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monovalent, divalent and trivalent Cu compounds
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Germany
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Abstract. We calculate the shape of the 2p core level photoemission spectrum for Cuz O,
CuO and NaCuO;, where Cu is formally mono-, di- and trivalent, respectively. Although
the number of 3d electrons is similar in the three compounds, there is a large variation
in the strength of the d®-like satellite and in the width of the main line. We relate the
differences between Cuz O and CuQ to the difference in the valence, while for NaCuQ,
the detailed form of the hopping matrix elements is also found to be important.

1. Introduction

The Cu 2p core level photoemission spectrum shows some quite pronounced and
interesting changes between Cu,O and CuO, where Cu is monovalent and divalent,
respectively. In CuO there is a pronounced satellite at about 10 ¢V higher binding
energy than the main peak, with the satellite having about half the weight of the main
peak In Cu,O, on the other hand, this satellite has little or no weight. In CuO the
main peak has a substantial broadening, while in Cu,O the width can be explained
as lifetime broadening and instrumental resolution. MaCuO,, where Cu is trivalent,
is intermediate between CuO and Cu,O, both in terms of peak width and in terms
of the weight of the satellite. The aim of this paper is to study these differences.
The difference between CuO and Cu,O in terms of the satellite 5 usnally ex-
plained as follows. In CuO, where Cu is divalent, the ground state has essentially d®
character. When a core hole is created, the strong attractive potential from the core
hole makes the d'® configuration lower in energy than the d° configuration. Thus the
Jeading peak in the core spectrum corresponds mainly to final states of d'© character.
However, since the ground state has mainly d° character, there is a strong coupling
to final states with d° character, which leads to a satellite at larger binding energy. In
Cu, O, on the other hand, it is argued, the ground state has mainly d*? character, and
a d° satellite should have very little weight. This type of mechanism for a core level
satellite was first proposed for Ni compounds by Kotani and Toyozawa [1]. In a recent
paper [2] we have performed electronic structure calculations for Cu, 0, CuO and
NaCuO,. In these calculations we found that there is about 9.30 and 9.13 3d electrons
in Cu,O and CuO, respectively. While the assignment of the absolute number of 3d
electrons is somewhat ambiguous, we believe that the calculated difference between
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the compounds should be reasonable. The small difference in the 3d occupancy is
also supported by the chemical shift of the Cu 2p level, which only differs by about
1 eV between Cu,O and CuO [3]. Since the screened Coulomb integral between a
core hole and a 3d electron shouid be of the order 10 eV, we do not believe that
there could be a Jarge difference (of the order 1) in the number of 3d electrons
between Cu,O and CuOQ. This, however, means that the traditional explanation of
the difference in satellite structure between Cu,O and CuO given earlier could not
be completely correct. Here we want to show that the differences between Cu,O and
CuO in terms of the strength of the satellite and the width of the leading peak can
nevertheless be related to the difference in valence. The core level photoemission
spectrum for divalent Cu has been studied by several groups before, [4, 5] but these
studies did not address these issues.

In section 2 we discuss the method for calculating the spectra. In section 3
we present the results and trace the origin of the differences between the three
compounds.

2. Method

We use the impurity Anderson model for describing the spectra. In this model we
include explicitly the 3d level on the Cu atom where the core hole is made, while all
other 3d levels are only included implicitly, as discussed Jater. This is expected to be
a reasonable approximation for core spectra, which samples the local properties of
the system. The Anderson model is given by

H =3 (& - U= n)n, + [ en,, det [ de(V(e)wlyw, + 1O

+U Z n,n,+en; (1)
yep

where £, is the energy of the 3d-level on the impurity site. The 3d states are labelled
by an orbital index m and a spin index o, and v = (m, o) is a combined index. The
index » runs between 1 and N; = 10. If a core hole is created (n. = 0) the 3d
level is lowered by U/,. The delocalized electrons are described by the second term.
The hopping between the conduction states and the 3d state is described by the third
term, where V,(¢) is a hopping matrix element. U describes the Coulomb interaction
between the 3d electrons. All multipiet effects have been neglected. Finally £, gives
the energy of the core level, which is assumed to be non-degenerate to simplify the
notation.

We use a variational method applied earlier to Ce compounds {6]. In this method
we introduce a many-electron basis set and express the ground state as a linear
combination of these basis states, The basis states are illustrated in figure 1.For
Cu, O we start with a basis state where both the 3d level and the conduction band
are full. The structure of this basis set is dictated by electron counting, which also
determines the Cu valence. In the next state (b in figure 1(a)) a 3d electron has
hopped into the conduction band. This type of states must be important, since we
know that the number of 3d electrons in the ground state should be substantially
smaller than 10. We must also include states with two 3 holes, although the energy
of these states should be appreciably higher than that for the d° and d*° states. The
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{a} Cup0 b) Cuo

{c) NaCuDs,

Figure 1. Basis states for CuzO (@), CuO (b) and NaCuO; (¢). The left column shows
d19 siates, the middle d® states and the right d% states. The coupling is of the order
{1/N4)® within each row and of the order (1/N4)* between two neighbouring rows.

reason is that the d® states push down the d° states, leading to a reasonable Cu 3d
charge in the ground state. We next include states (d in figure 1(e)) which couple
to the states b via the hopping of a valence electron into the 3d level. We finally
add states (e in figure 1(s)) where an additional 3d electron has hopped into the
conduction band.

In the Ce calculations it was very useful to introduce the inverse of the degeneracy
of the localized level as a small parameter. If the hopping matrix elements V,,(¢) are
independent of the index v we can follow this approach here too. We then consider a
mode] where the degeneracy of the 3d level N is formally considered as a parameter,
although it will be given its physical value (Ny=10) at the end. We further let V),
depend on N, in such a way that

VNV, (€)= V() @)

independently of N,. As we shall see later, the coupling between states in the same
row in figure 1 is then of zeroth order in 1/N,, while the hopping between states in
two neighbouring rows is of the order (1/N,)!. To order (1/N,)? it is then sufficient
to consider the states a, b and c in figure 1(a).
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We next consider the basis states for CuO in figure 1(b). We start with a state
with a 3d hole and a filled valence band. This choice is again determined by the
valence of Cu, which requires the 3d level or the valence band to have a hole. This
state couples to the state b with two 3d holes. There is a further coupling to the
state ¢ with a valence hole and a filled 3d level. We expect the states a and ¢ to
be most important for the calculation. In contrast to Cu,O, however, the coupling
between these two states with 3d® and 3d® character is of order (1/N,)?, while in
figure 1(a) the coupling between the states a and b is of the order (1/N,)° We shall
see Jater that this difference is important. We further include the states d and e with
one conduction electron and one or two valence holes.

For NaCuQ, we start with the state a containing two 3d holes and a full valence
band, consistent with the valence 3 of Cu in this compound. This state has a high
energy, and we expect states with 3d® and 3d*° character to dominate the ground state.
Thus we include the states b and d which have d° and d'° character, respectively.
However, we observe that the coupling between these states is of the order {1/Ny).
We therefore also include the states ¢ and e which have a coupling of the order
(1/N4)° to the states b and 0, respectively.

We now show more in detail how the basis states are defined and calculate the
matrix elements between these states. We introduce the state a in figure 1(a) as

1) 3

where all the 3d and the valence levels are filled, The state b is defined as

- 1 i
where
NyV(EY =3 |V, (E)P. &)

If V, is independent of v we have V{ E) = V,(E). The state }E) in (4) is normal-
ized. The linear combination of the states in equation (4) is only one of N, different
combinations. The state |E) is, however, chosen in such a way that all states which
are orthogonal to | E) do not couple to |d!°) via the Hamiltonian. We then introduce
a state

1Be) = Srpray e 2 Vb i) ©

where

Nyv(E,e)? = EMEN [V, (). D

Here v(E,e) = V,(E)V, (e} if V, is independent of ». E indicates an energy in
the conduction band and e an energy in the valence band. The state |Ee) is chosen
in such a way that no other state with a conduction electron and a valence hole
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orthogonal to |E<) couples to |E). We note, however, that we can construct other
states of the type b in figure 1(a), which couple to | Ee). We introduce a state

|Ey =Y V(E)NV,(go)Pv, %, 18"). ®)

This state is then orthogonalized to the state |£) and normalized, giving a new state
|E1). This state does not couple to |d!°) but in general it has a coupling to |Ee).
The energy ¢, in equation (8) is chosen to be an energy for which the state |Ee) has a
large weight. If V() = w,, f(¢), the states | E) and | E1) are the only ones coupling
to | Ee), otherwise additional states can be constructed. If |V, (¢)|? is independent of
v, the state | E) is identical to |E) apart from a normalization constant, and no new
state |E1) can be formed. In practice it turns out that JE1) plays an unimportant
role. We finally form d° states with two conduction electrons and one valence hole,
We introduce

; _ 1
(BEe) = BB o)/ R, =D)
x 3 V(EYV,(E)WV,(£)%6h, b,k 0,40 ©
vy’
and
¢ ’ 10
|EE'<2) = = ST, 2 BBV, b b, ) (10)

where we have introduced

Ny(Ny— D)w,(E,E',e) = Y V,(E)*V,(E')V,(e)? (11)
v#u
and
Nyw,(E, E',e) = Y _ V,(E)*V,(E')*V, () (12)

For the states |EE’c2) we introduce the constraint £ < £, since [EE's2) =
—~|Ef Ec2). We next calculate the matrix elements of the Hamxltoman between these
states. We obtain

(E|H|d") = /N,V(E) (13)
(Ee|H|E') = -”‘(/‘?Ee))a(g E) (14)
(EE'e1|H|Ee,) = mw_li-(ﬂ-%—';s)a(g ~E)6(e~<,) (15)
and
(EE'e2|H|Eye,) = [%%ﬂa(E~ E,)- %6(5"— E, )]

X 6(e—¢€q). (16)
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If V,(E} is independent of v, it follows from equations (2), (5) and (15) that the
matrix element between the states a and b in figure 1(z) goes as V{E). From (2),
(3), (7) and (14) it further follows that the coupling between the states b and d is of
the order (V(e)/+/N,). The matrix élement (15) is of the order V( E} while the
element (16) is of the order V(E)/ /Ny Thus the leading matrix element between
the states d and e is of the order V' ( E). This illustrates the previous statement that
the coupling between the states in a given row is of the order (1/N,)°, while the
coupling (matrix element squared) between two states in neighbouring rows is of the
order (1/Ny)'. U we take into account that V,(E) depends on v the difference
between the coupling between states in the same row, on the one hand, and between
states in different rows, on the other hand, is reduced. The extreme case is when
we assume that only one 3d orbital with the label m is of importance. Then only
the spin degeneracy remains and we have effectively Ny = 2. Later we discuss more
quantitatively where the real systems are located relative to these extreme limits.

The remaining states in figure 1(z) and the corresponding matrix elements can be
obtained as earlier. The states for CuO and for NaCuQ,, can also be obtained in this
way. For NaCuO, we assume the ground state to be a singlet state, ie. we construct
the states by starting with the state

ld8> = ¢x’~y’1 'd’x'-'-y?lldm) (17)

where we have used the fact that the x? — y? orbital has the strongest coupling to
the host and that this orbital therefore is empty.

The core-level spectra are now calculated as for Ce [6]. In the sudden approxima-
tion the core-level photoemission current is proportional to the core spectral function

pele) = — Im g.(e ~10%) (18)
where
_ 1
gc(z) - (EOI'I,L’,: z+ H — E0¢CIED> (19)

|Eq} is the ground state and 1. annihilates a core electron. Here, the Green func-
tion is calculated by formally assuming that the basis set used for the ground-state
calculation is complete. We can then write

0:(2) = Y (BolelliNil s gr—p i1l Eo 20)

1.7

where |i) and |7) are the basis states used in the ground-state calculation but with the
core level empty. Equation (20) can be evaluated by using the Lanczos method {7).
In this approach we transform to new basis states |n}, which diagonalize H(n, = 0)
in the space {|7}}. Our spectra can then be written as

pe(e) = D nlvlEg)*6(e = Eo+ En(N - 1)) 1)

where the final states |n} have the energies E, (N —1). In the sudden approximation
this is the exact expression for the spectral function except for the use of the finite
basis set.
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The parameters of the model (1) have been determined from ab initio density
functional [8, 9 (for a recent review.)] calculations using the local density (LD)
approximation. Thus we calculate the hopping matrix elements using the formula
(10]

-1

V() = - Im [ [ 4 _pule)

e—g'—i0+ 22)
where p,(2) is the projected 3d density of states (Dos) on a Cu atom. We have
chosen the orbitals in such a way that in Cu,O the 322 — 1 orbital points in the
direction of the two nearest neighbours and that the z? — y? orbital points towards
the four nearest neighbours in CuO and NaCuO,. The matrix elements in (22) have
been obtained assuming that [10]

> Vi Vimi(e ~ £2) = | Vi ()28 (23)
&k i

where % labels the states in the electronic structure calculation, for example, is a
combined index for a Bloch vector and a band index. V|, is a matrix element
between an extended state of the system and a localized 3d state with the orbital
index m. In equation (23) it is assumed that the left-hand side is diagonal in m
and m'. This condition is only approximately satisfied in the present calculation.
However, we find that the largest non-diagonal element in (23} is typically a factor
20 smaller than the diagonal elements.

The matrix elements have been adjusted for the configuration dependence [11].
Thus the ground-state matrix elements are scaled to correspond to the 3d occupancy
10, which is the appropriate one for the d° to d!° hopping. For the final state
we calculate the matrix elements in the presence of a core hole, which leads to
a substantial reduction of the matrix elements {11]. The projected DOS p,(e) has
been calculated for a periodic solid, where the 3d levels on all Cu atoms couple to
their surroundings. This method for obtaining the hopping matrix elements in the
Anderson impurity model means that all the 3d levels in the compound are taken
into account, aithough the 3d levels, which are not located on the impurity atom
singled out in the Anderson impurity model, are treated in the LD approximation
[10]. A drawback of this approach is that CuO is a metal in the LD approximation.
Alternatively, in the LD calculation one can suppress the hopping from all 3d levels
except the ones on the impurity atom and move the decoupled 3d levels above the
Fermi energy. In this case CuQ becomes an insulator, but all 3d levels except the ones
on the impurity atom are completely neglected in the Anderson impurity caiculation
{10]. In view of the strong Cu 3d-O 2p coupling in these systems, we have used the
first approach. Since the gap is too small or zero in the LD approximation, we have
shifted the unoccupied states so that the experimental gap was obtained. The second
approach gives qualitatively similar results, but the coupling to the valence band is
somewhat stronger and more concentrated to the top of the valence band. For CuO
this leads to a reduction in the satellite and to a narrower main peak.

We have also calculated the Coulomb integrals U" and U, as earlier [10]. Thus
we perform super cell calculations with about 16 atoms, and vary the number of 3d
electrons and core electrons to obtain U and U_. Thus we obtain U from
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where ¢, is the 3d eigenvalue and n, is the 3d occupancy. In these calculations the
hopping between the 3d level and the rest of the system has been suppressed, to
avoid double counting of the hopping [10]. U_ is obtained from

U, = dey/dn,

where n_ is the occupation number of the core level. As previously, the hopping
from the 3d level to the rest of the system has been suppressed. Finally we have also
obtained, ey = £,+ 9U, which is the energy difference between the d° and the lowest
d'® configuration. This difference is obtained as a transition state [12] calculation, by
forcing the 3d occupation to be 9.5. The appropriate 3d occupation is obtained by
applying an external field, and ¢, is given by the 3d eigenvalue.

The method for calculating the parameters combined with the Anderson impurity
model has been tested for a number of system, both for spectroscopic properties {10,
13, 14] and thermodynamic properties [13]. The agreement with expetiment is fairly
good suggesting that the parameters are reasonable. Since each experimental prop-
erty depends on several parameters in a complicated way, and since highly accurate
solutions of the Anderson model have not yet been obtained for the 3d compounds,
it is, however, not possible to estimate the errors in the calculated parameters.

The calculated spectra are given a Gaussian broadening of 0.7 eV full width at
half maximum (FWHM). This broadening simulates the experimental resolution. We
have further introduced a Lorentzian broadening of 1.1 ¢V (FWHM), to simulate the
lifetime broadening. This broadening was chosen in such a way that the experimental
broadening (1.4 eV) of the main peak for Cu,O is reproduced. The reason for this
procedure is that the theory predicts that the main peak of Cu,O has a very small
broadening due to electronic processes. This is in contrast to CuQ where the theory
predicts a large broadening. The Lorentzian broadening introduced for Cu,O may
possibly also contain contributions from phonon broadening, although a Lorentzian
is not well suited to describe such a broadening. The Lorentzian broadening we
have introduced (1.1 eV) is somewhat larger than an experimental estimate (0.72 %
0.17 eV) of the lifetime broadening for Cu metal [15]. The lifetime broadening
should be essentially the same for all Cu compounds, and the value introduced for
Cu, O is therefore also used for CuO and NaCuO,,. In this way we have an effective
test for whether or not the present model can describe the additional broadening
observed for CuO and NaCuO,,.

3. Results and discussion

In figure 2 we illustrate the convergence of the calculation for CuO with the size of
the basis set. The top of the figure shows the result using the basis states a and ¢
in figure 1() (first-order). In a second-order calculation we also include the states b
and d and in a third-order calculation the states ¢. The second- and third-order give
practically identical results and only the third-order results are shown at the bottom of
the figure. Because of the similarity between the second- and third-order results, we
believe that the third-order results are well converged. The figure illustrates, however,
that there is a substantial difference between the first- and third-order calculations.
This is important to notice, since almost all calculations for CuQ and the related
high T superconductors are performed using a first-order calculation. In the middle
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of the figure we show results using a first-order calculation with the 3d level shifted
2.2 eV downwards. This curve agrees well with the third-order curve. A first-order
calculation is therefore satisfactory for the core-level spectrum, if the 3d level position
is treated as an adjustable parameter. If, however, the parameters are obtained from
ab initio calculations, the first-order calculation is not sufficiently accurate. The reason
is that in the second- and third-order calculations, the interaction with the states d in
figure 1(b) lowers the d'° configuration. The interaction with the states b at the same
time lowers the d° configuration, but since the states b are high in energy, the effect
on the d® configuration is smaller than for the d!° configuration. The net result is
a relative lowering of the d'° configuration, which in a first-order calculation can be
simulated by lowering the 3d level.

I 1 T
NaCGuO,
-4
z g
£ g
c e | Cud
H £
£
Cuy0
i 1 . ]
-15 ~10 =5 a 5

e lev)

Figure 2. The spectrum for CuO using the states  Figare 3, The 2p core spectra for NaCuQgz, CuQ

a and c in figure 1{f) (first-order) for two different  and CupO. The absolute value of the energy is

values of the 3d level position (£4) and using the arbitrary and the main peaks have been lined up

states a, b, ¢, d and e (third-order). at zero. We have used the parameters U = 8 ¢V,
Us = 10 eV, and g4 = 2.3 eV (Cup0), LI &V
(Cu0) or 2.4 eV (NaCuOgz).

For Cu,O the first-order calculation (states a, b and c in figure 1(a)) gives well
converged spectra but the d® states, as mentioned earlier, are important for achieving
a reasonable Cu 3d charge. NaCuO, gives also converged spectra with just using the
states a, b and d in figure 1(c).

In figure 3 we show the calculated Cu 2p spectrum for Cu, O, CuO and NaCuO,,.
The calculated values of U, U_ and the hopping matrix element were used for all
spectra. We have, however, adjusted £, somewhat to get reasonable 3d occupancies,
ng4, consistent with our earlier calculations [2]. We take ny = 9.42, 9.25 and 9.24
for Cu,O, CuO and NaCuOQ,, respectively. These values are slightly larger than the
ones from the ab initio calculations (9.30, 9.13 and 9.12), as is reasonable, since the
ab initio values refer to the 3d charge inside a sphere with the Wigner—Seitz radius
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Ry = 2.50 a, and since the true 3d orbital extends slightly beyond this sphere, We
have, however, chosen g so that the difference in the 3d charge between the different
compounds is the same as in the LD calculation. This is important, since the 3d charge
strongly influences the weight of the satellite. For CuO our calculation leads to a
local 3d spin moment of 0.57 pup. This is to be compared with the experimental
moment 0.65 up [16]. A theoretical estimate [17] of the orbital component of the
moment gave the value 0.13 pp, suggesting the spin moment 0.52 uy. Given that
spin fluctuation should reduce the moment somewhat, our value (0.57 ug) for the
spin moment should be larger than the estimated experimental value (0.52 pug). To
obtain the quoted values for n, we raised the 3d level by 2.0, 0.5 and 2.1 eV for
Cu, 0, CuO and NaCuO,. Such an increase in the calculated value for the 3d level is
reasonable, since the LD puts the 3d level about 1 eV too low in atomic total energy
caiculations [9]. As discussed later, an incomplete basis set can have the same effect
as a shift of the 3d level. Another reason for the shift introduced for the 3d level,
may therefore be that our basjs set is not sufficiently complete,

The main peaks have been lined up at zero energy. These peaks have ¢ssentially
d'® character. The spectra also show satellites at about —10 to —12 eV. These
satellites have mainly ¢° character. It is well established that these satellites have a
substantial broadening because of multiplet effects [4]. Since no multiplet effects are
included in the theory, the calculated satellites are much too narrow. The satellites
may therefore appear to have too much weight compared with experiment. The
experimental weights of the satellites relative to the main peaks are 0.55 and 0.2-
0.4 for CuO and NaCuO,, respectively. For NaCuO, the weight of the satellite is
very uncertain due to the problems of separating the satellite from the background.
For Cu,O it is not clear if the weight seen in the energy region where a satellite
would be expected, really is a satellite of the type discussed here. Theoretically, the
ratios of the satellite weight to the main peak weight are 0.19, 0.52 and 0.34 for
Cu, O, CuO and NaCuO,, respectively, in satisfactory agreement with experiment.
Thus we find that theory can account for the relative weights well. In particular,
we find that the weight of the satellite for Cu,O is reduced substantially compared
with CuO. Furthermore the satellite is broader for Cu,O. This may be an additional
important reason for the difficulties in seeing the satellite experimentally for Cu,O.
If, however, the satellite is seen at all for Cu, O, it is shifted towards higher binding
energies compared with CuQ. This effect is also seen in the calculations. The shift
is appearing due to the fact that in Cu,O the satellite contains mainly d° states with
an electron in the conduction band. Due to the band gap these states are higher in
energy by at least the gap compared to the satellite states in CuO which are pure d°
states.

We can also see that the widths of the peaks are well described. Thus we find
the widths 3.0 and 1.6 ¢V for CuO and NaCuO,, respectively, compared with the
experimental resulis 3.2 and 1.6 eV. As mentioned earlier, the Lorentzian broadening,
describing core hole lifetime broadening, was adjusted so that the width (1.4 ¢V)
of Cu,O was described correctly, since this should be the only essential intrinsic
broadening mechanism for Cu,O.

These resuits are not primarily due to peculiarities in the energy dependence of
the matrix elements but due to the difference in states in figure 1 dictated by the
difference in valence. To illustrate this we have performed calculations where the
matrix elements calculated for Cu,O were used for CuO and vice versa. Since the
strong coupling is in the 22 symmetry for Cu,O but for =2 — y? symmetry for CuQ,
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the =2 — 32 and 2? symmetries were also exchanged. The result is shown in figure 4.
We can see that the qualitative features of the spectra are not changed. For CuO
there is an additional structure at about 5 eV higher binding energy than the main
peak. This i due to a structure in the hopping matrix elements at this energy, and
it disappears if the corresponding matrix elements are reduced. The width of the
main peak (2.5 eV) s somewhat smaller than if the proper matrix elements are used
(3.0 eV), but it is still much larger than for Cu,O (1.4 eV). The ratio of the weights
of the satellite and the main peak is 0.47 which is only slightly smaller than the result
(0.52) with the proper matrix elements. The Cu,Q results in figure 4 are very similar
to the results with proper matrix elements.

1 T T I l T T |
CugQ Cu0Q
z =
a w
[ T
E =
CUzO
1 1 ! !
] 1]
s a0 5 o -6 -4 -2 0
£ leV} £ (aV)

Figure 4. The core-ievel photoemission spectra for  Figure 5 The ooefficient [a{e)[? in equation (26)
Cuz0 and CuO using the matrix elements for CuO as a function of the energy e.
in the CuzO calculation and vice versa,

We first discuss the broadening of the main peak for CuO. To illustrate the origin
we calculate the ground state including the states a and c in figure 1(b).

[Eo) = A, 14%) + [ 2z a(e),, 1) 4)

where the first term gives state a and the second term the state c. A and a(e) are
variational coefficients and v here refers to the state x? — y%. We can solve for the
energy lowering A E (< 0) relative to the energy EJ of the d° state

_ 1V (e)?
A= jd AE-—sd-!-e 25)

The coefficient a{e) can then be calculated as

9 _ |V (g )|2
2 = XE e er 26)
ie. the valence hole is spread out over an energy of the order |AE ~ g4} ~ 4 eV.
The coeflicient e(e)® is shown in figure 5, and can be seen to have a broadening of
the order 2-3 eV. In the presence of a core hole the d'® configuration is substantially
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lower than the d° configuration. For the sake of the argument we therefore assume
that the coupling between these configurations can be neglected. The final states are
then pure d° states and d'? states with a valence hole at the energy . The spectrum
is determined by the coupling of these states to the ground state. Thus we obtain the
spectrum

plet e+ AE —ey+10U,) = A?a(£)?O(—¢) + 8(c — g + U,)] @7

where the first term corresponds to the main peak. In the present approximation, this
peak obtains the same broadening as e(e)?. Together with the lifetime broadening
and the instrumental resolution, the width of a(¢)? leads to the width of the main
peak for CuO in figure 3. In Cu,O, on the other hand, there is no valence hoie for
the lowest order d'® configuration, and there is little broadening of the main peak.

For NaCuO, the main peak contains d'® states with two holes in the valence
band and we may expect a quite broad peak. The surprisingly narrow main peak is
due to the very large hopping for z? — y* holes for energies close to the top of the
valence band. To illustrate this, we have reduced the coupling by a factor of 10 for
these energies, which makes the peak in |V(£)|? and |a(e){? broader. This increased
the width of the main peak by 0.8 eV, Thus the energy dependence of the hopping
matrix V, () is also important for the shape of the spectra.

We pext discuss the small weight of the satellite in Cu,O. As pointed out earlier,
the satellite is broader for Cu,O than for CeO. The reason js that the d° configura-
tion of Cu,O has a conduction electron, which is spread out over a certain energy
interval. As for CuO we can solve for the ground state including the states a and b
in figure 1(4). We then obtain the energy lowering A E relative to the d*° state

= V(E) e
AE"NdjdEm B slem. L A (28)

where V(E} is defined in equation (5). Observe the factor N, in equation (28)
compared with equation (25). The coefficient b( E) of the d°® states then has the
form

V(E)?
E—E+ey)t

2 _
OB = Naiz @9)
Using the same type of arguments as earlier for CuO, we find that for Cu,O the
satellite obtains a broadening determined by |b( E)|2.

The broadening of the satellite for Cu,O makes it appear weaker, and harder to
observe experimentally. However, the ratio of the weights of the satellite and the
main peak (0.19) is also strongly reduced relative to CuQ. We now discuss this. We
use a simplified model with only one valence level for CuQ and only one conduction
level for Cu,O. The ground state can then be written as

|Eg) = ald®) + /1 — a?]d!%) R (30)

where a? is the weight of the d° configuration. Here and in the following the core
occupation is pot shown explicitly. The final states are written as

[+) = bld%) + VT~ 6%d"%) D 61)
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and
[~) = V1 —b2|d°) - b|d"%) (32)

where b7 is the weight of the d° configuration in the lowest final state |4). The
weight of the satellite is then

[(=1Eo)l® = lav/1 ~ 62 — by/1 ~ a?|". (33)

Here b is typically small, so that the main contribution comes from the first term.
However, the second term is not negligible, and the larger |b| is, the more the weight
of the satellite is reduced. A large value of [b] corresponds to a strong coupling
between the d°® and d*® configurations. First we consider the integrated weight

0
MY INIACTLE 9

of the hopping matrix elements over the valence band and summed over all symme-
tries. The integration goes to the top £, == 0 of the valence band. This quantity is
15 eV? for Cu, O and 21 eV? for CuO. For the conduction band the corresponding
quantity is 130 and 180 eV? for Cu,O and CuO, respectively. Thus the coupling is
generally stronger for CuO than for Cu,O. This means that the larger Cu-O distance
in CuQ is compensated by the presence of twice as many O neighbours compared with
Cu,O. The magnitude of the hopping matrix elements themseives cannot therefore
explain the difference between CuO and Cu,O.

We now want to include the effects of the valence of Cu in the two cases, ie.
that the important hopping for Cu,O is between states a and b in figure 1(a) (3d
electrons hop into the conduction band) and for CuO between the states a and c in
figure 1(b) (valence electron hops into the @? —y? 3d level). For the final states there
is a large separation ( U_ ~ 10 €V) between the d° and d!° states and the two-level
model discussed earlier should be a good approximation. We can define an effective
interaction between these two levels, by taking into account an appropriate weighting
of the different conduction or valence states. For Cu,O we introduce

o VB, - ey + B
2 — 4 < B
Vwo=2 [, By T By

(35)

and

®  Va(E)W(U, - eq+ E,)?
V2 o2 =/ dE -2 - & 36
Cu20 ™ Jg, (U.—eq+ E)? ©6)

where E; is the band gap. Here we have integrated over all conduction states and
weighted the contribution with the energy separation between the d!° configuration
and the d° configuration with a conduction electron with the energy E. The resuit is
multiplied by the corresponding energy separation for a two-level model, where we
have put the conduction electron at the lowest energy E,. We consider both the total
coupling to all symmetries appropriate for Cu,O and the coupling to the dominating
symmetry z*, We obtain the results V&, o = 25 eV? and VZ , . = 5.5 eV%
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Figure 6. Spectrutn for Cup O with the 3d level Figure 7. The CuO spectrum assuming that the

raised by 2.6 eV so that the 3d occcupancy becomes  hopping matrix elements are the same in the mitial

the same as for CuO. and final state (bottom curve} and that they are
reduced by a factor 0.75 in the final state (lop
curve).

Due to the fact that the coupling is to all symmetries, the effective coupling has
been enhanced with a factor V&, o/ "Cu,o L2 = 4.5, which can be considered as an
cffective degeneracy. For CuO the hopping from the valence band is important. Since
the important valence states occur over a fairly small energy region, we have simply
weighted all thesc states equally. The result is then Vg q,2? —y? = 11.9 eV? In
this case the hopping can only take place in the x? — y? channel.

We now use the two-level model together with these hopping matrix elements.
The initial state weights are obtained from the full calculation. We can then calculate
the ratio between the weights of the satellitc and the main peak. The results are
0.20 and 0.61 for Cu,O and CuO, in good agreement with the results 0.19 and 0.52
from the full calculation. To separate the different reasons for the smaller satellite in
Cu, 0, we now perform a calculation for Cu,O, where we replace the proper initial
state weights by the weights for CuQ. The weight of the satellite relative to the main
peak is then predicted to be 0.46. This can be compared with the results in figure 6,
where we have raised the 3d level 2.6 €V s0 that the number of 3d electrons becomes
identical to the result for CuO. The weight of the satellite is then increased to 0.38
in good agreement with the two-level calculation. This illustrates that the weight of
the satellite in Cu,O is reduced both because the weight of the 3d® configuration is
reduced in the initial state and because there is a stronger coupling in the final state.
The stronger coupling in the final state is due to the degeneracy effect discussed
earlier, and without this degeneracy effect the coupling would be weaker for Cu, Q.
Comparison of Figures 3 and 6 also ilustrates that the satellite in addition appears
very much reduced in Cu,O because it is strongly broadened in Cu,O, while in CuO
the main peak is broadened.

Figure 3 illustrates that the satellite is smaller for NaCuO, than for CuO. The
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coupling between the d° and d!° configurations has a similar structure for NaCuO,
and CuQ, and the main difference is therefore the magnitude of the matrix elements.
This is illustrated by integrating the most important matrix elements [ng_y-.»P over
the valence band. This gives the strength 11.9 eV? for CuQ, as mentioned earlier, and
21.3 eV? for NaCuO,. In both CuO and NaCuO,, Cu has four nearest-neighbour O
atoms. But the Cu-O separation is very small in NaCuO, (1.85 A), as is expected for
a trivalent compound (more antibonding states emptied), and therefore the coupling
is stronger for NaCuO, than for CuO with a larger Cu-O separation (1.95 A). This
explains why the satellite is much weaker for NaCuO, than for CuO.

Finally, we discuss the effects of the configuration dependence for the matrix
elements, which means that the matrix elements are reduced in the presence of a
core hole {11]. The top of figure 7 shows the results when the hopping matrix
elements are reduced by a factor 0.75 in the final state, while in the bottom part they
are the same in the initial and final state, Due to the more efficient coupling in the
bottom part of the figure, the satellite is reduced substantially. The main peak is also
narrower. To obtain a reasonable weight for the satellite with equal matrix elements
in the initial and final states, one has to raise the 3d level further relative to the
calculated value of ¢4 and use ey = 2.1 eV. The dependence of the hopping matrix
clements on the presence of a core hole has been included in the earlier calculations.
The quoted values for [ |V(£)|? de refer to the initial state.

4, Summary

We have studied the 2p core level spectra of Cu, O, CuQO and NaCuO,, where Cu
is monovalent, divalent and trivalent, respectively. In particular we have focused
on the weight of the d® satellite and the width of the main peak. Due to electron
counting arguments, the main hopping for the monovalent Cu,O is between the d!?
configuration and the d° configuration with a conduction electron (see states a and
b in figure 1(a)), while for the divalent CuO the main hopping is between the d°
configuration and the d!° configuration with a valence hole (see states a and ¢ in
figure 1(b)). The large width of the main (d!°) peak in CuO is due to the presence
of a valence hole in the final d!° state, where the spread in energy of the hole leads
to the width. The same arguments suggest a broad peak also for NaCuO,. In this
case, however, the matrix elements are very peaked at the top of the valence band,
resulting in a small spread in energy of the holes in the d!° states and therefore a
small width. For Cu,O there is a conduction electron present in the d° configuration,
and the d®-like satellite therefore has a substantial broadening for Cu,O due to the
energy spread of the conduction electron.

The difference between Cu,O and CuQ in terms of the weight of the d° satellite
is partly due to the somewhat larger 3d occupancy in Ce,O (ny = 9.42) than in
CuO (n4 = 9.25), which favours a larger main (d'®) peak in Cu,O and partly due
to the stronger coupling in the final states for Cu,O. Since the main coupling in
Cu,O js due to a 3d electron hopping into a conduction state (see states a and b
in figure 1(a)), the electron can have any quantum number and the coupling is very
efficient. In CuQ, on the other hand, the main coupling is due to a valence electron
hopping into a 3d hole (see states a and c in figure 1(b})). Since the quantum number
of the 3d hole is fixed (z%—y?), the hopping can only take place for one specific value
of the quantum number of the valence electron. As a result the coupling is weaker
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for CuO, and the transfer of weight from the satellite to the main peak is smaller.
In addition, the large broadening of the satellite for Cu,O makes it appear weaker
than it is. For NaCuO, the structure of the hopping matrix element between the d°
and d!° configurations is similar as for CuO. The distance to the nearest neighbour
O atoms is, however, smaller for the trivalent NaCuO,, and the coupling therefore
stronger. This leads to a larger transfer of weight to the main peak and a smaller
satellite thap for CuO.
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