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High-resolution oxygen K x-ray spectra have been obtained from a number of ionic insulators. A
distortion of the 1s ~!-¥~! x-ray emission band due to the initial 1s hole is observed and related to
the variation in the 1s ~1P~!-F~2 satellite structure as a function of the bonding character. A shake
model which considers the influence of the crystal environment on the relaxation of the O®>~ 2p orbi-
tals is shown to account for the diminution of the satellite intensity with increasing covalency.

I. INTRODUCTION

X-ray valence-band (VB) spectra not only reflect the
unperturbed band structure, but also the response of the
valence electrons to the creation of the initial inner-shell
vacancy.! For metals this many-body relaxation
phenomenon has been extensively studied.> For semicon-
ductors and insulators our knowledge of the influence of
the initial-state relaxation effect is poor, although in many
cases oscillator-strength distributions based on unper-
turbed Bloch states seem to agree with the shape of mea-
sured x-ray-band spectra, indicating no appreciable effect
of the hole other than lifetime broadening.’

In this work we show that in insulators the influence of
the initial-state relaxation on x-ray emission bands can be
remarkable. The observed dramatic narrowing of the
1s~1-¥~! emission band in certain oxides is found to be
linked with the appearance of an intense resolved
15~y ~1-¥ 2 satellite structure. This result indicates
that the distortion of the band and the change of the satel-
lite intensity have a common origin, related to the elec-
tronic structure in the crystal environment of the oxygen
ion. By assuming that the redistribution of the valence
electrons around the suddenly created K hole is direction
dependent, the simultaneous variation in both the emis-
sion band and the satellite structure is qualitatively ex-
plained. Any other effects, such as the dependence of the
band shape on the valence- to 1s-state transition probabili-
ty,3'4 final-state hole-hole correlation,” and initial-state
electron - transfer from double- to separate single-hole
states® are ruled out as the major cause for the structural
dependence of the oxygen K x-ray emission.

II. EXPERIMENTAL

Our oxygen K-emission spectra were obtained using a
grazing-incidence spectrometer, equipped with a gold-
coated 6.0-m radius grating with 600 lines per mm. The
powder specimens were rubbed on a water-cooled copper
anode and excited by (4—6)-keV electrons forming a
current of typically 25 mA. The pressure in the x-ray
tube was 2X107% Pa. A spherical polystyrene-coated
glass mirror was set at an 1.43° grazing angle between the
focus of the x-ray tube and the entrance slit to suppress
the high-energy radiation. The entrance- and receiving-
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slit widths were 10 pum, resulting in an energy resolution
of 0.35 eV at the oxide Ka energy in second order. The
detector was a proportional counter with an ~200 nm ni-
trocellulose window, filled with a 10% argon-methane
mixture at normal pressure. The following oxide samples
were studied: Li,O, BeO, MgO, Al,O;, SiO,, CaO, Sc,0;,
TiO, TiO,, SrO, and BaO. In each case a search for im-
purity lines was made and the crystalline structure was
checked by x-ray diffraction whenever uncertain.

III. RESULTS

An examination of our data and earlier photographic
recordings’ indicates that all oxide K spectra recorded so
far fall basically into three categories, depending on the
form of the structure in the range from + 1 to + 4 eV
above the main peak, Ka. As typical spectra in Fig. 1 in-
dicate, there are at least two peaks, a; and ay, in category
(a). In category (b) there is only one peak, a4, and in (c)
there are no peaks at all. Instead, there is in all spectra a
broad structure above -+ 4 eV, appearing with a target-
independent relative intensity of the order of 7% with
respect to the K-emission-band intensity. As shown in
Fig. 1, the main peak has a pronounced low-energy
shoulder below —1 eV in (b)- and (c)-type spectra but not
in (a)-type spectra.

In the following we shall exclude the transition-metal
oxides where the emission from the d bands may also con-
tribute to the high-energy structure. However, as is exem-
plified by our Sc,0; spectrum in Fig. 1, many transition-
metal and rare-earth oxide spectra’ seem to fall into
category (b). In Table I, which lists our results, N is the
number of positive ions surrounding the oxygen ion and
AE is the separation between a4 and a. The integrated
intensity I of the satellite structure between + 1 and + 4
eV is given relative to the total K-emission-band intensity.
Our values of the basewidth W of the K band (x ray) are
compared with results of x-ray photoelectron spectros-
copy (XPS) measurements®~!° and of calculations of the
density of states (DOS).!'=15 Estimated errors are +0.1
eV for AE, +3% for I, and 0.5 eV for W (x ray).

The most striking result emerging from Table I and
Fig. 1 is that the intense (a)-type satellite structure is ac-
companied by a very narrow and nearly symmetric
K-emission band. As is indirectly indicated by the narrow
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FIG. 1. Oxygen K-emission spectra in the energy range
518—532 eV. The energies are given relative to the maximum of
the main peak Ka. The spectra are classified in the text accord-
ing to whether there are (a) two peaks, a; and a4, (b) one peak,
a4, and (c) no peaks at the high-energy side of Ka.

x-ray widths as compared with the XPS and DOS widths,
this form of the K band does not reflect the ground-state
valence-band structure at all. The reason for this could be
twofold. Either the emission band is governed by a strong
distorting effect caused by the wave-vector dependence of
the VB-to-1s transition probability, or it is due to the in-
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fluence of the 1s hole on the valence electrons. As shown
in the next section, transition-probability arguments do
not lead to a satisfactory explanation of the unusual band
shape.

IV. COMPARISON WITH DOS AND XPS

The traditional theory>* of x-ray emission from valence
bands attributes the intensity distribution of 1s~!-p~!
transitions to the one-electron intensity distribution

IHo)=273 |{k|T|1s)|*8(ex—€1;— ) , (1)
K

where the summation over the wave vector k extends over
all ground-state Bloch states |k) of the valence band.
The transition matrix element (k|7 |1s) selects the p
symmetry of each state |k) with respect to the oxygen
site. Thus in the tight-binding (TB) approach,
I(w) « N,(w), where the partial p density of states N,(w)
(p-DOS) is defined by

Ny(w)=3 | Cy(k) | 28(ex— €1 —w) . (2)
k,v

In Eq. (2), C,(k) is the expansion coefficient of the 2p,,
(v=x,y,z) oxygen orbital in the Bloch state |k). The
choice of the directions x, y, and z is dictated for each
crystal by the symmetry and nearest-neighbor structure of
the oxygen site with the Is hole.

Since accurate evaluations of N,(w) do not exist for all
the materials listed in Table I, one has to examine the re-
sults of calculations!!—!° of the full DOS. In spite of the
structural differences,!® their valence bands share a num-
ber of common points with regard to the p symme-
try.!'=1> Notably, the DOS is divided into two regions by
a dip at 0.4 to 0.6 times the basewidth W. Above this
there are mostly bands with oxygen 2p nonbonding char-
acter. Below the dip the bands are formed from oxygen
2p bonding orbitals with some mixing of the outermost s
and p orbitals of the neutral cation.

Even a limited basis set consisting of oxygen 2p,
(v=x,y,z) orbitals leads to a satisfactory description of
the valence band of the rocksalt-type crystals MgO, CaO,

TABLE I. Correlation between the satellite structure and the width of the oxygen K x-ray emission band.

AE (eV) W (V)

Target N Type a; ay I (%) X ray XPs¢? DOS*
BaO 6 a 1.9 2.8 32 3.0 9 4.1
SrO 6 a 1.9 2.8 36 2.6 10 4.7
CaO 6 a 1.7 : 2.8 33 2.7 8 8.4
Li,O 8 a 1.6 2.6 21 42 5.8
MgO 6 b 1.7 9 6.5 6.5 8.5
Al,O; 4 c 9.5 11.6 6.5
BeO 4 c 7.5 6

SiO, 2 c 11.5 12 13

2 Category (a) from text.
®Category (b) from text.
°Category (c) from text.

dReference 8, except for W in SiO, and for W in CaO and BaO, which are taken from the figures of Refs. 9 and 10, respectively.
¢Reference 11 (BaO, SrO), Ref. 12 (MgO, Ca0), Ref. 13 (Al,0;), Ref. 14 (BeO), and Ref. 15 (SiO,). The empirical tight-binding
method of Ref. 5 was used to estimate the Li,O width by assuming a fcc O~ sublattice without Li* ions.
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SrO, and BaO, provided the p-bonding matrix element is
adjusted by an accurate band calculation for some of the
crystals.!! Here x and y point in the [110] directions,
whereas z points toward the cations in the [100] direc-
tions. Thus the combined evidence of Ref. 11 and more
elaborate band calculations'>~!° show that any reasonable
choice of the Bloch state | k) would result in p symmetry
throughout the band. The variation of the coefficients
C,(k) in Eq. (2) as a function of €, can only be such that
even though the transitions from the oxygen 2p bonding
orbitals would get less weight in comparison with those
from the nonbonding orbitals, they would not entirely
vanish. This is precisely the behavior found in the (b)-
and (c)-type K bands, as is exemplified by the thorough
theoretical analyses of this band in SiO,.!'* Thus, al-
though an approach based on Eq. (1) would account for
the shape of these bands, it certainly would fail to account
for the unusual shoulderless form of (a)-type bands.

Equation (1) should apply to XPS provided (k| T | 1s )
is replaced by {c | T | k), where c is the continuum wave
function of the photoelectron. Since the latter matrix ele-
ment is a slowly varying function of k, XPS spectra
should reflect the shape of the full DOS better than x-ray
spectra. A comparison of data in Refs. 8—10 with calcu-
lations!»!>!5 roughly confirms the universal shape of
DOS described above, although the XPS spectra predict
substantially wider valence bands for Al,O;, SrO, and
BaO. As shown in Table I, W(x ray) is only one-third of
W(XPS) in CaO, SrO, and BaO, supporting the con-
clusion that the unusual (a)-type band shapes are not
merely due to variations in the matrix element
(k|T|1s).

V. INITIAL-STATE RELAXATION
AND THE HIGH-ENERGY
SATELLITE STRUCTURE

A. Band model

Equation (1) does not account for the initial-state relax-
ation of the valence electrons since it employs ground-
state Bloch functions for the 1s-hole state. Within the
one-electron framework this assumption leads to zero
probability for multiple excitation. In particular, this ap-
proach does not account for the formation of 15~y ~!
double-hole states, which, as we shall show, are respon-
sible for the satellite structure between + 1 and + 4 eV.
Consequently, a consistent one-electron theory of the en-
tire K x-ray emission structure requires the introduction
of 1s-hole-distorted Bloch states |k*). Instead of Eq. (1),
we hav;, in lowest order of the overlap matrix elements?
(k|Kk*),

2
I(w)=273 |3 (1s | T |k'){k'|k*) | S(ex—€ls—w),
kK |x

(3)

where the summation over k'’ should be carried over all
excited conduction-band states as well. The 1s ionization
energy —e}; includes the 1s relaxation-energy shift.
Although an accurate evaluation of the intensity ex-
pression (3) is out of range for any of the oxides in Table
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I, a few qualitative comments can be made. It follows
from Eq. (3) that I*(®) « N, (»), where the modified par-
tial p-DOS is given by

Ny(0)=,

k,v

2
> C (kK [k*) | 8(ex—els—w) . (4)

K

There are two limiting cases with regard to the influence
of the overlap elements (k|k*). Either (k|k*)=8, .«
so that Eq. (2) is a good approximation but with € re-
placed by €}, or the ls hole distorts the valence-band
states to the extent that they become localized and non-
bonding. In the latter case, Eq. (4) reduces approximately
to

Ny(0)=3"|C,(k)|*(2p,|2p} ) 8(ex—€ls—w), ()
k,v

where the prime indicates a summation over the nonbond-
ing states only. Thus it follows from Eq. (4) that the
shape of the oxygen K x-ray emission band may not
necessarily reflect the entire p-DOS but only the nonbond-
ing part of it, in accordance with the suggestion concern-
ing (a)-type emission bands in Sec. IV. The position of
the band is predicted to be at w=e,—€]; in both cases.
Furthermore, in the strong-distortion limit (5), the proba-
bility that the valence electrons keep their quantum num-
bers is given by the factor (2p, | 2ps )%, where 2p, is the
X, y, or z oxygen 2p-orbital result, is in accord with the
“shake” theory of x-ray satellites,!” which would attribute
the probability 1—{2p, | 2ps )2 to the excitation of a 2p,,
electron during the 1s ionization process.

The multiple-excitation process leads to formation of
1s 7! double-hole states which decay into ¥ ~? states
by radiative transitions. They may show up as separate
satellite lines or they may blend with the main emission
band, depending on the degree of localization of the dis-
torted Bloch states |k*). As shown in the next section,
the strong-distortion limit (5) leads necessarily to separate
satellites on the high-energy side of the Ka line. Hence it
seems clear that an interpretation of the oxygen K x-ray
emission spectra is not possible without considering the
initial-state relaxation.

B. Ion model

Although the oxides considered here have wide
valence-band widths, they also have rather large optical
band gaps (>S5 eV), typical for ionic crystals. Hence we
shall in the following make a prediction of the entire K
X-ray emission spectrum by assuming a pure ionic bond.
This result will also indicate what the intensity distribu-
tion would be in the strong-distortion limit (5), since in
the ionic model there are only nonbonding orbitals. A
comparison is made with the results in Table I concerning
the (a)-type spectra. ‘

Since the O?~ ion does not exist as a free ion the ion
model requires the construction of a neonlike oxygen
pseudoion which simulates its charge distribution in the
crystal environment.!® This we have done by incorporat-
ing in the atomic Hartree-Fock procedure the Watson-
sphere correction,!” which accounts for the stabilization
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of the O?~ ion in a cubic crystal environment. The pa-
rameters used in Watson’s potential U (U =Q /R, for
Roy<R and U=Q/R for R >R,) were Q=42 and
Ry=2.76 a.u., the latter being the standard crystal radius
for O?~. The response of the valence electrons to the O?~
1s hole can then be calculated by assuming a fully local-
ized hole and by assigning to each ion in the lattice a
charge and polarizability. This leads, in accordance with
the local-hole point-ion model of Mahan,?*?! to a formula
for the ionization energy of one or two electrons in both
O?~ and the cation. The result is

I(n)=I'(n)tnEy —Ep(n)—Eg(n), (6)

where all quantities are defined as positive and where
I'(n) is any of the single- (n =1) or double- (n =2) ioni-
zation energies in the O?~ pseudoion or in the cation. In
Eq. (6), Ej is the Madelung energy, with the plus sign
referring to O*>~ and the minus sign to the cation. The
ionization energy I'(n) includes the intraionic relaxation
energy, whereas Ep(n) describes the polarization of the
surrounding ions by one or two holes, representing the ex-
traionic relaxation. There is also a contribution from the
change in the repulsion energy Eg(n) due to the forma-
tion of the holes. According to Mahan,?® Ep(n) is split
into the classical Mott-Littleton polarization energy
Smw(n) and an additional contribution =,(n), proportional
to the hole charge. Hence, in the linear approximation,
Ep(2)=43p(1)4235(1). Although the calculation of
Ep(n) and Eg(n) should be consistent with the adopted
pseudoion model of O?~, one may use Mahan’s results®!
for estimating the ionization energies in the fcc oxides of
Table I.

In this section we need only one consequence of Eq. (6),
namely that the K x-ray transition energies of O*~ are
predicted for both n=1 and 2 by the differences
I,(n)—1I5,(n), which can be calculated by using the
modified Hartree-Fock (HF) AEgcg procedure (SCF
denotes self-consistent field). For n =1 the result is 526.0
eV, in agreement with the position of the Ka peak, which
varies slightly between 525 and 526 eV depending on the
target material.?

According to the ion model, the high-energy satellite
structure of the O~ Ka line should resemble that of the
Ka line in isoelectronic Ne. In LS coupling the resulting
1s ~12p—1-2p 2 dipole-allowed transitions are *P->P (a;),
1p-'D (ay), and 'P-'S (a'), with their statistical intensity
ratios given by 9:5:1 and with their Ne identification
scheme?® given in parentheses. The 1s~'2s—l2s~12p—
transitions can be neglected as weak in comparison with
15 ~'2p—1-2p —2 transitions. The modified HF procedure
gave AE, =+1.9 eV and AE, =+2.4 eV, in good

agreement with the experimental values in Table I for
(a)-type spectra. Even a’ can be seen at AE~-+0.6 eV as
a small hump in the CaO, SrO, and BaO intensity curves.
It is also possible to use, in accordance with Eq. (5), the
overlap matrix element (2p |2p*) between the ground-
state and 1s-hole pseudoion 2p wave functions for a pre-
diction of the total relative satellite intensity 7.!7 If the
transition-rate corrections are neglected, I is given by the
total relative probability P,, of exciting any one of the six
2p valence electrons in association with the 1s ionization.
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According to the shake model,!”
Py, =6(1—{2p [2p*)*)/{(2p | 2p*)?, @)

which yields I =35.3%, in good agreement with the ex-
perimental values for the (a)-type targets, except for Li,O,
as shown in Table 1.

In our experiment the spectra are excited by energetic
electrons, which ensures the validity of the shake model.
Due to the spread of the incoming beam in the target,
there is no directional preference for populating the mag-
netic substates of 15 ~'2p~! 3P unequally.?* Neverthe-
less, as indicated by the Li,O and SrO spectra in Fig. 1,
the ratio of a3 and a4 is closer to 1 than the statistical ra-
tio 9:5 for all (a)-type spectra. As will be shown in Sec.
VIB, this effect can be attributed to mixing between the
excited initial (1s~'2p~! 3P)gp?S states, where ep
denotes a final shake-up or shake-off electron. Another
effect not predicted by the ion model is the width of the
Ka line, which is about 4 times broader for the (a) case
than is expected from the approximate 1s lifetime width

0.2 eV. According to Eq. (5), this may be attributed to

the modified p-DOS of primarily nonbonding 2p* orbi-
tals.
V1. DIRECTION-DEPENDENT
RELAXATION MODEL

According to Fig. 1 and Table I, the Li,O and MgO
spectra show a high-energy satellite structure that is
weaker in intensity than predicted by the ion model.
Furthermore, MgO has only one satellite peak in associa-
tion with a pronounced low-energy shoulder of the Ka
peak. These features are discussed in the following two
subsections.

A. Total satellite intensity

The diminution of the satellite intensity can be under-
stood by a simple geometrical model of the initial-state re-
laxation. Both in Li,O and MgO the oxygen ions form a
fcc sublattice. However, in Li,O each oxygen is surround-
ed by a cube of eight Li™ ions, whereas in MgO there are

“only six adjacent Mg?* ions in the [100] directions. Ac-

cording to Sec. III the valence-band structure of MgO can
be described by choosing a bonding unit? that consists of
the O*~ 2p, (v=x,y,z) orthogonal orbitals. In this unit x
and y point toward the oxygen ions in the [110] directions
and z toward the Mg?* ion in the [100] direction. If a
similar unit is chosen for the antifluorite Li,O, the crystal
symmetry requires that x and y point toward the Li* ions
at the corners of the surrounding cube and that z point to-
ward O?~ in the adjacent cube. Hence the roles of the 2p,
and the 2p,, orbitals are interchanged in going from
MgO to Li,0.

In both crystals there is a strong bond formation be-
tween the oxygen ions. This is illustrated by the fact that
in MgO the O*~-O*~ wave-function overlap in compar-
ison with the cation-O?>~ overlap is 4 times larger than it
is in Ca0.2® Hence one may assume that the relaxation
leads to the formation of localized nonbonding 2p states
only in the positive-ion directions. In Li,O these would be
2py and 2p;, and in MgO, 2p,". Consequently, according
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to Eq. (7) and our modified HF calculations,
I =3%P,,~24% for Li,O and I=5P,,~12% for MgO,
in good agreement with the corresponding experimental
values in Table I.

According to Sec. V A the strength of the separate sa-
tellite structures should monitor the shape of the
K-emission band. The distortion due to the ls hole
should gradually disappear, i.e., the bandlike emission
should be recovered when the satellite intensity becomes
stepwise smaller. According to Fig..1 the emission band
of Li,O is somewhat more asymmetric than that of SrO.
In MgO the shape and width of the band resemble those
of the p-DOS. This result is consistent with the analysis
of Sec. IV, which showed that O>~-O%~ bonding orbitals
which remain delocalized in 1s ionization are primarily
responsible for the low-energy part of the p-DOS. Once
the average number of positive ions surrounding the oxy-
gen ion is less or equal to 4, as for the noncubic target
compounds in Table I, no separate satellites are observed.
Consequently, the bonding-orbital structure is preserved,
showing itself as the low-energy shoulder of the K« line.

The absence of the separate satellite structure in (c)-type
spectra does not imply that no 1s~!'W~! states are
formed. In fact, it follows from Sec. V B that the position
of the Ka peak for each target compound in Table I is
consistent with a relaxation-energy shift €}, —€;,~30 eV.
This, in turn, implies, according to the sum rule of Manne
and Aberg,?’ that in (c)-type spectra the 1s !~} —2
satellite transitions have merged into the K-emission
band. This is illustrated by the fact that if one normalizes
the Ka peak height to 1, all targets have the same in-
tegrated intensity within +10% in the —4 to + 4 eV
range, which also includes the separate satellite structure
whenever it exists. The lower bound, —4 eV, corresponds
approximately to the dip in the DOS between the bonding
and antibonding parts. Furthermore, the p-DOS calcula-
tions for SiO, predict a Ka peak which is too low,!? indi-
cating an underlying structure.

B. The a3 to a4 intensity ratio

In this section it is shown that the direction-dependent
relaxation model can be extended to account for the
anomalous I (a3)/I(ay) ratio and, eventually, also for the
one-peak satellite structure in MgO. Analogous to elec-
tron shake off in Ne,?*% it requires considerations of the
final ep shake-up and shake-off states of the 2p valence
electrons formed in the 1s ionization process.

Let us first consider the situation in a free neonlike ion.
Due to the monopole selection rules the many-electron
wave functions of the final 1s~'2p~'ep configurations
must have the same symmetry and parity as the 1s ~12§
states.  Within the one-electron framework they can be
classified either as 1s[2p°ep "3S]2S or [152p° "3Plep 28
states, depending on the order of the angular-momentum
coupling.® The former description is adequate if the ep
state is bound and strongly coupled to the 2p° shell. The
latter choice prevails if the coupling between the open 1s
and 2p° shells is stronger than that between 2p> and ep.
In general, one expects a situation which is between these
two extreme cases. The corresponding final shake-up or
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shake-off states can then be described by a linear superpo-
sition ¢, =C,,|t)+C,s|s) (y=1,2) of the triplet state
|t)=1s[2p%p3S]’S and  the  singlet state
| s)=1s[2p°ep 'SI’S. The coefficients C,, and C,, are
obtained by diagonalizing the corresponding two-by-two
Hamiltonian matrix H. Subtracting the common energy
part of E,=(¢t |H |t) and E;=(s |H |s),

) Gl+G'—1G° (V3/2)(Gl-GY
H=—

3 (V3206 —6Y) GO > @8
where Gl=G'(1s,2p), G'=G!(1s,ep), and
G°=G%2p,ep) in the usual notation of Slater exchange
integrals.

If it is assumed that the electron in the ep state remains
a spectator electron during the emission process, then
there .are only the [1s2p°3Plep 2S—[2p*3Plep 2P and
[1s2p°'Plep 2S—[2p* ' D]ep 2P transitions to be concerned
with. On the basis of energy considerations, these transi-
tions can be identified as a3 and a4, respectively. Since
the intensity is proportional to the production probability
times the emission probability, the diagonalization of the
matrix (8) and the calculation of the line strengths yields
the intensity ratio » =I(as3)/I(a,). Furthermore, since
the monopole selection rules prevent shake excitations to
the triplet states | ), the result is

r=3(Cis/Cy)
=(128%/5){E; —E, +[(E,—E,?+48°]'2} =2, (9)

where the nondiagonal element §=(Vv'3/2)(G! —G') must
eventually be interpreted as an effective exchange interac-
tion if several ep spectator states are involved. In the
weak-coupling limit, G'~G°~0 in the matrix (8). Conse-
quently, the ratio (9) is equal to the statistical ratio 9:5.
From this maximum value, r decreases rapidly as the ex-
change interaction between ep and the core increases.
This can be seen by studying r as a function of the re-
duced energy variable 8/(E; —E,). According to Eq. (9),
r =% for E,=E;, i.e., G°=718—(GCI+G1). It becomes less
than 55 in the strong-coupling limit G°~G.. The de-
crease of r is accompanied by a shift of both a3 and a4
which is rather difficult to predict.

Since r is extremely sensitive to the exchange interac-
tion between the excited shake electron and the 1s2p°
core, the crystal environment of O~ may have a dramatic
effect on it.® Consider the rocksalt-type crystals MgO
and CaO. According to Sec. VII A the creation of the
0%~ 1s hole in CaO leads to the formation of localized
2p, (v=x,y,z) states in both the O®>~-Ca’* z direction
and the O*~-0%~ x and y directions. In MgO this only
occurs in the z direction since the excitation is shared by
the neighboring oxygen ions in the x and y directions.
Nevertheless, in both crystals there may be a distinct
difference between the distribution of ep, and ep, , states.
In the z direction the shake electron may be trapped in a
discrete state of the positive ion, whereas no such states
are available in the x and y directions.

The following argument indicates that the excitation of
the 2p, electron into an €p, state may be very selective,
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and that the electron may actually remain bound to the
1s2p> oxygen core rather than go over to the positive ion:
The reason is that the shake electron may become trapped
by a positive potential barrier since the attractive
positive-ion potential energy — V' (R) is superimposed in
accordance with Eq. (6) on the slowly varying repulsive
Madelung and polarization energies ¥y (R)+FVp(R). In
order to get an estimate of this delicate situation, we have
calculated the effective HF potential for the Mg™* 3s and
Cat 4s states, respectively, and compared the results with
Mahan’s?! values for Vj,(0)=E; (1) and Vp(0)=Ep(1).
The HF potentials simulate — V(R) for the lowest bound
states into which the shake electron can go. It was found
that, for both MgO and CaO,

A=Vy(d/2)+Vp(d/2)—V(d/2)
=~V (0)+Vp(0)—V(d/2)~+3 eV,

where d is the distance between O*~ and the positive ion.
This result suggests that the shake electron may become
trapped by a barrier in a very localized excitonlike state,
in analogy with uv and x-ray absorption®! of ionic crys-
tals.

" The arguments leading to Eq. (9) remain valid for a cu-
bic crystal environment. Hence one may estimate the ra-
tio (9) in MgO and CaO by assuming as anticipated above
that the sudden change of 2p, into 2p,* results predom-
inantly in the formation of one very bound state. Since
this change is the only excitation mechanism which con-
tributes to the separate satellite emission in MgO, the
strong-coupling limit prevails with the result that
I(a3)=~0 and I~I(a,) in agreement with Fig. 1. In CaO
the sudden change of 2p, , into 2p;, is expected to corre-
spond to the weak-coupling limit, in contrast to the
change from 2p, into 2p,’. Hence, according to Eq. (9), r
does not attain its maximum value of %, but is instead
given by r~(%)(¥)=2%, in good agreement with the ex-
perimental results for CaO, SrO, and BaO, as shown in
Fig. 1 for SrO. According to Fig. 1, O<r <1 for Li,O.
This agrees with the conclusions of Sec. VIA that the
separate satellite structure is due to the localization of
2px,y With x and y pointing toward the Li* ions. The an-
gular distribution of the corresponding shake electrons is
given by x2+4y?, which is symmetric in the plane of the
Li* ions. Hence only a fraction of the electrons is emit-
ted toward the Lit ions, for which » would be zero if
there would be a barrier.

VII. DISCUSSION

According to Sec. III and Fig. 1 there is a broad addi-
tional satellite structure above 44 eV in every oxide
K-emission spectrum recorded so far. On the basis of our
modified HF calculations, we attribute this peak to a su-
perposition of 1s~!2p =2-2p =3 multiplets.*? Since it ap-
pears with approximately the same intensity (~7%) in all
targets, the initial 15 ~!2p 2 triple-hole states seem to be
completely localized and nonbonding regardless of the
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crystal environment. This conclusion is in accordance
with observations concerning the K-VV Auger-electron
spectra in various oxides including MgO.* In the MgO *
spectrum the strongest peak can be identified as consisting
of the 1s~!'—2p~2!D and S multiplets, just as in the
neon K-LL Auger spectrum. Hence the hole-hole correla-

- tion® is so strong in the valence band of MgO that the

V2 states become localized and nonbonding 2p ~2 states
even in the absence of the 1s hole. This result also rules
out any final-state effects as being the reason for the
difference between the (a)- and (b)-type 1s~'y—1l-p—2
satellite structures.

In analogy to models™”® which have been used to ex-
plain the dependence of the F~ 1s~12p —1-2p ~2 satellite
intensity on bonding in fluorides, one may also consider
the possibility that a fraction of O~ 1s~12p ! states de-
cays into O®~ 1s~! and positive-ion 2p ~! states before
the 1s hole is filled. This would lead to a smaller satellite
intensity than predicted by the ion model in Sec. VB. We
have checked this hypothesis for MgO by a calculation of
the corresponding ionization energies. Using Mahan’s re-
sults?! in Eq. (6), the O*~ 1s ~'2p —! double-ionization en-
ergy was found to be 550 eV, which is about 30 eV less
than the sum of the Mg?* 2p —! and O*>~ 15 ~! ionization
energies. Hence the electron transfer from O?~ 1s ~12p~!
to 0%~ 1s~! Mg?* 2p —! is energetically forbidden.

Our interpretation of the oxygen K-emission spectrum
is relevant for the understanding of bonding effects in
other anion x-ray emission spectra as well. Here we
would only like to refer to the puzzling question regarding
the very narrow Cl- Kpf; line in KCL! As far as we
know no frozen-core calculation based on Eq. (1) has ever
been able to reproduce the observed half-maximum width
of 0.6 eV,! corrected for the 1s lifetime. The shape of the
line is also at variance with band calculations.!! Since
KB, is accompanied by an intense satellite structure
which can be interpreted in terms of 1s~!3p~1-3p—2
transitions, this could be an initial-state relaxation effect.
Assuming a free Cl ion the shake theory predicts an inten-
sity value which is in good agreement with experiments.!’
However, the satellite intensity becomes dramatically
smaller in more covalent crystals.>> Hence the situation is
analogous to the change from (a)- to (c)-type oxygen spec-
tra.

In conclusion, it has been shown that a direction-
dependent initial-state relaxation mechanism accounts for
the gradual disappearance of the oxygen 1s— !V~ l.p—2
satellite structure in conjunction with the change from an
almost free-ion-like to a bond-like 1s~'-¥~! emission.
Numerous consequences for other oxygen and anion core
spectra remain to be explored.
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