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A highly correlated CuO, cluster model is utilized to interpret the core-level Auger and x-ray
emission decay spectra for YBa;Cu3O7-, and CuO. The evidence indicates that the initial core-
level shakeup states relax to states of the same symmetry before the core-level decay, provided
they have a shakeup excitation energy much greater than the core-level width.

Previously reported'-? core-level Auger-electron spec-
troscopy (AES) and x-ray-emission spectroscopy (XES)
data are interpreted within a highly correlated CuO,, clus-
ter model for the high-temperature superconductors
(HTSC’s), YBa;Cu3O7-, and La;—,Ba,CuQOy4 (herein
referred to as 1:2:3 and La). The Ly3Ma3V Auger line
shape is reported here for the first time and is interpreted
consistently with the L,3V¥ line shape and XES data.
This work clearly indicates, contrary to previous re-
ports, '3 that the initial-core shakeup (ICSU) states do
not directly decay, but rather relax to the primary core
state before decay. The XES data dramatically reveal the
change of character of the valence-band (VB) states be-
tween CuO and thel:2:3 material.

The basic electronic structure of the HTSC’s can be de-
scribed within the Anderson Hamiltonian utilized by
Sawatzky and co-workers.>* It includes the transfer or
hopping integral ¢, the Cu and O orbital energies ¢; and
&, the core polarization energy Qg, and the intrasite
Coulomb repulsion energies Uy and U, (the latter some-
times assumed to be zero). This model is most useful
when the U’s are large relative to the bandwidths,’ i.e.,
when correlation effects dominate hybridization effects. A
CuO,fz"'Z)' cluster model, which is also reasonably valid
when U>>t, simplifies the model further.® We utilize an
extended Hubbard model by adding the intersite repulsion
energies Uy, and U)o (i.e., between neighboring Cu-O
and O-O atoms). The addition of these interactions is im-
portant for understanding many of the features in the
AES and XES data. The optimal U and ¢ parameters pre-
viously reported for the HTSC’s (Refs. 4-6) were ob-
tained empirically from the Cu 2p x-ray photoemission
spectroscopy (XPS) and the VB ultraviolet photoemission
spectroscopy (UPS) data utilizing the Anderson model.
Our optimal extended Hubbard parameters in Table I
were obtained by considering this same data plus x-ray-
absorption spectroscopy (XAS) data,’ and the Auger and
XES data discussed in this work. Although we are in gen-
eral agreement with the reported magnitudes for most of
the parameters, our Uy value is larger by about 2-3 eV to
be consistent with the AES data.

The CuO2"~2~ cluster has one hole shared between
the Cu 3d and O 2p shells in the ground state, which we
term the v (valence) states. The spectroscopic final states
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reflect multihole states, e.g., v2, cv (c=core), etc. We in-
dicate the location of the v holes by d (Cu 3d) or p (O
2p). In the case of two holes on the oxygens, we distin-
guish two holes on the same O (p?), on ortho neighboring
O atoms (pp®), or on para O atoms (pp”) of the cluster.
Furthermore, neighboring pp° holes can dimerize,? so we
distinguish between two holes in bonded (pp®) and anti-
bonded (pp*) O pairs.”

The v states, as reflected by the theoretical density of
states (DOS),® have the Cu—O bonding (¥;) and anti-
bonding (¥,) orbitals centered at 4 and 0 eV, respective-
ly, and the nonbonding Cu and O orbitals at 2 eV. The O
features each have a width 2I'=4 eV due to the O—O
bonding and antibonding character and the Cu-O disper-
sion. The ¥, and ¥, wave functions can be expressed as’

(1a)
(1b)

where 8; =0.5tan ~!(2¢/A). We also define the Cu-O hy-
bridization shift & =[(A2+422)!/2—Al/2, which is uti-
lized in Table I to give the energies. Thus, the ground
state of an average CuO, cluster is located at 1 eV having
the energy ¢; — 6, +I/2 =¢; — a, which we use as a refer-
ence energy for the excited states. In CuO, the hybridiza-
tion shift I' is smaller, and we shall see below that
A=g, — g4 has increased to 1 eV.

Recently’ we consistently interpreted the VB photoelec-
tron spectra (UPS and XPS). Because most of the
features in the VB spectra are also reflected in the AES
and XES, we will review the assignments here. In the
1:2:3 material, the states were assigned as indicated in
Table L.7!' In CuO, we have previously assigned a
feature at 5.5 eV to pp® and pp” and at 3 eV to dp.”!?
Calculated photoemission intensities, their variation with
A, and photon energy dependencies confirm these assign-
ments.”!3 The character switch of state 1 from mostly dp
to pp? and vice versa for state 2 between CuO and the
1:2:3 material arises because A decreases from 1 eV in
CuO to near 0 eV in 1:2:3. The reduction in A as indicat-
ed by the UPS data is consistent with the Cu 2p XPS data
and with the XES data to be discussed below.

Cu 2p and O s core-level XPS. In order to understand
the XES and AES data, we first characterize the initial

¥, =d cosf, —psinb ,
¥, =dsin6, +pcosb, ,
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TABLE I. Summary of hole states revealed in the spectroscopic data, and estimated energies using the indicated optimal values for

the Hubbard parameters.

Optimal Hubbard parameter?® (eV)

61=2 €4=2 Up=12,13 Us=9.5, 10.2
5=0.5,0.8 &=2,3 U,,o=4.5,4 Ugp =1
r=2 U,,»=0 U,,o=2 Q4=9
a=1,0.5 A=0, 1 K=4
Calc. E Expt. £
State® Energy expression (ev)ed (eV)°© Remark
gs., v
v, d €a—8 FT 0F2 e } Heavily
¥y p gt+6+T 4F2 R mixed
UPS and XES, v?
1° PP &+A—8+a 2.5 2.5 } Heavily
2¢ dp g+tUp+ot+a 4.5 4.2 mixed
3 pp” &+A+U,c—T+a 5.5 5.0
4 pp” &+A+U, o +T+a 9.5 9.5 Mystery peak
5 d? eatUsta 12.5 12.5 Cu satellite
6 p? g+A+U,+a 15 16
Cu 2p XPS, cv
cp et+A+a e +1 E»p Main
cd e+Qata e+10 Ey}p+9.2 Satellite
O 1s XPS, cv
cd e+ta g+1 Es Main
cp? et+Aa+a e+1 Es Main
cp’® etA+U ota e+3 E\s+2? Tail
cp e+A+Q,ta ? ? Not observed
Cu L3VV AES, o3
dpp® 26, +2Ugpt+a 7 7 2 center feature
dpp° 26+ U 0+ 2Usp ta 11.5 R No mixing
d’p eate,+Us+2Ug — 62+ a 16 15.5 Main feature
dp? 26+ U, +2Ugp+ 62+ 19.5 18-25 Satellite feature
Cu L3MqV AES, cv?
cdp ete+QatUsp FK+a &+9 E3+10 Main, 'L
e+17 Esp+18 Main, 3L
cp? ete+A+U,+a e+15 ce Not observed
cd? exegt+Us+2Qata & +30.5 Not observed

2Parameters for 1:2:3 indicated first, those for CuO second.
®The dominant character in the hybridized states is given.
°The Calc. E and Expt. E columns indicate the results for 1:2:3.

9The calculated E is defined relative to the ground v '(d) state energy =&s — a. The v'(d) energy defines the Fermi level.
°The dominant character switches as described in the text, and thus the sign in front of J, is the opposite for CuO.

state, which is reflected directly in the Cu 2p and O 1s
XPS data. The primary and satellite features seen in the
Cu 2p XPS spectrum for CuO (Ref. 14) and the 1:2:3 or
La (Refs. 1 and 15) material are known to arise from the
cp and cd states, respectively,>* with the energies given in
Table I. The relative satellite intensity I(cp)/I(cd) de-
creases from 0.55 in CuO to 0.37 in 1:2:3." The energy
separation, E (cd) — E (cp), increases from 8.7 eV in CuO
t09.2in 1:2:3.146

The primary (cp) and satellite (cd) wave functions can
be written similar to Eq. (1), with the hybridization angle

6. =0.5tan ~'[2¢/(A—Q4)].> In the sudden approxima-
tion, the intensities are proportional to the overlap be-
tween the ground-state wave function, y,, and the
final states, so that I(dp)xcos*(6.—8,) and I(cd)
«csin2(6. — 6;).> Thus the satellite intensity increases
with increasing difference between the v and cv hybridiza-
tion angles. In the ground v state, the hole is shared
equally in the p and d orbitals since 6, = 45°, in the pri-
mary cv state it is mostly in the p orbital since 6, = 78°.
The changes between CuO and 1:2:3 noted above are just
that expected for a decrease in A and reflect an increased



11 370

covalency in 1:2:3.!

The large width of the primary cp peak is believed to
arise from mixing with the cd state.”> The cd state has a
large width due to the large core-hole, valence-hole in-
teraction; indeed, the satellite actually reveals the ¢d mul-
tiplet structure. Evidence that the primary cp peak width
arises from the cd interaction comes from the Cu halide
data,® which show a direct correlation of the primary cp
peak width with the satellite cd peak intensity. We do not
believe that the primary peak width arises from the O p
bandwidth as proposed by others.

The O 1s spectra have been reported by many authors;
however, it can be seriously altered by impurities such as
OH ~ and CO;%~ on the sample surface.!” Recent data'®
from single-crystal samples of the La material cleaved in
situ are expected to be reasonably free of impurity effects.
The cp? and cp? states listed in Table I are believed to ac-
count for the tailing off seen in these spectra (this will be
positively identified upon examination of the XES data).
Consistent with the sudden approximation, the cp state is
not seen in the O 1s XPS because now both the v and cv
states have similar hybridization angles, i.e., the valence
hole is mostly in the d orbital in both cases.

We will find below that the initial-core shake-up
(ICSU) process, which is responsible for the satellites in
the XPS noted above, does not produce satellites in the
AES or XES data, because the ICSU states generally “re-
lax” to the primary states of the same symmetry before
the core-level decay. Such a relaxation is expected when
the ICSU excitation energy is larger than the core-level
width. !

Previously, van der Laan et al.3 suggested the intensity
of these ICSU states in the XPS should be quantitatively
reflected in the intensity of the Auger satellites found in
the Ly3VV line shapes for the Cu halides. The data do not
indicate this however. While I(cd)/I(cp) goes from 0.45
for CuBr; to 0.8 for CuF,, the Auger satellite intensity
does not increase.> We previously' indicated that a frac-
tion of these ICSU states probably resulted in Auger sa-
tellites for the HTSC’s, and that this fraction becomes
larger as the covalency of the HTSC material increases.
Evidence presented here indicates rather that the ICSU
states relax before the core-level decay to states of the
same symmetry, provided they have a ICSU excitation en-
ergy that is much greater than the core-level width. We
believe this to be a general result, at least in the Cu?* ma-
terials.

The Cu Lyy and O-K XES data. The O K XES data?
in Fig. 1(a) confirms our assignment of the O XPS, and
clearly shows the dependency of the ICSU state relaxation
on the excitation energy and symmetry. The principal
XPS peak arises from the cd state, and it decays to the dp
state since the x-ray-emission process is intra-atomic in
nature. Therefore the principal O XES peak aligns with
the dp feature in the UPS as shown in Fig. 1. The ¢p°
state does not mix with the primary cd state; therefore, it
does not relax before the decay, but decays directly to the
pp® (and perhaps a little also to the pp®) state. This ac-
counts for the feature around 6.5 eV in the XES, just 3 eV
above the pp” feature in the UPS. The shift of 3 eV
matches the energy difference between the cp® and cd
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FIG. 1. (a) Comparison of O K XES data for 1:2:3 material
taken at the indicated photon excitation energies (from Ref. 2).
(b) Comparison of Cu L,3 XES data for 1:2:3 (Ref. 2) and CuO
(Ref. 20) material. (c) UPS data for 1:2:3 material (hv =74 eV
from Ref. 11).

core-hole states. The cp” state can mix with the cd state,
therefore it can relax to the cd state, but it does this slowly
because of the small excitation energy of 0.5 eV. There-
fore, the cp” state decays either directly to the pp? state,
or relaxes to the cd state, which then decays to the dp
state. This explains the photon energy dependence seen?
in the data of Fig. 1(a). Near threshold, the sudden ap-
proximation is not valid, resulting in a smaller intensity
for the cp” state, and consequently a smaller pp? contribu-
tion around 2.5 eV in the XES.

The Cu L,3 XES data®?° shown in Fig. 1(b) dramati-
cally reveals the switch in character of the 1 and 2 v?
states between CuO and 1:2:3. Again, the satellite cd ini-
tial state relaxes to the cp state before the decay so that
the XES reflects primarily the dp DOS. In CuO the XES
spectrum peaks at 3 eV, in 1:2:3 it falls around 4.2 eV,
very near where we indicated the dp states fall in the UPS
data. The large intensity in the CuO XES extending
above the Fermi level is believed to be an experimental ar-
tifact. 2

The Cu L,3VV and Ly3sM 3V Auger data. Comparison
of the L3VV data for CuO (Ref. 21) and 1:2:3 (Ref. 1)
are shown in Fig. 2. The data reveal features at 7 (the
two-center feature), 15 (the main feature), and 19 eV
(the satellite feature), which we previously'! attributed to
dp, d 2 and d° final states, respectively, utilizing a v?
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FIG. 2. Comparison of Auger data for the materials indicat-
ed. Cu LxVV data for CuO and 1:2:3 from Refs. 21 and 1. Cu
Ly3M 3V data for CuO from Ref. 22 and for 1:2:3, this work.
The L3VV data are on a two-hole binding energy scale that is
equal to Er3— Ex, and the Ly3M3V on a one-hole scale that is
equal to Er3—Ex — Eups, where EL3;=933.4 and Ep3=77.3 eV
(Refs. 10 and 12).

final-state model. The d 3 states can arise from 3 different
processes: (1) initial core-level shake-off (ICSO) fol-
lowed by Auger decay (gs.+hv— Lyv—d?), (2)
Coster-Kronig (CK) decay followed by Auger decay
(g.s.+hv— L,— Lv— d?), and (3) ICSU followed by
Auger decay (g.s.+hv— Lyve— Lyv— d> where e
denotes the excited electron). The ICSO and CK process-
es accounted for all of the d> component in CuO, and the
ICSU process was believed, as mentioned above, to ac-
count for the increasing satellite d> component in the La
and 1:2:3 materials.

We report and interpret here, for the first time, the
L,3M >3V Auger line shapes for the 1:2:3 superconductors.
The sample preparation, treatment, and instrument uti-
lized were described previously.! Figure 2 compares the
LysM 3V spectra for CuO (Ref. 22) and 1:2:3, and
identifies the various features. The L,3M 3V line shapes
reflect the cv2 DOS in our current cluster model, the main
features arising from the cdp final state, and the satellite
from the cd’p state apparently resulting from the similar
ICSO, CK, and ICSU processes defined above. However,
Fig. 2 reveals a most interesting point; although 1:2:3
shows an increased satellite in the L,3VV relative to CuO,
it is not increased in the L,3M»3V. This indicates strongly
that the ICSU process is not responsible for the increased
satellite in the L3VV, because then it should increase the
satellite in both 1:2:3 line shapes.

We indicate that the increase in the L,3VV satellite for
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the HTSC is indeed real. L,3VV data for the La and 1:2:3
HTSC’s have been reported by several groups,? on both
sintered polycrystalline and single-crystal samples. Al-
though the relative satellite to main intensity ratio does
depend on the extent of impurities on the surface (it is
often smaller than that in Fig. 2), it is always larger than
that for CuO material. Recent data for the new Bi and
Th HTSC’s show a similar trend.?*

Since only the primary c¢p core-hole state Auger decays,
and this process is also known to be strictly intra-atomic,
the L,3VV line shape in our current v3 final-state model
reflects the d?p DOS, as it is distributed among the v
states listed in Table I. Thus the features at 7, 15, and 19
eV arise naturally from the dpp”, d*p, and dp? final
states. The ICSO and CK processes also contribute to the
“satellite” contribution at 19 eV just as in CuO. The
dpp? state does not appear in the L3VV line shape because
it does not have the same symmetry possessed by all the
other v? final states and the cv initial state. The increased
“satellite” feature at 19 eV in the HTSC’s arises ap-
parently because of increased configuration mixing be-
tween the d2p and dp? states. Its intensity is increased in
1:2:3 relative to CuO because the energy separation (be-
fore hybridization) between d?p and dp? has decreased
from 3.8 eV in CuO to 2.5 eV in 1:2:3. We have indicated
this mixing in Table I by adding the hybridization shifts
8, to the energy expressions for these two states.

The L,3My3V line shape reflects the cdp DOS. The
mixing of the other states (cd?, cpp?, cpp™, and cpp®; the
latter three are not listed in Table I) with the cdp state is
small because of the large energy separations involved.
The cp? state is close to cdp; however, it falls in between
the 3L and 'L multiplets of the cdp state. Although it
may have some intensity, it surely does not contribute to
the CK+SU satellite around 25 eV in either CuO or
1:2:3. The exchange splitting (2K) between the 3p and d
holes is known to be very large,> so we include it explicitly
in Table I to account for the 3L multiplets.

The O KVV line shape can be severely altered by im-
purities on the HTSC sample surfaces, so we do not con-
sider it here. The O KVV line shapes for CuO and Cu,0
have been reported ! for samples prepared in situ. They
have the primary dp? or p? features, respectively, around
19 eV. A very small satellite appears around 7 eV in
Cu,0 which we attribute to the pp” state. A much larger
and broader satellite around 7 to 14 eV in CuO appears,
which we attribute to the d?p state around 14 eV as well
as a smaller amount to the dpp” state around 7 eV. Thus
the d?p and dp? states appear in both the Cu L,3¥¥ and
O Auger line shapes for Cu?* oxides, except their pri-
mary and satellite roles are reversed.

In summary, we have interpreted XES and AES data
utilizing a highly correlated CuQO, cluster model. Both
the XES data and the previously interpreted UPS data re-
veal the reversal in character of the VB states between
CuO and the HTSC’s. We have also shown that the
initial-core shake-up states evident in core-level XPS do
not generally produce satellites in the core emission spec-
tra, because they relax to the primary core states of the
same symmetry, provided the ICSU excitation energy is
greater than the core-level width.
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