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Abstract. In recent years insight has been gained into the electronic structure of layered cuprates using
angle-resolved photoelectron spectroscopy. In many of these studies it is assumed that the electron-photon
matrix element follows the trends set by the atomic photoionization cross sections and does not influence
lineshape, dispersion and the k-dependence of the spectral intensity. In this study using Sr2CuO2Cl2 as
an example it will be shown that the electron-photon matrix element can have a strong impact on both
strength and shape of a feature in an angle-resolved photoelectron spectrum of a layered cuprate which can
strongly affect information on character and the momentum-dependence of the energy and spectral weight
of a state deduced from the spectra. The results of this study put an emphasis on the need to employ
the whole parameter range of the ARPES method to get reliable information on the spectral function of
cuprates for which purpose synchrotron radiation is an uniquely suited tool.

PACS. 74.72.Jt Other cuprates – 79.60.-i Photoemission and photoelectron spectra – 74.25.Jb Electronic
structure

1 Introduction

Recently angle-resolved photoelectron spectroscopy
(ARPES) has played an important role in the study
of layered cuprate compounds as, for example, the
high-temperature superconductors. Results obtained by
ARPES are, for example, the existence of a Fermi surface
in the normal state compatible with the Luttinger theo-
rem [1–3] and the observation of the superconducting gap
and its anisotropy, as well as a gap in the normal state
in the underdoped regime [4–8]. One of the appealing
features of ARPES is that the spectral intensity of an
electron distribution curve (EDC) is directly proportional
to the electron-photon matrix element weighted spectral
function [9]. Direct insight into the character, symmetry,
dispersion and lineshape of the single-electron excitations
can therefore be gained which currently is not possible
with any other experimental method. ARPES also
allows a direct comparison to theoretical models, as the
spectral function is directly proportional to the imaginary
part of the one-electron Greens function of many-body
theory [10].

Nonetheless, one has to stress that the spectral inten-
sity observed in an EDC is proportional to the electron-
photon matrix element weighted spectral function and not
the spectral function itself. In many ARPES studies of
layered cuprates it is assumed that the matrix element
follows the trends given by the atomic photoionization
cross sections although calculations suggest that the re-

lationship between ARPES intensities and the underlying
electronic structure can be quite complicated for a layered
cuprate [11]. In the following, using angle-resolved photo-
electron spectra of Sr2CuO2Cl2 as an example, it will be
experimentally demonstrated that for layered cuprates the
electron-photon matrix element can have a significant im-
pact on the relative spectral intensity and the shape of a
feature in an ARPES spectrum which can strongly affect
the information on character and the momentum depen-
dence of energy and spectral weight of a band deduced
from the ARPES spectra.

The paper is organized as follows: Firstly, information
on Sr2CuO2Cl2 relevant for an understanding of this study
is given. Then our experimental procedures will be de-
scribed. The remainder of the paper is devoted to a dis-
cussion of the impact of the electron-photon matrix ele-
ment on information on the electronic structure of layered
cuprates which can be gathered using ARPES: the charac-
ter of a state using the dependence of the photoemission-
intensity related to the particular state under considera-
tion on photon energy, the k-dependence of the spectral
weight and the lineshape and dispersion of an excitation.

2 Why Sr2CuO2Cl2?

Sr2CuO2Cl2 was chosen as it can be regarded as a model
system for the physics of layered cuprates having CuO2

planes as their fundamental building block. Sr2CuO2Cl2
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Fig. 1. ARPES VB spectra of Sr2CuO2Cl2 recorded along the
Γ to (π,0) direction in k-space using 24 eV photon energy.
Left panel: full VB. Right panel: expanded-scale plot of the
lowest-lying states.

is closely related to the undoped parent compounds of
the high-temperature superconductors as it is also an an-
tiferromagnetic insulator having a Néel temperature of
255 K [12]. The CuO2 planes in Sr2CuO2Cl2 are undoped
(half-filling); therefore the spectral intensity in an EDC
related to the CuO2 plane gives information about the
dynamics of a single hole (the hole created by photoion-
ization) in a CuO2 plane. The ARPES experiments in
this study were performed at 300 K. Although there is no
long-range antiferromagnetic order at room temperature
in Sr2CuO2Cl2, the antiferromagnetic correlation length
is still two orders of magnitude larger than the Cu-O dis-
tance [12]. Therefore photoemission, as a fast and local
probe, still sees the effect of antiferromagnetic order even
50 K above the Néel temperature [13].

The dynamics of a hole in a two-dimensional antiferro-
magnetic background is of fundamental interest itself and
there have been numerous theoretical [14] and experimen-
tal [13,15–18] studies of this subject. Of primary interest
are the lowest lying states split-off from the main VB,
the so-called first electron-removal states, which, accord-
ing to most theoretical results, should be comprised of a
low binding energy quasiparticle peak ascribed to the so-
called Zhang-Rice singlet [19] (ZRS) followed by incoher-
ent spectral weight at higher binding energy due to quasi-
particle dressing [14]. The first electron-removal states of
Sr2CuO2Cl2 indeed show a well-developed low binding en-
ergy peak followed by additional spectral weight at higher
binding energies for k-vectors along the Γ to (π,π) direc-
tion of the first Brillouin zone (BZ) of the CuO2 plane [20].
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Fig. 2. ARPES VB spectra of Sr2CuO2Cl2 recorded along the
Γ to (π,π) direction in k-space using 24 eV photon energy.
Left panel: full VB. Right panel: expanded-scale plot of the
lowest-lying states.

In contrast to most other layered cuprates, ARPES spec-
tra of Sr2CuO2Cl2 also show a very structured main VB
(see Figs. 1 and 2) and even an assignment of features
of the main VB spectra to individual bands is possible
[21,22]. In this work we will not further elaborate on the
physics behind the VB electronic structure of Sr2CuO2Cl2
but rather use both the lowest-lying, as well as the main
VB states, for a study of the impact of the electron-photon
matrix element on ARPES spectra of layered cuprates.
The VB states of Sr2CuO2Cl2 are well-suited for this pur-
pose since there are no complications due to apical oxygen
atoms as in La2−xSrxCuO4, no states derived from Cu-
O chains as in YBa2Cu3Ox, no superstructure effects as
in Bi2Sr2CaCu2O8 (BSCCO) and, finally, no Fermi energy
cut-offs given the insulating nature of this material.

3 Experimental

The angle-resolved photoelectron spectra were recorded in
the EDC or constant-initial-state (CIS) modes of photo-
electron spectroscopy on the storage ring, Aladdin, at the
University of Wisconsin-Madison Synchrotron Radiation
Center, on the Ames Laboratory/Montana State Univer-
sity ERG/SEYA beamline. A 50 mm radius hemispheri-
cal analyzer having a 2◦ full angular acceptance angle was
used which corresponds to a k-resolution of 0.06 Å−1 and
0.16 Å−1 (5% and 14% of the distance between Γ and
(π,π)) for states of 1 eV binding energy and 20 and 90 eV
photon energy, respectively. EDC spectra of the full VB
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and CIS spectra were recorded using 15 eV pass energy
while for the first electron-removal states 10 eV pass en-
ergy was used. The total energy resolution was 102 and
115 meV for 20 and 35 eV photons, respectively, for 10 eV
pass energy. For 15 eV pass energy the total energy resolu-
tion was 151 and 340 meV for 20 and 90 eV photon energy,
respectively. The angle of incidence of the photons was
∼40◦ with respect to the sample surface normal with the
electric field vector being polarized in a horizontal plane.
The Sr2CuO2Cl2 single crystals were grown as described
elsewhere [23]. The samples were oriented ex situ by Laue-
backscattering and mounted with the Cu-O oxygen bonds
in a horizontal/vertical plane. The samples were cleaved
(cleavage plane parallel to CuO2 planes) in the experi-
mental chamber in a vacuum better than 6 × 10−11 torr
and the sample alignment was confirmed in situ by us-
ing the symmetry of the dispersion of spectral features
at high-symmetry points. All EDC and CIS spectra were
recorded at room temperature and were normalized to the
photon flux. The Fermi edge of a platinum foil in electri-
cal contact with the sample was used as binding energy
reference. EDC’s recorded at a given k-vector and photon
energy showed no dependence of the binding energy and
lineshape on photon flux for an individual sample. We ob-
served overall shifts of the binding energy scale of∼0.1 eV
between different samples. This may be due to changed
charging conditions for different samples but can be also
another manifestation of matrix element effects as the an-
gle of the sample surface normals with a horizontal plane
varied from +10◦ to −10◦ for different samples which can
have an influence on the spectra via the electron-photon
matrix element. Nonetheless, we want to stress that the
effects discussed in the following were reproducibly ob-
served (besides the aforementioned overall energy shift)
on four samples and that in our discussion we will only
directly compare spectra which were recorded using the
same sample and sample cleave.

4 Results and discussion

Before we describe our results in detail, we want to con-
vince the reader that our Sr2CuO2Cl2 ARPES spectra
were not recorded using extraordinary samples, or sam-
ple cleaves, and that they are consistent with all previ-
ous ARPES data on Sr2CuO2Cl2 or the closely related
Ca2CuO2Cl2 [13,15–17,21,22]. Figures 1 and 2 show full
VB spectra of Sr2CuO2Cl2 (sample A, sample surface nor-
mal +10◦ off a horizontal plane) for 24 eV photon energy
along the Γ to (π,0) and Γ to (π,π) directions in k-space,
respectively. Note the split-off first electron-removal states
and the main VB between 2 and 7 eV. Comparing to pre-
vious results, which were recorded using different photon
energies and/or emission plane-polarization plane geome-
tries than used in recording the data presented in Figures 1
and 2, we notice that there is qualitative agreement both
for the first electron-removal states as well as for the main
VB: for k-vectors from Γ to (π,π), for example, we observe
a distinct low energy peak for the first electron-removal
states which has its lowest binding energy at ∼(π/2,π/2)

and the majority of its spectral intensity for k-vectors be-
fore (π/2,π/2) as reported in the literature. Along Γ to
(π,0) we also observe the first electron-removal states to
have the form of a broad peak which can only be observed
in a range of k-vectors from ∼50% to ∼85% of the dis-
tance between Γ and (π,0) and which has its maximum
spectral intensity at ∼70% of the distance between Γ and
(π,0). And in the main VB, peaks due to the non-bonding
O 2p states reported in references [21,22] at Γ , (π,0) and
(π,π) can be easily identified at ∼2.75/3.75, ∼3.7 and
∼2.2 eV, respectively. Nonetheless, in the following we
will show that despite the good overall agreement between
data sets recorded using different photon energies and/or
emission plane-polarization plane geometries they differ in
such important aspects as, for example, spectral intensity
as a function of k and lineshape of a feature due to the
electron-photon matrix element.

4.1 Photon energy dependence of the intensity
of main VB features of Sr2CuO2Cl2

In photoelectron spectroscopy information about the char-
acter of a state can be gained by studying the intensity of
emission from that state as a function of photon energy. If,
for example, the photoemission intensity from a state as a
function of photon energy qualitatively resembles that of
the atomic Cu 3d photoionization cross section, one would
assert that this state is derived from Cu 3d orbitals. In a
solid the final state reached upon photoexcitation can be
quite different from a free electron parabola, especially for
small excitation energies. It is therefore not unexpected if
the photoemission intensity from a certain initial state of
a solid fails to follow the trends set by the atomic pho-
toionization cross section of the contributing orbitals. For
BSCCO and YBa2Cu3O6.9 it was previously noticed that
for some photon energies the photon energy dependence
of the emission at the Fermi level cannot be described by
a superposition of the O 2p and Cu 3d atomic photoion-
ization cross sections [24] although no resonant channel is
involved.

In order to achieve a reasonable k-resolution, ARPES
experiments on layered cuprates are generally performed
using photon energies from 15 up to 80 eV. Typically it
is assumed that for these relatively high energies the final
state reached upon photoexcitation is a continuum with
minimal structure. It is expected then that atomic pho-
toionization cross sections should be capable of describing
the variation of the intensity of a spectral feature at least
in a qualitative manner. To test this assumption we looked
at the photon energy dependence of the spectral inten-
sity of some well understood features in the main VB of
Sr2CuO2Cl2 at normal emission.

Figure 3 shows VB ARPES spectra of Sr2CuO2Cl2
(sample A) recorded at normal emission for 20, 22 and
24 eV photon energy. Figure 4 presents VB ARPES spec-
tra (sample A) recorded at normal emission from 40 to
80 eV photon energy. In the main VB four spectral fea-
tures can be observed for all photon energies (labeled A,
B, E and F) at ∼2.65,∼3.7, ∼5.4 and ∼6.15 eV. For 20 eV
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Fig. 3. VB ARPES spectra of Sr2CuO2Cl2 recorded at normal
emission for 20 to 24 eV photon energy. Features in the main
VB are denoted by letters A to F. For 20 eV photon energy
a peak due to the Cl M1VV Auger is observed at ∼8.2 eV
binding energy.

photon energy two more features are visible which com-
prise shoulders (labeled C and D) at the low binding en-
ergy side of peak E at ∼4.5 and ∼4.85 eV. There are
small changes in the positions of the peaks with photon
energy (∼0.2 eV for photon energies from 20 to 80 eV). It
has been already demonstrated in reference [22] that the
main VB features in the ARPES spectra of Sr2CuO2Cl2
can be successfully assigned to individual bands if corre-
lation effects are appropriately accounted for in the band
structure calculation. At Γ and for the emission plane-
polarization plane geometry used in our experiment, for
example, the calculation predicts features in the main VB
of Sr2CuO2Cl2 at 2.69, 3.69, 4.58, 4.92, 5.57 and 5.88 eV
which are in good agreement with the positions of fea-
tures A to F in Figure 3. According to reference [22] peak
A is then due to a state which is nearly completely de-
rived from in-plane O 2p orbitals while feature B is an
out-of-plane state due to O 2pz (57%) and Cl 3pz (43%)
orbitals. Feature C is derived mostly from Cu 3d3z2−r2

(64%) and Cl 3pz (33%) orbitals, feature D is dominated
by in-plane Cu 3d orbitals while peak E is due to another
nearly “pure” O 2p state. Finally, feature F can be as-
signed to a state predominantly derived from out-of-plane
Cu 3d (Cu 3d 80%, Cl 3p 20%) orbitals.

Let us look now at the photon-energy dependence of
the spectral intensity of features A to F. In the range from
20 to 24 eV photon energy, all features except peak E lose
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Fig. 4. VB ARPES spectra of Sr2CuO2Cl2 recorded at normal
emission for 40 to 80 eV photon energy. Features in the main
VB are denoted using the same notation as in Figure 3. Note
that the 75 and 80 eV spectra are on a different y-scale.

intensity on going from 20 to 24 eV, with the effect es-
pecially marked for peaks B, C and D. The ratio of the
atomic Cl 3p, O 2p and Cu 3d photoionization cross sec-
tions is 2 : 1 : 0.7 at 20 and 0.5 : 1 : 0.8 at 25 eV with a
strong decrease of the Cl 3p and a slight decrease/increase
of the O 2p/Cu 3d cross section from 20 to 25 eV pho-
ton energy [25]. The atomic cross sections can explain
the strong decrease of the spectral intensities of peaks
B and C (which both have significant Cl 3p character)
and the decrease of the intensity of feature F (which has
non-negligible contributions from Cl 3p orbitals) on go-
ing from 20 to 24 eV photon energy. The fact that there
is not a lot of change in the intensity of feature E also
follows the trend set by the atomic photoionization cross
sections as it is predominantly derived from O 2p orbitals.
It is, on the other hand, not possible to understand the
significant decrease of the spectral intensity of feature A
(derived from O 2p orbitals) and the vanishing of feature
D (predominantly derived from Cu 3d orbitals) from 20 to
24 eV photon energy in terms of the O 2p and the Cu 3d
atomic photoionization cross sections.

It was shown that for photon energies varying from 20
to 24 eV, at least some trends in the development of the
spectral intensities of the main VB features in the normal
emission spectra can be rationalized using atomic Cl 3p,
O 2p and Cu 3d photoionization cross sections. This is
no longer the case in the photon energy range from 50 to
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Fig. 5. Sr2CuO2Cl2 CIS spectra (lines with symbols) of states
in the main VB recorded at normal emission. The states under
consideration are denoted using the same notation as in Fig-
ure 3. Calculated atomic Cu 3d (solid line), O 2p (dashed line)
and Cl 3p (dotted line) photoionization cross sections [25] are
shown for comparison. Note that both the CIS spectra and the
photoionization cross sections are vertically offset and that the
Cl 3p cross section is on a different y-scale.

90 eV. Figure 5 presents CIS spectra recorded at normal
emission for initial-state binding energies corresponding to
features A, B, E and F in Figure 4 from 50 to 90 eV pho-
ton energy. Also shown are the calculated atomic Cl 3p,
O 2p and Cu 3d photoionization cross sections from ref-
erence [25]. It is evident that the CIS spectra cannot be
reproduced by a linear combination of the atomic pho-
toionization cross sections. It may look like the CIS spec-
tra recorded for initial states corresponding to features A
and B follow the Cl 3p cross section. But note that the
Cl 3p cross section is an order of magnitude smaller than
the O 2p and Cu 3d cross sections in this range of photon
energies. Only if features A and B were nearly purely de-
rived from Cl 3p orbitals, which is evidently not true for
feature A and especially not for feature B, would it be ex-
pected that CIS spectra A and B would resemble the Cl 3p
photoionization cross section. The CIS spectra of features
E and F bear no resemblance to the atomic cross sections
but show spectral structures which are not present in the
latter.

It is not possible to explain this spectral structures
with a Cu 3p to Cu 3d resonance as for VB states of
a cuprate the Cu 3p to Cu 3d resonance leads to a dip
in the CIS intensity located at ∼74 eV photon energy

[26,27]. No such dip at 74 eV photon energy is observed
in Figure 5. Furthermore, we have to note that only ini-
tial state F has appreciable Cu 3d character and that the
deviations from the atomic photoionization cross sections
are not limited to the vicinity of 74 eV. One could argue
that we are not looking at one and the same state for
normal emission and fixed binding energy while varying
the photon energy since the k-component perpendicular
to the cleavage plane increases with photon energy (kinetic
energy of the photoelectron). If the initial state under con-
sideration has dispersion along the Γ -(0,0,π) direction in
k-space some change of the character of the state with the
momentum component perpendicular to the CuO2 planes
is possible. It is then not expected that the photon energy
dependence of the spectral intensity of a feature will be
just a linear combination of the atomic photoionization
cross sections of the corresponding orbitals with constant
coefficients. But as aforementioned, the maximum disper-
sion of a feature in the normal emission VB spectra of
Sr2CuO2Cl2 was only ∼0.2 eV in the photon energy range
from 20 to 80 eV. Moreover, it is not only for features
which are hybridized with chlorine orbitals (e.g. features
B and F), and for which a dispersion along Γ -(0,0,π) is
expected, that the development of the spectral intensity
as a function of photon energy is not compatible with the
atomic photoionization cross sections of the corresponding
orbitals. Features A, D and E, which are purely derived
from in-Cu-O-plane orbitals, show the same effect.

Photoelectron diffraction can lead to photoemission in-
tensity variations as a function of photon energy. Firstly,
we have to stress that in angle-resolved mode (±1◦) and
normal-emission geometry only forward- or backward-
scattering can scatter photoelectrons into the detector.
Assuming that the cleavage plane is in the Sr2Cl2 blocks
and keeping the small penetration depth of electrons in
mind we can limit the discussion to the top Sr2Cl2 and
CuO2 layers. There is no atom directly on top of an oxygen
atom. There is therefore no chance that photoelectrons
originating from an oxygen orbital are scattered into the
detector. Consequently, photoelectron diffraction should
have no influence on the CIS spectra for initial states A
and E which are purely oxygen-derived. Chlorine atoms
are on top of copper atoms. Photoelectrons from copper
orbitals can then be forward-scattered into the detector
which may explain the spectral structures in the CIS spec-
tra of initial state F (predominantly Cu 3d-derived). Scat-
tered photoelectrons from chlorine orbitals, on the other
hand, can reach the detector only via backward-scattering
at copper atoms which has a small amplitude. It is there-
fore doubtful that the deviations of the CIS spectral in-
tensity of initial state B (partly derived from chlorine
orbitals) from the corresponding atomic photoionization
cross sections is due to photoelectron diffraction.

It is therefore reasonable to conclude that it is pre-
dominantly final state effects of the electron-photon ma-
trix element 〈i|p ·A|f〉 (〈i|: initial state, p photoelectron
momentum, A: vector potential, |f〉: final state) which is
responsible for the spectral intensities of the VB features
of the normal emission spectra of Sr2CuO2Cl2 deviating
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Fig. 6. First electron-removal states of Sr2CuO2Cl2 for k-
vectors from Γ to (π,π) recorded using 22 (left panel) and
35 eV (right panel) photon energy. The k-vectors are given
in % of the distance between Γ and (π,π).

from the trends set by the atomic photoionization cross
sections. The final states are not a structureless continuum
even for energies 80 eV above the chemical potential.

4.2 Relative intensity and lineshape of the first
electron-removal states of Sr2CuO2Cl2 as a function
of k

In the preceding section it was shown that for Sr2CuO2Cl2
the electron-photon matrix element can have a signifi-
cant influence on the photon energy dependence of the
ARPES spectral intensity of a VB feature for photon en-
ergies which are typical for ARPES experiments on lay-
ered cuprates. In the following, using the first electron-
removal states of Sr2CuO2Cl2 as an example, we want
to demonstrate that for a layered cuprate the electron-
photon matrix element can also have a strong impact on
the k-dependence of the spectral intensity of an ARPES
feature as well as on its lineshape which also has an influ-
ence on the dispersion relation deduced from the spectra.

Figure 6 presents the first electron-removal states of
Sr2CuO2Cl2 for k-vectors along the Γ to (π,π) direction
in k-space recorded using 22 and 35 eV photon energy
(sample B, sample surface normal in horizontal plane). A
distinct low energy peak is observed for each photon en-
ergy and the k-dependence of the binding energy and the
intensity of the peak maximum are displayed in Figure 7.
It is evident from Figures 6 and 7 that there are remark-
able differences in both the dependence of the spectral
intensity on k and the dispersion of the low energy peak
between the different series of ARPES spectra. As men-
tioned earlier, for 22 eV photon energy the low energy
peak maximum has its lowest binding energy (∼0.84 eV)
at ∼(π/2,π/2) and the majority of its spectral intensity
for k-vectors before (π/2,π/2). The maximum of the spec-
tral intensity is at ∼40% of the distance between Γ and
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maxima (right panel) of the first electron-removal states of
Sr2CuO2Cl2 for k-vectors from Γ to (π,π) deduced from the
spectra recorded at 22 (solid circles) and 35 eV (open circles)
photon energy.

(π,π). For 35 eV photon energy we observe both differ-
ences in the relative strength of the peak and its shape
with the latter leading to a dispersion which is different
when compared to that deduced from the 22 eV data. For
35 eV photon energy, for example, there is no well devel-
oped peak at (π/2,π/2) but only for k-vectors between
(0.26π,0.26π) and (0.43π,0.43π) while for 22 eV photon
energy a distinct peak is observed from (0.29π,0.29π) up to
(0.58π,0.58π). The maximum of the spectral intensity is at
a smaller k-value than for 22 eV photon energy (at ∼30%
of the distance between Γ and (π,π)) and the dispersion
of the low energy peak deduced from the 35 eV ARPES
spectra has its minimum binding energy (∼0.89 eV) at
∼(0.39π,0.39π) and not at (π/2,π/2). Note that from the-
ory it is expected that the ZRS has its minimum binding
energy along Γ to (π,π) at (π/2,π/2) [14]. If one assumes
that the ARPES spectral intensity is a perfect image of
the spectral function, these results are surprising since the
ARPES spectra presented are equivalent in the sense that
they show the lowest lying excitations associated with the
motion of a hole in an antiferromagnetically ordered CuO2

plane for k-vectors along the Γ to (π,π) direction in the
first BZ, i.e. the underlying spectral function is the same.
In the following we will discuss possible reasons for the
observed differences.

We can exclude sample variability as a reason for
the observed differences as the spectra presented in Fig-
ure 6 were recorded using the same sample and sam-
ple cleave in one experimental run. The lack of a well-
developed peak in the 35 eV first electron-removal states
after (0.43π,0.43π) can not be due to aging of the sample
as the spectra were recorded in the order (0.60π,0.60π)
first – (0.17π,0.17π) last. As mentioned earlier, our data
are in qualitative agreement with all previously published
Sr2CuO2Cl2 ARPES results recorded for 22.4 [13] and
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25 eV photon energy [15]. This also excludes, besides our
experimental precautions, the possibility of a misalign-
ment of the samples. Charging can shift spectral inten-
sity to higher binding energy and severly distort spectra,
so one could argue that the fact that in the 35 eV ARPES
spectra the peak maximum shifts back to higher binding
energy before (π/2,π/2) and also the lack of a distinct
peak at k-vectors where one such is observed in the 22 eV
data is caused by charging. But note that the maximum
photon flux during recording of the 35 eV ARPES spectra
was still 6 times lower than the minimum photon flux dur-
ing recording of the 22 eV data, so we would then expect
to observe such effects in the 22 eV ARPES spectra too,
which is not the case.

From the foregoing discussion we can conclude that the
spectra truly represent the low binding energy ARPES re-
sponse of Sr2CuO2Cl2 from Γ to (π,π) at 22 and 35 eV
photon energy. As the underlying spectral function is the
same in all cases, we cannot explain our ARPES data
without involving the electron-photon matrix elements.
And indeed, the series of EDC’s presented differ in the
photoelectron momentum vector p and the final state |f〉
and maybe also the initial state 〈i| (see next paragraph)
of the photoexcitation process, factors which affect the
electron-photon matrix element. It could be possible that
dependent on, for example, photon energy, we would see
different initial states but with the shape of the corre-
sponding features in the ARPES spectra and their relative
intensities as a function of k being representative of the
spectral function. In this case we can explain the differ-
ences between the 22 and the 35 eV Γ to (π,π) spectra,
for example, with the peaks observed in the first electron-
removal states of Sr2CuO2Cl2 for 22 and 35 eV photon
energy each having a different physical origin. But as men-
tioned earlier, up to now most authors ascribe the peak
evident in the first electron-removal states of Sr2CuO2Cl2
or Ca2CuO2Cl2 to one excitation, the ZRS. It was sug-
gested that a hole in an antiferromagnetically ordered Cu-
O plane can decay into spinons and holons as it is the case
in one dimension [28]. But the spectral function predicted
by the “two-dimensional spinon-holon model” does not
show two different peak-like structures but only one peak
due to an attractive spinon-holon interaction for k-vectors
from Γ to (π,π) and a step-like feature for k-vectors from
Γ to (π,0) in contradiction to the experimentally observed
broad peak (see right panel of Fig. 1). We have to conclude
that according to current knowledge, the first electron-
removal states of Sr2CuO2Cl2 have to be assigned to a
ZRS, i.e. one initial state.

It should be evident now that there is no way to under-
stand the differences between the 22 and 35 eV Γ to (π,π)
ARPES spectra of Sr2CuO2Cl2 without at least assuming
that the relative intensity of the ZRS peak in the spectra is
strongly affected by the electron-photon matrix element.
This is also in agreement with the previously mentioned
theoretical results of reference [11] for the ARPES inten-
sities of BSCCO. It still remains to be clarified why the
shape of the EDC’s of the first electron-removal states of
Sr2CuO2Cl2 is different for a given k-vector using 22 or
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Fig. 8. First electron-removal states of Sr2CuO2Cl2 at k
∼(π/2,π/2) recorded using 22 (solid circles) and 35 eV (open
circles) photon energy. The spectra are on a different intensity
scale for comparison.

35 eV photon energy, which also leads to differences in the
dispersion relations deduced from the spectra (Fig. 7).

Let us first summarize some possible reasons for this
effect which would not be related to the electron-photon
matrix element. Firstly, it could be argued that the peak
dispersion could be dependent on the momentum compo-
nent perpendicular to the cleavage plane. But it should
be emphasized that for a ZRS it is not expected that
its dispersion is dependent on the momentum component
perpendicular to the CuO2 planes (parallel to cleavage
plane) [14]. Another reason could be the background as
the ZRS peak sits on a step-like feature which is also
observed in the ARPES spectra of the high-temperature
superconductors and whose origin is currently unknown.
This step-like feature could influence the shape and the
position of maximum intensity of the peak ascribed to the
ZRS. But judging from spectra where there is no ZRS
peak present there seems not to be a lot of change of the
shape of this background on going from Γ to (π,π) for the
22 and 35 eV data. The k-dependent change of the loca-
tion of the maximum of the ZRS peak should therefore
not been influenced significantly by the background.

On the other hand, there is an explanation of the dif-
ferences in lineshape and dispersion of the Sr2CuO2Cl2 22
and 35 eV ARPES spectra along Γ to (π,π) if one accepts
that the electron-photon matrix element can influence the
shape of an individual EDC. In Figure 8 the first electron-
removal states of Sr2CuO2Cl2 are plotted for a k-vector
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at ∼(π/2,π/2) for 22 and 35 eV photon energy (the spec-
tra are scaled in intensity for comparison). Note that the
spectra line up very well for binding energies higher than
1 eV. Comparison of the 22 eV and 35 eV spectra reveals
that for 35 eV photon energy the ZRS peak seems to be
cut. Due to this cut the ZRS peak not only loses intensity
but the maximum of the spectral intensity is also shifted
to higher binding energy, leading to an apparent disper-
sion which is different from that deduced from the 22 eV
spectra. Although an influence of the electron-photon ma-
trix element on the shape of an ARPES spectrum was not
reported for the calculated BSSCO ARPES response of
reference [11] we suggest that it is the electron-photon
matrix element which is responsible for the photon energy
dependent change in the lineshape of the Γ to (π,π) first
electron-removal states of Sr2CuO2Cl2. A possible reason
for this discrepancy between the calculated ARPES re-
sponse of reference [11] and our findings could be the finite
k-resolution of our ARPES experiment which in conjunc-
tion with possibly significantly different dispersion rela-
tions of the final states reached using 22 and 35 eV pho-
tons could lead to a different shape of the 22 and 35 eV
spectra for the same k-vector. Another reason could be
that the calculations were performed in the framework of
the local-density approximation which is generally not well
suited to describe either the lowest lying occupied band of
a layered cuprate or the final states 15 eV and more above
the Fermi level.

5 Conclusion

In conclusion we have observed that the electron-photon
matrix element can have a profound impact on ARPES
spectra of the paradigm layered cuprate Sr2CuO2Cl2 by
significantly affecting the strength and the shape of spec-
tral features which can lead to conflicting results regarding
the character and the momentum-dependence of energy
and spectral weight of a state. This effect has especially
to be considered when one has to rely on ARPES spectral
intensities as in the case of an analysis of the momen-
tum distribution function n(k) [9,17] (the momentum-
integrated spectral intensity) and in the angle-scanning
mode of angle-resolved photoelectron spectroscopy [29].
Note that in the latter case the changing emission plane-
polarization plane geometry may lead to further matrix
element related complications which were not addressed
in this paper. The results of this study clearly show that
in order to get reliable, consistent and complete informa-
tion about the spectral function of a layered cuprate from
an ARPES experiment, the whole parameter range of the
ARPES technique should be applied for which purpose
synchrotron radiation is ideally suited.
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