bands”
in which the Cu 3d components are strongly hybridized.
Meanwhile, the structure within 2 eV fromEF shows a
prominent dispersion, as seen in the intensity density plot in
Fig. 2(b). The shallowest peak is seen in Fig. 2(a) around
0.95 eV near the angle corresponding tosp /2 ,0d. The peak
shift from (0, 0) to sp /2 ,0d is 0.5–0.6 eV. The MDC is
shown in Fig. 2(c). The dispersion in the MDC is rather V
shaped with a bottom at theG (0, 0) point at around 1.9 eV,
and the gap is estimated to be less than 0.5 eV fromEF. The
k averaging effect by phonon scattering9,10 is found to be not
essential in SrCuO2 even forhn=700 eV at 300 K, judging
from the half-width of the EDC spectra and from the clear
MDC peaks. To the direction perpendicular to thec axis, no
dispersion was observed in the correspondingEB region.

Here the present results are briefly compared with the
results measured athn=22.4 eV.24,26Although the structures
at hn=22.4 eV withEB,1.5 eV are much weaker than those
of the O 2p bands, they are of comparable intensity athn
=700 eV, demonstrating the Cu 3d sensitivity of the ARPES

FIG. 2. Soft x-rayshn=700 eVd ARPES along thec axis of 1D
SuCuO2 at 300 K.(a) EDC. (b) Density plot of the measured pho-
toemission intensity.(c) MDC.
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at hn=700 eV. In the ARPES athn=22.4 eV, a steplike
structure is observed nearkisp /cd=1.024,26 for k'=1.0 and
0.4.27 After subtracting this steplike structure, a single dis-
persion is deduced in the region ofkisp /2 ,0d–sp ,0d. Refer-
ence 26 describes this steplike structure as due to scattered
electrons and as having an empirical anticorrelation with the
sample surface quality.28 It is also stated that this signal is
approximately isotropic and is thought to be handled as a
background. One should notice, however, there are two
branches in thesp /2 ,0d–sp ,0d region in the low hn
ARPES26 if the steplike structure were not such a back-
ground, but an intrinsic structure. The structure we observe
in the sp /2 ,0d–sp ,0d–s3p /2 ,0d region corresponds to the
smallerEB component of these two structures. Considering
the largerl of the present ARPES, this structure cannot be a
simple surface derived background. The present results never
show the branch as in Fig. 2 of Ref. 24 and Figs. 3(d) and 5
in Ref. 26 with a dispersion up to 1 eV in theki region of
sp /2 ,0d–sp ,0d.

Recall that the present high-energy ARPES results ob-
tained by a circularly polarized light contain both compo-
nents excited by the parallel and perpendicular polarizations
to the c axis. In the ARPES athn=22.4 eV, the shallow
branch ins0,0d–sp /2 ,0d ascribed to the spinon is observed
only for the polarization parallel to the chain and fork'

=1.0, as shown in Fig. 5 of Ref. 26, and the dispersion for
k'=0.0 is as large as 1.0 eV in the EDC spectra for the
perpendicular polarization. Although our experiment in-
cludes both parallel and perpendicular polarizations, we do
not see such a dispersion up to 1.0 eV in EDC, since the
peak shift in EDC of our result is 0.5–0.6 eV. Thus, our
rather bulk-sensitive results are much different from the low
hn ARPES.

In the present results, the shallowest peak in the region of
sp /2 ,0d–sp ,0d–s3p /2 ,0d is significantly weaker than that
in the s−p /2 ,0d–s0,0d–sp /2 ,0d region. The dispersion in
the sp /2 ,0d–sp ,0d–s3p /2 ,0d region is not larger than the
dispersion in thes−p /2 ,0d–s0,0d–sp /2 ,0d region. In the
MDC, any dispersive feature is not noticed in the
sp /2 ,0d–sp ,0d–s3p /2 ,0d region. Besides, no trace of any
additional component is detected in the EDC and MDC in
the s−p /2 ,0d–s0,0d–sp /2 ,0d region of ARPES in spite of
the sufficient resolutions in energy andki as well as the high
Cu 3d sensitivity in the present experiment, providing no
support to the multiple bands.26

In order to interpret the present ARPES of SrCuO2, we
have employed the one-band, 1D half-filled Hubbard
model29 based on the quantum Monte Carlo calculation, in
which the quantum fluctuation effects on the response func-
tion are completely included. The parameters to be employed
are the transfer energyt (to the nearest-neighbor site) and the
on-site Coulomb repulsive energyU. Parameters are selected
to reproduce the behavior of the EDC(width, energy posi-
tions, and dispersion) as a function ofk' as well as of the
MDC. A calculated result at 400 K forU / t=7.5 (U
=3.0 eV andt=0.4 eV) is shown in Fig. 3, which provides
the peak shift of 0.5 eV and the shallowest peak at 0.95 eV.
The MDC is given in the lower panel, where the V shaped
dispersion is clearly reproduced and no dispersion is seen in

the sp /2 ,0d–sp ,0d region. In this model, the broad width of
the main EDC peak corresponds to multimagnon excitations
coupled with the photocreated hole.29 In the infiniteU case,
as is well known, the spin and charge excitations are exactly
decoupled. However, the present result shows that we still
have significant spin-charge coupling in such a highly corre-
lated electron system withU / t=7.5 in the one-band 1D half-
filled Hubbard model. In the MDC, it is recognized that the
structure betweenEB=0.9 and 0.6 eV is not corresponding to
the peak but to the tail of the ARPES EDC(upper panel).
Since the PES athn=700 eV is almost ten times more sen-
sitive to the Cu 3d states than to the O 2p states,11 the results
are ascribed mostly to the Cu 3d components, which are
strongly renormalized byU, t, and the magnon excitations.
According to this model, the weaker structures observed in
sp /2 ,0d–sp ,0d corresponds to the incoherent component in-
duced by the effect of electron correlationU.

The low energy ARPES24,26,27was interpreted by thet-J
model(J stands for the spin exchange interaction), in which
the double occupancy of the same site is excluded by con-
sidering the largeU. As a result, the dispersions from(0, 0)
to sp /2 ,0d were ascribed to both spinon and holon as well as
to their mixed excitations, whereas only the holon dispersion

FIG. 3. ARPES calculated by one-band 1D half-filled Hubbard
model at 400 K.U / t=7.5 (U=3.0 andt=0.4 eV). EDC (upper) and
MDC (lower).
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was predicted in thesp /2 ,0d–sp ,0d region. The values of
t,0.6 andJ,0.2 eV were employed there for SrCuO2 (U,
approximated by 4t2/J, becomes as large as 7.2 eV, resulting
in U / t,12). However, this picture seems too simplified to
explain the present bulk-sensitive ARPES, in which the ob-
served dispersion is much different from that observed by the
low hn ARPES, and the spinon and holon branches are not
separated despite sufficient energy and momentum resolu-
tions. We suggest that the coupling between the spin and
charge might play an important role in the present bulk-
sensitive ARPES for SrCuO2.

By explicitly taking both Cu 3d and O 2p states and their
mutual hybridization, thep-d model was also applied to
SrCuO2,

26 predicting that the Cu 3d sO 2pd component is
predominant neark=s0,0d fk=sp ,0dg, whereas they are
comparable nearsp /2 ,0d. The non-negligible intensity near
sp ,0d in the present Cu 3d sensitive result cannot be ex-
plained by this model calculation with the parameters em-
ployed in Fig. 7 of Ref. 26. Even though our experiment
is very sensitive to the Cu 3d states, separation of the struc-
tures into spinon and holon branches is not observed in the
s−p /2 ,0d–s0,0d–sp /2 ,0d region, which suggests an appre-
ciable coupling between these excitations. Moreover, the
peak shift of the shallowest peak in the EDC up to
0.5–0.6 eV and the dispersion in the MDC in the
s0,0d–sp /2 ,0d region up to 1.4 eV are smaller or compa-
rable to the result of linear augmented plane wave
calculation30 and not much larger than the latter, suggesting
that the spin-charge separation is not prerequisite to under-
stand the ARPES results from this comparison.

In this way, thep-d and t-J model analyses of the avail-
able lowhn ARPES are not consistent with the results of our
high-energy ARPES. Our experimental results are noticeably
different from the lowhn ARPES but are well understood by
the one-band, 1D half-filled Hubbard model withU / t=7.5
and U=3.0 eV as mentioned before. It is possible that the
low hn ARPES most sensitively probes the O 2p components
of the chain closest to the cleaved surface, which is liable to

be influenced by the surface conditions,26,28 whereas our ex-
periments athn=700 eV are probing the Cu 3d components
of four Cu-O chains from the surface, which are less influ-
enced by such conditions.

IV. CONCLUSION

In summary, we have demonstrated for a quasi-1D metal
and an insulator of transition-metal oxides that the high-
energy ARPES in the several-hundred eV region is feasible
to probe the dispersions and details of strongly correlated
electronic structures through the relatively large photoioniza-
tion cross sections of the late transition metal 3d states or
their resonance enhancement for 2p core excitation in early
transition metal compounds. The ARPES athn=515.7 eV
and hn=700 eV is found to be noticeably different from
those athn=21.2 and 22.4 eV for V6O13 and SrCuO2, re-
spectively. The differences are not only ascribable to the
V 3d and Cu 3d sensitivity compared with the O 2p sensitiv-
ity, but also to the larger photoelectron mean free pathl at
higher photoelectron kinetic energies(10–15 A compared
with 3–5 A by 20–100 eV ARPES). The non-negligible cou-
pling between the spin and charge excitations is suggested
from the present high-energy ARPES for both V6O13 and
SrCuO2 without an extremely largeU / t.

Note added in proof. Low energy ARPES of extra-charge-
doped Sr2CuO3+d with single Cu-O chain measured at
15.2 eV is reported in Ref. 31. Two structures are seen near
the(0,0) point. It is reported that the shallowest branch is not
resolved in the undoped system.
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