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Abstract. The first electron-removal states of the layered cuprate BaxCuszO4Clz were measured using
angle-resolved photoelectron spectroscopy. The symmetry and energy-momentum relations of the lowest-
lying states were determined and interpreted in terms of the motion of a single hole in the two different
planar Cu-O subsystems of the CusO4 plane. One subsystem is antiferromagnetic as in the undoped parent
compounds of the high-temperature superconductors and the other is paramagnetic and corresponds to the
strongly overdoped case. The data are compared to theoretical results on hole dynamics in two-dimensional
antiferromagnetic or paramagnetic spin backgrounds. The lineshape, symmetry and dispersion of the first
electron-removal states of BaaCu3zO4Cls can be described in terms of Zhang-Rice singlets within a single
band model. The photohole lifetime in the paramagnetic subsystem of the CuzO4 plane is much smaller
than with an antiferromagnetic spin background.

PACS. 74.72.Jt Other cuprates — 79.60.-i Photoemission and photoelectron spectra — 71.27.+a Strongly

correlated electron systems; heavy fermions

1 Introduction

Recently, angle-resolved photoelectron spectroscopy
(ARPES) has played a key role in revealling the elec-
tronic structure of the high-temperature superconductors
(HTSC’s). ARPES measurements have proven the
existence of Fermi surfaces that enclose a significant
fraction of the Brillouin zone (BZ) in the normal state in
accordance with band-structure calculations [1]. Further
successes include the observation of anisotropic energy
gaps in the superconducting state [2], and the existence of
a pseudogap in the underdoped region of the phase dia-
gram [3]. Despite these impressive results many questions
remain unanswered. One question concerns the influence
of the magnetic background on the electronic structure of
the HTSC’s, i.e. the evolution of the electronic structure
upon doping from an insulator with long-range anti-
ferromagnetic order wvia “strange” metallic behavior at
optimal doping to normal paramagnetic metallic behavior
in the strongly overdoped regime. Although there is no
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long-range magnetic order outside the antiferromagnetic
insulating region of the phase diagram, it seems that
the short-range antiferromagnetic correlations still influ-
ence the electronic structure. Systematic studies of the
influence of the magnetic background on the electronic
structure of the HT'SC’s with ARPES are hindered by the
need for high sample surface quality. Most of the work
has been done on BSCCO samples near optimal doping
and ARPES data from underdoped or strongly overdoped
HTSC samples have only become available recently [3,4].
No ARPES data from the undoped parent compounds of
the HTSC’s (e.g. LagCuQy) are available.

The copper oxychlorides SroCuO5Cls and BayCuz-O4Cl,
present an alternative to the undoped parent compounds
of the HTSC’s. They are closely related to the HTSC’s
in that they are layered compounds isostructural with the
high temperature phase of LayCuO4 with Cu-O planes
as fundamental building blocks. Further similarities are
the two-dimensional character of their low-lying electronic
states [5], which are dominated by contributions from Cu
3dg2_,2 and O 2p, , orbitals, and that they are antiferro-
magnetic insulators [6-8]. Neither a superconducting, nor
even a metallic phase have been found in these systems
up to now. A major difference between SroCuO5Cly and
BasCu3z04Cly is the stoichiometry of the Cu-O planes:
SroCuO4,Cly posseses CuOs planes as in the HTSC’s, while
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Fig. 1. Sketch of a CuzO4 plane. The solid line designated as
M; is a mirror plane of the CusO4 plane including the antifer-
romagnetic spin order (spin up: black circle, spin down: grey
circle) in the Cua-O subsystem while the dotted line denoted
by My is a mirror plane of the geometrical structure alone.

BayCusz04Cl; contains CuzOy planes (Fig. 1). In contrast
to CuO» planes, CuzO4 planes have two inequivalent cop-
per sites: two thirds of the Cu atoms (Cua) occupy the
Cu sites of the familiar CuOy plane while one third of
the Cu atoms (Cup) reside in the center of every sec-
ond mesh of the CuOs plane. BagCu3z04Cly exhibits in-
teresting magnetic properties which are directly related to
the existence of two different Cu sublattices. Two antifer-
romagnetic transition temperatures have been measured:
the first at ~ 330 K [7,8] is comparable to the the Néel
temperatures of SroCuO2Cly (T = 250 K) [6]) and other
undoped cuprates and is ascribed to antiferromagnetic or-
dering of the Cua sub-lattice. The second transition is
at 30 K for BasCus04Cly [7,8] and marks the onset of
antiferromagnetic ordering in the Cup subsystem.

BasCu3z04Cly and SroCuO5Cly are interesting mod-
els for studying the electronic structure of two-
dimensional correlated electron systems and aspects of
high-temperature superconductivity. In a photoemission
experiment hole doping occurs due to the photoionization
process, which enables the dynamics of a single hole mov-
ing in a Cu-O plane to be studied [9-11]. This problem has
been dealt with extensively in the literature of the theory
of correlated electrons in the past few years [12].

BayCu3z04Cly offers the exciting possibility of mea-
suring the dispersion of a single hole moving in an an-
tiferromagnetic (Cua-O subsystem) and a paramagnetic
(Cup-O subsystem) background in a single room temper-
ature photoemission experiment. ARPES data have been
reported from I' to (m, 0) and from I" to (w, 7) [13-15]
which correspond to the low- and high-doping (strongly
overdoped) limit of a Cu-O plane concerning the magnetic
background. In this paper, an extended data set recorded
at 20 eV photon energy with higher angular resolution is
presented. We find that spectral features related to holes
in the Cup-O subsystem are better developed at 20 eV
than at 35 eV photon energy as used in references [13]
and [14]. The data allow comprehensive tests of the cur-
rent theoretical results on the dynamics of a single hole in
two-dimensional antiferromagnetic or paramagnetic spin
backgrounds.
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2 Experimental

The ARPES measurements were performed at room tem-
perature using linearly polarized 20 eV photons at beam-
line F2.2 in the Hamburg Synchrotron Radiation Labora-
tory (HASYLAB). The photoelectron spectrometer used
was a Vacuum Generators ADES 400 spectrometer which
was equipped with a 50 mm mean radius 150° sector
hemispherical electron analyzer mounted on a two-axis go-
niometer. The angular resolution is +1° which gives a mo-
mentum resolution of +0.03 A~1 for the states of lowest
binding energy, which corresponds to 10% of the distance
between I' and (m, 0). With a pass energy of 5 eV the
overall energy resolution was 150 meV. The spectra were
recorded near normal-incidence, with the angle between
the Poynting vector of the synchrotron radiation and the
sample surface normal being 20°. This means that the
electric field vector is nearly parallel to the sample sur-
face, so states derived from in-plane orbitals dominate the
photoelectron spectra. The base pressure of the analyzer
chamber was 3 x 107! mbar. The BayCuz04Cly single
crystals were grown from the melt, their typical dimen-
sions being 3 x 3 x 0.5 mm. The crystals were mounted
on the sample holders with conducting epoxy and their
orientation was established ez-situ by X-ray diffraction.
Prior to the ARPES measurements, a clean crystal sam-
ple surface parallel to the CuzO4 planes was prepared in
ultra-high vacuum by knocking off a cantilever glued on
top of the sample. The spectra are normalized with re-
spect to the ring current. To eliminate energy shifts due
to sample charging reference spectra were measured with
different photon fluxes. The absolute binding energy scale
was fixed by comparison with the corresponding spectra
in reference [13].

3 Results and discussion

This section is organized as follows: first, our approach
to data analysis is explained. Then in the second part,
the first electron-removal states taken along the lines I
to (m, 0) and I' to (m, m) as well as along the edges
of the BZ and antiferromagnetic BZ are presented and
their polarization dependence is discussed. Next, the ori-
gin of the two dispersive components observed in the first
electron-removal states of BasCuz04Cls is discussed and
their k-dependent energy variation is deduced. Finally,
the ARPES data are compared to the results of theo-
retical models of the dynamics of a single hole in a two-
dimensional antiferromagnetic or paramagnetic spin back-
ground and to the situation in SroCuO5Cls.

3.1 Data analysis

In recording an angle-resolved photoelectron spectrum,
one measures the number of photoelectrons as a function
of their kinetic energy (energy distribution curve (EDC))
with the photoelectron momentum as parameter. An EDC
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shows the electron-removal excitation spectrum of the in-
teracting electron system and in the sudden approxima-
tion the photoemission intensity is directly proportional to
the matrix-element weighted spectral function. The spec-
tral function itself is directly related to the imaginary part
of the one-electron Green’s function [16]. If the excitation
spectrum of the interacting electron system is not too dif-
ferent from that of an interaction-free system, one can map
the interacting electron system onto a system of weakly in-
teracting QP’s having finite lifetimes. The interaction is
packed into the complex self-energy whose real part de-
scribes the renormalization of the QP energy with respect
to the non-interacting electron system while the imagi-
nary part accounts for the finite lifetime of the QP. In the
QP approximation, the imaginary part of the self energy is
much smaller than the renormalized QP energy [17]. A QP
is thus visible as a Lorentzian peak in an EDC whose po-
sition determines the QP binding energy. In this work the
dispersion of the first electron-removal states is analyzed
using the QP hypothesis i.e. by fitting with Lorentzian
functions which are convoluted by Gaussians to account
for the analyzer energy resolution (resulting in a Voigt
function) to the spectral intensity.

The first electron-removal states sit on a background of
contributions from states at higher binding energies which
can be subtracted before the positions of the first electron-
removal states are deduced from the EDC’s. As in refer-
ence [18], the influence of the higher lying states is rep-
resented by a Gaussian which has been fitted to the low
binding energy flank of the spectral intensity related to
the higher lying states. Contributions due to secondary
electrons have been neglected as they should be negli-
gibly small at the energies of the first electron-removal
states [19]. Since we want to gain information about the
dispersion of the lowest lying states (which are electron-
ically two-dimensional), it is sufficient to know their mo-
mentum component parallel to the sample surface (par-
allel to the CusO4 planes). The parallel momentum in
the sample is equal to the photoelectron momentum com-
ponent parallel to the sample surface which is given by
k| = 0.512 A" \/Fran[eV](sin 6 cos ¢ ky + sinfsin ¢ ky)
with (¢, 6) being the azimuthal and polar angles with re-
spect to the sample surface normal and Ey;, is the kinetic
energy of the photoelectrons. By varying the polar and
azimuthal angles the energy of the lowest lying states as
a function of their momentum vector, i.e. their dispersion
relation, can be determined and compared to the results
of model calculations.

The data are analyzed in terms of the BZ of the Cu3zOy4
plane, because the first electron-removal states are derived
solely from the Cu 3d,2_,» and O 2p, , orbitals in this
plane. Figure 2 shows the region of k-space where EDC’s
have been recorded; the measured points are marked and
the diameter of the filled circles indicates the k-resolution.
The coordinates of the first BZ of the CuzO4 plane of
BayCuz04Cl; are given. The Cup g-O bonds are directed
at an angle of 45° to the (m, 0) direction in k-space.
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Fig. 2. A map of the locations in k-space at which EDC’s
have been recorded. The first BZ of the CusO4 plane of
BazCu304Clz is used as the unit cell of the reciprocal space
and the labels are in units of the inverse lattice constant of the
CuzOy4 plane.

3.2 The first electron removal states of Ba,Cu304Cl,
— polarization dependence

First we discuss the polarization dependence of the
ARPES spectra along the lines I" to (0, 7) and I" to (7, 7).
Figures 3a and 3b show the first electron-removal states
of BagCu304Cly scanned along the lines I' to (0, 7) and
I to (—m, 0), respectively. The sample was oriented such
that the analyzer has to be moved in a horizontal /vertical
plane in order to select photoelectron momenta along the
(=, 0)/(0, 7) directions in reciprocal space. It is evident
from Figures 3a and 3b that there is a marked difference
between the first electron-removal states measured in this
way along the lines I' to (0, ) and I" to (—m, 0): there
is a broad (~ 1.4 eV wide) dispersive peak visible for k-
vectors along the (0, 7) direction in k-space while along
the (—m, 0) direction, one finds a weaker structure having
negligible dispersion in the binding energy range in which
the well-developed, dispersive peaks are situated along the
(0, ) direction.

At first sight, the differences between Figures 3a and
3b are surprising because BasCu3O4Cl; is tetragonal such
that the I' to (0, w) and I' to (—m, 0) directions in re-
ciprocal space are symmetrically equivalent. This equiva-
lence does not hold, however, for the matrix element for
the photoionization process (i| p-A[f) ((i] and |f) are the
initial and final states of the photoionization process, re-
spectively), which contains the relative orientation of the
photoelectron momentum vector and the vector poten-
tial (and hence the electric field) via the operator p-A.
First note that for scans along the I' to (0, 7) and I" to
(—m, 0) directions in k-space the plane spanned by the
photoelectron momentum vector and the sample surface
normal (i.e. the emission plane) is a symmetry plane of
the Hamiltonian (denoted Mj in Fig. 1). This means that
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Fig. 3. (a) First electron-removal states along I" to (0, ) with the electric field vector nearly perpendicular to the emission
plane. The dashed lines are the assumed contributions from states at higher binding energies. (b) EDC’s along I" to (—, 0)
with the electric field vector parallel to the emission plane. The dotted line is a guide to the eyes.

the energy eigenfunctions, and hence (i| and |f), are also
eigenfunctions of the parity operator with respect to the
emission plane. Furthermore, in a scan along the line I" to
(0, ), the electric field vector is nearly perpendicular to
the emission plane — which we denote as perpendicular po-
larization — while in a scan along the line I" to (—m, 0), the
electric field vector is parallel to the emission plane (par-
allel polarization) — which corresponds to odd and even
parity of the operator p-A with respect to the emission
plane, respectively. The photoionization matrix element,
however, is zero when (i| and p-Alf) have different pari-
ties with respect to the emission plane. As the dispersing
features are observed only for perpendicular polarization
of the electric field vector and therefore odd parity of the
operator p-A with respect to the emission plane, one can
conclude that the parities of the initial and final states
have to be different with respect to mirror plane M;.

Assuming weakly interacting QP’s, further informa-
tion about the symmetry of the wave function of the low-
est lying states can be gained. The photoionization matrix
element then reduces to (| p-A |e) where (p| is the state
from which the photoelectron stems while | ¢ is the free
electron final state of the photoelectron. | ¢ must have
even parity with respect to the emission plane, otherwise
the wavefunction of the photoelectron would have a node
in the emission plane and could not be detected by the
analyzer. Thus the matrix element is only non-zero for
perpendicular polarization of the electric field vector (odd
parity of p-A) if the initial state has odd parity while

for parallel polarization the initial state has to have even
parity.

From the observed polarization dependence of the
first electron-removal states for k-vectors along the I" to
(—m, 0)/(0, m) direction in reciprocal space we can con-
clude that the initial state has odd parity with respect to
mirror plane M; in Figure 1 which is in agreement with the
results for 35 eV photons along the equivalent direction in
references [13,14] and with the symmetry of a Zhang-Rice
singlet [20] (ZRS).

Figures 4a and 4b present EDC’s from I" to (—m, m)
and from I" to (m, 7); the sample was oriented such that
the I' to (m, 7) direction in reciprocal space is in the hor-
izontal plane. A broad and dispersive peak spanning a
range of nearly 1.4 eV can be seen for both directions
with essentially the same relative spectral strength with
respect to the main valence band. The I to (w, w) and I"
to (—m, m) directions in k-space are symmetrically equiv-
alent but differ in the alignment of the electric field vector
with respect to the emission plane. In a scan from I" to
(m, m) the electric field vector is always in the emission
plane while for a scan from I" to (—m, 7) it is nearly per-
pendicular to the emission plane. In contrast to the situ-
ation for the scans along the lines I to (—7, 0) and I to
(0, ), the emission plane is a mirror plane of the geomet-
rical structure of the CuzOy4 plane, but not a mirror plane
of the Hamiltonian if the antiferromagnetic spin order in
the Cua-O subsystem is taken into account (see mirror
plane M in Fig. 1). Since the QP wavefunction does not
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Fig. 4. (a) First electron-removal states from I" to (—m, ) with the electric field vector nearly perpendicular to the emission
plane. The dashed lines are the assumed contributions from states at higher binding energies. (b) First electron-removal states
from I to (m, m) with the electric field vector parallel to the emission plane.

have a definite parity with respect to the emission plane
it is reasonable that the feature is visible for both po-
larizations. A similar polarization dependence of the first
electron-removal states along the I to (m, m) direction was
observed at 35 €V photon energy [14].

EDC’s along the edges of the BZ and the antiferro-
magnetic BZ from (0, ) to (—m, 7) and from (—, 0) to
(0, ) are shown in Figures 5 and 6. The electronic states
also have no definite parity with respect to the emission
plane for these scans, as in both cases the emission planes
are not mirror planes of the CuzO,4 plane, except at high
symmetry points such as (0, 7). Therefore, the polariza-
tion dependence of the first electron-removal states along
these lines in k-space will not be discussed here.

3.3 The first electron-removal states of Ba,Cu304Cl, -
lineshape and dispersion

Let us now turn to the dispersion and lineshape of the first
electron-removal states of BasCu3z04Cls. To facilitate the
detailed analysis of the first electron-removal states, the
contributions from the higher lying states as indicated by
the dashed lines in Figures 3-6 can be removed using the
procedure already outlined. Figures 7-10 present the first
electron-removal states after subtracting the contributions
from the main VB for scans from I" to (0, ), from I" to
(—m, 7) and both along the edge of the BZ and along the
edge of the antiferromagnetic BZ.

Inspection of Figures 7-10 reveals that the first
electron-removal states of BasCuzO4Cly are composed of

Normalized intensity (arb. units)
k in units of =n/a

Binding energy (eV)

Fig. 5. First electron-removal states from (0, 7) to (—m, 7).
The dashed lines are the assumed contributions from states at
higher binding energies.

two components as indicated using open and closed circles.
In Figure 7 around (0, ) a low energy peak at ~ 0.9 eV
and a shoulder at ~ 0.5 eV higher binding energy can be
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Fig. 6. First electron-removal states from (—m, 0) to (0, 7).
The dashed lines are the assumed contributions from states at
higher binding energies.

010

i

[ ]
olo]C

Normalized intensity (arb. units)
O\o\o\®\o
L ] ® . Y

;

2 1 0
Binding energy (eV)

Fig. 7. Same as Figure 3a but with the contributions due to
higher lying states having been removed.

clearly seen. Furthermore the spectra recorded along the
edge of the BZ and along the antiferromagnetic BZ bound-
ary (Figs. 9 and 10) exhibit low and high binding energy
components. Under certain experimental conditions only
one component is visible as in Figure 7 from (0, 3/27) to
(0, 27). The fact that the ARPES spectra in the equiv-
alent k-space region from I" to (0, 1/27) are different in
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Fig. 8. Same as Figure 4a but with the contributions due to
higher lying states having been removed.
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Fig. 9. Same as Figure 5 but with the contributions due to
higher lying states having been removed.

lineshape and have much less spectral intensity suggests
that matrix element effects are strong in BasCuzO4Cls.
Similar effects have been found previously in cuprate su-
perconductors [21,22].

Insight into the origin of the two compents of the first
electron-removal states of BayCu3zO4Cly can be gained
by comparison with SroCuO2Cl, ARPES data [9-11].
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Fig. 10. Same as Figure 6 but with contributions due to higher
lying states having been removed.

One should note that a CuO,4 plaquette of the antiferro-
magnetically ordered Cua-O subsystem of BasCuzO4Cl;
(corresponding to the CuOy unit of the CuO2 plane of
SroCu04Cly) is rotated by 45° and has half the area of
the CuzOy4 plane unit cell. Therefore, the ARPES spectra
at the (0, m) point in BagCuz04Cly should be compared
with spectra at the (7/2, 7/2) point of SroCuO2Cly. Thus,
as in SroCu02Cly at (7/2, 7/2), the low energy peak ob-
served at (0, 7) in the BagCu304Cly ARPES data can be
assigned to the photohole in the antiferromagnetically or-
dered Cua-O subsystem. For the photon energies used in
this work, the first electron-removal states of SroCuO5Cls
lack intensity shortly after (7/2, 7/2) on going from I
to (m, m) and for k-vectors from I' to ~ (7/2, 0). The
strong peak-like structure observed between (0, 3/27) and
(0, 27) in BasCu3zO04Cly cannot then be related to the
Cua-O subsystem, but must be mainly derived from the
Cug-O subsystem. An important consequence of this as-
signment is that the dispersion of the peak related to the
Cugp-0 subsystem is different from that expected for the
photohole in the Cua-O subsystem: while the former dis-
perses to lower binding energy on going from (0, 3/27) to
(0, 27) one can conclude from the SroCuO2Cly ARPES
data that the latter should reach its minimal binding en-
ergy at (0, ) and then disperse back to higher binding
energy on going to (0, 27). These findings suggest that it
might be possible to analyze the k-dependent energy vari-
ations of the two features observed in the first electron-
removal states of BayCuzO4Cl; in terms of the dispersion
relations of two different physical objects: one related to
the motion of the hole injected by the photoemission pro-
cess in the antiferromagnetically ordered Cua-O subsys-
tem while the second is associated with the motion of the
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Fig. 11. Comparison of dispersion relations determined using
ARPES with the best fits of the predicted ZRS dispersion rela-
tions for a two-dimensional antiferromagnetic spin background
(solid line, Eq. (1)), a paramagnetic spin network (dashed
line, Eq. (3)) and the spinon dispersion relation (dotted line,
Eq. (2)). The model parameters are given in Table 1. The data
points fitted from the ARPES spectra are assigned to belong
either to the Cua-O (solid circles: 20 eV photon energy (this
work), solid triangles: 35 eV photon energy (Refs. [13,14])) or
the Cug-O subsystem (open circles: 20 eV photon energy (this
work), open triangles: 35 eV photon energy (Refs. [13,14])).

photohole in the Cup-O subsystem, which is in a param-
agnetic state at room temperature [8].

In the next section the k-dependent energy variation of
the features evident in Figures 7-10 is compared with the-
oretical dispersion relations for the single hole dynamics
in the antiferromagnetic or paramagnetic spin background
of a CuzO4 plane. The experimental dispersion relations
of the two features of the first electron-removal states have
been determined by fitting the data with two Voigt func-
tions. The ARPES spectra recorded from I" to (—0.427,
0.427) and from (0, 3/27) to (0, 27) using 20 ¢V pho-
ton energy were fitted by only one Voigt peak for reasons
outlined earlier in this section [23]. The peak positions
from the spectra recorded at 20 eV photon energy and
35 eV photon energy [13] are plotted wversus momentum
in Figure 11. The incoherent spectral intensity was not
accounted for in the fitting process as it is neither possi-
ble to extract any information about it directly from the
BasCu3z04Cl; ARPES spectra nor are there concrete the-
oretical results regarding the incoherent part of the spec-
tral function which would help in an evaluation of the
dispersion relations.

3.4 The first electron-removal states of Ba,Cu304Cl, -
comparison with theory

After having taken the plausible step of accepting that
the k-variation of the peak locations can be related to
the dynamics of a single hole injected into the Cua-O and
Cug-0 subsystems of BagsCu3z04Cly, the data will be com-
pared to theoretical results on the single hole dynamics in
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Table 1. Parameters (in eV) for equations (1), (2) and (3),
which give the best agreement with the ARPES spectra shown
in Figures 7-10.

Two-dimensional antiferromagnetic spin network
ZRS dispersion relation (Eq. (1))

Ea J A
0.90 £ 0.04 eV 0.22 £ 0.03 eV 0.06 +0.01 eV
Spinon dispersion relation (Eq. (2))
N J -
0.84 +0.06 eV 0.18 £ 0.03 eV -

Two-dimensional paramagnetic spin network
ZRS dispersion relation (Eq. (3))
EB tB -
1.36 £0.03 eV | —0.13£0.05 eV -

antiferromagnetic and paramagnetic two-dimensional spin
networks. Figure 11 shows the best fits to the experimen-
tal data with ZRS dispersion relations for an antiferro-
magnetic and paramagnetic spin network as well as the
spinon dispersion relation. The fit parameter values are
presented in Table 1.

Figure 11 shows that there is a reasonable agreement
between the k-dependent variation of the peak locations
of the two components observed in the first electron-
removal states of BayCuzO4Cly; and the ZRS dispersion
relations for a two-dimensional antiferromagnetic or para-
magnetic spin network while the spinon dispersion cannot
be brought into similarly good agreement with the ex-
perimental data. The dispersion of the component with
lowest binding energy around (0, 7) and (0, 3w) ((0, 37)
is not shown in Fig. 11), for example, can then be as-
signed to the motion of the ZRS in the antiferromagnet-
ically ordered Cux-O subsystem. The k-dependent vari-
ation of the location of the second component consist-
ing of the shoulder at the high binding energy flank of
the peak at (0, 7) and the low binding energy component
observed around (0, 27) can be related to the motion of
the ZRS in the Cup-O subsystem, which is in a param-
agnetic state at room temperature. The experimentally
observed dispersions of the low and high binding energy
components of the first electron-removal states from (0, )
to (—m, 0)/(—m, m) can also be assigned to ZRS’s in the
Cua-0O and Cugp-O subsystems, respectively. Finally, the
feature observed from I' to (—m, w) seems to be related
to ZRS’s both in the Cua-O and in the Cup-O subsystem
for most k-vectors.

In the following we will give a more detailed com-
parison of the experimental data with theory. Especially,
it will be shown that the values of the model parame-
ters obtained by fitting to our data are in good agree-
ment with predictions from theory and the results of other
experiments.

3.4.1 Single hole in two-dimensional antiferromagnetic spin
network — ZRS model

The dynamics of a ZRS can be described within the frame-
work of an effective one-band Hamiltonian, the ¢t — J
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Hamiltonian. Where ¢ is the hopping integral, which de-
scribes the hopping of the ZRS on the copper sublattice,
and J is an exchange integral which accounts for the in-
fluence of the antiferromagnetic correlations. With long-
range antiferromagnetic order, the dispersion relation of
a ZRS moving in the Cua-O sublattice of a Cuz3Oy4 plane
can be approximated by [13]

Ej = Ea + 0.55.J (cos(ks) + cos(kq))?
+ A(cos(ks) — cos(k?d))2 (1)

where F is a parameter which is determined by the Cuya
3d orbital on-site energy and the binding energies of both
the ZRS and the magnetic polaron on the Cux-O sublat-
tice, J is the exchange integral describing the magnetic
interaction between the Cup sites, and A is a factor which
takes into account hopping to second (¢') and third (t”)
nearest neighbors (extended ¢ — J Hamiltonian), ks 4 is
equal to a(ky £ k) (a is the lattice constant of the CuzO4
plane). The bandwidth is then W = 2.2J and therefore
determined by the exchange integral and not the hopping
integral.

A good overall agreement between experiment and the
calculated ZRS quasiparticle dispersion for an antiferro-
magnetic background can be achieved if the parameter
set given in Table 1 is used. An extended ¢ — J model (A
non-zero in Tab. 1) has to be used as the lowest binding
energy of the Cua-O-derived component along I" to (0, )
is ~ 200 meV lower than that along I" to (—m, ), which
is significant in the context of the accuracy of the exper-
iment. Keeping the uncertainities in the peak locations
in mind (~ £0.1 V), the fitted J-value of 220 meV is
in acceptable agreement with values obtained from more
accurate measurements for the closely related compound
SroCuz04Cly (J = 130 meV in Ref. [24]) and many other
cuprates [25]. Note that the value of A obtained from the
fit here (A = 0.06 £ 0.01 e¢V) is equal within the er-
ror bars to those which are obtained if the SroCuO5Cly
ARPES data of reference [9] or references [10,11] are fit-
ted to equation (1). It should be noted here that in the
case of the SroCuO5Cly; ARPES data of, for example, ref-
erence [9] the value of ¢’ required to increase the mini-
mal binding energy of the states along I" to (m, 0) suf-
ficiently to get close agreement between the experimen-
tal data and numerically calculated peak dispersions (e.g.
—t/ = 2t" = 0.4¢, t = 413 meV (Ref. [26])) is significantly
different from that arrived at from the reduction of the
three-band Emery model to the single-band ¢ — J model
(=t = 0.5¢" = 0.08t, t = 498 meV (Ref. [27])), while for
t” there is good agreement.

3.4.2 Single hole in two-dimensional antiferromagnetic spin
network - spin-charge separation

In the case of an antiferromagnetic background, it has
been argued [28,29] that the photohole decays into spinons
and holons and that the dispersing peak observed in the
SroCuO2Cly ARPES spectra at lowest binding energies
is not related to a ZRS but a bound spinon-holon pair,
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whose k-dependent energy variation maps out the spinon
dispersion relation [28,29]. The spinon dispersion relation
for a CuzOy4 plane is given by

By = Ea + 1.6J4/cos?(ksa) + cos?(kqa) (2)

using the same notation as in equation(1).

The best fit of the spinon dispersion relation to our
experimental data is worse than for the ZRS dispersion
relation calculated from an extended ¢ — J model. A fur-
ther signature for spin-charge separation in the antiferro-
magnetic Cua-O subsystem would be a step-like lineshape
of the first electron-removal states derived from the Cua-
O network from I' to (—m, 7) [28]. The lineshape of the
first electron-removal states of BagCuz04Cly from I' to
(—m, ), however, cannot be used for this purpose because
the spectral intensity from the Cua-O and Cup-O subsys-
tems overlap (see Fig. 8). Nonetheless, in the SroCuO2Cly
ARPES data of references [10,11] and [30] a peak-like
feature is observed for k-vectors from I'" to (m, 0) [31]
which is in contradiction to the step-like lineshape ex-
pected for spin-charge separation [28]. From an analy-
sis of the SroCuO2Cly and the available BagCuz04Cls
ARPES data, one can therefore conclude that, in contrast
to the situation in an one-dimensional antiferromagnetic
chain [32,33], it is rather unlikely that a hole injected into
a two-dimensional antiferromagnetic Cu-O plane decays
into spinons and holons.

3.4.3 Single hole in a two-dimensional paramagnetic spin
network - ZRS model

The dispersion relation of a ZRS moving in the paramag-
netic Cup-O subsystem is given by [13]

Ej, = Ep + tg(cos(kza) + cos(kya)) (3)

whereby Ep is the Cug-O sublattice analogon to Ea and
tp is the hopping integral for the ZRS in the Cup-O sub-
system. Here the bandwidth is determined by the hop-
ping integral tg which is connected to the overlap tj;p
between mutually perpendicular O 2p orbitals on neigh-
bouring oxygen sites of the Cup-O subsystem (see Fig. 1
of Ref. [13]) according to

tg = —nt,, /2. (4)
Taking n = 0.75 (Ref. [13]) and tjp = 0.45 eV from
the results of a tight-binding fit to the band-structure of

BayCu3z04Cly [34], a value of —0.13 eV is predicted for

tg. The overlap t,“,p between mutually parallel O 2p or-

bitals on neighbouring oxygen sites is small [34] and can
therefore be neglected.

Regarding the motion of a hole in a paramagnetic
background, one has to stress that it is controversial as
to whether the calculation leading to equation (3), which
makes use of a simple Green’s function decoupling scheme
using a very limited basis function set and neglects the
influence of the distortion of the paramagnetic spin back-
ground caused by the movement of the hole (“strings”, see
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e.g. Ref. [12]), contains the essential physics of the motion
of a hole in a paramagnetic background. In reference [35],
the ¢ — J model is analyzed within a generalized string
picture including strings of great length to describe the
hole motion in a paramagnetic CuOs plane. A strongly k-
dependent spectral function results whose lowest energy
pole, though not assigned to a QP, also follows a tight-
binding-like dispersion

Ei = Eg + 1.7t(cos(kga) + cos(kya)) (5)

with ¢ being an effective hopping integral. In the gener-
alized string picture ¢ need not have the same value as
the tp calculated under the assumption of negligible in-
fluence of the distortions of the paramagnetic spin back-
ground on the hole motion. A bandwidth of 6.8f can
be defined from the locations of the peak maxima at
I' and (7, ) which is considerably larger than the 4tp
obtained from equation (2) but, due to electron corre-
lation effects, is still smaller than the 8¢ bandwidth ex-
pected, if the one-electron picture were applicable. In ref-
erence [35] no connection between the hopping integral
t and tight-binding parameters from a band-structure of
BayCug04Cly is given, but from a comparison of equa-
tions (3, 4) and (5) one can at least get an estimate of the
value of t for BasCuz04Cly; which can be estimated to be
tg/1.7=—0.08 eV for tg = —0.13 eV.

Figure 11 shows that the dispersion of one component
of the first electron-removal states of BaoCuz04Cls can be
described in an approximative manner by a tight-binding
dispersion relation. The fitted value for the parameter tg
(see Tab. 1) is in perfect agreement with the —0.13 eV
predicted from theory (Eq. (4)).

It should be noted that the Cug-related first electron-
removal states in BasCuzO4Cly are twice as broad (typi-
cally 1.4-1.8 €V, see e.g. spectra from (0, 3/27) to (0, 27)
in Fig. 7) as the low energy peak observed in the first
electron-removal states related to the motion of the pho-
tohole in an antiferromagnetically ordered Cu-O network
at similar temperatures [9,10]. There are no indications
that this is related to an experimental artefact: a broad-
ening of the first electron-removal states of BagCu30O4Cls
due to charging effects can be excluded. It is possible that
the widths of the first electron-removal states are not rep-
resentative of the inverse lifetime of the hole, however,
such drastic effects have only been observed in special
cases [36]. Thus the large width of the Cup-derived peak
in the first electron-removal states of BasCuz04Cls seems
to be intrinsic and related to the spectral function.

The question remains which processes are responsible
for the comparatively short lifetime of the photohole in
the Cup-O subsystem. String excitations are one possibil-
ity, so it is interesting to compare the spectral function
calculated using the two-dimensional ¢ — J model in the
generalized string picture with the Cup-derived part of
the spectral intensity. In Figure 12 the results of refer-
ence [35] at the I' point and (7/2, 7/2) have been replot-
ted after broadening with a Gaussian, full width at half
maximum = 150 meV, to account for the experimental
energy resolution.
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Fig. 12. Comparison between the calculated one-hole spec-
tral function for a two-dimensional paramagnetic spin back-
ground (right panel) and the first electron-removal states of
BazCu3z04Clz (left panel). Note that the k-labels of the exper-
imental/theoretical curves are given with respect to the first
BZ of a Cuz04/CuO2 plane, respectively. See the text for fur-
ther details.

In reference [35], the spectral function was calculated
for a paramagnetic CuO, plane — when comparing with
the first electron-removal states derived from the Cug-O
subsystem of BayCu304Cls one should note that (, )
in the BZ derived from the repeat unit of the Cug-O
subsystem alone corresponds to (0, 7) in the BZ of the
Cuz04 plane [37]. This means that the first electron-
removal states at (0, 27) and (0, 3/27) (with respect to
the BZ of the CusO4 plane) have to be compared with the
calculated spectral functions at I' and (7/2, 7/2) (with
respect to the BZ of a CuOs plane) as in Figure 12. Tt
is evident that the calculated spectral functions do not
reproduce the widths of the corresponding first electron-
removal states. String excitations alone are therefore in-
sufficient to explain the relatively short lifetimes of the
holes injected into the paramagnetic Cug-O subsystem.
Further experimental and theoretical work will be neces-
sary to clarify this question.

4 Conclusions

The first electron-removal states of the layered cuprate
BasCu304Cly have been measured using polarization
dependent angle-resolved photoelectron spectroscopy
along the lines I' to (0, 7) and I" to (£m, 7) and along
the edges of the Brillouin zone ((0, 7) to (—m, 7)) and
antiferromagnetic Brillouin zone ((—m, 0) to (0, 7)) at
room temperature. The following conclusions regarding
the physics of the motion of a single hole in a two-
dimensional antiferromagnetic or paramagnetic Cu-O
network can be drawn:
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(a) The first electron-removal states show two dis-
persive features which can be assigned in a reasonable
way to the motion of the injected photohole in the
antiferromagnetic Cua-O and the paramagnetic Cug-O
subsystem, respectively.

(b) The first electron-removal states have odd par-
ity with respect to mirror plane M; of the geometrical
structure of the CugOy plane (see Fig. 1) which is compat-
ible with the symmetry expected for a Zhang-Rice singlet.

(¢c) The spinon dispersion relation is in worse agree-
ment with the experimentally observed dispersion
relation of the first electron-removal states related to
the photohole in the Cua-O subsystem than the ZRS
dispersion. This and the lineshape of the first electron-
removal states of SroCuO2Cly from I' to (, 0) shown in
references [10,11,30] indicate that a hole injected into
a two-dimensional antiferromagnetically ordered Cu-O
network does not decay into spinons and holons.

(d) The motion of a single hole in the antiferromag-
netically ordered Cua-O subsystem can be described
within a one-band model including extra hopping terms
(extended t — J model). The values obtained for the
parameters are in reasonable agreement to those arrived
at from the SroCuO2Cly ARPES data of references [9-11].
In general, a t' and t” as required to fit the results of
band-structure calculations [38], and a reduction of the
three-band model using the generally accepted cuprate
parameters also landed in the extended ¢ — J regime [27].

(e) The k-dependent energy variation of the feature
related to the photohole in the Cup-O subsystem is
governed by a hopping matrix element and can be
described by a tight-binding dispersion relation with a
bandwidth which is significantly smaller than that of
independent electrons due to electron correlation effects.
The photohole formed in the paramagnetic Cup-O
subsystem has a short lifetime when compared to that of
the analogous excitation in the antiferromagnetic Cua-O
subsystem. It is not clear which processes can account for
the relatively short lifetime of the hole injected into the
paramagnetic Cup-O subsystem. String excitations alone
cannot account for the widths of the first electron-removal
states of the Cup-O subsystem.
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