
PHYSICAL REVIE& B VOLUME 48, NUMBER 12 15 SEPTEMBER 1993-II

Relation between copper L x-ray Auorescence and 2p x-ray photoelectron spectroscopies
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La, z, l3, (L3 p Vl x-ray fluorescence spectra (XRF) and 2p, /p 3/7 x-ray photoelectron spectra (XPS) of
various copper compounds are measured. It is found that the intensity of the high-energy hump of the
Cu La XRF has a correlation with that of the high-binding-energy satellite (corresponding to the poorly
screened 2p ' final state) of the Cu 2p3/2 XPS. While both the poorly screened peak in the 2p3&2 XPS
and the high-energy hump in the Le XRF are strong for ionic divalent copper compounds, both of them
are very weak for covalent divalent copper compounds, and they exist for neither monovalent nor metal-
lic copper compounds. It was believed that the high-energy hump of the La XRF originated from the
electron transition between L3M4 5-M4 5 multiple-hole states, where the L3M4 5 double-hole state was
created by the L»L3M4, Coster-Kronig transition prior to the x-ray transition. In this context, the La
line shape, except for the high-energy hump, was believed to represent the Cu 3d electron density of
states (DOS). Our results, however, exclude the possibility of the multiple vacancy satellite 2p 3d —+3d'
for the origin of the high-energy hump of the La XRF of the divalent copper compounds. It is conclud-
ed that the major portion of the high-energy hump of the La XRF of the divalent copper compounds is
due to the transition between the poorly screened states 2p'3d ~3d'. Consequently, it is also conclud-
ed that the La line shape does not directly represent the 3d DOS but the high-energy hump hidden in
the La main line represents the 3d DOS. We also conclude that the La main line originates from the
charge-transfer effect.

I. INTRODUCTION

The La, 2, P, (L3 z-V) x-ray emission spectra (XES), or
x-ray fluorescence spectra (XRF) of copper compounds
result from a mixture of the 2p '~3d ' and
2p

' —+4s ' electric dipole transitions. Here, V denotes
the valence hole state, and L3 and L2 denote the 2p3/2
and 2p &&& hole states, respectively. Because the intensity
of the 2p ' —+4s ' transition is negligibly small com-
pared with that of the 2p '~3d ' transition, ' the La, 2

x-ray lines are the L3 M4 5 (2p3/2~3-d3/2 5/2 ) x-ray lines

and the L13, x-ray line is the Lz M4(2p, &z ~3d -3/p ) x-ray
line for a copper atom. ln what follows, we call these
lines La and LP. When treating a copper atom in solids,
it was believed that the copper La and LP line shapes
represented the local (Cu) and partial (3d) electron densi-
ty of states (DOS) of the compounds as reviewed by Kur-
maev, Nefedov, and Finkelstein. This equivalence be-
tween 3d DOS and La x-ray line shapes was based on the
fact that the crossover transition term 2p ' —&PL

' was
negligibly small compared with the one center term
2p ' —+3d ', where Pl denotes one of the ligand valence
orbitals. Note here that the M4 &

spin-orbit splitting
(-0.3 eV) (Ref. 3) is negligibly small compared with the
molecular-orbital splittings which are usually —5 eV.
Thus, the two x-ray lines, L3-M4 and L3-M5 x-ray lines
are treated as a single line.

Redinger et al. ' and Marksteiner et al. calculated
the Cu La x-ray emission line shapes of copper oxide su-
perconductors on the assumption that the Le x-ray line
shapes were equivalent to the Cu 3d DOS. After these
calculations, the L x-ray line shapes were measured to
study the 3d DOS of copper oxide superconductors by
Mariot et al. ' and Barnole et al. However, Mariot
et al. found that satisfactory agreement between highly
precise calculations of the local-density-functional
theory and the Cu Lu experiment existed only for
Cu20; the experimental results for CuO and copper oxide
superconductors did not agree with the calculations as
shown in Fig. 1. Feldhiitter, Simunek, and Wiech' again
found that the calculated 3d DOS (Refs. 4—6) did not
agree with the measured Cu L x-ray line shape. Kaduwe-
la et al. " measured and calculated the Ln line shape of
copper oxides; their ab initio calculations again failed to
give a satisfactory agreement with the experimental spec-
tra for divalent copper compounds. Since those calcula-
tions by Redinger et al. , ' Marksteiner et al. , and Ka-
duwela et al. " were very reliable, and also since their
calculations gave very similar results, the disagreement
between calculation and experiment indicates that the
one-electron approximation' ' is not valid for divalent
copper compounds though it works very well for the cal-
culations of the x-ray emission spectra of typical-element
compounds such as 860 C60 and C70 as well as
monovalent copper compounds.
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FIG. 4. Schematic illustration of the origin of the La mul-
tivacancy satellite. L2L3 V Coster-Kronig transition prior to the
La x-ray emission was believed to cause the 2p'3d'~3d satel-
lite emission (high-energy hump of the Cu Ln line). The dia-
gram line was believed to be the 2p'3d ~3d transition (Cu Lo.
main peak).

Wassdahl et al. ' In the present paper, however, the
portion of the Coster-Kronig satellite is negligibly small
for the origin of the high-energy hump as will be dis-
cussed below.

Galakhov and co-workers and Butorin et al.
measured the Cu La spectra of copper oxide supercon-
ductors to study the energy of the Cu 3d DOS maximum
on the basis that the La spectra represented the Cu 3d
DOS. It was true that these papers correctly as-
signed that the Cu La was the 2p 3d' PI '~3d9$~ '

transition but, since they erroneously regarded that the
La main-peak energy equaled to the energy of the 3d
DOS maximum in the ground state, they erroneously
concluded that the 0 2p orbital energy was shallower
than the Cu 3d orbital energy for copper oxide supercon-
ductors. This was true for core-hole state, but not for the
ground state of the copper oxides. This conclusion had a
contradiction to the generally accepted energy-level or-
dering shown in Fig. 2; Cu 3d is shallower than 0 2p in
the ground state. Because the charge-transfer effect is
important for late-transition-metal compounds as pro-
posed by Zaanen, Sawatzky, and Allen, the energy of
the 3d DOS maximum interpreted in Refs. 32—36 was
not correct. The observed 3d DOS maximum was shifted
by the charge-transfer energy from the ground-state 3d
DOS maximum.

It should be noted that the interpretations of the La
spectra of metallic copper in the literature ' do not
need to be changed. This is because the charge transfer

due to the presence of the 2p ' core hole is only possible
through the 4s level since the 3d level of metals is already
filled by electrons. The satisfactory agreement between
theory and experiment for Cu20 described above can
also be explained by the absence of the charge-transfer
effect, because Cu20 has nominally 3d ' electron
configuration; thus, the charge-transfer effect is not im-
portant.

We report in the present paper the measurements of
both the La XRF and 2p3/p XPS of various copper com-
pounds to prove the relation illustrated in Fig. 3, which
was only a theoretical prediction in the previous paper.

II. EXPERIMENT

Some of the measured samples were commercially
available compounds: Cu(metal), CuSO~, CuF2, CuClz,
CuO, copper(II) phthalocyanine [Cu(Pc)], copper(II) ace-
tyleacetonate [Cu(acac)2], CuI, CuBr, CuC1, and CuzO.
Other superconductor related compounds were prepared
by the present authors by the method in the litera-
ture: ' Y-Ba-Cu-0 (YBCO), La-Sr-Cu-0 (I.SCO), and
Bi-Sr-Ca-Cu-0 (BSCCO). The prepared samples were
checked by the powder x-ray-diffraction method.
Though the YBCO was not a superconducting phase but
the tetragonal phase, the x-ray spectra were expected to
be similar to the superconducting phase.

The XRF spectra were measured with a Bragg type
(fiat analyzing crystal) x-ray fluorescence spectrometer,
RIGAKU 3070. An end-window Rh-anode x-ray tube
was used for primary excitation with 50 kV and 50 mA.
The analyzing crystal was TAP(100) (2d =25.76 A). A
gas-Aow proportional counter was used to detect the x
rays. The 20 scan range was from 58' to 66' by 0.02 step.
The dwell time for one channel was 5 s. Since the third-
order Bragg reAection of the Rh La line emerged at 35
eV below the Cu La line (very small peak at —895 eV in
Figs. 3 and 5), a single-channel analyzer was used to
avoid counting the Rh signal.

The XPS spectra were measured by a VG ESCA-LAB
MKII spectrometer with Al or Mg anode tube. The dual
anodes were used to discriminate unknown Auger peaks.
Powder samples were set to the sample holder by double-
sided 3M adhesive tape. The ceramics samples were filed
in a vacuum using an alumina stick held by a holder re-
ported by Jayne. The spectra were smoothed by the
Savitzky-Golay method with 5 points and 10 iterations
and then subtracted the background by the method of
Shirley. Then, the intensity of the satellite (poorly
screened final state) relative to that of the main line
(well-screened final state) was determined by numerically
integrating the intensities of these lines.

III. RESULTS AND DISCUSSION

The representative La, P spectra of Cu20 and CuO are
shown in Fig. 5. It is found from Fig. 5 that a hump ex-
ists at a 5 —10-eV high-energy shoulder of the Le line of
CuO, but that it does not exist in a Cu20 spectrum. This
is a common difference between divalent and monovalent
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copper compounds, e.g. , CuC12 and CuC1, and CuBr2 and
CuBr.

We introduce a parameter, which is an Lu linewidth,
to estimate the high-energy hump intensity conveniently;
we have assumed that the full width at —,

' maximum
(FW—,'M) of the peak is a good index of describing the
high-energy hump intensity. This is because the low-
energy side of the Le line has a similar line shape among
the copper compounds. We have plotted the FW —,'M
against the satellite intensity of the 2p3/2 XPS spectra as
shown in Fig. 6. It is found from Fig. 6 that the La line
width is large when the 2p XPS satellite is strong and it is
small when the XPS satellite is weak. This rule holds not
only for divalent copper compounds but also for metallic
and monovalent copper compounds which have no XPS
satellite. The only exception is Cu(acac)2, which has two
satellites due to a large overlap between two kinds of
ligands (C and 0). Therefore, those compounds which
have one or fewer than one XPS satellite have a good
correlation between the Cu 2p XPS satellite intensity and
the XRF high-energy hump intensity; if the La XRF
high-energy hump intensity is strong, then the poorly
screened 2p XPS satellite is also strong; if the former is
weak, then the latter is also weak.

Consequently, the XRF line shape has similar informa-
tion on the electronic structure of the copper compounds
to the XPS line shape. It is true that the XPS spectra are
obtainable with much higher resolution than the XRF
spectra. However, the XPS spectra are very sensitive to
the surface contamination, thus it is very difticult to mea-
sure the CuF2 XPS spectrum in the powder form, because
the CuF2 powder is easily hydrated. The La XRF can
discriminate CuF2 from CuF2. 2H20 as shown in Fig. 7.
Therefore the XRF is useful for measuring the poorly
screened portion of very unstable compounds that are
problematic with XPS measurements.

It had long been believed that the high-energy hump
was a multiple-ionization satellite created by the
L, 2L3M4 5 Coster-Kronig transitions [see Fig. 4(b)] pri-
or to the L3-M45 x-ray transitions. On this basis, the
high-energy hump in the La x-ray spectra was believed
to originate from the L3M4 5-M4 5 x-ray transitions
(multiple-hole satellite; one of the M4, holes is a specta-
tor hole) as shown in Fig. 4(c). Therefore, the x-ray ener-
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spite of this, the high-energy hump is weak. These facts
provide us an evidence that the high-energy hump is not
due to the Coster-Kronig transition but due to the
charge-transfer effect of Fig. 3.

To discuss the degree of charge transfer at the moment
of the level crossing, we have assumed in Fig. 2 the two-
atom molecule Cu ligand; it is easy to extend this to a
cluster such as Cu04 by introducing molecular orbitals
expressed by a linear combination of atomic orbitals.
The molecular orbitals y+ (deeper level) and y (shal-
lower level) at the level crossing in Fig. 2 can be ex-
pressed as

FIG. 7. L x ray fluorescence spectra of CuF& and
CuF2-ZH20.

gy was believed to be shifted due to the presence of the
spectator M hole. We believe that it is very difficult for
the spectator hole to stay at the Cu site before and during
the x-ray transition. This is because the 3d hole, which
originates either from the Coster-Kronig transition or
shake-off process or which exists from the initial ground
state because the compound is one of the divalent copper
compounds, in the charge-transfer compounds is easily
filled by one of the ligand electrons when the copper core
hole is created. The ligand electrons are attracted by the
core hole potential of the copper atom and the valence
hole is quite easily transferred for the charge-transfer
compounds since the transfer-matrix element ( p~, de-
scribed below) is large for charge-transfer compounds.
Since the shake-off probability of the charge-transfer
compounds is very low because the charge-transfer com-
pounds are covalent compounds, it is enough to consid-
er the Coster-Kronig process as the origin of the double-
hole creation process.

If the high-energy satellite originates from the
multiple-hole initial state (L3M4 5), which is created by
the L& 2I.3M4 5 Coster-Kronig transition, then the high-
energy hump becomes stronger when the LP (L2 M4) in--
tensity becomes weaker. This is because for those com-
pounds of strong L, 2L3M4 ~ Coster-Kronig transitions,
the decay rate of the L2 hole by the Lp x-ray emission
becomes smaller than the compounds of weak
L j zL3M4 5 Coster-Kronig transitions. We have plotted
the relation between the La hump intensity (FW —,'M) and
the Coster-Kronig transition rate (Lp/L a ratio) in Fig. 8
to study the origin of the high-energy hump of the Le
XRF whether it originates from the multiple-hole L3M4 5

satellite or charge-transfer effect (Fig. 3). If the La hump
originates from multiple-hole satellite due to the Coster-
Kronig transition prior to the Lo. x-ray emission, then
the data in Fig. 8 tend to lie on line 3 and B in Fig. 8.
However, the experimental tendency is, in fact, inverse to
this; the experimental data lie between lines C and D and
E and F in Fig. 8. For example, if one studies the Cu La
of CuFz or CuFz. 2H20, then the I.p/La intensity ratio
is more than 0.4, but the satellite is also very strong, as is
found from Fig. 7. On the other hand, the metallic
copper has weak Lp/La intensity ratio even in the self-
absorption free spectrum as is shown in Fig. 8, and in

f= —
—,'6+ Vc„(r)+ V (Lr), (2)

where Vc„and Vl are the copper and the ligand atomic
potentials, respectively, and accidentally the degeneration
occurs at the crossing point

(3)

If setting p= (y~ ~f ~yB ), which is the transfer-matrix
element described above, then we obtain the molecular-
orbital eigenvalues of the effective one-electron Hamil-
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FIG. 8. Plot of the XRF high-energy hump intensity against
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1
+ ~2( l +S) XA XB( +

1

~2( l S) +A +B

where y~ = ~Cu 3d ) and yB =
~QL ), and S =(y~ ~yB ).

The effective one-electron Hamiltonian is
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tonian in Eq. (2) as

s+ =(a+P)/( I+S),
e =(a—P)/( I —S) .

(4)

Therefore, the energy separation in the avoided crossing
is e —e+ = —2P, because S « 1 for copper compounds.
Equation (3) is possible when the levels of Cu 3d and the
ligand 2p are crossing each other. The two levels can
cross because of the continuous change of Vc„ in Eq. (2)
when the 2p photoelectron leaves. The Coulomb poten-
tial from the Cu 2p hole which is created by photoioniza-
tion is gradually larger and larger when the photoelec-
tron gradually leaves from the Cu atom. If the transfer-
matrix element ~P~ is large, then the Cu 3d hole is
transferred from copper to the ligand site. However,
when ~P~ is small, the molecular orbitals almost cross
each other, and the Cu 3d hole still remains in the 3d or-
bital after the crossing. This approximation holds when
the photoionization event is sudden, i.e., ~ in Fig. 3 is
much smaller than the classical electron circulation
period in the 3d orbital. On the contrary, if ~ is large
enough, then the Cu 3d hole is adiabatically transferred
to the ligand 2p orbital even when the transfer-matrix ele-
ment ~P~ is small. These situations are quite similar to
the avoided crossing in the chemical reaction, where the
electron transfer probability depends on the slope of the
energy curve and the velocity with which a system
crosses.

Wassdahl et al. ' measured Cu La x-ray spectra with
and without the adiabatic condition. However, such an
adiabatic measurement has many problems in it. Since
the photoelectron kinetic energy of the threshold experi-
ment of Wassdahl et al. ' was quite close to zero, the ex-
perimental condition was in the adiabatic limit, thus the
charge-transfer probability is quite low. Therefore, in the
threshold excitation, whether the atomic shake up is pos-
sible or not is one of the problems and whether the shake
up in the molecular-orbital picture, i.e., nonadiabatic
electron transfer from the ligand to the central metal ion,
is possible or not is also an important problem. There-
fore, the experiment of Wassdahl et al. ' could not
discriminate the atomic process (M-shell vacancy) from
the solid-state process (charge-transfer process from the
neighbor atom).

The high-energy hump in Cu La XRF is 3—5 eV
higher than the Cu La main peak. Though Kurmaev's
group concluded that Cu 3d (0 2p on the assumption
that the La main peak equaled to the DOS maximum, we
conclude that Cu 3d )0 2p provided that the La high-
energy hump represents the ground-state DOS, which
agrees with the generally accepted level ordering,
Cu 3d &O2p.

IV. CONCLUSIONS

We have measured both Cu La x-ray Auorescence and
Cu 2p x-ray photoelectron spectra of many copper corn-
pounds, metal, and alloys, and found that the Cu(II) com-
pounds have a high-energy hump on the La and LP x-
ray lines, and the Cu(I) compounds, metal, and alloys do
not have the high-energy hump.

It has also been found that the intensity of the high-
energy hump of the La line correlates to the intensity of
the high-energy satellite of the 2@3/2 XPS spectra. When
the intensity of the 2p3/2 XPS satellite is strong [this is
the case for ionic Cu(II) compounds such as CuF2, CuO,
CuC12, etc.], then the high-energy hump of the La x-ray
fluorescence (emission) spectra is also strong. Contrary
to this, when the 2p3&2 XPS satellite is weak [this is the
case for covalent Cu(II) compounds such as high-T, su-
perconductors and phthalocyanine (Cu-N bond)], or the
satellite is not at all present [this is the case for Cu(I)
compounds, metal, or alloys], then the high-energy hump
is also weak or does not exist at all in the x-ray emission
spectra.

Usually, the transition-metal I x-ray emission spectral
line shapes were regarded as being representative of the
3d local and partial electron density of state (DOS) in the
compounds or alloys. However, we have shown that the
La high-energy hump shape corresponds to the 3d DOS
for divalent copper compounds. The comparison be-
tween Ni 2p XPS and Ll, g XES by Wood and Urch
supports the validity of this conclusion for nickel com-
pounds. As the XPS spectra consist of well-screened and
poorly screened states, the x-ray emission spectra also
have information on the well-screened and poorly
screened states. Though we have neglected the possibili-
ty of the multiple hole as the origin of the La high-
energy hump, this is very small but not completely
zero 55'56

The linewidth of Cu La of Cu(II) compounds is wider
for ionic compounds than that for covalent compounds,
Cu(I) compounds, metal, or alloys. Consequently, we
conclude that the La XRF line shape has similar infor-
mation to the 2p3/2 XPS on the electronic structure of
compounds or alloys.
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