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15 MAY 1989-I

M. T. Czyzyk and R. A. de Cheroot

Faculteit der 8'iskunde en Natuuruetensehappen, Katholieke UniUersiteit Nijmegen, Toernooiueld,
N1.-6525 ED Nijmegen, The Netherlands

G. Dalba, P. Fornasini, and A. Kisiel*
Dipartimento di Fisica, Uniuersita degli Studi di Trento, 1-38050 Pouo (Trento), Italy

F. Rocca
Centro di Fisica degli Stati Aggregati e Impianto Ionico del Consiglio Nazionale delle Ricerche, 1-38050Povo (Trento), Italy

E. Burattini
Laboratoire Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, Cassella Postale 13, I 00044 F-rascati (Roma), Italy

(Received 22 December 1988)

The x-ray-absorption spectra of Ag20 are reported. Good agreement is obtained with a band-
structure calculation using the atomic-sphere approximation with an extended basis set. The obser-
vation of the white line is an indication of the nonclosed 4d shell of Ag in this compound, although
the exciton contribution cannot be ruled out.

I. INTRODUCTION

The interest in the study of unoccupied electronic
states in solids is steadily growing. On the experimental
side, techniques like x-ray-absorption spectroscopy
(XAS), which for solids is commonly divided into x-ray-
absorption near-edge spectroscopy' (XANES) and ex-
tended x-ray-absorption fine structure (EXAFS), and
the relatively new bremsstrahlung isochromat spectrosco-
py

' (HIS) are commonly employed. XAS consists of
measuring the fine structures of the x-ray-absorption
coefficient at and above the absorption edges. In the vi-
cinity of an absorption edge, while the energy dependence
of the transition-matrix element is in general slow, the
XAS structures directly reQect the shape of the partial
density of states of the unoccupied bands projected on the
atom under study.

Also, much theoretical work, both within a one-
particle and a many-body framework was done in order
to reproduce and interpret the experimental results. The
question to what extent the one-particle band approach is
adequate is still open and its investigation is hampered by
calculational dif5culties. There is some evidence in the
literature that many-body effects (Nozieres —de Domin-
icis" ' enhancement) are smaller than previously be-
lieved, at least for metals. ' ' On the other hand, the
energy ranges of the calculated x-ray-absorption spectra
(with the exception of the work of Muller et al. ) were
usually limited to few eV above the absorption threshold.
Moreover, the calculations were performed for simple
systems only (mostly with one atom in the unit cell). This
seems to indicate the technical difficulties in obtaining
description of bands accurate enough for energies higher
than, say, 10 eV above the Fermi level for the more corn-
plex systems.

The validity of one-particle band approach for the

description of the x-ray absorption in insulators and
semiconductors appears, in general, more questionable.
It is expected that for these materials, excitonic effects
(the core-hole —electron interaction) can modify the re-
sults obtained through band-structure ground-state calcu-
lation to a greater extent than in the case of metals, and
different opinions concerning this problem are presented
in the literature ]5—t7

The purpose of this paper is twofold. The first aiin is
both an experimental and theoretical systematic study of
the electronic structure of Ag20. This compound has a
highly symmetrica1 cubic structure: silver atoms are
linearly coordinated by oxygens and oxygen atoms are
tetrahedraly coordinated by silver atoms. ' The 1ow
coordination of the metal atom with oxygen is rather
unusual (the only other compound with this structure be-
ing the isoelectronic CuzO). On the basis of molecular-
orbital considerations, this was attributed to a relatively
small energy difference between the filled 4d and the
unfilled Ss orbitals of silver, which favors the hybridiza-
tion of the d & and s orbitals. '

The knowledge of the electronic structure of Ag20 is
still incomplete and a better understanding of it is highly
desirable.

(a) AgzO has the same crystal structure as CuzO which
is presently widely studied in view of the role of copper
oxides in high-T, superconducting compounds.

(b) Ag20 is utilized as a modifier oxide in fast ion con-
ducting glasses of the type AgI-Ag20-8203. A detailed
knowledge of the electronic structure of crystalline Ag20
will help to understand the characteristics of the chemi-
ca1 bonds between Ag and 0 in the glasses. This in turn
should facilitate the understanding of the local structure
of the glass and the still controversial mechanism of ionic
conduction.
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The second aim is to contribute to the discussion on
the applicability of the one-particle band approach for
the description of the x-ray near-edge spectra in semicon-
ductors.

For these purposes, we investigated the electronic
structure of AgzO by XAS m.easurements at the L„Lz,
and L3 edges of silver and by carrying out the band-
structure calculation by the augmented —localized-
spherical wave (ALSW) method with an extended basis
set.

This paper is organized as follows. In Sec. II the most
important details concerning the experimental apparatus
and measurements are summarized and the experimental
results are reported. In Sec. III the results of the band-
structure calculation are presented including partial den-
sities of states, and partial charges, and the structure of
the valence bands is addressed. In Sec. IV the calculation
of x-ray Ag L „Lz, and L3 spectra is described and the
experimental and theoretical results are compared. Sec-
tion V contains a discussion and conclusions.

II. EXPERIMENTAL DETAILS AND RESULTS

The x-ray-absorption measurements at the L edges of
silver have been performed in the transmission mode with
synchrotron radiation (SR) at the wiggler source in Fras-
cati. In order to obtain a homogeneous sample of uni-
form thickness as required by the XAS technique, we de-
posited the required amount of AgzO powder on filter pa-
per utilizing an ultrasonic mixer. The x-ray beam was
monochromatized by a silicon channel-cut crystal with
refiecting faces (111). All measurements were performed
at room temperature. The three edges, L&, Lz and L3
have been measured on the same sample in the same ex-
perimental conditions; the edges Lz and L3 have been
measured in the same acquisition run.

The energy resolution of the experimental apparatus is
determined by (a) the finite width b,E of the rocking
curve of the crystal monochromator and (b) the finite an-

gular divergence AEb of the SR beam in the vertical
plane as determined by the collimating slits. For all three
L edges of silver (L„L2, and L3) we estimated
AE =0.5 eV and EEI, =0.4 eV. From the quadratic
sum of hE and AEb, the overall FWHM instrumental
Gaussian broadening I =0.64 eV was found.

The spectra were originally measured to analyze the
EXAFS at the edges L3 and L

&
and the experimental set-

up was optimized accordingly. Therefore the experi-
mental points were recorded with a spacing of 0.25 eV at
the edges Lz and L3 and 0.4 eV at the edge L&. This is

quite satisfactory because the experimental Gaussian
broadening I is reasonably smaller than the Lorentzian
broadening due to the finite lifetime of the excited core
states. The values of the core-level widths of silver quot-
ed in the review paper by Sevier are 5.3 —6.5 eV for the
L, edge and 2.06—2.42 and 1.8—2.3 eV for the edges Lz
and L3, respectively (see also Ref. 25).

During the data reduction, the contribution of each
edge to the absorption coeKcient was isolated by a
Victoreen-like extrapolation of the preedge region to the
higher energies.

In Fig. 1, we present the Ag L&, Lz, and L3 edges of
polycrystalline AgzO obtained by this procedure com-
pared with the corresponding edges of a metallic silver in
the form of a thin foil. The energy scales are relative to
the absorption threshold Eo of each edge, conventionally
chosen at the maximum of the first derivative.

III. BAND-STRUCTURE CALCULATION

Band-structure calculations were performed by the
ALSW method with the extended basis set. In this
method, the idea of the most localized muffin-tin orbitals
of Andersen and Jepsen and Andersen et aI. was
adopted for the augmented-spherical-wave (ASW)
method of Williams et al. The ASW and linear mufBn-
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tin orbital (LMTO) methods have been extremely useful
in the calculation of occupied states. The disadvantage of
the methods is that they cannot describe higher unoccu-
pied states. This is because the basis set includes one
spherical wave (SW) only for each quantum number I and
atomic site only. Each SW is augmented inside the atom-
ic spheres by the solution of the radial Schrodinger equa-
tion with the number of nodes appropriate for the op-
timal description of the valence bands. A proper descrip-
tion of higher unoccupied states requires more basis func-
tions than needed for the description of the occupied
states alone. Therefore, we extend the basis set by adding
more SW per l and atomic site with an increasing number
of nodes in the augmenting function. Such a proce-
dure possesses the advantages of the use of difFerent ener-

gy parameters in energy panels in the linear
augmented —plane-wave (LAP W), LMTO, and ASW
methods, but without the obvious disadvantages created
by that process. The price to be paid is the increased size
of the secular matrix. This is not prohibitive, however,
because the self-consistent field (SCF) run itself does not
need the extended states, they are added in some last
iterations and in the calculation of observables. The
main time is still spent in the SCF cycle. The method
was reimplemented for the vector processing on super-
computers (for more details see Ref. 30).

We used the scalar-relativistic Hamiltonian [spin-orbit
(s.o) interaction not included] and the exchange and
correlation efFects were treated by the local density ap-
proximation using the Hedin and Lundqvist ' parame-
trization. The self-consistent calculation was carried out
including all core electrons.

AgzO crystallizes in the simple-cubic structure, which
belongs to the space group Pn 3m (04h ). There are four

Ag and two 0 atoms in the unit cell at 4b [(—,', —,', —,
' )] and

2a [(0,0,0)] Wyckoff positions, respectively. This consti-
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tutes a very loosely packed structure and therefore in or-
der to fill the unit cell as much as possible with atomic
spheres, we located "empty" atomic spheres at the com-
plementary Wyckoff positions 4c [(—'„—,', —', ) ] and 6d

[(0,—,', —,')]. The radii of the atomic spheres in the order
given above are 2.424, 1.906, 2.424, and 1.906 a.u.

The self-consistent iteration was performed with 35 k
points uniformly distributed in an irreducible part of the
first Brillouin zone (IBZ) (512 in the whole BZ) until the
changes of the local partial charges in each atomic sphere
were smaller than 10 electrons. At the same time the
changes of the eigenvalues were generally smaller than
0.1 mRy. Next, the histograrns of the partial density of
states were constructed by solving the Hamiltonian in

FIG. 2. Band structure and total density of states of Ag20.
The energy zero is shifted- to the top of the valence band. The
band originating mainly from 0 2s is lying between —18.76 and
—18.17 eV and it is not shown. DOS is given in number of
states of spins per eV unit cell.

TABLE I. Energy eigenvalues at the symmetry points I, X, M, R in rydbergs. Irreducible represen-
tations (IR) are also indicated. The constant potential Vo= —0.6673 Ry and the top of the valence
bands (I 25) is at —0.0836 Ry.

IR IR X IR IR

1
2'

25'
1

12
15
25'
12
25'
15'
15'
25'

1

12'
25'
25

2I

—1.4628
—1.4191
—0.5970
—0.4326
—0.3872
—0.3830
—0.3826
—0.3117
—0.2970
—0.2825
—0.2715
—0.0836
—0.0539

0.0526
0.4649
0.5583
0.5937

1

4
1

3
1

2
1

3
4
2
1

4
3
4
1

2
3
4
1

—1.4419
—0.5591
—0.5220
—0.4922
—0.3752
—0.3508
—0.3388
—0.3282
—0.3099
—0.2974
—0.2808
—0.2793
—0.2074
—0.1169

0.0782
0.2610
0.4364
0.4782
0.5685

1

3
1

4
3
1

3
4
2
2
1

3

1

1

3
3
4

—1.4417
—0.5737
—0.5185
—0.4720
—0.3597
—0.3541
—0.3374
—0.3316
—0.3237
—0.3073
—0.2983
—0.2293
—0.2083
—0.1437

0.0750
0.1870
0.4225
0.5298

1
2I

25'
15
25'
12
15'
25'
15'
12

1
25'
15
25'

2'

1

—1.4664
—1.4149
—0.5887
—0.4177
—0.3955
—0.3523
—0.3447
—0.3009
—0.2805
—0.2804
—0.1909
—0.1349

0.0915
0.2732
0.3583
0.4058
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TABLE II. Partial charges in electrons per atom at given site.

Site

Ag
0
Empty sphere 1

Empty sphere 2

l=o
0.3295
1.7359
0.3056
0.2498

0.1920
4.2321
0.3230
0.1475

8.9521
0.0695
0.1559
0.0580

l=3
0.0402

Total

9.5138
6.0375
0.7845
0.4553

165 k points in IBZ (4096 in the whole BZ).
The conventional basis we used in the SCF run con-

tained the SW's augmented in atomic spheres by the solu-
tions of Schrodinger equation with l value and the num-
ber of nodes indicated by atomiclike symbols:
5s, 5p, 4d, and 4f at the Ag site; 2s, 2p, and 3d at the 0
site; and 1s, 2p, and 3d at each empty" atomic sphere.
After the self-consistency was achieved, the basis set was
extended by the SW augmented by 5d-like function at the
Ag site and then the self-consistency was reachieved.
The differences of eigenvalues resulting from these two
calculations are smaller than 1 mRy as far as the valence
bands are concerned. However, they become important
already a few eV above the bottom of the conduction
band.

The band structure obtained with the extended basis

O
O

set together with the total density of states is presented in

Fig. 2. The eigenvalues at selected symmetry points are
listed in Table I.

It is not a purpose of this article to deeply discuss the
structure of the valence states and the bjpding mecha-
nism of Ag20, nevertheless we will stress the most impor-
tant features of that structure. As one can see from Figs.
3 and 4, where the partial density of the valence states at
the Ag and 0 sites are shown, as well as from Table II,
which gives the partial charges, the valence bands are ba-
sically built out of Ag 4d and 0 2p states. The contribu-
tions from other states are at least one order of magni-
tude smaller. The bottom of the valence band has mostly
0 p character. Next, a group of fiat Ag 4d bands is locat-
ed between —4.5 and —2.5 eV and the highest part of
the valence band consists of 0 p and Ag d hybridized
states. There is also a small but important contribution
of Ag 5s —originating states throughout the valence
bands.

In general, the structure of the valence bands and the

O
O

O
I

'
I

'
I

'
I

'
I

'
I

'
I

'
I

O

O
+wl I

CQ

+ coQO
co

CO O

G9
D
Cl
qy +

~~o-
CL

C)
CO

I
'

I
'

I
'

I
'

I

~
I

~
I

1.
I

I
I

f
I

I
I

I
I

l
I

I

O

O
cg 0

CO

~O
cQ o~O
CO

CO

O

cQ

Lo
cQ ~

I
I

I
I

I
I

I
I

~
I

I
I

I
I

I
I

I

l I I
I

I
I

I
I

I
I

$
I

y

Total 0

C)
I

I
~

I
~

I
I

I
I

I
I

I
I I I

-8 -7 -6 -6 4 -3 -2 -1 0 1

Energy (eV)

O
O

I
'

I
'

I
'

I
'

I
'

I
'

I
'

I

-8 -7 -6 -6 4 -3 -2 -1 0
Energy (eV)

FIG. 3. Partial density of valence states at the Ag site. FIG. 4. Partial density of valence states at the 0 site.
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binding mechanism of Ag20 are quite the same as those
in Cu20 described in detail by Marksteiner et al. The
same conclusions about Cu20 were reobtained as a part
of a wider study of copper oxides properties to be dis-
cussed elsewhere.

IV. CALCULATION OF X-RAY-ABSORPTION
SPECTRA

The main aim of our theoretical work is to obtain the
x-ray-absorption spectra from first-principles band-
structure calculations in a relatively large range of ener-
gies. According to the simple atomic-based selection
rules, the edge L, is due to transitions from 2s to p-like
unoccupied states and the edges Lz 3 to transitions from
2p to s- and d-like states. Within the constant-matrix-
element approximation the theoretical spectra were ob-
tained by the convolution of the relevant partial density
of unoccupied states, presented in Fig. S, with the
Lorentzian and Gaussian energy distributions which ac-
count for the core-level and final-state lifetime and the in-
strumental e6'ects, respectively. The values of the Gauss™
ian full width at half maximum (FWHM) parameter used
was 0.64 eV as estimated from experiment, but the
FWHM of the Lorentzian distribution was optimized to
obtain the best agreement of the theoretical spectra with
the measured ones in the vicinity (10 eV around) of the

absorption edges. Additionally, the energy dependent
term of the form O. 1 (E E—o ) was added to the Lorentzi-
an FWHM to account for the increase of the final-state
lifetime. The relevant parameters for the construction of
the x-ray spectra are summarized in Table III.

The results for Ag L, and L3 edges obtained by calcu-
lation with the conventional basis set are compared with
experiment in Fig. 6. The poor agreement in the case of
the L3 edge already a few eV above the absorption edge is
apparent. As we stressed above (see Table II) Ag has a
nearly filled 4d shell and the d-like functions at the Ag
site consequently contribute little to the DOS in the con-
duction band. On the contrary, the agreement in the case
of the L& edge is reasonably good because the p-like
(/= I) functions at the Ag site have their spectral weight
above the gap (see Table II) and work effectively in an
higher-energy range. The analysis given above clearly
shows why it is necessary to go beyond the conventional
basis set and why we extended this set just by the SW
augmented by Sd-like functions at the Ag site.

Figure 7 presents the Ag Lt, L2, and L3 edges ob-
tained with the extended basis set. The essential im-
provement of the description of the L3 spectrum is evi-
dent, and the same was found for the Lz spectrum. As a
second-order e6'ect an improvement in the calculated L,
spectrum is observed. This is because the introduction of
the Sd function modifies the interaction of the Sp func-
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FIG. 6. Comparison between x-ray-absorption spectra (a) Ag
L, and (b) Ag L3 obtained by calculation with the conventional
basis set and the measured ones. The normalization of theoreti-
cal curves to experimental spectra has been done at the first
peak and then the derivatives were calculated.
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TABLE III. Lorentzian and Gaussian broadening parameters in eV as used for the calculation of the
x-ray spectra. The ratio between d and s DOS for L2 and L3 edges was treated as an adjustable parame-
ter because we do not calculate the transition-matrix elements.

Spectrum

Ag L)
Ag L2
Ag L3

Contributing
density of states

at Ag site

p DOS
d DOS+0.5(s DOS)
d DOS+0.5(s DOS)

Lore ntzian
FWHM

4.0+0.1(E—Eo }
2.1+0.1(E—Eo )

1.9+0.1(E—Eo )

Gaussian
F%'HM

0.64
0.64
0.64

tions with neighboring atoms substantially and hence has
an important indirect inhuence on the L& spectrum as
well. By the same line of reasoning it is a valid question
to ask whether an extension of the basis set with oxygen
3s,p functions could have an inhuence on the Ag L, and
L2 3 spectra. The inhuence of these functions, however,

was found to take place at energies higher than the ones
we are interested in here.

V. DISCUSSION AND CONCLUSIONS

First, we would like to consider in some details the
comparison between the edges L2 and L3. These edges
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peak and then the derivatives were calculated.
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are due to transitions from 2p levels with j=
—,
' and j=—',,

respectively. The statistical ratio 2:1 of the populations
of the core levels 2p3/2 and 2p&&2 is rejected in the ex-
pected ratio 2:1 between the mean absorption coe%cients
of the two edges. The possible deviations from the ex-
pected ratio 2:1 are due to the final-state effects. For the
final state with the d shell almost completely filled, as in
the case of Ag, the differences between the L2 and L3
near-edge structures can monitor the j character of the
unoccupied states above the Fermi level (while j =—,'is al-

lowed in both L2 and L3, j=—', is forbidden in L2). In
Fig. 8 the measured Ag L3 and L2 edges of Ag20 are
compared. Spectra have been normalized in the region
beyond 20 eV. The difference between the two spectra of
Ag20 in the region 0-10 eV is clearly seen. These kinds
of differences have been satisfactorily explained in similar
cases by Brown et al. 3 and by Benfatto et al. in terms of
prevailing d5&2 states immediately above the Fermi level,
considering negligible the contribution of many-body
effects. In our calculations, we have used the scalar-
relativistic Hamiltonian (i.e., spin-orbit coupling is
neglected) and therefore we cannot resolve that problem
here.

Secondly, we would like to attract the reader's atten-
tion once again to Fig. 5 which presents the unoccupied
states at the Ag site. Although, the Ag 4d shell is filled
for about 90% (as pointed out already above, see Table
II) the unoccupied silver 4d states are also present at the
very bottom of the conduction band (up to =4 eV). Just
these d states contribute the most to the leading peak at
the L3 and Lz absorption edges. The same was found for
the Cu L3 and L2 edges in Cu20. (The similarity of the
electronic structure of these two compounds was already
stressed above. )

We do expect that the core-hole-electron interaction
(in other words, the core exciton) may even substantially
narrow the linewidth and/or increase the slope of the ab-
sorption edge (see the discussion below), but we are con-
vinced that the leading peak (white line) at the metal L3
and L2 x-ray-absorption edges in AgzO (and in CuzO) is
mainly due to the sharp d-like density of states just above
the bottom of conduction band. This result is in some
contradiction with the paper of Hulbert et al. where the
entire effect was ascribed to the core exiton.

Finally, we would like to contribute to the discussion
about the applicability of the one-particle approach to
the description of the x-ray absorption in the semicon-
ductors. As one can see from Fig. 7, for all three Ag
edges L&, L2, and L3 we have obtained good agreement
between the theory and experiment. The conclusion from
this work is that the ground-state band-structure calcula-
tion is able to quantitatively explain the x-ray near-edge
spectra of Ag20. In order to obtain better results in the

CQ

C

-6 0 6 10 16 20 26 30 36 40
Energy (eV)

FIG. 8. Comparison between the L2 and L3 edges for Ag in
Ag20. The L& and L3 spectra have been normalized within the
20—30 eV energy interval.

higher-energy range, however, the use of the ALSW (or
LMTO) method for calculation of unoccupied states re-
quires extension of the basis set beyond the conventional
set as described in Sec. III. We also expect that the in-
clusion of the transition matrix elements will further im-
prove that agreement in the region of 10—35 eV. In spite
of the overall good agreement there is, however, sys-
tematic discrepancy in the slope of all three absorption
edges, which we clearly present by including the first
derivative of the theoretical and experimental spectra in
Fig. 7. These discrepancies cannot be reduced either by
further adjustments of the broadening parameters
without essentially spoiling the agreement in other energy
regions, or by the inclusion of the transition-matrix ele-
ments which are in general slowly varying with the ener-

gy. These discrepancies we ascribe to the many-body
effects. In this case they are dominated, in our opinion,
by the inAuence of the core-hole potential. To investigate
this problem quantitatively, the fully self-consistent
super-cell electronic structure calculations of the final
state of the excited system are in progress. Such an ap-
proach will take into account the inAuence of the core
hole created during the excitation process as well as the
relaxation of the system. We stress, however, that the
discrepancies in the slope of absorption edges pointed out
above do not unable us in any way to interpret the x-ray
near-edge spectra of semiconductors in terms of one-
particle theory.
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