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Resolving CuO chain and CuO2 plane contributions to the YBa2Cu3O7−δ valence band by
standing-wave excited hard x-ray photoelectron spectroscopy
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We analyzed the valence band (VB) of the 90 K high-temperature superconductor YBa2Cu3O7−δ by
photoelectron spectroscopy under standing-wave excitation employing hard x rays. Precisely positioning the
standing-wave intensity in the unit cell allows selectively probing the VB yield from the CuO chains and
CuO2 planes, respectively. Both contribute strongly over the whole VB but the spectral weight of the planes
is significantly higher than the chains within about 2 eV from the Fermi level. In the x-ray regime, the major
contribution to the VB emission is coming from Cu 3d .
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I. INTRODUCTION

The electronic structure of the CuO chains and CuO2

planes largely determines the electronic properties of the
90 K superconductor YBa2Cu3O7−δ (YBCO) [1] (cf. Fig. 1).
Hole doping, described by the widely accepted Zhang-Rice
scenario [2], is commonly considered introducing supercon-
ductivity in the CuO2 planes. In the present communication
we use hard x-ray photoelectron spectroscopy (HAXPES) [3]
with standing-wave excitation to unravel the contributions of
the CuO chains and CuO2 planes to the valence band (VB)
of YBCO. By placing the maximum of the x-ray wave-field
intensity at the chain or plane position, the VB emission from
the corresponding site is enhanced, ultimately allowing the
decomposition of the VB in the contributions from CuO and
CuO2.

With the help of the x-ray standing wave (XSW) tech-
nique [4–6] chemical and electronic information can be
retrieved with structural resolution. It has been demonstrated
that using the XSW method, the contribution to the VB from
individual crystallographic sites can be resolved [7–10]. This
helps to understand the relationship between geometric and
electronic structure, which is crucial for complex materials
of current interest. The large probing depth of HAXPES
renders the photoelectron signal truly bulk sensitive, which
is particularly important for materials with large unit cells
such as YBCO.

The XSW, i.e., a planar interference field, is formed by the
incoming and outgoing x-ray beams during Bragg reflection.
The x-ray intensity in the unit cell of the reflecting crystal
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is thus modulated. According to the dynamical theory of
x-ray diffraction [11] (DTXD), the position of the XSW in
the unit cell can be manipulated. Minima and maxima of
the wave-field intensity shift when passing through the Bragg
reflection condition by scanning either the incident angle or the
energy and eventually exchange their position. Concomitantly
monitoring the photoelectron emission of particular chemical
species reveals their position within the unit cell of the
crystal [12]. High spatial resolution is obtained because the
dipole approximation [13] of the electron-photon interaction
is largely valid even for hard x rays and the photoelectron
is emitted from the core site of the atoms. The dipole
approximation holds pretty well even for VB electrons. This
was shown convincingly by the experiment of Woicik et al.
when investigating the XSW-excited VB emission from Cu
as well as from Ge and binary semiconductors [7]. The
XSW-excited VB emission allows us here to assign particular
density of states (DOS) of the YBCO VB to the CuO chains
and CuO2 planes. They are occupied by two species of the
same element, i.e., Cu(1) and Cu(2) (cf. Fig. 1), residing at
symmetry-inequivalent lattice sites.

II. YBCO STRUCTURE, ELECTRONIC STRUCTURE
AND X-RAY CROSS SECTIONS

The thirteen atoms in the orthorhombic unit cell of YBCO
occupy eight by symmetry nonequivalent lattice sites, i.e., one
barium, one yttrium, two copper, and four oxygen sites, as
indicated in the sketch of the unit cell shown in Fig. 1(a). The
partial DOS (pDOS) of YBCO for the different lattice sites has
been calculated by different technical approaches [14–18]. All
studies agree in the finding that the YBCO VB is composed
to ≈95% of Cu 3d and oxygen 2p states, with the strongest
contribution coming from the Cu states. Yttrium and barium
contribute only very little to the VB DOS. According to
the calculations, the pDOS of Cu(1) and Cu(2) are different
[14–18] with the pDOS of Cu(1) dominating at higher binding
energy (BE) �3 eV, with the notable exception of some
additional weight close to the Fermi level, and the pDOS of
Cu(2) dominating at lower BE [cf. Fig. 1(b)].
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FIG. 1. (Color online) (a) Structure of YBa2Cu3O7, space group
Pmmm, lattice parameter c = 1.168 nm. The fourfold oxygen
coordination of the chain Cu(1) sites and the in-plane Cu(2) sites
is shown shaded. (b) Calculated pDOS at the Cu(1) and Cu(2) sites
adapted from Larbaoui et al. [17]. Dotted lines: pDOS broadened by
0.75 eV to account for the experimental resolution.

The photoelectron intensity from the VB is proportional to
the local density of states (lDOS) and the photoelectric cross
section. The latter depends on element and electronic state,
specifically on the shape of the electron wave function close to
the core. The cross section is strongly energy dependent, which
offers a means to selectively enhance or suppress features
of specific elements and states in the VB yield. Here, the
excitation by hard x rays highlights the contribution of Cu 3d

states to the VB yield since the Cu 3d cross section is more
than a factor of ten larger than the O 2p cross section [19].

III. EXPERIMENTAL

The XSW HAXPES experiments were performed in the
UHV chamber of the undulator beamline ID32 [20] at the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The photoelectron analyzer was mounted in the hori-
zontal polarization plane of the beam at an angle of 45◦ with
respect to the polarization direction. The Si(111) monochro-
mator provided an energy resolution of �Eγ ≈ 1.4×10−4 ×
Eγ at the used x-ray energies Eγ , which dominated the overall
instrumental resolution. The used YBa2Cu3O7−δ twinned
single crystals with δ = 0.05 and typically 0.5 mm × 10 mm2

(thickness × area) had been grown by the traveling solvent float
zone technique [21]. When mounted strain-free to avoid lattice
distortions they were found earlier to be suitable for XSW mea-
surements [22]. However, in order to minimize the broadening
of the YBCO rocking curves, due to the mosaic spread of
the crystals, the XSW measurements were carried out at near-
normal incidence by scanning the energy of the monochroma-
tor. The samples were cleaved in the ab plane by blade in UHV.
They were cooled and kept at a temperature of <40 K during
cleaving and subsequent measurements [23]. The background
pressure was better than 10−10 mbar. Of the (001) surface
exposed by cleaving, a region of a few hundredths of mm2 was
used for the XSW/HAXPES measurements.

FIG. 2. Photoelectron core level spectra from a low-temperature
cleaved YBa2Cu3O7−δ single crystal with 3.73 keV excitation energy.

IV. EXPERIMENTAL RESULTS: CORE LEVEL ANALYSIS

In Fig. 2 typical photoelectron spectra from a cleaved
crystal are shown. The O 1s spectrum exhibits a characteristic
shoulder towards low BE and a tail on the high-BE side, as
has been reported previously for a clean surface [24]. YBCO
cleaves predominantly in the BaCuO3 plane [25] and the
asymmetry of the Ba 3d5/2 line was assigned earlier to BaO
surface termination of the cleaved crystal [26].

For the XSW measurements we utilized YBCO(00�) Bragg
reflections with � = 5, 6, 7 at around 2.661 keV, 3.193 keV,
and 3.725 keV, respectively [23]. Traversing the (00�) Bragg
reflections, the wave-field planes, which are parallel to the ab
planes of YBCO with a spacing c/�, move along the c axis
of the YBCO crystal. The x-ray photoelectron spectra were
recorded for a discrete set of excitation energies within the
range of reflection, i.e., for different positions of the XSW
within the YBCO unit cell.

In Fig. 3 the (005), (006), and (007) XSW results for
the integrated YBCO VB and core level yields are shown
and the visible strong modulations testify to the high spatial
resolution. It is well known that the satellite signal of the
Cu 2p3/2 peak shown in Fig. 2 originates from Cu in the
intrinsic bulk material exclusively, while the main peak can
also contain contributions from reduced Cu typically present in
nonintrinsic phases [27]. Thus, the XSW yield of the Cu 2p3/2

main peak and its satellite have been analyzed separately
(cf. Fig. 3). Quantitative results of the fits to the data [28]
in Fig. 3 corroborated the visual impression that the XSW
yield for the main peak and the satellite structure are
indistinguishable. This provides further proof of the absence
of extrinsic phases which could influence the VB yield [23].

According to the YBCO crystal structure, the XSW modu-
lation of the Y 2p3/2 emission is expected to be in counterphase
with the emission from the three other elements for the (005)
reflection. This is markedly reflected by the measurement,
since only the Y 2p3/2 curve is peaked clearly on the left
of the marker line in Fig. 3. For the (006) reflection all XSW
modulations are expected to be in phase, in agreement with the
experimental result, with the maxima of all curves clearly on
the right-hand side of the marker line. For the (007) reflection
the Y, Ba, and Cu curves are all peaked slightly to the right
of the marker line, whereas the oxygen curve is peaked slightly
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FIG. 3. Core and valence level XSW yield for YBCO(00�)
reflections at energies Eγ around Bragg energies EBr of 2.661, 3.193,
and 3.725 keV for � = 5, 6, and 7, respectively. Corresponding
rocking curves are shown on the bottom of the plots. Symbols
represent the Shirley background subtracted peak integral of the
corresponding electronic levels recorded in constant initial state mode
at the specific Eγ and lines are fits to the data based on the DTXD [11]
according to standard XSW procedure [6,28]. The movement of the
wave field (spacing of c/�) through the YBCO unit cell along the
c axis causes strong modulation of the electron yields. The curves
for the individual electronic levels, as labeled on the right-hand side,
are offset for clarity. Error bars are about the size of the symbols or
smaller.

to the left, since the signal from oxygen is indeed expected to
be in counterphase [23].

For the (005) and (006) reflections, Cu(1) and Cu(2) are
excited in phase and the Cu yield is strongly modulated. For
the YBCO(007) reflection the XSW maxima pass first the
Cu(1) and then the Cu(2) site when traversing the reflection
range by increasing the energy and Cu(1) and Cu(2) are
consequently excited in counterphase. Correspondingly, the
core level Cu signal originating from both Cu species is only
weakly modulated.

V. EXPERIMENTAL RESULTS: VALENCE
BAND ANALYSIS

Evidently, for all three reflections, the integrated emission
from the VB follows very closely the core level signal from
copper (and not oxygen), which was confirmed quantitatively
by the numerical results of the fit [23,28]. This proves that
the YBCO VB yield is dominated by the emission from the
Cu sites, as expected from the major contribution of Cu to the
DOS [14–18] and the fact that the cross section for Cu is much
larger than for oxygen in the x-ray regime.

The information about the site-specific contributions to the
valence yield is contained in the variation of the VB line
shape within the range of Bragg reflection. For the YBCO(007)

FIG. 4. (Color online) XSW results employing the YBCO(007)
reflection. VB yield curves (left diagram) recorded at four different
positions on the YBCO(007) rocking curve (right-hand diagram).
Wave-field maxima are on the Cu(1) and Cu(2) site at a and d,
respectively. VB spectra: Symbols are data and lines are guides to
the eye; the curves are normalized and offset on the vertical scale for
clarity. The inset shows the indicated top part of curve a (dashed) and
d (solid line) without offset on an enlarged scale with the size of the
error bars indicated. YBCO(007) rocking curve: Symbols are data
and line is fit to the data with the help of DTXD.

reflection VB spectra were recorded at four different photon
energies within the range of the (007) Bragg reflection. The
x-ray energy, i.e., the monochromator, was found to be reliable
within ±0.1 eV over the course of the measurement, which
took about two hours. Taking this possible error into account,
the instrumental resolution was better than 0.75 eV. Three
different measurements on two samples were carried out,
yielding equivalent results. The result of one measurement
is shown in Fig. 4. Because of variations of the intensity
of the beam on the sample, causing changes in the emitted
photoelectron intensity, the VB spectra are normalized. The
main shape of the VB, featuring two broad humps at around
2.5 eV and 4.5 eV binding energy, agrees well with published
data [29–32]. The yield at the Fermi edge is rather low, less
than 5% of the VB maximum [33].

The information about the precise position of the wave-field
maxima in the YBCO unit cell is encoded in the recorded
rocking curve signal. It can be retrieved by fitting a function
calculated with the help of the DTXD to the recorded
YBCO(007) reflectivity data [6,11]. The wave-field intensity
maxima in the unit cell move from Cu(1) to Cu(2) (Fig. 1)
when scanning from lower to higher energy (cf. Fig. 4). The
variations in the shape of the VB emission in response to
the movement of the interference field are weak but clearly
distinguishable. With the maxima at Cu(2) there is larger
spectral weight close to the Fermi level whereas with the
maxima at Cu(1) there is a slight increase in intensity at higher
BE, as the inset in Fig. 4 shows more clearly.

VI. XSW DECOMPOSITION OF THE VALENCE
BAND YIELD

With the help of the site-specific XSW excitation, the
recorded spectra can be decomposed into local yields from
the CuO chains and the CuO2 planes by a straightforward
procedure. We assume that the VB photoelectron yield is
dominated by emission from Cu. Thus, the VB yield from
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FIG. 5. (Color online) XSW analysis of the contributions of
Cu(1) (chains) and Cu(2) (planes) to the YBCO VB emission
determined from the XSW data recorded for the YBCO(007)
reflection shown in Fig. 4 (upper diagram) compared with the
calculated pDOS from Fig. 1(b) (lower diagram) broadened by 1.2 eV,
which is 50% larger than the instrumental resolution of 0.75 eV. In a
heuristic approach, both diagrams are shifted relative to each other to
better align the weight of the spectra.

electrons with BE EB excited by the (007) XSW can be to
very good approximation written as [7]

Y (EB) ∼ p1(EB) · σ1[1 + R + 2
√

R cos(v + h · r1)]

+p2(EB) · σ2[1 + R + 2
√

R cos(v + h · r2)]. (1)

In this equation, p1,2(EB) is the site-specific DOS, or local
DOS of the valence electrons with EB at the position of
the Cu(1) and Cu(2) atoms r1 and r2, respectively, R is the
YBCO(007) reflectivity, v is the phase of the XSW, which
changes by π rad when passing the Bragg reflection, and h is
the (007) diffraction vector. We assume that the photo cross
section σ1,2 = f (EB,Eγ ) for both copper atoms is constant
over the ≈8 eV range of binding energies. Consequently,
measuring Y (EB) for two values of v suffices for determining
p1,2σ1,2 as a function of EB by numerically solving the two
equations. Furthermore, it is legitimate to assume that σ1 = σ2.
The (normalized) site-specific density of states of Cu(1) and
Cu(2) obtained in this way from the data shown in Fig. 4 using
four values of v for a best fit is shown in Fig. 5.

VII. DISCUSSION OF RESULTS

Because the VB spectra were normalized for the analysis,
only the shape and not the total intensity of the lDOS can be
interpreted. The VB lDOS shown in Fig. 5 becomes similar

to the calculated pDOS shown in Fig. 1, when the latter is
broadened beyond the experimental resolution, by 1.2 eV as
shown in the lower panel of Fig. 5. With two characteristic
maxima, in particular the shape of the pDOS of Cu(1) is
reasonably well reproduced, but the experimental lDOS shows
less structure. For both Cu species the experimental lDOS is
much broader with an almost flat top in the range of about
2 to 5 eV binding energy. The experimental lDOS cannot be
brought into agreement with the theoretical prediction. The
two characteristic maxima for Cu(1) and Cu(2) are almost
1 eV further apart, since the lDOS of Cu(2) is shifted to lower
binding energy, i.e., closer to the Fermi edge with respect to
Cu(1).

We can think of several reasons for the broader features in
the experimental lDOS such as (1) experimental deficiencies,
(2) broadening due to photoelectron recoil, or (3) final state
effects. We believe that we can largely exclude experimental
issues. The width of the lDOS (and the VB) exceeds the
experimental resolution by far and three different measure-
ments on two samples gave the same results. Furthermore,
our overall VB shape with relatively sharp upward and
downward slopes agrees well with the findings of earlier
experimental studies [29,30,32]. Photoelectron recoil can
account for a broadening �E (≈Eγ × me/MCu), which is
about 30 meV and thus practically insignificant. Previous XSW
investigations of the VB yield of correlated transition metal
oxides had also shown significantly broadened features com-
pared to the calculated pDOS, reflected by a pronounced tail of
the experimental “lDOS” to higher binding energy. This was
properly explained by final state effects and good agreement
with theory was achieved by convoluting the calculated pDOS
with a Doniach-Šunjić line shape [8]. Such final state effects
cannot fully explain the deviation of Cu(1) and Cu(2) partial
yields from the theoretical pDOS. The experimental spectra
are broad but with and almost trapezoidal shape, relatively
steep flanks, without significant tail to higher binding energy.
Other, yet not considered factors in the electron emission
process may be responsible for the observed shape of the
partial yields. However, we are tempted to suspect that also the
theoretical description of the ground state electronic structure
of YBCO may need to be revisited. This is additionally
strongly suggested by the fact that the experimental lDOS
of Cu(2) exceeds the lDOS of Cu(1) considerably at lower
binding energy, which is not predicted by the calculations.

VIII. VALENCE BAND INVESTIGATION
WITH SOFT X-RAYS

Before summarizing we should mention that we also
performed XSW PES measurements using the (001) reflection
with soft x-rays (0.564 keV) at a Bragg angle of 70◦. The results
turned out not to be reliable since the VB shape was found to
be not reproducible to the accuracy needed (see Supplemental
Material [23]), which was required to be higher than for the
(007) reflection because of an about five times lower reflectiv-
ity and thus much smaller changes in the VB shape introduced
by the XSW movement. Owing to the small electron escape
depth (≈1 nm), minor changes in the electron escape angle
and/or of the position of the beam on the sample caused
changes of the VB shape, overshadowing those induced by the
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XSW movement. It is known that the vacuum-cleaved surface
is not homogeneous, owing to different terminations [34],
and Ba 5p surface components can be observed [26,32].
Furthermore, the electronic structure of the near-surface region
of the cleaved YBCO will be affected simply by the truncation
of the crystal. Because of the large c-axis lengths of the YBCO
of 1.2 nm, a larger electron escape depth (around 4 nm at
3.7 keV) appears to be mandatory for avoiding any influence of
the surface on the electron yield recorded from YBCO crystals.

IX. CONCLUSIONS

In conclusion, we used the XSW technique in combination
with HAXPES to analyze the VB structure of YBCO. By
positioning the YBCO(007) interference field properly, we can
selectively identify the emission from two different lattice sites
of the same element, here Cu. Thus the VB XSW technique
is complementary to resonant VB photoelectron spectroscopy,
which is element specific, but would not be able to distinguish
between the two Cu species in this case. As expected, the
YBCO VB emission is dominated by Cu 3d states in the x-ray
regime, but unexpectedly both Cu species contribute strongly
over the whole width of the VB and the plane Cu(2) contributes
closer to the Fermi level more spectral weight than predicted
by existing calculations. A minor contribution from oxygen

to the yield would not change the overall interpretation since
O(1) and O(4) are strongly hybridized with Cu(1) and are for
the (007) reflection in phase with Cu(1) whereas O(2) and
O(3) are hybridized and emit in phase with Cu(2) [14–18].
Thus, close (≈1 eV) to the Fermi level the electronic states
of YBCO appear to be localized, in agreement with the
conclusions of an ARPES study performed on CuO-chain and
CuO2-plane terminated terraces of YBa2Cu3O8 [34]. XSW
measurements using the YBCO(001) reflection at around
565 eV were not successful which demonstrates that, even
when the surface is clean, care is needed when interpreting
the VB spectra of materials with such a large unit cell.
Finally we would like to mention that with significantly better
instrumental resolution (<100 meV) it should be possible to
test the origin of the electronic states and quasiparticles right
at the Fermi level which are responsible for transport and
superconductivity.
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