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Valence-band and resonance-photoemission study of La2CuO41x single crystals
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Angle-resolved resonance-photoemission measurements at 15–30 and 100–130 eV photon energy ranges
were performed from different principal planes of La2CuO41x single crystals. Resonance photoemission near
the La-4d threshold shows the presence of states in the valence band associated with La within the energy
region 2–5.5 eV. At low photon energies near the La-5p threshold~16.5 eV! with the normal emission aligned
in the ~001! direction (c' surface!, valence-band spectra display nonmonotonic photon energy dependence of
a 6-eV binding-energy feature, i.e., beyond the main La density of states in the valence band. Along with the
absence of such behavior for normal emission from the other principal planes~100! and ~010! ~ci surface
geometry!, this fact implies that surface termination effects need to be taken into account to explain these
results. The binding energy of the resonant feature and the resonance photon energy are slightly different for
photon polarization vector parallel and perpendicular to the Cu-O planes of the crystal. Measurements were
also done on another La-based compound, La0.7Sr0.3MnO3, having similar La-O plane but much smallerc-axis
parameter. This manganese oxide demonstrates the same nonmonotonic dependence of the 6-eV binding-
energy feature, but in a wider photon energy region. On the basis of this comparison, it is tentatively suggested
that the intensity modulation is governed not only by the core-level threshold, but may carry information of
bulk Brillouin zones as well.@S0163-1829~97!05938-9#
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I. INTRODUCTION

Photoelectron spectroscopy~PES! has provided invalu-
able experimental information on the electronic structure
high-temperature superconductors~HTSC’s!.1 Experimen-
tally, there have been great improvements in energy res
tion in angular-resolved photoelectron spectrosco
~ARPES! Ref. 2 and photoemission data reveal very dir
information about the electronic states and their dispers
near the Fermi level (Ef). However, one should recall tha
PES and ARPES are surface-sensitive techniques, and
escape depth of photoelectrons is of the order of 5–20
depending on the kinetic energy, which is about the size
the unit cell of most superconducting cuprates. This imp
that the observed energy distribution curves are relate
electrons which are in the outermost cell of the crystal. T
importance of a surface-derived electronic band has b
demonstrated for cleaved single crystals of the YBa2Cu3O7
compound3 by ARPES, and for Bi2Sr2CuO6 by local density
approximation~LDA ! calculations.4

One of the benefits of studying La2CuO41x is that this
compound is one of the simplest among the HTSC mater
and it can be easily and reversibly doped with oxygen, le
ing to superconductivity with a critical temperature as hi
as 55 K.5 Band-structure calculations6,7 of La2CuO4 predict
few, if any, La states belowEF in the valence band~VB!. In
Ref. 6 the La-5d band edge is 1 eV above the Fermi lev
and this band merges into the La-4f band about 3 eV above
EF . According to Ref. 7, the valence band consists o
17-band complex formed primarily of O-2p and Cu-3d
states, though the presence of La states belowEF has been
found down to 5.5 eV binding energy~BE!. The La-5p
560163-1829/97/56~14!/9030~8!/$10.00
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bands are localized~16 eV belowEF! and the main conclu-
sion from theoretical elaborations implies little contributio
from La atoms to the valence band. However, resona
photoemission experiments show8,9 a La contribution to the
valence band in a wide energy region. To clarify this qu
tion we performed angle-dependent resonance photoemis
measurements in the 15–30 and 100–130 eV photon en
ranges from different principal planes of La2CuO41x single
crystals. From this, we conclude the presence of states a
ciated with La over the entire valence band and also t
surface termination effects need to be taken into accoun
explain the present experimental results.

II. EXPERIMENT

The La2CuO41x single crystals used in the present wo
were either grown by the floating-zone method~FZM! in the
URN-2-ZM experimental setup10 under oxygen pressures o
4 and 30 atm at a crystallization rate of about 0.5 mm/h or
the molten-solution~MS! method.11 Crystals grown by the
FZM displayed superconductivity withTc~onset!540 K
without any extra oxygenation. According to the hig
temperature magnetic susceptibility, these crystals show
peak at 230–250 K, giving evidence for the presence
long-range antiferromagnetic order. It implies that the cr
tals are phase separated at low temperatures and lattice
rameters evaluated by x-ray diffraction12 correspond to an
excess oxygen content ofx50.03– 0.04, i.e., inside the so
called miscibility gap.13 To get dielectric reference sample
the as-grown crystals were annealed in an inert atmosp
at 700 °C for 5–10 h. Crystals grown by the molten-soluti
method, on the other hand, demonstrated good dielec
9030 © 1997 The American Physical Society
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56 9031VALENCE-BAND AND RESONANCE-PHOTOEMISSION . . .
properties (TN5270 K) without any traces of supercondu
tivity. To get a superconducting response from these crys
they were put in an electrochemical cell at elevated temp
tures in order to introduce excess oxygen. The maxim
oxygen index after this treatment did not exceedx50.03,
thus placing the crystals inside the miscibility gap as w
The above numbers of excess oxygen content should be
sidered as estimations since the absolute oxygen conce
tion is very difficult to establish on this scale. The crys
size was up to 43434 mm3, which enabled us to make tw
successive cleavages along@001# and @hk0# symmetrical
planes on the same crystal.

To minimize surface contamination the samples w
cleaved in situ, at liquid-nitrogen temperature. The ba
pressure was in the low 10210 Torr range for all measure
ments. The crystals were glued with a conducting silver
oxy to the sample holders, and metal sticks were glued
top of the crystals. The fresh surface was obtained by cle
ing the crystals using a wobble stick to apply a force to
metal stick. Unlike the case of Bi2Sr2CaCu2O8 where the
crystal cleaves between the two adjacent Bi-O planes c
nected by weak van der Waals bonds, the cleavage plan
La2CuO41x is very uncertain. All surfaces obtained by clea
age were rather irregular, indicating that there is no natu
cleavage plane for La2CuO41x . This means that the cleavag
inevitably leads to the breaking of strong ionic or covale
bonds between layers and thus a rearrangement of the
tronic charge on the surface can be expected.

The measurements were performed at beamlines 52
22 at the MAX synchrotron radiation laboratory in Lun
Sweden. Beamline 22 is equipped with a modified Zeiss S
700 plane grating monochromator covering the photon
ergy range of about 20–1000 eV. A hemispherical elect
energy analyzer~200-mm mean radius! with a multichannel
detector system was used to record the photoemission s
tra. For the normal emission geometry the incidence an
was 40°. Beamline 52 is equipped with a 1-m norm
incidence monochromator working in the photon ene
range 10–30 eV and a Vacuum Generators ADES 500 s
trometer. To investigate the polarization dependence, ph
emission spectra were recorded at two angles of incide
30° and 70°, with respect to the sample normal. Chang
the incidence angle from 30° to 70° increases theE-vector
component perpendicular to the crystal surface. All spe
were recorded at liquid-nitrogen temperature and calibra
using a Ta reference spectrum. X-ray-absorption spe
were recorded with a channel plate in the total yield mod

III. RESULTS

All photoemission spectra showed a good reproducibi
independent of the growth technique of the crystals.
Fermi edge was observed for the oxygen-doped sam
which may be due to the phase-separation process or s
excess oxygen depletion in ultrahigh vacuum. Thus we c
not distinguish between crystals neither with different ox
gen contents nor with growth techniques and will main
concentrate upon anisotropy effects. However, it should
mentioned that there is a clear difference in oxygenK-edge
x-ray-absorption spectra for dielectric and superconduc
ls,
a-
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compositions, but this point will not be discussed in t
present paper.

The valence-band spectra displayed some time dep
dence. Typically, changes first became noticeable after a
riod of about 5–6 h. Hereafter we describe data taken in
time interval after the surface preparation for which
changes occurred. First we present data on resonance p
emission near the La-4d threshold to clarify the presence an
energy range of La states in the valence band. The meas
ments were performed at beamline 22. The absorption s
trum for the La 4d-4 f transition is shown in Fig. 1 and wa
used to select appropriate photon energies for the reson
photoemission spectra. The peaks in the absorption spec
are due to the three intermediate states of the configura
4d94 f 1 that can be reached by an electric-dipole absorpti
3P1 , 3D1 , and 1P1 . According to calculations,14 all the line
strength goes into the1S021P1 transition that results in the
strong absorption peak at 117 eV. The on-resonance ph
emission spectra were taken at this photon energy. The
responding off-resonance curves were taken at 113 and
eV. Figure 2 shows such normal emission data taken fr
two different surface planes. As seen in this figure, there
slightly different behavior of the energy distribution curv
for ci surface@Fig. 2~a!# andc' surface@Fig. 2~b!# experi-
mental geometries~c' surface geometry means that th
crystal c axis is directed parallel to the surface norma!.
However, the main conclusion that can be inferred from
data is the presence of states in the valence band assoc
with La within the energy region 2–5.5 eV for both geom
etries.

Next, we consider valence-band photoemission spectra

FIG. 1. X-ray-absorption spectrum~total yield! for La2CuO41x

near the La-4d threshold. The marked peaks in the spectrum cor
spond to three intermediate states that can be reached by an ele
dipole absorption3P1 , 3D1 , and 1P1 .
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FIG. 2. On-resonance~117 eV! and off-resonance~113 and 130 eV! valence-band spectra at the La-4d-4 f threshold forci surface~a!
and forc' surface~b! sample orientations. The peaks at 9.5 and 12.5 eV binding energy are due to the Cu-d8 satellite structures. The spectr
are normalized to the photon flux.
am

m

th

h -
corded with low photon energies, 14–25 eV, taken at be
line 52. Selected~photon energies 15–20 eV! normal-
emission spectra from the different cleavages of the sa
crystal are shown in Fig. 3 forci surface~a! andc' surface
~b!. The resonating feature at a binding energy of 6 eV wi
maximum intensity at a photon energy (Eph! of 17 eV seen at
the c' surface sample orientation@Fig. 3~b!# is strongly di-
minished for theci surface spectra@Fig. 3~a!#. The intensity

FIG. 3. Selected normal-emission~30° incidence! valence-band
spectra forci surface~a! and c' surface~b! sample orientations
taken from the same crystal. All spectra are normalized to the p
ton flux.
-

e

-

o-
FIG. 4. Normal-emission spectra of La2CuO41x in the 19–26

eV photon energy energy region for thec' surface sample orien
tation.
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56 9033VALENCE-BAND AND RESONANCE-PHOTOEMISSION . . .
modulation of the 6-eV BE feature is not finished
Eph519 eV; another modulation is seen at higher photon
ergies. This effect is seen in Fig. 4 which shows norm
emission valence-band spectra of La2CuO41x for thec' sur-
face sample orientation in the photon energy region 19
eV. There is a slight intensity modulation at 6 eV BE in th
photon energy region with maximum intensity around 23–
eV.

The emission angle dependence of this resonance
Eph517 eV is presented in Fig. 5. The enhanced 6-eV p
for normal emission~0°! decreases in intensity when th
emission angle increases. Since the cleaved surface is irr
lar, we do expect increasing emission from theci surface
plane when going off the normal emission at thec' surface
geometry. Thus, the angle dependence in Fig. 5 in
present case of an irregular surface may just reflect a sm
transition between the two principal geometries.

In Fig. 6 we present two spectra taken from the sa
crystal for thec' surface geometry after two successi
cleavages. Obviously, the only difference between them
seen in the resonance region. The 6-eV BE feature appe
enhanced only after the second cleavage, while it was c
pletely suppressed after the first one. However, it should
mentioned here that in our measurements for thec' surface
geometry; the enhanced 6-eV BE feature has been obse
in most cases. This example definitely shows that surf
conditions are extremely important for the discussed fea
and the final result may depend on where in the lattice
cleavage occurs~see below for further discussion!.

In Fig. 7 normal-emission spectra of the valence band

FIG. 5. Emission-angle dependence of the resonance fea
Eb56 eV athn517 eV. The curves are normalized at the intens
at 3.4 eV BE. The changing of emission angle affects only
resonance feature.
-
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La2CuO41x are presented with a 0.25-eV step in photon e
ergies@Fig. 7~a!# and for different orientation of the polar
ization vector relative to the crystallographic axes@Fig.
7~b!#. Fine structures of the resonating feature can be s
from Fig. 7~a!, which shows the presence of a second pea
lower binding energy~5 eV!. The most important result ca
be inferred from Fig. 7~b! where it is clearly seen that th
binding energy of the main resonant feature and the re
nance photon energy are slightly different~0.3 eV! for pho-
ton polarization vector mainly parallel~incidence 30°! and
perpendicular~incidence 70°! to the Cu-O planes of the crys
tal.

Finally, another important piece of information com
from the study of the La-based compound La0.7Sr0.3MnO3.
This compound has quasicubic~rhombohedral! perovskite
structure with a much smallerc-axis parameter~5.5 Å!,
while interatomic distances in the La-O plane are almost
same as in La2CuO41x . Selected valence-band spectra
La0.7Sr0.3MnO3 for the photon energy region 16–26 eV a
shown in Fig. 8. A similar nonmonotonic dependence w
similar strength is observed, but this resonance is now m
more extended in photon energies. Even athn526 eV, the
6-eV BE feature is still detectable, whereas in La2CuO41x
the first modulation is completely gone already athn
519 eV @cf. Fig. 3~b!#. To better illustrate the difference
between La12xSrxMnO3 and La2CuO41x, constant initial
state~CIS! plots in the resonance region are shown in Fig
for both compounds.

IV. DISCUSSION

Utilizing the La-4d resonance photoemission process,
are able to distinguish the La partial density of states fr
the rest of the valence band. Figure 2 shows that La state

re

e

FIG. 6. Normal-emission spectra athn517 eV for thec' sur-
face sample orientation taken from the same crystal after two
cessive cleavages. The spectra are normalized at the intensity a
eV BE.
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FIG. 7. Valence-band photoelectron spectra of La2CuO41x , measured at normal emission in thec' surface geometry: ~a! spectra with
small step in photon energy, incidence angle is 30° and~b! spectra for two incidence angles 30°@solid lines are drawn through th
experimental points without smoothing, the same as in Fig. 7~a!# and 70°~experimental points!. Vertical lines show constant binding energ
peak position~6.3 and 6.0 eV! for the two polarizations.
t o
ra.
tion
the
FIG. 8. Normal-emission spectra of La0.7Sr0.3MnO3 taken in the
region around the La-5p threshold. The resonance enhancemen
the 6-eV BE feature is present up to the highest~26 eV! photon
energies used.
f

FIG. 9. CIS plots~660.1 eV binding energy! for La2CuO41x

and La0.7Sr0.3MnO3, extracted from sets of photoemission spect
The background connected with the photon energy cross sec
dependence is subtracted for clarity. The lines are a guide for
eye.
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56 9035VALENCE-BAND AND RESONANCE-PHOTOEMISSION . . .
the valence band are found between 2 and 5.5 eV BE, w
the maximum intensity around 3 eV. This finding agre
very well with the theoretical result of Mattheiss.7 Let us
now discuss the results at low photon energies with the m
emphasis given to the nonmonotonic photon energy dep
dence of the 6-eV BE feature. The assignment of this fea
has been controversial.9,15 Since the 6-eV BE feature is ob
served on very different La-based compounds, La2CuO41x
~Refs. 9, 15, and 16 and this work!, La0.7Sr0.3MnO3 ~this
work!, La2NiO41x , and partially oxidized metallic La~Ref.
16!, it is very likely to assign this feature to the only com
mon property for all these compounds, La-O bonds. The
attempts to explain the nonmonotonic intensity of the 6-
BE feature of La2CuO41x were based only uponc' surface
data taken at low photon energies for which it was treated
a bulk resonance feature of hybridized La-5d-O-2p states
and related to the presence of empty O-2p states just above
EF ~Ref. 15! or hybridized La-5d-O-2p empty states9 to
which excitation from the La-5p3/2 state~hybridized with O-
2s in the first case15! occurs. It can often be difficult to
determine whether a particular peak or other structure in
photoemission spectra originates from the surface or
bulk. The main criterion to be fulfilled for the identificatio
of a surface state concerns its energy position. Surface s
lie in a gap in the projection of the bulk band structure on
the two-dimensional surface Brillouin zone. In the pres
case of La2CuO41x , the fact that the resonating featu
~BE56 eV! is situated beyond the main region of La sta
2,BE,5.5 eV ~as can be inferred from Fig. 2 and ban
structure calculations7! directly points to the surface natur
of the observed phenomenon. Another test used for the id
tification of a surface state is the sensitivity of emission
tensity to chemisorption of atoms or molecules on the s
face. We did not carry out direct experiments on surfa
chemisorption, but believe that Fig. 6 indirectly proves t
surface nature of the feature under discussion. Maximum
tensity of the 6-eV BE feature was observed at photon e
gies close to the La-5p threshold, suggesting that we ma
have a LaO surface; i.e., cleavage occurs mainly betw
two adjacent LaO planes in the lattice like it happens in
Bi2212 system between two adjacent BiO planes. The o
difference is that the BiO layers in Bi2212 are bound
weak van der Waals bonds, while LaO planes in La2CuO41x
are bound by strong ionic bonds. This fact makes it poss
in particular cases to have a cleavage between CuO and
layers in La2CuO41x , thus leaving the CuO plane on top an
providing a natural explanation of the absence of the re
nance feature~Fig. 6, first cleavage!.

When a surface state is considered, we do not expec
observe any dispersion with photon energy in the norm
emission spectra~only k' varies!. However, a closer inspec
tion of Fig. 3~b! for La2CuO41x and Fig. 8 for
La0.7Sr0.3MnO3 clearly shows pronounced dispersion as
photon energy is lowered. As was shown in Ref. 16,
binding energies of the resonant features and the reso
photon energies are slightly different for photon polarizat
vector parallel and perpendicular to the Cu-O planes of
La2CuO41x crystal. To clarify this point we performed
detailed study of the photon energy and polarization dep
dence of the 6-eV BE feature~Fig. 7!. The first important
finding is that there is not only a second resonating fea
th
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around 5 eV BE as it was found in Ref. 16, but the ma
6-eV feature also shows a fine structure. In the geome
when theE vector is mainly directed parallel to thec axis,
the 6-eV BE feature is shifted about 0.3 eV towards low
binding energy. It explains the ‘‘shift’’ of the main featur
on going from 18.5 eV down to 16.25 eV@Fig. 7~a!# photon
energy. The further ‘‘shifting’’ of this feature as is seen fro
Fig. 7~b! may be due the fact that the second 5-eV BE fe
ture has a maximum intensity around 16 eV photon ene
when the intensity of the main peak already goes dow
These experimental data show that nonmonotonic beha
of the intensity around 5–6 eV BE is rather complex a
depends on the polarization of the light. In our experimen
conditions we always have contributions from both polariz
tions. Hence different photon energy dependences of
peak intensity for the different polarizations explain the o
served binding energy shift. If all arguments about the s
face nature of the 6-eV BE feature remain valid for bo
polarizations, the second 5-eV BE feature might be cons
ered as coming from a bulk transition since there are
states at this binding energy as follows from Fig. 2 and ba
structure calculations.7 One can suggest that the above arg
ments concerning the dispersion of the 6-eV BE feature
applicable to the case of La0.7Sr0.3MnO3 as well.

We believe that this set of experimental data implies
necessity of considering surface effects on the electro
structure of at least some HTSC’s. It is clear that the atom
and orbital character of the surface state depends strongl
the actual cleavage plane. In the present case of La2CuO41x,
the planec' surface is distinguished by the fact that th
doping related charge transfer occurs along thec axis and the
creation of a surface between any layers along this direc
should lead to a rearrangement of the electronic charge
thus to a change of the surface electronic structure comp
to that of the bulk. As far as the other copper oxides
concerned, the importance of surface termination effects
been demonstrated for YBa2Cu3O7 experimentally3 and theo-
retically by Calandraet al.,17,18 who have found distinct
changes between the surface density of states~DOS! and the
bulk DOS for several crystal terminations. A first-principle
determination of surface effects on the electronic structure
Bi2Sr2CuO6 within the LDA has been done by Rodrigue
et al.4

Discussing the nature of the photon energy dependenc
a surface state, it should be remembered that surface s
can have very different characters, depending on their lo
ization near the surface. Free electrons in metals form
face states which are determined by the boundary condit
at the surface where Bloch-like evanescent functions
matched.19 These states usually extend several atomic lay
into the solid. On the other hand, much more localizedd-like
surface states have atomiclike wave functions which have
extension into the solid and are essentially localized on s
face atoms. Examples of surface states of the first kind
states on fcc Cu~111! and Al~100! which have been seen i
ARPES through rather wide photon energy regions.20,21 The
main experimental result in these works was that there
nonmonotonic ~oscillating! behavior of the photoelectric
cross section of the surface states which was supported
general spectral decomposition theory presented in Ref.
This theory describes the observed intensity behavior
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9036 56A. A. ZAKHAROV et al.
predicts the universality of such behavior for all surfa
states of this type. According to the theory,20 a surface state
Cs of parallel momentumki and energyEs can be expanded
in bulk states wn in the nth band: Cs(Es ,ki)
5(nan(k')wn(k'). The emission intensity athn is given
by the expressionI s(hn);u(an(k')Mb(n)u2; f $cos(k'a)%,
whereM is the matrix element anda the lattice parameter
The energy conservation conditionE(k')2Es5hn is ful-
filled. HenceI s is oscillatory inhn since in generalan(k') is
a peaked function ofk' . This reasoning gives a natural e
planation for the sharpness as a function of photon energ
the discussed resonance in La2CuO41x ~Fig. 9!. Since the
unit cell of La2CuO41x in the c direction is extremely large
(5.335.3313.15 Å), one needs only a small step in thek'

value~and energy, respectively! to cross over the zone in th
z direction. In the framework of the spectral decompositi
theory, we should also expect nonmonotonic dependenc
the respective surface-state intensities every time when
next zone boundary is crossed. In the case of La2CuO41x ,
the resonance is extremely sharp in photon energy
peaked atEph517 eV. Hence the photon energy region f
the second intensity modulation can be evaluated. With
given lattice constant (c513 Å) and using the free-electron
like empty-state model, one gets for the second symmetr
point a photon energy in the region 22–25 eV depending
the value of the inner potential. It agrees well with our e
perimental data~Fig. 4! where the second intensity modul
tion can be observed around 23 eV.

The discussed decomposition theory also explains the
ferent width of the CIS curves for La0.7Sr0.3MnO3 and
La2CuO41x ~Fig. 9!. Due to the different sizes of the Bril
louin zones~c513.13 Å for La2CuO41x and c55.5 Å for
La0.7Sr0.3MnO3!, one could expect a more extended~in pho-
ton energy! feature for the manganate compound.

A quite different approach must be considered when
treat a surface state as strongly localized. In this case one
speak of a photoemission resonance though details of
treatment can be different. In semiconducting GaP~110!
~Ref. 22! and GaAs(110)* ~Ref. 23!, enhanced electron
emission has been interpreted as being due to an addit
direct recombination process involving filled and empty s
face states22 or exitonlike bound states.23 The resonance fea
ture could also be considered in much more general term
having an atomic origin as is done, i.e., for the 5p-5d tran-
sition for metallic24 tungsten which is found to behave ve
similar to atomic tungsten.25 However, applying this ap-
proach we are left with the problem of describing the seco
intensity modulation in La2CuO41x ~Fig. 4! and the different
width of the CIS curves~Fig. 9! for La2CuO41x and
La0.7Sr0.3MnO3.

One can envision one way to get around this proble
Two different languages have been used in describing
extreme cases of localized and delocalized surface state
can be suggested that the localization of a surface state
an intermediate strength. In this case, the intensity mod
of
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tion of a surface state would be governed by respective c
level threshold, La-5p in our case, and carry informatio
about bulk Brillouin zones as well, as discussed above
other words, we suggest that the intensity modulation can
described as a superposition of two mechanisms: reso
photoemission and band-structure effects. This is poss
seen even in simple metals like Cu and Al. For these met
surface-state intensities have their maximums just near
corresponding core-level thresholds. For Cu~111! the sur-
face stateS3 has a maximum at 74 eV photon energy20 ~the
Cu-3p threshold is 74.5 eV! and for Al ~100! the surface-
state intensity in the first Brillouin zone is peaked at 72
photon energy21 ~the Al-2p threshold is 72 eV!. It may be
argued that it is only a coincidence that symmetry points
Cu and Al have the same energies as the corresponding
levels, but the fact that both cited intensity profiles ha
asymmetrical shapes can hardly be expected from the th
discussed above20 for delocalized surface states.

V. CONCLUSIONS

By resonance photoemission spectroscopy performed
cleaved La2CuO41x single crystals we found the presence
bulk La states in the valence band over the region 2–5.5
and strong evidence for the existence of surface-deri
La-O electronic bands for thec' surface plane. We assign
feature at BE56 eV, resonating at the La-5p threshold as
coming from a La-O surface state, while a second resona
feature~BE55 eV! that has maximum intensity atEic light
polarization might be connected with a bulk transition. T
very narrow interval of photon energies where the 6-eV
feature is observed is due to the small size of the Brillo
zone along thec direction in La2CuO41x . We conclude that
surface-termination effects need to be considered when tr
ing the photoemission data on cuprates which have no n
ral cleavage plane. To reconcile the fact that the surface s
resonates at the La-5p threshold and has features connect
with the bulk Brillouin zone~second intensity modulation
and very narrow interval of photon energies where it is o
served as compared to the other La-based compounds!, we
tentatively describe this surface state as having an inter
diate strength of localization. As a consequence, a new
proach should be elaborated to describe nonmonotonic p
ton energy dependence of the surface-state intensity.
necessity of such an approach may be found for surf
states on simple metals.
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