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Cuprate Core-Level Line Shapes for Different Cu-O Networks
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We have studied the Cu core-level photoemission spectra in the Anderson impurity model for cuprates
with different Cu-O networks, dimensionalities (zero, one, two, and three) and Cu valencies (two
and three). We focus on the shape of the leading peak and obtain very good agreement with the
experimental data. We show how the shape of the spectrum is related to the valence electronic structure
and the Cu-O network but also that other atoms can play a role. [S0031-9007(99)08967-X]

PACS numbers: 74.25.Jb, 79.60.Bm

Boskeet al. [1] have shown that for a number of Cu Cu impurity 3d states are labeled by [6]. The impurity
compounds the shape of thtmorelevel photoemission level is pulled down frome, to ¢4, — Uy when a core
spectrum strongly depends on the type of Cu-O networkhole is created. The electrons on the impurity have the
This illustrates that it is not sufficient to think of the core- Coulomb repulsiorU.
level spectra as primarily atomiclike, but that there is a It is crucial to use realistic hopping matrix elements
substantial influence from the valence electron structureV,(¢). The local density of states (LDO$),(e) of a
The core-level spectrum can therefore give interestingd orbital with the label is calculated for all compounds
information about the electronic structure. studied here, using the local density approximation (LDA)

The Cu compounds studied by Bosieal. are divalent, and the linear muffin-tin orbitals method [7]. Then [8]
with Cu having mainlyd® character. When a Cu core (&) -1
hole is created, it is energetically favorable to transfer an |V, (¢)|* = —Im[[f de' —P2E } ] (2
electron from the surrounding to the site of the core hole,
forming ad'” state. This leads to a spectrum with aleadingan Anderson impurity calculation using these matrix
peak of primarilyd'® character and a satellite of mainly elements contains effects of all tBe orbitals, not just
d” character [2]. The main peak corresponds to a procespe ones on the impurity. Aimpurity calculation with
where an electron has hopped from the valence band tg — ( exactly reproduces the LDOS of lattice band
the site with a core hole, and its shape reflects the valencgrycture calculation [8]. In our calculation witii # 0,
band structure [3,4]. This leads to a broadening of the maifhe many-body effects are treated explicitly on the site
peak and possibly to further structures. Early experimentghere the core hole is created, while it is assumed that the
with a moderate resolution showed little structure. Thes; states on the other sites can be treated in the LDA. In
high-resolution experiments of Bosk al. [1], however,  the discussion of the Anderson impurity model, it is often

reveal a clear system dependence of the core-level spectigeriooked that albd states are (approximately) included.
In the present paper we calculate these spectra and showye sett/ = 8 eV and U, = 10 eV [4], and adjust

that they are in good agreement with experiment. We;, so that the relative weights of the main peak and
explain in detail the origin of the differences betweentne satellite agree with experiment. We have neglected
different cuprates. It has been suggested that the shapg|tiplet effects. These effects are important for the shape

of the leading peak is explained in terms of a two-peaksf the satellite, but not for the shape of the main peak,
structure, due to so-called local and nonlocal screening [S]yhich we consider here.

The recent eXperimentS, hOWEVGI’, ShOW that the Shape CanTO Solve the mode'y we expand the ground state as [10]
be substantially more complicated. o
To calculate the core spectrum, we use the Anderson |Eo) = A[r,1d"°) + f de a(e) e, |d'],  (3)
impurity model
10 ¢ ' where the parameter$ and a(e) are determined varia-
H=) f e, Yevde + [ea — Uac(l — nc)lby iy tionally. |d'°) is a state with all the valence statész()
v=1 up to the Fermi energye{) as well as all the impurity
n ; ., + H.c, states f|IIe_d. The first term in (3) corresponds tala
f[V (@), i clde configuration and the second to a state where a valence
electron with the energy has filled the3d hole, in the

e —¢& —i0

tU VZM”V"M’ @) following referred to as/'’c~!'. Then
wherev is a combined spin and orbital index. The (host) a,(e) — Vu(e) @)
valence states are labeled by the enexgynd v, and the g AE — g4+ &
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AE is the lowering of the total energy due to hoppingtures of SsCuQ; and SrCu@ furthermore occur at some-

relative to the energy of the® state. Typically]AE —  what lower binding energy, and the high binding energy

4| is of the order of a few eV. A lowering of leads to a  structure of SrCu@is somewhat more pronounced.

decrease ofi(¢)?, unless the variation of the denominator We now discuss the shape of the spectra. In the pres-

is compensated by a strong energy dependenté(eh|>.  ence of a core hole, thé'%s~! configuration is signifi-

By adding more states to the ansatz (3), the model cacantly lower in energy than thé’ configuration. For the

be solved increasingly accurately. However, the effect ofjualitative discussion (but not in the calculations) we as-

additional states is essentially just a renormalization ofume that the coupling between these configurations can

g4, Which we treat as an adjustable parameter anyhowbe neglected in the final state. Although this underesti-

The core-level spectrum is calculated by using a resolvernhates the weight of the leading peak, it reproduces its

operator and by inserting intermediate states similar to thehape quite well [compare “Spectrum” and?(e)” in

two terms in Eq. (3) [6,10]. The spectra were broadenedFig. 2]. The corresponding spectrum is

by a Lorentzian (FWHM= 1.1 eV) to simulate lifetime —A212 _ _

effects and by a Gaussian (FWHM 0.4 eV) to simulate ple) = ATa(2)0(=2) + 8(e = 2¢ + Ua)l, ()

the instrumental broadening. where the first term gives the main peak and the second
The results are shown in Fig. 1, and they are in Ver)lhe satellite. The shape of the main peak is then deter-

good agreement with the experiments of Boskal. [1].  mined bya’(e), which is related tdV (e)|* via Eq. (4).

In agreement with experiment, Baw,O,Cl, and LLCuO, We therefore first study the relation betweé(e) and the

have very narrow peaks, BEuQ, a slightly broader peak, €lectronic structure.

and the remaining compounds significantly broader spec- V(&) gives the hopping between the impurity and host

tra. The shoulder of SrCuQis more pronounced than (the rest of the solid but with the impurity removed). We

for SLCuQ;, as it should, and the three-peak structurefirst consider the case when the LD®@3(e) in Eq. (2) is

of BayCu;0,Cl, is reproduced very well. The main dif- given by a semiellipse

ference to experiment is that the leading structure of JB: = &2 le| = B, ©6)

SrLCuO,Cl, is narrower. The high binding energy struc- pyle) =

mB?
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FIG. 1. (a) Theoretical core-level spectra for different diva-FIG. 2. Core-level spectrum, broadened(s), |V(¢)|?, and
lent and one trivalent (LaCuQ) cuprate. The figure shows local density of states (LDOS) for the two [(a) and (b)]
only the main peak, while the satellite at higher binding ener-nequivalent Cu atoms in B&uwO,Cl,. |V(g)|? and the LDOS
gies is not shown. (b) Experimental spectra by Boskal. [1] have been given a small (FWHM 0.03 eV) broadening,
for the divalent Cu compounds and by Mizokaetzal. [11] for while a*(¢) has been given the same broadening as the
the trivalent LaCu@. spectrum. We have puty = 0.
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where2B is the width of the band. Performing the Hilbert which is shifted towards lower energies than forzCu

transform in Eq. (2) then gives the same shape due to the different widths and weights of the two bands.
1 ——— B In particular, however, there is a substantial coupling in
7Vy(e)l? = S— VB — &2 = va(s) lel = B. the energy range of the antibonding band. This coupling

@ is strongly enhanced by the energy denominatoE (—

_ ) ey + ) of Eq. (4) in the calculation ofi(g). Therefore,
The overall strength of the hopping is determined by thepis coefficient is rather large for small binding energies.
width of the LDOS. This is expected, since a large widthgo4;se of a structure iW(e)]? ate ~ —2 eV, a2(e) also

of the LDOS implies a strong hopping. as a structure at this energy. Finally, the large structure
The most important energy bands in the cuprates stug, IV(e)]> ate ~ —4 eV leads to a third structure in the

ied here consist of antibonding combinations of one Cu,actrum. Adding the spectra from Cand Cu: gives the
orbital (e.g.,x> — y?) with p orbitals on the neighbor- sgectrum.in Fig. g P fandCy g

ing O sites located arounel- and corresponding bonding g 10ying the analysis in Fig. 2, we divide the systems

combina’;ions some .5_6 e.V beIOWF'_ The bonding- into roughly two classes. One class consists of systems
antibonding splitting is mainly determined by the Cu-Ohere the Cu@ units have a weak coupling to the other
hopplng,whl_le the width ofthe two ban_ds mainly depends,Cuo4 units, either due to the Cu-O-Cu bond angles
on the hopping to more distant C@nits. As a model iy (rather close to) 90or because the systems is

for the LDOS we use two semiellipses approximately zero dimensional (0D). In the second class

po(e) = %./32 — 20(B* — &) the CuQ units have a strong coupling to other CuO
7B units, due to Cu-O-Cu bond angles of the order of°180

2 Bi,CuQ, (0D), B&Cu,0,4Cl,, and LL,CuG, belong to

+ (0 - a) ﬁ\/B2 — (& — &0)? the first class. We would then expect a narrow peak in

the core spectrum, occurring at a higher binding energy

X O[B* — (¢ — &0)’]. (8)  than the leading edge. This is confirmed for the latter

This LDOS may result in &-function between the two two systems, while both theory and experiment show a
continuous parts of the LDOS. H|go| > B and (1 — somewhat broader peak forBluQ,. The reason for this

a) leg|l > B, there is ad-function ate = agy with the is that there is a coupling between the Guits via the
weight 7a(1 — a)ej. This corresponds to the coupling Bi atoms. As a result the structure i (g)|? between
to a linear combination gp orbitals on the neighboring O the bonding and antibonding bands is broader, leading to
atoms. The position of thé-function depends, however, a somewhat broader core-level spectrum. This illustrates
on the weights and widths of the bonding and antibondindhat not only the Cu-O network plays a role.
bands. In addition, there is a continuous part at the SnLCuO,Cl,, SrLCuQ;, and SrCu@ belong to the
bonding and antibonding bands with a strength that isecond class. In the two-dimensional (2D) structures
related to the widths of these bands. In practice, th&aCuO4Cl, (Cuy) and SsCuG,Cl, the antibonding
LDOS is not zero between the bonding and antibondindand is broader than in the 1D structuresGrO; and
bands, and thé-function then has a broadening. SrCuQ, due to the more efficient hopping to neighboring
In Fig. 2 we show results for B&€u;O4Cl,, which has  CuQ, units in the 2D case. Therefore, the structure in
two inequivalent Cu atoms (Guand Cy;). One ofthe Cu  |V(g)|? ate ~ —2 eV is broader and the peak i (¢)|?
atoms (Cuy) is connected to neighboring g@atoms only ate ~ —4 eV has been pushed to somewhat lower ener-
via Cu-O-O-Cu bond and to neighboring Catoms via gies in the 2D case. The large binding energy structure
90° Cu-O-Cu bond angles. Neighboring Cu atoms therin the main peak is then pushed towards somewhat larger
couple to different Q orbitals, and they only have a weak energies in the 2D case, in agreement with experiment
coupling via other orbitals. The bonding and antibonding(seeC andC’ in Fig. 1).
bands are therefore narrow, as illustrated by the panel Above we have considered divalent Cu. We have earlier
LDOS in Fig. 2a. The resultingy/(¢)|> has a broadened studied the trivalent NaCuQand found that this has a nar-
s-function between the bands but very little weight atrow leading peak due to a narrow structurgif(e)|? [4].
the energies of the bands. The correspondif@) also  An alternative explanation was suggested by a cluster cal-
has most of the weight between the two bands. Thigulation, where it was argued that the reason for the small
shape agrees well with the result of the full calculationwidth is the valence3) [5]. We have therefore consid-
[without the approximation (5)], and explains the narrowered a different trivalent compound, namely, LaGu@he
peak in the core-level spectrum from £u The other corresponding spectrum is shown at the bottom of Fig. 1.
Cu atom (Cy) is connected to the neighboring Cu atomsThe main peak is broad, both according to theory and ex-
via 180° Cu-O-Cu bond angles. Neighboring Cu atomsperiment [11]. The reason is similar as for the broad peaks
then couple to the same @ orbital; i.e., they have a in the divalent compounds, namely, a broad antibonding
strong coupling. As a result, in particular, the antibondingband due to a Cu-O-Cu bonding angle of about®18Be-
band is broad, as illustrated by the LDOS in Fig. 2b.cause of the three-dimensional character of this compound,
The correspondingV (¢)|> has a broadened-function, the band is unusually broad, but only a relatively small
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fraction is occupied, because the compound is trivalentp,, may also be important [12]. Here we have found
Therefore the broadening of the leading peak is only modfurther examples of a need for more realistic models, e.g.,
est. If we had instead studied a model of the type used ifor Bi,CuQ, and LaCuQ. In an exact diagonalization
the cluster calculations, with only one orbital per atom, theapproach, however, it is not possible to make the cluster
antibonding band would have been empty. The Andersomuch larger or to add many other orbitals, since the
impurity model would then have predicted a narrow lead-many-electron space then becomes too large, while such a
ing peak, as the cluster calculations do. To obtain the corsystem can be treated in the Anderson impurity approach.
rect description of LaCu@it is therefore crucial to use a  To summarize, we have calculated core-level spectra
realistic model which includes the partial filling of the an- for a number of cuprates in the Anderson impurity model
tibonding band, and which goes beyond the normally usedsing ab initio hopping matrix elements. In this way,
cluster models. many-body effects are treated explicitly for the Cu site
In an exact diagonalization treatment of a;Oy, clus-  where the core hole is created, while the other Cu sites
ter, the leading peak consists of twdefunctions. These are treated in the LDA. This model gives a very good
correspond to so-called local and nonlocal screening [Slagreement with experimental core-level spectra. The
indicating that the charge screening of the core hole comeshape of the leading peak is influenced substantially by
from the closest © unit or from the neighboring CuQ the valence electronic structure and thereby the lattice
units, respectively. Similar results are obtained in the Anstructure. The presence of (approximately) 1 &u-O-
derson impurity model for such a cluster. Finding the so-Cu bond angles leads to a broad and structured leading
lutions of the host, we notice that the highest occupiegeak, and an increase in the dimension of the Cu-O
level has a strong antibonding character and is located ometwork tends to increase the width. In particular, for
the neighboring Cu@units. The second highest occupied the trivalent compounds, it is important to go beyond the
level (with a coupling to the impurity) has a large weight simple cluster models with one orbital per site, since these
on the Q unit around the impurity. Because of the miss-models always give a narrow leading peak.
ing hybridization with the impurity, this host level is less  This work has been supported by the Max-Planck-
antibonding and lower in energy. The twefunctions in  Forschungspreis.
the spectrum essentially correspond to an electron from
one of these two host levels hopping into the impurity or-
bital. Because of their different characters, these levels
ive local or nonlocal screening. ) .
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