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We measure the high-resolution photoelectron spectra of twinned YBa2Cu307 z single crystals
cleaved at about 10 K in ultrahigh vacuum perpendicular to the c axis for various angles of detection
along the I -X( Y) azimuth. The spectra in general and the 1-eV peak in particular strongly depend on
the cleavage plane investigated, with correlated changes observable in the low-energy-electron-
diffraction pattern: For the surface showing a distorted c(2X2) superlattice the 1-eV surface-state peak
is missing; the electronic structure at this surface seems to show the smallest deviations from that of the
bulk. The spectral features measured at this surface can be assigned to at least four different branches of
the calculated energy bands. A quadratic dependence of the linewidth on the binding energy, a symme-
trical line shape of the spectra, and the identification of a clear Fermi edge above T, also support a
Fermi-liquid description. At temperatures well below T, the spectra of this surface show some indica-
tions of BCS-type modifications close to E~-, while no hint for them could be detected for the numerous

cleavage planes showing the 1-eV peak.

I. INTRODUCTION

In spite of the rapid evolution in the field of the high-
temperature superconductors (HTSC), no commonly ac-
cepted theory describing the state of these materials
above and below T, exists. ' The band-structure calcula-
tions using the local-density approximation (LDA) pro-
vide an important starting point, but these calculations
neglect the electron correlations believed to be important.
This problem can be investigated by angle-resolved pho-
toelectron spectroscopy (ARPES) since it allows one to
determine the band structure of a crystal and to extract
information about the electron correlations as well. The
merits of this method can best be elucidated by referring
to the model system Cu and Ni, with the 3d shell
completely and only partly filled, respectively. The elec-
tron correlations can thus be neglected for Cu but play an
important role in Ni.

Except for the position of the Fermi energy EF (2 eV
above the top of the 3d bands for Cu and slightly below it
for Ni) and the exchange splitting b, (zero for paramag-
netic Cu and between 0.2 and 0.3 eV for ferromagnetic
Ni), the calculated energy bands are very similar for both
materials. A pronounced similarity is also found for
most ARPES features of Cu and Ni. In particular, the
strong dependence of the line intensity on the angle of ob-
servation, the orientation of the polarization vector A of
the incident radiation, and the photon energy are just the
same in Cu and Ni, taking the differences in EF and 6
into account. These intensity variations are caused by
the dependence of the transition probability on A and k,
and also by the variation in the number of states contrib-
uting to a particular line. For that reason only about
30%%uo of the existing initial states can be identified for a
particular geometry of detection.

On the other hand, compared to Cu, in Ni the width of
the ARPES lines increases much more rapidly with the
binding energy of the initial state, the experimentally
determined band is narrower than the calculated one, and
a satellite structure below the 3d band which is not given
by the LDA calculation shows up in ARPES. These
three phenomena are caused by the large electron corre-
lations in Ni. Guided by this comparison, we thus first
analyze the ARPES of Y-Ba-Cu-O on the basis of the
LDA bands. Afterwards, we try to identify the three
phenomena mentioned above in order to assess the im-
portance of the electron correlations.

ARPES is a surface sensitive method, since the escape
depth of the photoelectrons is only a few angstroms.
Thus adsorbed layers or major changes in the electron
distribution or the atomic position at the surface will pro-
duce spectra no longer representative of the bulk. In the
case of Y-Ba-Cu-0 it is particularly dificult to prepare
the required "ideal" surfaces which approach the bulk
electronic and structural properties. The first photoelec-
tron spectra for this class of HTSC showed no Fermi
edge, probably because the spectra were taken at semi-
conducting or reconstructed surfaces, but they induced
far-reaching theoretical speculations nevertheless.
Cleavage planes of the BizSr~CaCu~O& (Bi2:2:l:2) HTSC
between the weakly bonded Bi—0 double layers are
much more stable, the ARPES taken at these surfaces not
only show a clear Fermi energy but also allow the
identification of CuO- and BiO-derived bands crossing EF
(Refs. 6,7) as well as other band-structure features at
higher binding energies. In addition, the spectra indi-
cate the opening of the superconducting gap below T, as
described by the BCS theory. ' In succeeding papers
ARPES of Y-Ba-Cu-0 cleaved at low temperatures
showed a sharp Fermi edge and a band dispersing away
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from it roughly as predicted by the LDA calcula-
tions. ' ' Our paper, which is complementary to a re-
cent ARPES study' at h v=21.22 eV, focuses on the low
photon energies and addresses the problem of decompos-
ing the spectra into the individual lines as a precondition
to determine the dependence of the linewidth on the
binding energy and to enable the comparison with the
LDA bands.

The spectra presented here are obtained from
numerous cleavage planes generated in si'tu at tempera-
tures of 20 K and below. Two of these are unique in that
they do not show the strong 1-eV peak which we obtain
for the vast majority of surfaces generated in the same
way, but a pronounced structure near EF as strong or
even stronger than that observed for the spectra showing
the 1-eV peak. There are two indications that this 1-eV
peak originates from a surface state: the characteristic
modifications in the electronic structure induced by each
of the six possible cleavage planes were calculated recent-
ly within the LDA, assuming no change in the atomic po-
sitions. ' According to this calculation, the 1-eV peak
which is prominent in all the spectra reported in two re-
cent publications' ' is characteristic of breaking the
long Cu(2)—O(4) bond, i.e., of the surfaces designated
CuO2(b) and BaO(b) in Fig. 1. The sensitivity of this 1

eV feature to the adsorption of reactive gases (to be dis-
cussed in detail later on) which also identifies it as a sur-
face state is clearly compatible with this interpretation.
The spectra lacking the 1-eV peak might therefore origi-
nate from a different cleavage plane, yielding ARPES
more characteristic of the bulk, as we have already sug-
gested in a recent comment. ' After describing the exper-
imental setup, we thus start the main part of this paper
by discussing the differences we observe in both ARPES
and the low-energy-electron-diffraction (LEED) pattern
for the different cleavage planes. The result of this dis-
cussion infIuences the way we analyze our data and the
choice of the spectra we finally use in comparing our re-
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FICz. 1. The unit cell of Y-Ba-Cu-O. The letters a, b, and c
refer to cleavages between the Y and the CuO layers, the CuO
and the BaO layers, and the BaO and the CuO layers, with the
upper and lower surface thus generated labeled accordingly.

suits with the bulk LDA calculations, two topics which
are discussed in the subsequent chapters.

II. EXPERIMENTAL

The facilities of the experimental setup are described in
detail in Ref. 8. Hence we confine our description to the
main points of interest. The YBa2Cu&07 s (0. 1&5&0.2)
single crystals were grown in an Alz03 crucible by the
slow cooling method, using a Cu-BaO self-Aux. ' After
growth, the remaining melt was sucked up by a porous
Zr02 ceramic, leading to nearly free-standing crystals.
Oxidation of the extracted crystals was carried out in a
pure 02 atmosphere at 1 bar and various temperatures
and times between 580 and 420 C during 50 and 80 h.
As a consequence of the crucible corrosion, the crystals
contain some Al on the Cu(1) sites leading to an induc-
tively measured T, value of 86 K. Investigation by polar-
ization microscopy revealed the presence of twins and a
large orthorhombicity of the crystals. Their dimensions
were about 4X4X0.8 mm .

The Y-Ba-Cu-0 samples were cleaved by guiding a ra-
zor blade exactly along a (001) plane towards the edge of
the crystal. The cleavage was performed in ultrahigh
vacuum (10 ' mbar) between 10 and 20 K and the sam-
ples were held at these temperatures during the measure-
ments in order to prevent the possible loss of oxygen
from the surface region. Due to the surface sensitivity of
photoemission, this loss would severely affect the ARPES
results.

To check the quality and orientation of the cleavage
planes we recorded some LEED patterns, but only after
finishing the photoemission work, since the electron beam
of the LEED gun might change the surface structure of
the samples. The pattern which shows sharp integral
order spots remained unchanged for at least 30 h if the
samples were held at low temperature. The surfaces,
however, are not smooth on a macroscopic scale. Scan-
ning electron micrographs taken at room temperature
show that the cleaved surfaces consist of numerous ter-
races, with typical lateral dimensions of O. l mm. This
surface roughness is also responsible for an unusually
large amount of stray light.

Photons are provided by the 2 m Seya beamline at the
Berliner Elektronenspeicherring fur Synchrotron-
strahlung (BESSY). The focus on the sample has a diam-
eter of about 0.5 mm. The polarization vector of the in-
cident light is oriented parallel to the plane of detection.
This plane coincides with both the (100) and (010) crystal
planes, since all of the samples are twinned. Electrons
emitted from the surface are detected for eight different
coplanar emission angles simultaneously. The analyzer
consists of a high- and a low-pass filter together with a
preretarding stage. The energy resolution is controlled
by setting the energy separation of the two filters. The
angular resolution of this instrument is 2' and the ulti-
mate energy resolution 25 meV full width at half max-
imum (FWHM).

For optimal performance, we traded some energy reso-
lution for a higher signal-to-noise ratio. The large
amount of scattered light is the origin of a constant back-
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distribution in the normal state, i.e., the BCS function
convoluted with the Gaussian, using the FWHM and EF
as determined by the fit. As expected, the hypothetical
BCS spectrum is shifted against the 20 K Fermi edge at
low values of the energy distribution function and shows
a pronounced overshoot at higher values, in spite of the
attenuation of these features by the energy resolution of
our spectrometer. Thus, given the high signal-to-noise
ratio of our data, a gap of about 20 meV should be detect-
able. We also notice that the modifications between the
100 and 20 K Fermi edges are much smaller than be-
tween the Fermi edge and the hypothetical BCS curve.

The filled circles in the lower part of Fig. 9 are the data
points of sample 1, taken at T=20 K and 0=40 six
hours after the determination of the Ag edge. The solid
line is the BCS least-squares fit to these points, using EF
and the FWHM of the Gaussian as determined from the
Ag edge as input parameters but treating 6 as one of the
fit parameters. Details of the procedure are described in
conjunction with Fig. 11 below. The fit gives 6 = 19
meV, and similar fits to spectra taken subsequently at
sample 1 within four hours at 0=25', 38', 23, and 35'
yield 6=20, 22.5, 22, and 24 meV, respectively. The fit
procedure thus yields reproducible results, except for a

I I

0 Ag data at 100 K

small drift of about 1 meV/h. It is also noteworthy that
the spectra grouped at low and high 0 values (typical ex-
amples are shown in the upper and lower part of Fig. 11),
which correspond to transitions located in the first and
second Brillouin zone, give the same 6 (disregarding the
drift again). The main source of uncertainty in the 6
determination is of course a possible systematic error of
EF as determined from the fit to the Ag edge.

The fit procedure does not give the intensity ratio of
the "sample 1" spectrum (solid line in the lower part of
Fig. 9) to the Ag edge (dotted line in the lower and upper
part), but since the "sample 1" spectrum should coincide
with the hypothetical BCS spectrum (dashed-dotted line
in the upper part) above EF, we normalized it according-
ly. Since a peak in the energy distribution function near
EF instead of a constant value is involved for the "sample
1" spectrum, the overshoot above the Ag edge below EF
is more pronounced than for the hypothetical BCS func-
tion.

Additional support for the gap value obtained from
sample 1 comes from the analysis of the spectra shown in
Fig. 10, which shows that we succeeded to obtain a pro-
nounced Fermi edge also above T, . This surface is
diff'erent from sample 1 but it also does not show the 1-eV
peak. The spectra were recorded at hv=9 eV. In per-
forming the least-squares fit, we proceed again as de-
scribed below for the spectra of Fig. 11, except for using
only one Lorentzian in the fit region and the Fermi-Dirac
and BCS function for 100 and 10 K, respectively. For the
10 K spectra, the best fit is obtained with the gap param-
eter 6 =24 meV, which is close to 6 values obtained from

~ ~

T = 10K
T = 100 K

100 50 E

binding energy (meV)

—50

FIG. 9. The open circles give the measured energy distribu-
tion function of a polycrystalline Ag sample at 100 K, the heavy
dots give the corresponding angle-resolved spectrum for sample
1 at 20 K. The solid lines are the corresponding fit curves ob-
tained as explained in the text. The dashed line is the Ag edge
transformed to 20 K, and the dash-dotted line is the spectrum of
a hypothetical BCS superconductor with 6 =20 meV.

I

E

binding energy (eV)

0.2

FIG. 10. Two ARPES taken at temperatures of 10 and 100
K. The solid and dashed lines result from a fit with a single
Lorentzian line, multiplied by the Fermi-Dirac function (dashed
line) and the BCS function with 6=24 meV (solid linej, respec-
tively, both convoluted with a Gaussian.
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and I (Z)- Y(T) directions and are symbolized by filled
and open circles depending on whether or not the corre-
sponding peak is cut off by the BCS function. While the
projected Fermi surface around the X( U) point is well
reproduced by the experiment, there is no experimental
evidence for the intersection of the chain-derived band
with the Fermi surface along l (Z)- Y(T).

Before starting a comparison of the experimentally de-
rived E(k) dependence with the calculated bands, it is
helpful to discuss a second series of experiments first,
since it sheds some light on the influence of crystal twin-
ning and the intensity variations on the photoelectron
spectra. These measurements were performed at hv=9
eV with the surface, which was also used to obtain the
spectra shown in Fig. 10. Aside from the different pho-
ton energy all experimental conditions are the same as
above. Figure 14 shows some selected spectra of this
series for emission angles between 3' and 41 correspond-

0

ing to k, values between 0.06 and 0.7 A '. Due to the
lower photon energy all the k, are located in the first BZ.
Even accounting for the smaller signal-to-noise ratio of
these spectra, it is obvious that they differ markedly from
the ones given in Fig. 12 which is again a typical band-
structure behavior. The twinning results in the superpo-
sition of transitions with k, along r-X and I - Y, but the
dispersion perpendicular to the surface also has to be
considered. Even if k, is the same, the normal com-
ponents k, and thus the binding energies of the initial
states will vary for the two photon energies. Combined
with the different final states, the transition probability
and also the number of transitions contributing to the
particular peak will show drastic variations for the two
photon energies, explaining the observations at least in
principle. While the superposition of the various corn-
ponents with different intensities combines to produce
one apparent broad peak for hv=9 eV, two peaks are
clearly resolved for h v=18 eV. We therefore restrict the
quantitative analysis to the h v= 18 eV spectra taken on
sample 1.

We tackle the combined problems of twinning, un-
known k„, and drastic intensity variations by assuming
the final states to be those of the free electron. This
might be a reasonable approximation since the final ener-
gy is about 18 eV above EF and since the small escape
depth eliminates the band gaps which would be present at
the BZ boundaries without damping. In Fig. 15, the
lines of constant initial and final energies and the BZ
boundaries are shown schematically in the plane of obser-
vation. The two initial states are chosen to belong to the
same star of k, i.e., they are degenerate, although the
photoelectrons excited from them are observed under
different polar angles, as shown in the top part of the
figure. Within the above approximation, the transition
probability is

w =
I

& fl A p] i &
I'=

I
& ~ l&~k A I',

where C is the Fourier coefficient of the plane-wave
component with k=k"'"+G in the initial state. Thus
w&Wwz not only since k& AAk2 A but also since
m&&m2. Thus, although E(k) is periodic in reciprocal

space, the intensity of the ARPES lines is not, a state-
ment which is, of course, independent of our approxima-
tion. Similarly, the volume of k space which is propor-
tional to the number of states contributing to transitions
1 and 2 is also different. It is determined by the experi-
mental resolution and the gradients of the initial and the
final band; in our approximation the gradient of the final
band is proportional to k and thus clearly different for
the two transitions. The intensity variations within Fig.
12 and between Fig. 12 and Fig. 14 as discussed above,
and similar variations noticed by other authors' are thus
to be expected, they should be taken into account in

9 eV

10 K
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0.7
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FICx. 14. Some observed ARPES measured along I -X( Y) for
varying values of k, in the first BZ. The fit curves (solid lines)
are obtained as before but using only one Lorentzian in the fit
region. The surface is the same as that used to record the spec-
tra of Fig. 10.
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derlined values of k„" correspond to k, in the first BZ,
the remaining values belong to k, falling in the second
BZ.

The three other points with k," &0.64 A ' close to
Ez have somewhat smaller k„"' which is, however, still
comparable to 6, /2. We thus would expect them to be
still relatively close to the Z-U band if it were not for the
intersection of this band with EF which forces the rem-
nants to peak at very low binding energies. Likewise we
assign the corresponding four points at about 0.2 eV to
the Z-T branch because they are close to it in energy and
k," . Fo k,"' between 0.6 and 0.2 A ', k," abruptly
drops to small values, i.e., close to the basal plane of the
BZ. This drop is caused by k, falling in the second BZ
for all these points. We thus expect the experimental
points to be close to the I -X and I"-P branches. This is
indeed the case for I -X if we assign the two points at

—G /2 0 G /2

FIG. 15. Schematic representation of the lines of constant in-
itial (wavy lines) and constant final energy in the bulk (large cir-
cle) and in vacuum (half circle) in the plane of observation, to-
gether with the BZ boundaries. Two transitions from two de-
generate initial states belonging to the same star of k are shown;
the corresponding photoelectrons are observed under different
polar angles.
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analyzing the ARPES results as we did in the case of the
Bi2:2:1:2spectra.

We now give a quantitative analysis of our spectra, us-
ing the free-electron approximation for the final states.
In order to do so, we must know the position of the free-
electron parabola with respect to the calculated initial
bands, which are shown in Fig. 16. The four lines with
different drawing patterns denote bands along I -L and
I - Y in the basal plane and the corresponding bands along
Z-U and Z-T at the top or bottom of the BZ, respective-
ly. The points are the result of our line-shape analysis;
we attach the highest confidence to the filled circles, the
lowest to the open circles, with the dotted circles in be-
tween. Recalling the discussion of Fig. 13, we notice that
the point close to EF at k," =0.64 A ' corresponds to
the Z-U branch crossing EF, i.e., k," at the top of the
BZ. We now adjust the inner potential Vo, which is the
difference between the vacuum level and the minimum of
the free-electron parabola of the final states in order to
fulfill this requirement, taking the hv=Ef —E; =18 eV
into account. Possible solutions for Vo are e.g. , 22, 10.5,
and 2 eV, with no other solutions in between. We settle
for Vo=10.5 eV since this is closest to typical values
needed for calculating the intensities of the diffraction
spots produced by low-energy electrons. The k,",

' values
calculated with VO=10. 5 eV are given at the top of Fig.
16; the values are actually the average of the two points
corresponding to the two ARPES hnes for each polar an-
gle of observation, since the individual values differ by
only about 2% of the BZ diameter in the direction of the
surface normal which is 6„=0.54 A '. The three un-

ZT

~ ~
0

0.2

0 0.2 0.4 0.6
red

(A )

0.8
0.4

FICx. 16. Calculated bands along four high-symmetry direc-
tions of the Brillouin zone. The circles denote the experimental-
ly determined E(k) dependence as obtained from the least-
squares-fit procedure for all the spectra of sample 1. The reli-
ability of the points is indicated by their filling (full: high, dot-
ted: medium, open: low). The k„values at the top of the figure
are obtained by assuming free-electron final states with an inner
potential of 10.5 eV.
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Eb ——0.2 eV and k," =0.3 A ' to this band and the cor-
responding points at about 0.06 eV to I"-Y. This implies
a crossover of the experimental points from Z-U to I -X
at about the crossing of the calculated bands, which is
clearly supported by the experiments. We expect a simi-
lar crossover of the points assigned to Z-T and I - Y, but
since the corresponding calculated bands do not cross,
they only predict the energy region of the expected cross-
ing, again compatible with our assignment.

The three pairs of points below k," =0.3 A ' corre-
spond to k„" values between the basal plane and the bot-
tom of the BZ at —0.27 A ', which makes an assign-
ment more dificult. In addition, the increasing width of
the peaks decreases the accuracy of the experimentally
determined binding energy. The two points at about 0.1

eV and k,"' =0.2 A ' might belong between the two
steep I - Y and Z-T bands crossing EF. The point at
k,"' =0.05 A ' and 0.16 eV is near the bottom of the BZ
and could thus be assigned to the steep Z-T band, for
which the calculation gives 0.22 eV at this point of k
space. This discrepancy might just be caused by the de-
creased experimental accuracy, but it might also hint at
the narrowing of this band by strong electron correla-
tions.

VI. SUMMARY

We find considerable variations in ARPES of
Y-Ba-Cu-0 for different cleavage planes perpendicular to
the c axis, which are likely to be caused by a varying mix-
ture of Y c(2X2), Cu02(b), and BaO(b) terraces. The
1-eV surface state is characteristic of the strong
modifications in the low- and high-temperature electronic
structure at and near the CuOz( b) and the BaO(b) sur-
faces. Occasionally, the cleaved surfaces show indica-
tions of the Y c(2X2) superstructure in LEED together
with a pronounced Fermi edge but no 1-eV peak in
ARPES. The electronic structure at these surfaces seems
to be more representative of the bulk, and BCS-type
modifications of the Fermi edge at low temperatures can
be detected.

We have performed a line-shape analysis of ARPES,
taken at low temperatures on two Y c(2X2)dominated
surfaces along the 1 -X( Y) azimuth. The 18 eV spectra
show a very sharp line close to EF with a peak intensity
of up to 40%%uo of the valence-band maximum. Additional-
ly, we could clearly resolve a second peak at a binding en-
ergy of about 200 meV. By comparison, only one broad
peak can be discerned in the 9 eV spectra. The spectra
show typical band-structure features, i.e., energy disper-
sion and strong intensity variations of the peaks with an-
gle of observation and photon energy. The 100 K spectra
show the Fermi edge expected for the metallic state.

Approximating the final state as that of the free elec-
tron, we can account qualitatively for the observed inten-
sity variations. Furthermore, adjusting the inner poten-
tial to 10.5 eV and considering the twinning of the crys-
tal, the E(k) extracted from the 18 eV spectra agrees well
with a recent LDA calculation. A quadratic increase of
the ARPES linewidth with the binding energy is compati-
ble with our results, indicating that the quasiparticles in
Y-Ba-Cu-0 form a normal Fermi liquid. This strong in-
crease of the linewidth with the binding energy suggests,
together with a possible narrowing of one experimentally
determined band, that electron correlations are important
in Y-Ba-Cu-O.
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