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J. Phy.: Condens. Matter 4 (1992) 895409. Printed in the UK 

Chemical shifts for monovalent, divalent and trivalent Cu 
compounds 

K Karlssont, 0 GuMarsson and 0 Jegen  
Max-Planck lnstitut fUr Festk&”chung, D-7000 Stuttgart 80, Federal Republic of 
Germany 

Received 9 September 1991 

&tract. We study the chemical shift of the Cu 2p core level for CurO, CuO and 
NaCu02, where Cu is formally monovalent, divalent and trivalent, respectively. We find 
that the binding energy increases with the valence, as expected, although the variation in 
the number of 3d electrons is small and the trivalent Cu atom is found to have a smaller 
net positive charge than the monovalent or divalent Cu. The origin of the calculated 
chemical shifts is anatysed and the relation with the chemical valence is discussed. 

I. Introduction 

Core-level x-ray photoemission spectroscopy (XPS) or ESCA can provide important 
information about the chemical state of a given atom by measuring the chemical 
shift of a core level [1,2], i.e. how the binding energy of the level changes with the 
environment. In particular, information about the valence can be obtained. If the 
electronic charge on a given atom is reduced, the electrostatic potential is lowered 
and the binding energy of the core electron is increased. For small molecules the 
resulting shift can be quite large. However, in many cases, in particular for solids, 
the interpretation of the results is not straightforward [3]. Calculations show that a 
change in the chemical valence of a given atom does not necessarily lead to a large 
change in its net charge. In addition the contribution to the potential, the Madelung 
potential, from the other a tom of the system is substantial. Finally, the system relaxes 
when a core electron is removed These final-state effecrs are often large compared 
with the chemical shifts between different compounds. 

Recently, the study of high-T, superconductors has raised questions about the 
chemical shift for Cu atoms, in particular to what extent monovalent, divalent or 
trivalent Cu is observed. For this reason we have studied the chemical shift of the Cu 
2p j = 3/2 level in Cu,O, CuO and NaCuO,, where Cu has the chemical valence 
+1, +2 and +3, respectively. We lind that the number of 3d electrons is similar 
in these compounds, with Cu,O having about 0.2 3d electrons more than the other 
two compounds. Surprisingly, we find that the formally trivalent Cu in NaCuO, has 
tye smallest net positive charge of the cases studied. Nevertheless, according to the 
calculations the 2p binding energy is largest for NaCuO, and smallest for CqO,  as 
one would expect from the chemical valence. We discuss the reason for the small 

t Present address: Physics Department, Chalmers University of Technology. SA12 96 Gateborg, Sweden. 

0953-898442/030895+15$3350 @ 1992 IOP Publishing Lid 895 



896 K Karhon et a1 

positive charge of Cu in NaCuO,. In particular, we discuss how the calculated results 
can be related to the chemical valence. Our calculations are in good agreement with 
the experimental difference between Cu,O and CuO, while the experimental situation 
for the ditference between 00 and NaCuOz is unclear. 

In section 2 we describe the method for the calculations. In section 3 we present 
and discuss the results, and in section 4 we give a summary. 

2. Method of calculation 

We want to calculate the 2p core-level binding energy, using the highest occupied 
state as the reference level. This energy can be expressed as 

AE, E [E(N,n, = 5)  - E ( N , n ,  = 6)]  - [ E ( N -  l,n, = 6)  - E ( N , n ,  = 6)]  
(1) 

where E ( N ,  n,) is the groundstate energy with N valence electrons and nE electrons 
in the 2p core level. The first and second brackets give the binding energies of the 
core level and the highest occupied state, respectively. The second bracket can be 
written 

E ( N  - 1,n, = 6 )  - E ( N ,  n, = 6)  = -E" (2) 

where E" is the energy of the highest occupied level. This follows since this level is 
an extended state and there is no relaxation when the electron is removed. 'Ib obtain 
an expression for the first term, we use the theorem [4] 

where ec is the 2p eigenvalue. We then write 

E ( N , n c = 5 ) - E ( N , n , = 6 )  =- e , ( n , ) d n , s s - ~ ( e , ( 6 ) + ~ ~ ( 5 ) ) .  (4) 

We have here preferred to approximate the integral by the values of the integrand 
at the end points, instead of using the transition-state method, where the integral is 
approximated by the integrand at the middle of the interval. The reason h that this 
allows us to separate in a natural way the traditional chemical shift and the final-state 
effects. Thus we obtain 

= [ev - e m 1  + f [ ~ , w  - 4 5 ) i .  (5 )  

We apply the frozen-core approximation, using different cores for the n, = 6 and 
nc = 5 calculations. The core-level position is obtained in perturbation theory 

4 n , )  = 4.J +AV(n,) (6) 

where ~:(n,)  is the core-level energy of a free atom with nc core electrons and 

Av(n,) = /d37  [v(r,n,) - vo(r,n,)l~c(r,n,) (7) 



chemical shifts for Cu compounds 897 

with Vo(r, n,) and V(r, n,) being the potentials of the free atom and the atom in 
its solid-state environment, respectively. The density corresponding to the 2p level is 
given by p,(r, nc). The binding energy can then be Written as 

where the first term contains the systemdependent part of the location of the 2p 
level relative to the highest occupied leveL The changer of this term give the shifts 
of the initial-state position of the 2p level between ditferent systems. We refer to 
these changes as the chemical shift. The second term corrects for final-state effects, 
and we refer to this as the relaxation energy. The last bracket only depends on 
atomic quantities. It gives the main contribution to the 2p binding energy, but it 
is independent of the compound. We therefore focus on the first two terms in the 
following discusSion. 

Ideally, the calculations would be performed as impurity calculations, where one 
atom (the ‘impurity’) has a different number of core electrons We have instead used 
a supercell method, where we use a large unit cell containing several elementary 
unit cells. In one of these elementary unit cells a Cu atom is allowed to have a 
core hole. The number of valence electrons is increased by one so that the system 
remains neutral. The size of the supercell is increased until the results are reasonably 
well converged For example, introducing huo core holes in the NaCuO, supercell 
(reducing the size of the supercell by a factor of two) changes the binding energy 
by less than 0.2 eV Further we note that in the supercell calculation the energy 
of the highest occupied state is almost unchanged when a core hole is introduced 
(introducing one core hole in an infinite system would not change the highest occupied 
level). 

The calculations are based on the density functional method in the local density 
approximation [SI. This method bas been found to give reliable results for many 
ground-state properties, such as the charge density and the geometry of the system. 
The method often gives poor band gaps, and for the systems considered here it fails 
to give a band gap for CuO. In the present study we are, however, mainly interested 
in the charge density. 

In the density functional formalism we have to solve a oneparticle problem. This 
was performed using the linear muffin-tinarbital ( W O )  method in the atomic sphere 
approximation (MA) [6]. In this method space is partitioned in (slightly) overlapping 
spheres, with the sphere radii chosen so that the sphere volumes add up to the unit 
cell volume (space filling). One sphere is centred on each atom in the unit cell. If 
the space filling requirement leads to an unphysically large overlap of the spheres, 
additional (interstitial) spheres are introduced in the open region between the atoms. 
This is the case for -0 and CuO. 

We are in the following particularly interested in the charge on each atom. This 
charge is defined as the charge inside the sphere of that atom. This delinition is to 
a certain extent arbitrary, since the charge depends on the radius of the sphere. We 
therefore use the same radii for the Cu and 0 sphere for all the compounds. In this 
way calculated chunges between the different compounds become relevant. The Cu 
sphere radius is chosen to be R,, = 2.5au, where Q~ is the Bohr radius. With this 
choice of radius, between 96 and 97% of the atomic 36 charge falls inside the atomic 
sphere in the absence of a core hole. With a core hole this fraction is increased to 
between 98 and 99%. This means that our calculated 3d charges in the solid are 
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reasonable, although perhaps slightly too low. The oxygen sphere radius was chosen 
to be Ro = 2.01~~ and for the interstitial spheres we used RE = 1.67a, and 1.62a, 
for -0 and CuO, respectively. No interstitial spheres were needed to obtain a good 
space Wing for NaCuO, In the calculation with the elementary unit cell, we used 20, 
204,82 k-points in the irreducible Brillouin zone for cubic CkO, orthorhombic CuO 
and triclinic NaCuO,, respectiveb. The supercell calculations used approximately 200 
IC-points in the whole Brillouin zone. All results are well converged with respect to 
the size. of k-mesh. For aU atoms the maximum 1 value was equal to 2, and for the 
interstitial spheres it was equal to 1 and 2 for C q O  and (30, respectively. The 
energy E, for which the LMTO are calculated was put at the centre of gravity of the 
corresponding partial density of states. 

3. Results 

We have calculated the binding energy of the Cu 2p level for Cu,O, CuO and 
NaCuO,. These results are in particular compared with results of Steiner el al [7], 
and for NaCuO, also with a result of Mizokawa et al [SI. Steiner et a1 [7] give 
binding energies relative to the Fermi energy. For Cu,O and and CuO there are 
many experiments which give similar results [9]. Similar results were also obtained 
by H e m g  et a1 [lo] who considered NaCuO, as weU. The estimatedt separation 
between the top of the valence band and the Fermi energy has been subtracted from 
the results of Steiner et al [fl, to obtain the binding energy with respect to the 
highest occupied state. The same procedure was used by Mizokawa et al [SI. These 
experimental results are compared with the calculated results in table 1. The absolute 
values of the binding energies are of the order 2 eV too small in the calculations. This 
rather small relative error (0.2%) is probably due to the LDA approximation and of 
less interest here. The most interesting quantities (‘shift’ in the table) are the relative 
binding energies of the three compounds. The calculated binding energy of CuO 
is about 1.0 eV larger than for Cu,O. This is in good agreement with experiment, 
and follows the chemical intuition that the binding energy should be larger for the 
divalent compound than for the monovalent compound. For trivalent NaCuO, the 
calculated binding energy is about 0.5 eV larger than for CuO, again following the 
chemical intuition. This agrees rather well with the results of Steiner et ul but not 
with the results of Mizokawa et ul, who obtain a somewhat smaller binding energy for 
NaCuO, than for CuO. We observe that it is experimentally hard to determine the 
exact position of the top of the valence band, and the 05 eV disagreement between 
the two experimental groups is therefore not very surprising. Finally, we mention that 
Allan et a1 [ l l ]  have studied La,CuO, and LaCuO,, where Cu has the valence +2 
and i 3 ,  respectively. They report that the binding energy with respect to the Fermi 
energy is 2.5 eV larger for trivalent Cu. Since LaCuO, is a metal while La$uO, is 

t Thae estimates w e n  obtained from S Hidner (private mmmunication), who further obsen‘es that the 
top of the valence band was determined using xps data of the same samples for which the core l m l s  
were mcasurcd. Thia pmcduyr however, pmducca unccrlaintiw of unknown magnitude. It cannot be 
excluded that they amount to f0.5 eV. Therefore it is not certain whether it is no1 more appropriate at 
this stage of OUT knowledge 10 use the internal referencing of the m machine asruming that i1 places the 
Fermi eneqy a1 the top of the ~ l c n c c  band. In this laller easc the shifa in table 1 arc 0.0 cV, 1.0 eV 
and 23 eV for CuzO, CuO and NaCuO2, respcclively. 
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IUk 1. Comparison of theoretical (LOA) and experimental (expt.) Cu Zp core level 
binding energies. 'Shift* shows the difference to CUzO. AU enagics arc in eV and 
measured rclalive to the highest occupied level. 

~ 

W A  EXpt? &p.b 
AE* Shift A% Shift A E ,  

a z o  93as 0.0 932.2 0.0 
CUO 931.7 0.9 933.0 0.8 
NaCuOz 9323 1.5 933.2 1.0 932.7 

References 17,111. 
Refercnce [SI. 

an insulator, the use of the highest occupied state as the reference level could only 
increase the difference between divalent and trivalent Cu for these two compounds 

In table 2 we present some results for the ground state, which we use for analysing 
the results. Naively, one may expect the Cu atoms to have 10, 9 and 8 36 electrom 
in the monovalent, divalent and trivalent compounds, respectively. It is well known 
that the actual differences in charges are much smaller. Thus the difference in the 
3d charge between C%O and CuO is only 0.17. Interestingly, we find that CuO and 
NaCuO, have practically the same number of 3d electrons. Actually, the total Cu 
electronic charge, including the 4s and 4p electrons, is @er for NaCuO, than for 
the other two compounds. This is due to the larger number of 4s and 4p electrons 
for NaCuO,. This can be understood from the geometrical structure. In Cu,O, 
Cu has two 0 nearest neighbours at a distance 1.84 k In NaCuO,, Cu has four 
nearest-neighbour atoms at almost the same distance (1.85 A). Since the 4p level is 
relatively high in energy, we may estimate its occupancy from perturbation theory. 
The hopping matrix elements in NaCuO, should only be slightly smaller than for 
Cu,O, since the distance is only slightly larger. If we neglect the difference in the 
energy separation between the 0 2p and Cu 4p levels for the two cases, we amve 
at the mnclusion that Cu in NaCuO, should have almost LwiCe as many 4p electrons 
as Cu in Cu,O. The calculations show that the ratio is indeed 1.8. Similar effects 
may tend to increase the 4s occupation, although a quantitative estimate is harder in 
this case, since perturbation theory is not valid. In CuO and NaCuO, the number of 
nearest neighbours is the same, but the separation (1.95 A) in CuO is larger. Thus 
the hopping matrix elements are smaller in CuO, explaining the smaller number of 4p 
electrons in CuO. We also mention that there are 1.5 electrons inside the Na sphere, 
i.e. Na has a net negative charge of 0.5 electrons. This may seem to be against 
chemical intuition. We note, however, that we have used a large atomic sphere with 
a radius 3.48 a,,. This is much larger than the Pauling ionic radius 1.80 a", and it is 
probably the main reason why Na is negatively charged in our calculation. 

'lhble 2 also shows the shift AV(6) of the core level compared with its position in 
the atom. The table further shows the Madelung potential. The difference AV-Vmd 
shows the difference in the electrostatic potential between the atom and the solid, 
taking into account only the charge density inside the Cu sphere for the solid. In a 
naive picture, this quantity would decrease rapidly in going from the monovalent to 
the trivalent compound, since the charge inside the Cu sphere should be reduced. 
The potential is indeed reduced by about 0.2 Ryd between Cu,O and CuO. This is 
due to the reduction in the number of 3d electrons, which is only partly compensated 
by an increase in the number of 4s and 4p electrons. For NaCuO, the potential is, 
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?hbk 2. l'hc 4s (nr), 4p (ng), ?d (nu) and total (no,) Cu c h a m  density in the 
ground slate AV(6) U the ahin of the mrc level rclattivt to a free Cu atom, and V M . ~  
ir the Madelung potential on the Cu site. ?he inilial+ztsle mriVibution in equation (8) 
to the binding energy in c1 - AV, where cy is the highest occupied state. All energies 
are in Ryd. 

nh ng nu n- AV(6) V m  A V - V m  CY C V - A V  

CuzO 0515 0.424 9296 10.235 0 . M  0.702 -0.637 -0.126 -0.191 
CUO 0.454 0551 9.131 10.136 -0.041 0.795 -0.836 -0.132 -0.091 
N a b 0 2  0578 0.742 9.121 10.441 -0.315 0.w) -0545 -0376 -0.061 

however, higher than for the two other compounds In view of the previous results 
this is expected, since the total charge is much larger for NaCuO, than for the other 
two compounds, but it may seem to contradict chemical intuition. 

The initial-state contribution to the binding energy is given by E" - A V  (see 
equation (8)). This quantity does follow chemical intuition. The reason is that the 
Madelung potential is much lower for NaCuO, than for the other two compounds. 
This more than compensates for the less attractive potential from the charge inside 
the Cu sphere for NaCuO,. These numbers may seem to suggest that it is pure 
accident that the binding energy follows our chemical intuition. Below we argue that 
there is, nevertheless, a connection between the chemical valence and the observed 
results, in particular in going from Cu,O to CuO. 

We first illustrate that we can discuss the initial-state shi t  of the Cu 3d level 
instead of the 2p core level. This is not very surprising, since both are determined 
by the same potential. In table 3 we show V,, - AV, which gives the electrostatic 
contribution from the Cu sphere to the shift of the core level. We also show C,,, 
which gives the centre of the Cu 3d band. We can see that the two quanrities change 
in a qualitatively similar way between the three compounds. Between Cu,O and 
CuO, the change in C, is somewhat smaller than the change in V,, - AV. Thk is 
natural, since the change in the charge density b mainly a change in the number of 3d 
electrons. Since the core orbital lies well inside the 3d orbital, simple electrostatics 
gives that the change in the core level is larger. Between CuO and NaCuO, the 
changes in the two quantities are similar. In this case the main change is a change in 
the number of 4s and 4p electrons. Since both the 36 and 2p orbitals lie inside the 
4s and 4p orbitals, we expecr similar changes for both of them. The table illustrates 
that for a qualitative discussion, we can focus on the Cu 3d level instead of the Cu 
2p level. 

Tabk 3. "be quanlities - A V  and VMd - C,, where Cu is the centre of the 
Cu 3d band. me changes ('shift') of thcse quantities relative to the proious lint arc 
also shown. All energies are in Ryd. 

V m  - A V  Shift V M ~ ~  - C, Shift 

CU20 0.637 0.993 
CUO 0x36 0.199 1.166 0.173 
NaCuOz 0545 -0.291 0.874 -0.292 

In table 4 we compare the centres of the Cu 3d and 0 2p bands. For C%O 
the centre of the Cu 3d band is about 0.14 Ryd higher than the centre of the 0 2p 
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band. In CuO the two band centres are approximately degenerate, and in NaCuO, 
the centre of the 0 2p band is higher. We further note that the position of the top 
of the band (e,) tends to be determined by the higher of these two band centres. 
Thus the table illustrates how the centre of the Cu 3d band moves down relative to 
the top of the band. This tendency we would like to relate to the chemical valence 
of Cu. We also show the difference Vgd - V& in the Madelung potential between 
the Cu and 0 atoms. This difference 1s to a substantial extent determined by the Cu 
Madelung potential shown in table 2, since the changes in the 0 Madelung potential 
are smaller. The table illustrates that the changes in the Madelung potential play a 
rather small role in going from $0 to CuO, but that they are important for the 
differences between CuO and NaCuO,. 

lbblc 4. The cenM of the 0 2p (17%) and Cu 3d (Cu) hands as well as their differenec. 
We also shoa the diierence in the Madclung polcnIial benvcen the Cu and 0 atom a9 
well as the energy (ev) of the highest occupied sIa1e. All energies arc in Ryd. 

C, Cu Cu-Cw V&-V& ey 

Cui0 -0.432 -0.291 0.141 0.916 -0.126 
CuO -0.373 -0.371 OaO2 0.876 -0.132 
NaCuOz -0.497 -0.644 -0.147 0318 -0376 

First we consider Cu,O, where the Cu 3d level is about 0.14 Ryd above the 0 2p 
level. This agrees with the stronger electronegativity of 0 and it is also in qualitative 
agreement with the calculated results for free atoms, where the Cu 3d level is about 
0.26 Ryd above the 0 2p level. We further notice that the number of Cu 3d electrons 
is only 9.3, i.e. less than 10, as one would naively expect from valence arguments. 
It is, however, well known that the basically occupied Cu 36 level hybridizes with 
higher-lying unoccupied levels. The result is a slight depopulation of the 3d level. We 
also observe that in this case, where the system is formally Cut (i.e. 3d'") and 02- 
(i.e. 2p6), the bands of mainly Cu 3d and 0 2p character are Elled and separated 
from the other bands by a band gap. 

We next consider CuO. First we have performed a calculation for CuO, using the 
potential parameters obtained from a self-wnsistent C q O  calculation. If the system 
were formally Cut and 02-, the system would have 16 electrons per CuO unit. We 
fust consider this case. We then fill all the bands of Cu 3d character and 0 2p 
character up to a band gap. This is a good starting point for the discussion, as we 
expect the system to have roughly 10 3d electrons apart from the depopulation due 
to hybridization with higher-lying states. The results are shown in table 5. The system 
now has 9.4 Cu 36 electrons. The depopulation of the 3d level due to hybridization 
with higher bands is here slightly smaller than for Cu,O. We also show results using 
the CuO potential but having 16 electrons per CuO unit. The number of 36 electrons 
is now increased somewhat to about 9.6. 

We now have to take into account that the Cu in CuO is divalent and that the 
system has 15 electrons per CuO unit instead of 16 as assumed in the calculation 
above. We therefore remove one electron from the system. The result is shown in 
table 5. The number of 3d electrons now drops by almost 0.6. The reason for this 
rather large drop is that in Cu,O, the potential of which was used, the Cu 3d level 
is about 0.14 Ryd above the 0 2p level. The highest states in the Cu 3d and 0 2p 
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lkbk 5. Charge dcnsitia on the Cu atom for a selfconsklenl CuzO calculation, a CuO 
calculation using the CuzO polmtial and assuming 16 or 15 elcetmns. Ne> per CuO unit 
and for a SclfeonsiStcnt CuO calculation. 

Syst. Potential Ne nh nlp ny na, 

C q O  0 1 2 0  26 0515 0.424 9.296 10.235 
CUO cuzo 16 0.434 0579 9.431 10.444 
CUO 00 16 0.462 0515 9553 10590 
CUO Cur0  15 0.425 0560 8.855 9.840 
Cuo cuo 15 0.4.54 0.551 9.131 10.136 

band therefore have mainly Cu 3d in character. Thus the drop in the 0 2p charge is 
only about 0.35. 

The result of. removing 0.6 Cu 3d electrons is, however, a large drop in the Cu 
potential, since the 3d electrons are quite localized. The calculation we have just 
discussed must therefore be far from self-consistent. ’lb obtain a self-consistent result 
we must remove fewer 36 electrons in going from a system with 16 electrons per 
CuO unit to 15 electrons. This is, however, only possible if the Cu 3d level moves 
down relative to the 0 2p level. Thus we have established a connection between the 
change in valence of Cu in going from Cu,O to CuO and the downward movement 
of the Cu 36 level relative to the 0 2p level. The self-consistency is discussed below 
in a very simple model. 

In table 6 we show results for NaCuO,. We here use the CuO potential as 
a starting point. The potential of Na, which cannot be obtained from the CuO 
calculation, was taken from the self-consistent NaCuO, calculation and l ied up with 
the Cu potential as in NaCuO,. If all bands of Cu 3d and 0 2p character are filled, 
there are 22 electrons per NaCuO, unit and about 9.7 3d electrons per Cu atom. 
We now take into account that Cu is trivalent and remove two electrons from the 
system. The result is that the number of Cu 3d electrons is reduced by about 0.8. 
The fraction of removed 3d electrons is lower than in the CuO case above, since we 
use a potential where the Cu 3d and the 0 2p levels are approximately degenerate. 
A comparable amount of charge is removed from the 0 atoms. However, since there 
are two atoms per cell, the removed charge per atom is only about half as large as 
for C u  

Table 6. The same as table 5 but for CuO and NaCuOz. 

Sysl. Potential Ne n r  nlp nu na, 

CUO CuO 15 0.454 0551 9.131 10.136 
NaCuOz CuO 22 0526 0.689 9.129 10.944 
NaCuOz CuO U) 0525 0.685 8.917 10.121 
NaCuOz NaCuOz 20 0.518 0.742 9.121 10.441 
NaCuOz NaCuOz 22 0519 0.748 9.701 11.028 

As for CuO, we observe that this could not be a self-consistent solution, since such 
a charge density would lead to too low a Cu potential. The self-consistent solution 
must have a potential where the Cu 3d level has moved further down relative to the 
0 2p level than was the case in CuO. In this way the uppermost states in the 3d-2p 
band have less Cu 3d character and less than 0.8 3d electrons are removed when the 
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two highest states are emptied. Again we have related the downward movement of 
the 3d level relative to the 2p level to the valence of Cu and to the number of empty 
states in the M-2p bands. Below we discUss this in a simple model. We shall see 
there that the arguments given above can only partly explain the results for NaCuO, 
and that the Madelung potential indeed is important, as suggested by table 2 

We now want to give a simplified model of the selfconsistency. We Write the 
energy of the Cu M level as 

c, = + ud(na-&) + &) + Vd,(no-&) + V ~ E ( ~ E -  n:) + A c d  

(9) 

where C& is the value of C3, for %O, and ncv. no and nE are the charges in the 
0, 0 and interstitial spheres. The second term takes into acmunt that the 36 level 
moves up if the Cu charge is increased, due to the interaction with the charge on the 
same site. We neglect the difference between an increase in the number of M, 4s or 
4p electrons, and simply use one single value for U,. This quantity is calculated by 
applying an external field on the Cu atom and then using the relation 

Here we only consider the shift of C, due to the change of the charge inside the Cu 
sphere, since changes in the Madelung potential are included explicitly in equation (9). 
Thus U, does not include screening from the electrons outside the Cu sphere. We 
further note that the C, level is calculated for a fixed totul Cu charge, while for the 
U, to be used in an Anderson model we consider a change in the 3d churge so that 
the 4s and 4p electrons can adjust and give a screened U,,. The Ud obtained here 
is therefore larger than the U,, used in the Anderson model. The next three terms 
take into acmunt the Madelung contributions from other Cu atoms, from 0 atoms 
and from the interstitial spheres, respectively. Here qj are the coefficients giving 
the Madelung potential. It is convenient to use the charges for C q O  as reference 
charges, which are indicated by a superscript 0. Finally, we introduce the value AC,, 
which is chosen so that the self-consistent value of C, is reproduced if self-consistent 
charges are inserted. We can write down a similar formula for the 0 2p level. We 
are particularly interested in the separation of the 2p and 3d levels 

(c3d-ed)-(cZp-eZp) = (ud+&d-V,)(n,-n~)C(&p-Up-I/pp)(nO-n::) 

+ (&E - %E)("€ - + (Acd - Acp). (11) 

For the self-consistency we also need to know how the charges change when the levels 
are moved. We write 

ni -np=Ani  + Q i [ ( C 3 d - ~ d ) - ( C 2 p - ~ ~ ) ]  +-fi(cE-C:) (12) 

where i = Cu, 0 or E. Ani is the change in the charge if all potential parameters 
are the same as for 0 , O .  This change is due to the change in the structure and the 
coordination of the atoms. It turns out that all yi are small and can be neglected 
for qualitative arguments. The parameters in equations (11) and (12) for CuO are 
U, = 1.6 Ryd, V,, = -1.13 Ryd, vdp = V, = -0.23 Ryd ,Va = -0.40 Ryd, 
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AC, = -0.01 Ry4 Up = 1.6 Ryd, Vpp = -1.12 Ryd, VpE = -0.41 Ryd, ACp = 
0.12 Ryd, aC. = -1.50 Ryd-', a, = 1.44 Ryd-', aE = 0.00 Ryd-', An,, = -0.40, 
Ano = 0.15 and AnE = 0.15. The rather large value of Up may seem surprising, 
but it is related to the definition of Up as the Coulomb interaction of charges inside 
a sphere with a rather small radius (Ro = 2.0 ao), and should not be compared With 
the much smaller effective Coulomb interaction between two 0 Zp electrons. 

If we solve the equations (11) and (12), C, - C,+, = -0.02 Ryd. Comparison 
with table 4 shows that this result agrees well with the result of the full calculation 
(0.00 Ryd), and illustrates that the simple model is well suited for semiquantitative 
considerations. By inserting the numerical values for the coefficients and by neglecting 
some of the smaller terms we obtain the simple equations 

(C, - C&) - ( CZp - ep) = 1.42( nCr - &) - 0.03 

(n," - n(h) 0 = -1.50[(C3, - e,) - (CZP - C$] - 0.40. 

(13) 

(14) 

and 

lb obtain this we have also assumed that the change in 0 charge is compensated by 
a corresponding change in Cu and E charges. Solving these equations we find that 
the difference C, - C is reduced by 0.19 Ryd in going from Cu,O to CuO, which 

Equations (13) and (14) are represented graphically in figure 1, and the crossing 
of the two l i e s  represents the self-consistent solution. In equation (14) the term 
-0.40 can be considered to represent the effect of the larger valence of Cu in CuO 
compared with q0, since this is the change in the Cu charge in going from C h O  to 
CuO, if the potential is unchanged. Alternatively we could use the difference (-0.60) 
between line 2 and f i e  4 in table 5 as a measure, since this is the change when we 
take into account that there are 15 instead of 16 electrons per CuO unit. Thus the 
effect of the chemical valence is to shift the l i e  representing equation (14) to the 
left so that it crosses the axis (C,, - e,) - ( CZp - ) = 0 at ncu - n& = -0.4 
and aot at 0 or 0.2. If the Crossing had been at 0.0 or 0.5, the self-consistent solution 
would have been shifted to (C,, - C;,) - ( CZp - qp) - 0, and there would have 
been a small chemical shift. Equation (14) also illustrates that the removal of the 
order one electron, suggested by the formal valence, would dramatically lower the 3d 
level, which would be very far from the self-consistent solution, 

still compares fairly we if with the value (0.14 Ryd) in table 4. 

function of n a  - n&, in 
. (C, - C$) in equation 

equation (13) and 

(14) 
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For NaCu02 we can write down equations equivalent to equations (ll)-(14). We 
use CuO as the reference compound in this case, i.e. the superscript 0 refers to CuO. 
For NaCu02 there are no interstitial spheres but, of course, a Na sphere. We get the 
formulae 

( % - & ) - ( c Z p - c p )  = v , d - v , ) ( n , - n ~ ) + ( v , p - u p - ~ p ) ( n O - n ~ )  

+ (XNa - %Na)(nNa - + (Acd- Acp). (15) 

ni - np = Ani + ai[(C, - e,) - (Czp - C$)] (16) 

where i = 0, 0 and we have defined c 1. The parameters are U, = 1.3 Ryd, 
Vdd = -0.73 Ryd, Vdp = Vpd = -0.08 Ryd, Vd, = -0.34 Ryd, ACd = -0.28 Ryd, 
Up = 1.6 Ryd, Vpp = -1.05 Ryd, VpNa = -0.17 Ryd, AC, = 0.03 Ryd, a, = 
-2.18 Ryd-', cxo = 1.40 Ryd-I and aNa = -0.62 Ryd-', Ancu = -0.03, An, = 
0.14 and AnN, = 0.38. Solving equations (15) and (16) gives (C3, - C!,) - (Ct, - 
e$,) = -0.15 Ryd in good agreement with the result (-0.15 Ryd) in table 4. Inserting 
the values of the parameters, equation (U) takes the form 

(C, - e,)-( Czp- cp) = 0.61(na-n&) -0.67( no -a:) -0.17(nN, - 1) -0.31. 
(17) 

From equation (17) we can see that the 3d level tends to be lower than in CuO 
due to the term -0.31 Ryd. For instance, if we require the Cu and 0 charges 
to be the same as in CuO, charge neutrality requires nNa = 1.66. The two first 
terms on the right-hand side in equation (17) are then zero and the third term, 
due to Na, is -0.11 Ryd. Compared with CuO the 3d level would be lowered by 
-0.42 Ryd relative to the 0 2p level. This is due to the Madelung potential and 
the different geometrical arrangements of the charges in 010 and NaCuO,. As the 
charge density is allowed to readjust to its self-consistent form, charge flows to the 
Cu atom. This leads to a lowering of the Madelung potential on the Cu site and 
an increase on the 0 site. As a result the difference -0.42 is lowered further to 
V$;d - V i d  = -0.56 as seen in table 4. Including the Coulomb terms we obtain the 
ditference (C, - C&) - ( CZp - C?' ) - -0.15 Ryd in table 4. 

It may seem that the chemical ,"Rift% NaCuO, is completely unrelated to the va- 
lence of Cu. The net Cu charge is 0.86 and 0.56 in CuO and in NaCuO,, respectively. 
This trend is opposite to what would be expected from the chemical valence for these 
two systems, and the shift A V  - V,, of the core level from the charge inside the 
atomic sphere tends to reduce the binding energy in NaCuO, compared with CuO. 
Instead we find that the Madelung term strongly increases the binding energy, so that 
the net result nevertheless agrees with chemical intuition. 

'Ib test these arguments further, it is interesting to put the Madelung term -0.31 
in equation (17) equal to zero. We then solve again equations (16) and (17) self- 
consistently. The result is (C,, - C:,) - ( CZp - C; ) -- -0.06 Ryd. Thus even 
without the Madelung term, there is a tendency to rower the 36 level relative to 
the 0 2p level in going from CuO to NaCuOz. This is due to similar arguments as 
for the difference between CuzO and CuO. The removal of two electrons from the 
Cu 3d and 0 2p band, holding 22 electrons per NaCuO, unit, would lead to too 
few 3d electrons to allow a self-consistent solution, unless the 36 level is lowered. 



906 K Karlsson et a1 

In NaCuO, this lowering is provided by the Madelung potential. However, if the 
Madelung potential term -0.31 Ryd in equation (17) had not existed, the calculation 
above shows that the charge density would nevertheless have rearranged in such a 
way that the 3d level would have been lowered relative to the 0 2p level l b  chedt 
this further we have applied an external field of 0.31 Ryd to the Cu atom to cancel 
the ef€ect of this Madelung term. The result is a reduction of the 3d charge to 9.01. 
This is less than the result 9.13 for CuO, and this difference agrees with the difference 
in valence. The total charge on the Cu atom is ako reduced from 10.44 to 10.20. 
This is, however, still larger than the charge (10.14) of Cu in 010. This is due to the 
contribution from the 4s and 4p electrons, which is related to the small separation 
to the nearest neighbours in NaCuO,, as discussed above. F a  the contribution to 
the chemical shift, we find E" - AV = -0.095 Ryd, Le. about the same as for -0. 
'Ib summarize, we find that in the absence of the Madelung term -0.31 Ryd, the 
valence argument tends to drive NaCuO, in the expeaed direction relative to CuO, 
e.g. the 3d charge is reduced and the 3d level moves down relative to the 0 2p level. 
However, the total charge remains larger and the core level is not more strongly 
bound than for CuO unless the Madelung term -0.31 Ryd is included. 

We observe that the arguments that the Cu 3d level moves down relative to the 0 
2p level when the valence of Cu is increased, depend on the fact that the Cu 3d level 
is well above the 0 Zp level for monovalent Cu. If the 3d level had already been well 
below the ligand level for monovalent Cu, as may happen for less electronegative 
ligands than 0, the increase in the valence of Cu would not necessarily require a 
further lowering of tbe Cu 36 level. This follows since the states at the top of the 
band would then already have a small Cu 3d character for monovalent Cu. 

In view of the importance of the Madelung potential, it is interesting to look more 
into the detailed origin of the term -0.31 Ryd in equation (17). The main reason 
for this term is the change in V,, between CuO and NaCuO,. Sice the net charge 
on the Cu atom in CuO is 0.9, the difference \Po - V ~ c u o a  = -0.4 Ryd, leads 
to a lowering of the 3d level by 0.36 Ryd if we assume the same net Cu charge for 
CuO and NaCuO,. 'Ib understand this difference, we first observe that the Madelung 
coefficients V,, are calculated as the interaction between one Cu atom and positive 
point charges placed on all the other Cu atoms. lb obtain a convergent result the 
interaction with a negative neutralizing background is added. This background cancels 
out of the calculation when the contributions from all the different atom in the unit 
cell are added. We now wite the Madelung coefficient as 

where i labels the compound, U:, is a quantity which only depends on the structure 
and Ri is the radius of a sphere which has the same volume as the volume of the unit 
cell divided by the number of Cu atoms per unit cell. We have l&,/ R,,, = 0.76. 
This factor can explain about 0.27 Ryd in the difference between CuO and NaCuO,. 
It simply represents the fact that if the lattice is expanded the Madelung potential 
is reduced, because of the increased separation between the charges. The remaining 
difference of 0.13 Ryd is due to the structure-dependent part In this context 
we notice that the two closest Cu atoms are at a distance of 2.75 A and 2.90 A 
in NaCuO, and CuO, respectively. Thus the closest Cu neighbours are closer in 
NaCuO,, although the overall dimension R,,,, is larger. This also tends to make 
the structuredependent part smaller for NaCuO,. 
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So far we have exdusiveIy studied the initial-state effects. We now consider 
the final states. In table 7 we have collected information about the charges and 
potentials corresponding to the initial-state results given in table 2 In table 8 we 
show the relaxation energies, due to the adjustment of the valence electrons. In 
addition there is a large contribution due to the relaxation of the core levels. In 
the approximation used here this contribution is independent of the solid, and is not 
interesting here. We also observe. that the valence contribution is large and that there 
is a substantial variation between the different compounds We now discuss the origin 
of the differences 

lhbk 7. Same as for table 2 but for the find state 

0.621 0512 9.776 10.909 0.867 0.m -OB35 -0.993 
CUO CUzo 0528 0.625 9.736 10.889 0.818 0.9B -0.110 -0.950 
NaCUOz 0.642 0.845 9.616 11.163 0524 0385 0.139 -0.900 

Tsbk 8. Changes in the 4s, 4p. 3d and total charge on the Cu atom when a mrc hole 
is aeated. We also show the change in the Madelung potential and in (AV - V M ~ ) .  
Erd E ;(AV(S)-AV(6)) is thevalence electron mnflibution Io the relaxation energy. 

An, An+ AnM A n a  AV, A(AV-VMd) E,d 

Cur0 0.106 0.088 0.480 0.674 0.U)o 0.602 0.401 
CUO 0.074 0074 0.605 0.753 0.133 0.726 0.430 
N a C u q  0.064 0.103 0555 0.722 0.155 0.684 0.420 

Table 8 shows the changes in the 4s, 4p, 3d and total charge on the Cu atom 
when a core hole is created. The core hole is only part@ screened, i.e. Ana < 1. 
This is due to the almost Nled 3d shell for the Cu compounds, which means that the 
36 electrons cannot screen the hole completely. For 3d compounds to the left in the 
periodic table of Cu the 3d screening should be much more complete [12]. Table 8 
shows that the more efficient 3d screening in CuO is partly compensated by a less 
efficient screening by the 4s and 4p electrons. This may be due to the somewhat 
less attractive potentia1 seen by the 4s and 4p electrons, due to the more effective 3d 
screening. Nevertheless the effective 36 screening in CuO is the dominating factor. 
This can be seen from Ancu or even more clearly from A(AV - VMad), which is 
the change in the potential due to the change in the Cu charge when a core hole 
is created. The table also shows the change in the Madelung potential when a core 
hole is created. This change counteracts the on-site term A(AV- VMad). This is not 
surprising, since a small on-site term implies a smaU on-site screening charge. Since 
the system is neutral and the core hole perfectly screened, the remaining charge must 
then sit outside the Cu sphere and contribute to the screening via the Madelung term. 
We have calculated AV,, assuming that the screening charge outside the Cu sphere 
sits entirely on the nearest-neighbour 0 sites. We then obtain the results 0.186, 0.134 
and 0.159 Ryd for Cu,O, CuO and NaCuO,, respectively, in good agreement with 
table 8. It is, however, clear that this screening charge sitting outside the Cu sphere 
cannot screen as efficiently as the charge sitting inside the Cu sphere. The observed 
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trends in the 3d screening charge must therefore dominate the physics, and the other 
two effects, the 4sp screening and the Madelung screening, should only reduce the 
elfects of the 36 screening but not reverse. it. The relaxation energy E,, in table 8 
has to be subtracted from the initial-state shift cy - AV(6) in table 2 according to 
equation (8). The result is to reduce the initial-state difference between Cu,O and 
CuO and to increase. the difference between CuO and NaCuO, somewhat. In neither 
me, however, is the trend from the initial-state shift reversed. 

A Conclusions 

We have calculated the chemical shift of the Cu 2p core level as well as the charge 
distribution for C%O, CuO and NaCuO,, where Cu is monovalent, divalent and 
trivalent. We find that the calculated number of 3d electrons and the total number of 
Cu electrons decrease as we go from -0 to CuO, as expected from the change in 
valence. CuO and NaCuO,, however, have about the same number of 36 electrons, 
and the total number of Cu electrons is about 0.3 larger in NaCuO, than in CuO, 
contrary to the expectation based on the difference in the valence. Nevertheless, the 
calculated Cu 2p binding energy increases monotonically in the series C%O, CuO 
and NaCuO, in agreement with the changes in the valence. 

We have discussed the relation between the valence and the separation between 
the 0 2p level and the Cu 3d level, and showed that the Cu 3d level tends to move 
down relative to the 0 2p level as the valence of Cu is increased. This also tends to 
lower the core level in the initial state relative to the highest occupied state and to 
increase the binding energy. This mechanism dominates the changes between C%O 
and CuO. For the changes between CuO and NaCuO, the Madelung potential is 
found also to play an important role. In particular it lowers the 3d level and the core 
levels in NaCuO, and it is one driving force for the initial-state core level being deeper 
in NaCuO, than in CuO. The more attractive Cu Madelung potential for NaCuO, is 
primarily related to the different spatial location of the atoms in NaCuO, and CuO. 
We have tested the effect of removing this geometry-related Madelung contribution 
for NaCuO,. The difference in the Cu valence between NaCuO, and CuO then 
becomes partly operative again. in a similar way as for the differences between Cu,O 
and CuO. Without this Madelung term the number of Cu 3d electrons becomes 
smaller for NaCuO, than for CuO, and the 36 level remains lower relative to the 0 
Zp level, although less so than when the Madelung term is present. However, the 
initial-state Zp core level is not deeper than in CuO if the Madelung term is missing, 
and the Madelung term is therefore important for the core level binding energy. 

We also find that there are moderate variations in the relaxation energies in the 
series studied. Thus the relaxation energy is largest for CuO and smallest for Cu,O. 
These final-state effects therefore also contribute to making the 2p binding energy 
smaller in CuO than in NaCuO,, while they reduce the difference between Cu,O and 
CUO. 
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