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Triple-peak feature of Cu 2p x-ray-photoemission spectrum in copper acetylacetonate
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The Cu 2p x-ray-photoemission spectrum (XPS) of copper (II) acetylacetonate Cu(acac), is measured.
Both the 2p;,, and 2p,,, XPS show triple-peak features, which resemble the Ni 2p XPS in NiCl,. By
means of a cluster model, however, it is shown that the origin of the triple-peak feature in Cu(acac), is
quite different from that in Ni dihalides. In Cu(acac),, the main peak originates from one well-screened
final state (2p°3d'°L), where L denotes a ligand hole, while the two satellite peaks comes from the bond-
ing and antibonding states between the other well-screened state and a poorly screened state (2p33d°).
The energy splitting in the 2p°3d !°L states originates from strong hybridization between O 2p and C 2p
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orbitals.

I. INTRODUCTION

It has recently been accepted that x-ray-photoemission
spectra (XPS) from transition metal (M) 2p core levels
provide us with information on the local electronic struc-
tures in M’s and their compounds. In the case of M
monoxides,’ ~ the 2p XPS consists of an intense main
peak and a satellite. The origin of the double-peak
feature is the charge-transfer (CT) effect: In the final
state of the XPS, the ligand electrons can be transferred
to M 3d states in order to screen the core-hole charge.
The well-screened and poorly screened final states corre-
spond to the main peak and the satellite, respectively. By
means of the cluster models,® 1% it has been shown that
the former and the latter are the 2p°3d" *!L and 2p°3d"
final states, respectively, where L denotes a ligand hole
and n=9,8,7... for Cu, Ni, Co, ... .

Among M compounds, NiCl, and NiBr, are extraordi-
nary in the sense that the Ni 2p XPS show triple-peak
features.” It has been shown that in these compounds, an
“overscreened” state (2p>3d '°L?) can also have an appre-
ciable XPS intensity. This situation occurs mainly be-
cause of a fairly small CT energy (A) from the ligand
states to the Ni 3d.7!"!2 On going from Ni to Mn sys-
tems, A gradually increases, giving smaller XPS intensi-
ties to overscreened final states (2p>3d ™ t2L2).4>1415 I
the case of divalent Cu compounds such as CuO, CuCl,,
and La,CuQ,, there is no state corresponding to the over-
screened state since the 3d states are already filled in the
well-screened state. Accordingly, the Cu 2p XPS in di-
valent Cu compounds usually show double-peak
features. !

On the other hand, the situation can be different for
molecular systems. About two decades ago, it was point-
ed out that the Cu 2p XPS in some divalent Cu systems,
such as copper (II) acetylacetonate [Cu(acac),] and
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CuSO,, also reveal triple-peak features.'®!” Although the
observation by Perera, Frost, and McDowell!” was done
for gas-phase Cu(acac),, Kawai and Maeda!® have found
a similar triple-peak feature for solid-state Cu(acac),,
which resembles the Ni 2p XPS in NiCl, and NiBr, at
first glance. If the spectrum of Cu(acac), is interpreted in
analogy to those of the Ni compounds showing triple
peaks, one arrives at the conclusion that Cu should have
a 3d® configuration in this material. However, this is
ruled out by the first-principles molecular-orbital calcula-
tion for Cu(acac),, giving an electron configuration simi-
lar to 3d occupancies of typical divalent Cu compounds.
(The details of the molecular-orbital calculations are
given in a later section.) Thus, the triple-peak feature of
Cu 2p XPS can be a challenging problem to the CT
mechanism for the satellite formation in the 2p XPS.
One of the purposes in the present paper is to confirm the
triple-peak feature of the Cu 2p XPS in Cu(acac),, and
the other is to find the origin.

The rest of the present paper is organized as follows:
In Sec. II, we describe the details of the experiment and
show the observed Cu 2p XPS for Cu(acac),. In Sec. III,
we show the results of the discrete variational (DV)-Xa
molecular-orbital calculation for Cu(acac),, and explain
the characteristic feature of the ground state. In Sec. IV,
we describe our simplified cluster model, by which we
calculate the Cu 2p XPS. It is well known that, in gen-
eral, the first-principles calculations do not describe the
excited states of actual materials quantitatively. In this
paper, therefore, we adopt the cluster-model calculation,
by which we calculated the core-level spectra for late M
compounds.’ % We fix the parameter values introduced
in the cluster model so that the observed 2p XPS can be
reproduced, also referring to the result of the first-
principles molecular-orbital calculation. In Sec. V, we
show some calculated spectra and elucidate the origin of
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TABLE 1. Peak intensities and peak separations of Cu 2p;,, XPS of Cu(acac),.

A (main peak)

B (satellite) C (satellite)

Intensity 52+2%

Peak separation

5.0%0.1 eV

27+1% 22+1%

4.81+0.1 eV

the triple-peak feature of Cu 2p XPS. The simplified
cluster model enables us to understand the essential point
very clearly.

II. EXPERIMENT

The reagent-grade Cu(acac), was obtained from Kanto
Chemical Co., Inc., Japan. It was in powder form. The
powder x-ray diffraction of it was measured to check the
crystal structure. Although the degree of preferred
orientation of the Cu(acac), powder was very high, the
x-ray-diffraction pattern agreed with the reference data in
the JCPDS database.

The spectrometer used was a VG ESCA LAB MK II
x-ray-photoelectron spectrometer (three-channeltron-
detector type). Only the center channeltron data were
used for XPS measurement to avoid the spectral distor-
tion due to the nonequivalent response of the three chan-
neltrons. The vacuum was 2X 10~° Torr during x-ray ir-
radiation, and the base pressure was better than 8 X107 1°
Torr. The specimen was set on the sample holder by 3M
double-sided adhesive tape. A Mg anode tube was used,
with an applied power of 15 kV and 34 mA. Dwell time
for one channel was 100 ms, and one channel was 0.20
eV. The pass energy was 50 eV. One spectrum was a
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FIG. 1. Experimental and theoretical Cu 2p XPS for
Cu(acac),. The spectrum consists of a pair separated by the Cu
2p spin-orbit splitting, each of which consists of three peaks.
According to the present analysis, the main peak (A4) originates
from one 2p33d'°L final state. The other 2p°3d'°L and 2p°3d°
states contribute to the two satellites (B,C). The spectral width
of peak C is somewhat larger than that of peak B, reflecting the
2p°3d° multiplet effect, which indicates that the 2p°3d® charac-
ter is somewhat larger in C than in B.

sum of five scans. The scanning was from 980 to 920 eV
in binding energy. The measurements were taken at least
three times to check the reproducibility. XPS spectra of
Al Ka excitation were also measured to check the con-
tamination of unknown Auger peaks in the scanned ener-
gy region. Auger peaks were not detected in the Cu 2p
region when excited by a Mg anode tube. The electron
spectra were measured from the normal and a glancing
angle by rotating the sample holder, since the Cu(acac),
molecule was planar, some effect due to the preferred
orientation on the sample holder was expected. Howev-
er, any significant differences were not detected between
the normal- and the glancing-angle measured spectra.
Although the Cul(acac), powder sample was quite stable
and the signals due to the surface adsorbates were negli-
gibly weak, it took quite short time (30 sec) to obtain one
spectrum avoiding the sample decompositions. There-
fore, the weak signal was compensated by numerical
smoothing. The obtained spectrum represents the elec-
tronic structure of the bulk state of Cu(acac), powder.
The spectrum of Cu(acac), without any data processing
is shown in Fig. 1. In Table I, we show the peak separa-
tions and intensities with the standard deviations, which
were estimated by the following numerical processing to
reduce the standard deviations. The measured spectra
were numerically smoothed by the Savitzky-Golay
method!® with five points, ten iterations, and then the
Shirley background?® was subtracted in the 2p; ,, region.
Note here that the Kaj; 4 satellites were not subtracted,
because the intensity was negligible (10% of Ka; , main
line) and the subtraction would introduce uncertainty.
The absolute binding energies of the peaks were not
determined because of the charge-up shift of the spectra.

III. FIRST-PRINCIPLES
MOLECULAR-ORBITAL CALCULATION

As schematically shown in Fig. 2, a Cu atom in
Cu(acac), is surrounded by four O atoms in planar coor-
dination, and the CuO, cluster is surrounded by four C
atoms. In order to check the hybridization effect of C on
the CuO, cluster, we calculated the electronic structure
of Cu(acac), molecules by means of the DV Hartree-
Fock-Slater (Xa) molecular-orbital (MO) method.?!??
The bond lengths used in the calculations were r(Cu-
0)=1.96 A, rO-C)=1.27 A, r(C-CH;)=1.55 A, r(C-
CH)=1.48 A, and HC-H)=1.11 A.? The basis set used
was Cu 152s52p3s3p3d4s, O 1s2s2p, C 1s2s2p, and H 1s.
The sampling point for the DV-Xa calculation was 9000.
The calculational details are similar to those reported in
Refs. 24 and 25. The bars in Fig. 3 represent the content
of the O 2p component in each eigenstate, which is
equivalent to the partial density of states. The continu-
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FIG. 2. The molecular structure of Cu(acac), is schematically
shown. A Cu atom is surrounded by four O atoms on the xy
plane.

ous curves are convoluted from the bars with a Lorentzi-
an function [full width at half maximum (FWHM) 1.0
eVl].

In Fig. 3, we find that the centers of gravity for the O
2p,, 2p,, and 2p, components differ considerably from
each other. Of importance is the energy splitting of the
2p, and 2p, states, since they degenerate with each other
in Dy, point symmetry. The energies of the O 2p, states
are greatly lowered because of the strong hybridization
with the C 2p, states, while the O 2p, and 2p, states are
less affected by the C 2p states because of their 7 bond-
ing. Incidentally, the antibonding state of O 2p, and C
2p, character is about 15 eV above the highest energy
peak in Fig. 3. Consequently, the energy splitting of O
2p, and 2p, states is a characteristic feature of Cu(acac),,
since this means that the Cu 3d(xy) orbital can hybridize
with two molecular orbitals of significantly different ener-
gies. Actually, the Cu 3d(xy) content is appreciable for

0O 2p DOS (arb. units)
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FIG. 3. The bar spectrum represents the O 2p content in
each eigenstate which is obtained by the DV-Xa molecular-
orbital calculation (equal to the partial density of states). The
abscissa is the MO Xa energy. The continuous spectrum is con-
voluted from the bars with a Lorentzian function (FWHM 1.0
eV). Moreover, the O 2p components are decomposed into 2p,,
2p,, and 2p, components.
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the states with energy —4.0, —6.9, and —11.0 eV in Fig.
3. The first and second ones originate from the antibond-
ing and bonding states of the Cu 3d (xy) and O 2p, states.
In the third one, on the other hand, the Cu 3d (xy) hybri-
dizes with the bonding state between O 2p, and C 2p, .

The characteristic feature of Cu(acac), mentioned
above should be compared with those of CuO and
La,CuO,, where the hybridization of the 3d (xy) orbital
to the O 2p bands in La,CuO, (Ref. 26) and CuO (Ref. 27)
is strongest at the top of the bands and its strength de-
creases rapidly with energy. [Note that the 3d(x2—y?)
in Refs. 26 and 27 corresponds to the 3d(xy) in the
present paper.] Therefore, we can safely approximate the
valence bands in such solid systems as a single level,
which is one reason why the square planar CuO, cluster
model has so far been used successfully.z’ 28 However, the
situation is quite different for Cu(acac),. In the following,
we show that the energy splitting of the O 2p, and 2p,
states is essential in reproducing the triple-peak feature of
the Cu 2p XPS.

IV. CLUSTER MODEL

We start with a square planar CuO, cluster model, by
which two of the present authors (K.O. and A.K.) ana-
lyzed the Cu 2p XPS for CuO and La,CuO,.>!° The
main part of the Hamiltonian is written as follows:

H=7 e,(D)d},dr,+3 ¢, (vicle,
T,o v
+ 2 Eui(r)v;rravira
Lo
+ 3 V(DN ovire +00dr,)
Lo

_Udc 2 cvchUdFa ’ (1)

T,o,v

where, d }0 and cf, create an electron on a Cu 3d state
(with orbital symmetry I' and spin o) and on a Cu 2p
state (with total angular momentum v), respectively, and
v,-Tro. creates an electron on the ith O 2p molecular orbital.
The first, second, and third terms in Eq. (1) represent the
one-body energy parts for the Cu 3d, Cu 2p, and O 2p
states, respectively. The fourth term describes the hy-
bridization between the Cu 3d and O 2p states. The last
term represents the Coulomb attraction between the core
hole and the 3d electrons. The full Hamiltonian consists
of Eq. (1), the multipole part of the Coulomb interaction,
and the spin-orbit interaction.

We describe the ground state by a linear combination
of 3d° and 3d ‘OI_Ji configurations, where 3d 9 denotes the
state where the Cu ion has a 3d° electron configuration
and the valence states are full. We define the CT energy
from the ith valence state to the Cu 3d state as A;. Ac-
cordingly, E[3d'°L ;]—E[3d°]=A,, with E[3d'°L ;]
and E[3d°] being the configuration-average energies for
3d'°L ; and 3d°, respectively. In the final state of XPS,
the energy differences are changed by the core-hole po-
tential as E[2p°3d'°L ;]—E[2p°3d°]=A,— Uy,.

Taking into account the hybridization effect of C 2p,
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orbitals mentioned in Sec. III, we specify the Cu 3d states
by the irreducible representations in D,, symmetry. The
3d(xy) orbital is a b, irreducible representation in D,.
Although the total number of the O 2p molecular orbitals
is twelve, only two states of b, symmetry are important,
which originate mainly from the O 2p, and 2p, states.
Accordingly, we take i =1,2. Since the hybridization
term in Eq. (1) conserves the orbital symmetry and the
symmetry of the ground state is almost b,, the parame-
ters that characterize the Cu 3d and O 2p states with
symmetries other than b,, hardly affect the calculated
results shown below. For simplicity, we therefore disre-
gard the i dependence of €,,(I"), and we use the relation

Vi(xy):V;(322—r2):V(x2—p?):V,(pz):V;(zx)
=1:1/V3:1/2:1/(2v2):1/(2V2) ,

which is an analog of the relation often used in the
analysis of Cu 3d XPS (Refs. 2 and 28) and 2p XPS for
Cu0."

The matrix elements for the multipole part of the
Coulomb interaction and the spin-orbit interaction were
numerically obtained by the Cowan?® and Butler’® com-
puter programs, where the Slater integrals and the spin-
orbit parameters were estimated by the Hartree-Fock
(HF) calculation and the former were scaled down to
85% of their HF values. In terms of the Slater integrals,
we can also describe the core-hole potential energy
as U, =F%2p,3d)—(£)G(2p,3d)—(3)G*2p,3d),
which is the average energy of the 2p-3d Coulomb in-
teraction.?’ Since, however, it is well known that
F%2p,3d) can be greatly reduced from the HF value due

0.8 T . T T T T T T
2p3pe
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FIG. 4. Cu 2p XPS is shown as a function of A,—A;, where
the other parameters are fixed. (See text.) When A,—A;=0¢V,
the main peak and the satellite are due to the 2p°3d'°L and
2p*3d° final states, respectively, just as in CuO. With increasing
A,—A,, the 2p®3d'°L final state splits. When A,—A,;=6 eV,
the main peak is due to the 2p°3d'°L , final states, while the two
satellites are due to the bonding and antibonding states of the
2p°®3d°® and 2p°3d'°L , states.
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to various screening mechanisms, we treat U, as an ad-
justable parameter.

The photoemission intensity was calculated within the
sudden approximation. The calculated spectra were
broadened by convolution of a Gaussian function [of
width 2.5 eV for Fig. 1 and 1.7 eV for Fig. 4 (FWHM)] to
mimic the experimental spectra.

V. CALCULATED XPS SPECTRA

By the simplification mentioned above, the relevant pa-
rameters involved are A, A,, V(xy), V,(xy), and U,,.
A,— A, represents the energy splitting in the O 2p, and
2p, states. In the following calculations, we also took
into account the crystal-field splitting of 3d levels
(10Dg =0.5 eV).

In Fig. 4, we show the A,— A, dependence of the Cu 2p
XPS, where Vi (xy)=V,(xy)=1.8 eV, A;=1.8 eV, and
U, =8 eV are fixed. When A,—A ;=0 eV, the spectral
shape of the Cu 2p XPS is almost the same as that in
CuO0.!° Since A,=A,;<U,, the 2p°3d°L, and
2p33d'°L | final states are degenerate in energy and are
lower than the 2p°3d°® ones. Accordingly, the main peak
corresponds mainly to the 2p°3d'°L , and 2p°3d'°L ,
final states. From the multiplet structure in the 2p,,,
XPS, we can also assign the satellite to the 2p 33d° final
states. In the case of A,—A;=3 eV, there appears a
small satellite in the higher-binding-energy side of the
main peak, which is due mainly to the 2p°3d'°L , final
state. With increasing A,—A;, the satellite moves to
higher binding energies and the 2p°3d° multiplet struc-
ture is considerably distorted. In the case of A,—A;=9
eV, it seems that the 2p 534101, , final state contributes
mainly to the higher-energy satellite, since the lower-
energy satellite in the 2p;,, XPS shows a multiplet
broadening.

Keeping in mind the parameter dependence of the Cu
2p XPS shown in Fig. 4, we readjusted the parameters to
reproduce the observed spectrum as well as possible. The
result obtained is shown in Fig. 1. The parameter values
used for Fig. 1 were as follows: V,(xy)=V,(xy)=2 eV,
A=1.5¢eV, Ay=7.5¢eV, and U, =9 eV. It seems that
energy difference A,—A;=6 eV is almost consistent with
the result of the first-principles calculation, considering
the hybridization effects. On the experimental spectrum,
we can see that the width of the higher-energy satellite
(peak C) in the 2p; ,, XPS is somewhat larger than that of
the lower-energy one (peak B), which is consistent with
our result. From Fig. 4, we can find that this is an effect
of the 2p>3d°® multiplet structure and is evidence that
Cu(acac), is a ““divalent” Cu system. Actually, the aver-
age 3d electron number in the ground state is 9.3 in our
calculation, which is nearly the same as that obtained by
the first-principles molecular-orbital calculation. To
make the importance of the multiplet effects clear, we
should compare Fig. 1 with the Ni 2p XPS in NiCl,.” In
NiCl,, the higher-energy satellite splits due to the 2p°3d®
multiplet structure,'’>!? the line shape of which is consid-
erably different from that of the Cu 2p XPS in Cu(acac),.

From Fig. 5, we can understand the origin of each
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FIG. 5. Schematic total-energy diagram for Cu 2p XPS in
Cu(acac),. The ground state is a heavy mixture of the 3d° and
3d'°L , states, since their energy difference is fairly small. In
the final state of XPS, the 3d!°L ; and 3d '°L , states are lowered
in energy because of the core-hole potential. As a result, the
3d'°L | state is much lower in energy than the 3d°, while the
3d'°L , is nearly degenerate with the 3d°, resulting in strong
configuration mixing.

peak in Fig. 1: The ground-state wave function is a
heavy mixture of the 3d° and 3d!°L | states, while the
weight of the 3d'°L , state is very small because of a
large A,. In the final state, the energies of the 2p°3d '°L ,
and 2p°3d'°L, states are lowered by U,. The
2p°3d'°L , state is much lower than the 2p°3d° in ener-
gy, while the 2p°3d !°L , is very close to the 2p>3d°, since
A,—Uy;=—1.5 eV. Then the 2p°3d'°L , and 2p°3d°
states strongly hybridize with each other in the final
state, and their bonding and antibonding states split by
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about 2V,(xy). As a result, the 2p XPS splits into three
peaks, where the leading peak (A4) originates mainly from
the 2p>3d I°L | final state and the two satellites (B, C) are
due primarily to the bonding and antibonding states of
the 2p°3d° and 2p°3d '°L , states. The 2p°3d° character
is somewhat stronger in C than in B, since A,— U, <0.

VI. CONCLUSION

We observed the Cu 2p XPS for Cu(acac), and have
clarified the origin of the triple-peak feature by means of
a cluster model. With the CT mechanism, we can well
reproduce the Cu 2p XPS in Cu(acac),. However, it is
found that the origin of the triple-peak feature in
Cuf(acac), is quite different from that in Ni com-
pounds” 12 and Ce compounds.’"3? In the latter, the
three peaks are due to poorly screened, well-screened,
and overscreened final states. In Cu(acac),, on the other
hand, the main peak is due to one well-screened final
state (2p53d1°L 1), and the two satellites are due to the
bonding and antibonding states of the other well-screened
(2p°3d'°L ,) and poorly screened states (2p°3d°). The
2p33d°® character is somewhat stronger in the higher-
binding-energy satellite than in the lower-energy one.
The energy splitting in the 2p33d'°L states originates
from strong hybridization between the O 2p, and C 2p,
states.
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