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AgCl and AgBr have been investigated by photoemission for photon energies hv = 16.8, 21.2, 26.9, 40.8, and
1486.6 eV. By exploiting the strong dependence on hv of the photoionization cross sections for the atomic.
orbitals composing the valence bands, we have been able to deduce approximate partial p and d densities of
valence states for these compounds. The most conspicuous feature of the photoelectron distribution curves is a
sharp peak near the center of the valence band, which our partial density of states shows to be mostly d-like.
The p density of states exibits two main peaks centered at 2- and 5-eV binding energy and a gap at the energy
of the sharp d peak. From the p and d densities of states we conclude that, except for the sharp d-like peak
and the associated p gap, the p and d functions are nearly equally and uniformly mixed throughout the
valence band. The results are compared with partial densities of states calculated with a simplified tight-
binding scheme and the band structure is discussed in detail.

I. INTRODUCTION

Throughout this paper, we consider the wave
functions of the valence bands of the materials un-
der study (AgCl, AgBr) as composed of linear com-
binations of atomic orbitals of the constituent
atoms in the spirit of the tight-binding approxima-
tion. When using photoelectron spectroscopy to
study densities of valence states, that fact intro-
duces considerable complications since for a given
exciting photon energy, different atomic orbitals
have, in general, different excitation cross sec-
tions, =3

The observed “density of states” are actually
considerably deformed, due to variations in orbital
composition across the bands. This fact can,
however, be exploited by measuring the energy
distribution curves of photoelectrons emitted with
exciting photons of different energies, provided
the energy dependence of the excitation cross sec-
tions of the atoms or ions involved is known, 3*
Under these circumstances, it is possible to ex-
tract from the data not only the undistorted den-
sity of states but also the partial densities of states
for each atomic orbital.

Information about partial densities of states is
also obtained in soft-x-ray emission spectroscopy
(SXS).%® When a valence electron falls into a core
hole, dipole-selection rules must be obeyed for
strong-x-ray emission to result. Thus if the hole
has orbital angular momentum 7, only those orbit-
al components of the valence bands with angular
momentum /+1 will be seen. The resolution of
the SXS technique, however, is limited by the in-
trinsic width of the core levels involved, which
can be as much as 5 eV (typically ~1 eV).

This problem does not seem to appear as seri-
ous in x-ray and in uv-photoelectron spectroscopy
where the resolution limit is set by the linewidth

12

-of the exciting source and by the electron energy

analyzer. A resolution of 1.2 eV is reached with
the conventional unmonochromatized Al-Ka source.
The use of an x-ray monochromator reduces the
width of the source to about 0.5 eV. With a uv
source, either synchrotron radiation or gas dis-
charge lamps, the resolution is determined by the
energy analyzer and can be made as small as 0.1
eV for solid-state studies.

AgCl and AgBr crystallize in the rock-salt struc-
ture and thus differ considerably from Agl and the
copper halides (zinc blende). All of these materi-
als are characterized by the presence of d orbit-
als (84 in Cu, 4d in Ag) in the energy region of
the valence bands. These d orbitals are intimately
mixed with the p valence wave functions of the
halogen.

Band calculations for these materials cannot be
performed by the usual local-pseudopotential meth-
od; however, they can be incorporated with a non-
local angular-momentum-dependent pseudopoten-
tial.” Using a mixed basis set of linear combina-
tion of atomic orbitals (LCAO) and plane waves,
Fowler® calculated the band structures of AgCl and
AgBr and their dependence on lattice constant.
Scop® calculated the band structures of these ma-
terials with the augmented-plane-wave (APW)
method. Bassani ef al.!° calculated the band struc-
ture of AgCl with the tight-binding method but
argued that the valence-band width should be twice
as large as the calculated one and derived a “spec-
ulative” band structure (essentially a rescaled
version of their previously calculated one) which
was in agreement with the experimental data avail-
able at that time. A somewhat consistent picture
of these band structures has been provided by
these calculations. The main difference between
AgCl and AgBr and their tetrahedral counterpart
(AgI) is due to the inversion symmetry of rock
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salt. The valence states at I' (k=0) must have
definite parity and thus are either pure p of the
halogen (I'y5), d of the metal (I'y5+; I'y5), or s of the
halogen (I';). The top valence state at k=0 is
actually a pure p-halogen state. Off k=0, the p
(halogen) and d (metal) states, which are approx-
imately 1 eV below the p-halogen levels, begin to
mix very heavily, and a strong repulsion between
the upper p and d bands takes place. As a result,
the highest valence-band maximum occurs off the
center of the zone, and the materials have indirect
absorption edges. Until recently, even though the
silver halides had been extensively studied by op-
tical absorption and reflection (see, for example,
Refs. 10-13), the position and degree of banding
of the Ag 44 levels had not been determined ac-
curately. Bauer and Spicer!* and more recently,
Williams e? al. !® found sharp peaks in the electron-
energy distribution curves (EDC’s) at ~3 eV,
which they attributed to unhybridized d levels,.
while other portions at higher energy were hybrid-
ized. Bauer and Spicer also found an anomalously
large temperature dependence of the EDC’s, which
- they attributed to changes in hybridization with
thermal motion of the ions. !°
The recent work of Mason'® with monochroma-
tized x rays suggests that the speculative band
structure of Bassani ef al.'® is in agreement with
experiments and that the temperature dependence
of the EDC’s is much less than that measured by
Bauer and Spicer at lower photon energies. !* Be-
cause of the limitation of a single excitation ener-
gy, the partial and total densities of states were
not extracted from these EDC’s. In fact, for the
x-ray excitation, the EDC’s are primarily deter-
mined by the partial d density of valence states.®
We have measured the photoemission spectra of
AgBr and AgCl with the Ne and He resonance lines
(rv=16.8, 21.2, 26.9, and 40.8 eV). By exploit-
ing the dependence of the photoionization cross
section upon photon energy, we have deduced the
partial p, d, and the total densities of valence
states. Unfortunately, to our knowledge, no den-
sity-of-states calculation is available for compar-
ison with our experimental results. We have
therefore calculated the band structure and partial
density of states from a simplified parametrized
tight-binding model which retains only nearest-
neighbor interactions. In addition, we have re-
duced much of the secular equation by hand to ob-
tain analytical solutions along some symmetry direc-
tions. Wediscuss the details of the band structure,
and inparticular, whichfeatures give rise to the ob-
served peaks inthe densities of valence states.

II. CALCULATIONS

In this section, we describe a tight-binding mod-
el for the valence bands of AgCl and AgBr. This

model contains a minimum number of basis func-
tions and parameters. Our purpose is not to make
a first-principles calculation, such as in the ear-
lier work of Scop® and Bassani et al., '° but rather
to determine an empirical band structure by fitting
our model to experiment in order to see which in-
teractions give the densities of states their par-
ticular shape. The model is general enough to
describe approximately all rock-salt materials in
which only the cation d and anion p orbitals are
important in forming the valence band.

We list the energies of the outermost atomic
orbitals of Ag, Cl, and Br as calculated by Her-
man and Skillman!” in Table I. The energy of the
s orbital of the anion lies 15 eV below those of the
p and d orbitals, and thus this s orbital should not
strongly influence the upper valence bands. The
Ag 5s orbital, which constitutes the lowest con-
duction band, is only about 6 eV above the p and d
orbitals and should have a much stronger influence
on the p-d derived valence bands than the halogen
s orbitals. We therefore neglect the halogen s
orbital and keep the Ag 5s orbital in our model.
This is in contrast to the work of Bassani et al., '°
in which the halogen s orbital was retained and the
Ag 5s orbital neglected. Since the spin-orbit split-
ting of the atomic Ag 4d orbital (0. 65 eV) (Ref. 17)
is much smaller than the observed d band width,

a nonrelativistic calculation should suffice to ex-
plain the observed features in the density-of-
valence states (DOVS). In order to keep the num-
ber of parameters small, we extend the matrix
elements to nearest-neighbor atoms only and as-
sume orthogonality of the orbitals. The ultimate
test of this approximation will be determined by
the success of the model in fitting the experimental
density-of-valence states. The functional be-
havior of the atomic orbitals near the atomic ori-
gins is

st 1, pr x 9, 2,

dby: xy, %2, Y2,

deg: 3(F—1%), 22— 22-»%.

We note that in a cubic environment, the five d

TABLE I. Binding energies of the atomic states in-

“volved in the valence bands of AgBr and AgCl according

to Herman and Skillman (Ref. 17).

Energy
Orbital " V)

Cl 3s -28,5
Cl 3p -12,2
Br 4s -23.4
Br 4p -11,2
Ag 5s -6.4
Ag 4d -12,7
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levels split into two groups: e, (doublet) and ¢,

(triplet). By inspection of a suitably labeled prim-
i
E, Vepx Vepy Veoe 0 0
Vi, E, 0 0 Vey Ve
Vi, 0 E, 0 Ve O
V;‘M 0 0 Ep 0 v,
0 v VX 0 E, 0
0 Ve 0 Ve 0 E,
0 0 v v 0o o
0 VX -V 0 0 0
1 1 2
0 -FV& -5V 73V 0o o
where

Vs =2iV,, sinzk, ,
Vyy == 2iV,,, sinzk, ,
Vy; =28V, Sinkk, .

k, is the reduced wave vector, and j labels the
coordinates x, y and z. (One could also obtain this
result from the general expressions given by Slater
and Koster'®),

In this Hamiltonian, there are six adjustable pa-
rameters: E,, E,, E;, V,,, Vg, Vgpe. Since the

e, levels have their charge density directed to-

. wards the nearest neighbors, they participate in
o-type bonding with the p levels. The ty, levels,
however, have a vanishing charge density in the
direction of the nearest neighbors, but can par-
ticipate in the weaker m-type bonding with the
anion p levels. Thus we expect |V,,,| to be great-
er than |V, |. We further assume that the £, and
¢, levels are not split by the octahedral environ-
ment. Fowler and Scop found this splitting to be
no more than a few tenths of an electron volt. ¢°

The total and partial densities of states were
computed by diagonalizing the full 9x9 matrix at
150 points in the reduced zone. A linear inter-
polation scheme was used to increase the effective

resolution to 0.2 eV.
The analytical solutions for the energy bands

along the 4, Z, and A axes are given in Table II.
The Ag, Z4, Zg, and Ag bands are derived from the
p and d orbitals and are symmetric about the aver-
age energy E. The singlet bands having A, =, and
A symmetry are derived from s, p, and d levels
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itive cell, we obtain for the above functions the
following Hamiltonian matrix:

0 0
1
Vox - ﬁ Vo:
1
- Vay - ﬁ Vvy
2
0 ﬁVu
0 0 s
0 0
0 0
E, 0
0 E,

[

and are found as solutions to the 3X3 secular equa-
tions.

III. EXPERIMENT

The uv measurements and the determinations of
the binding energies of core levels were performed
with a Vacuum Generator’s ESCA III system,

TABLE II. Eigenvalues along the A, A, and T axes
for the model Hamiltonian, AE=E;—E,, E=}E4+E,,

Symmetry
Ay E +}[AE? +4(V2, +2V2))1/2
z, E +3(AE? +8V2 )12
z, Ex}(AE? +8V2)1/2
A, E+3(AE? +4V2)1/2
s, P, d singlet band matrices along the A, £, and A axes
E, VBV 0
Ay V3V, E, 2V
0 2VE E,
E, V2 Vgpy 0
3, BV, E, VE (Ve +7§V°,)
o Vva(vk- 7% V,,) Eq
E, Vepx 0
Ay Vo« E, ‘/;:Voz
0 Jg:v:, E,
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equipped with both a differentially pumped capillary
cold cathode gas discharge lamp and an unmono-
chromatized Al-Ka x-ray source. The mono-
chromatized x-ray study of the valence band was
done with a Hewlett Packard 5950 ESCA Spectrom-
eter. In all cases, the samples were evaporated
from single crystals in the preparation chamber.
The base pressure during evaporation was better
than 10°" Torr. It was found, particularly for
AgBr, that a long evaporation (100 sec) at a tem-
perature close to the melting point caused the
preferential evaporation of the halide leading to a
silver-rich residue on the boat, as determined
by its metallic shine. In this case, x-ray core
level spectra showed that the deposited sample
was also silver rich. A plausible explanation of
this effect is that heating causes decomposition of
the source material and that the halogen has a
lower sticking probability than the silver. After
- the source has lost sufficient halogen, the deposit
becomes silver rich. This problem was eliminated
by evaporating for a short time (20 sec) at a high-
er temperature. The film thickness was estimated
to be ~10000 A. The measurements were made
at room temperature at a pressure better than 10™*
Torr. The cleanliness of the samples was checked
" by measuring the x-ray spectrum at the beginning
and at the end of each run. No trace of either
carbon or oxygen could be detected, a fact which
indicates a contamination of less than 0.1 of a
monolayer (or less than 2% of the sampled volume).
The resolution of the measurements with mono-
chromatized x-rays reported here is better than
0.8 eV. For the Her and Ne1 spectra, the instru-
mental resolution is 0.1 eV, while for He1r and
Nerm it is 0.3 eV,

IV. RESULTS

A. Experiment

The EDC’s of AgCl obtained with Ner1 (16. 8 eV),
Her (21.1 eV), Nem (26.9 eV), Herr (40. 8 eV),
and monochromatized AIKo. (1486.6 eV) are pre-
sented in Fig. 1. The estimated contribution of
secondary electrons is indicated by the dashed line.
The Ne 11 spectrum, corrected for the contribution
due to a satellite line at 27. 8 eV that has 20% the
intensity of the main line, is also plotted (dashed
line). The main features are observable in all the
spectra. The Ne1 curve may show some final
density of states and/or direct-transition effects,
due to the rather small exciting energy. The data
obtained with Ne r are not as reliable as the
others, due to the satellite correction; neverthe-
less, it clearly shows an intermediate step in the
dependence of the cross section on photon energy
between Het and Hemx. The corresponding results
for AgBr obtained with He1, Heri, and mono-
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chromatized Al-Ka x-rays are shown in Fig. 2.
The He 11 spectra of both compounds closely re-
semble the results of Williams et al.'® The XPS
data are similar to those of Mason.!® As discussed
in V in more detail, the valence bands of AgCl and
AgBr are composed of the halogen p and s states
and the Ag 5s and 4d states. From x-ray photo-
electron spectra (not shown in Figs. 1 and 2), the
(halogen) s bands are found to be situated at binding
energies (referred to top of valence band) of 14.3
+0.6 eV in AgCl and 14.8+0.6 eV in AgBr. Since
they are well separated from the upper valence
band, which ends at about 6 eV binding energy,
the halogen s levels are not expected.to mix strong-
ly with them. Furthermore, the excitation cross
sections for s-like states of C1” and Br™ are neg-
ligible!®?® compared to p- and d-like contributions
in our uv photon-energy range. 2%

As discussed at length elsewhere, 3 the EDC’s
corrected for inelastic electrons, escape depth,
and analyser transmission can be expressed as

N(E, ) =p,(E)o,(hv) + py(E)o,(v) , (1)

where p,, 4(E) are partial p and d densities of

Ag Cl

COUNT RATE (arbitrary units)

0o 1 2 3 4 5 & 7
BINDING ENERGY (eV)

FIG. 1. Energy distribution curves (EDC’s) for AgCl
obtained with 16,9, 21,2, 26,9, 40.8, and 1486,6 eV
radiation, The estimated contribution from secondary
electrons is shown with a long~-dashed line, Also shown
with a short-dashed line is the Nerr EDC with the contri-
bution from a satellite line at 27, 8 eV subtracted.
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Ag Br

1486.6eV

COUNT RATE (arbitrary units)

0 1 2 3 4 5 6 7
BINDING ENERGY (eV)
FIG. 2. EDC’s for AgBr obtained with 21,2, 40,8,

and 1486, 6 eV radiation, The estimated contribution
from secondary electrons is shown with a dashed line,
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FIG. 3. Comparison of theoretical and experimental
density of valence states for AgCl., The total and partial
p and d DOVS were obtained from the Her and He 11 EDC’s
of Fig. 1 (see text).

states, and o,(hv) and o,(hv) are the corresponding
photoionization cross sections per electron at the
photon energy av. It can be shown® that the con-
tribution to the total cross section, due to inter-
ference between the hybridized wave functions on
neighboring atoms, neglected in Eq. (1), is neg-
ligible in the considered kinetic-energy range of
the photoemitted electrons.

We have also assumed that the cross section
does not depend upon the energy of the critical
state (see below). The total photoionization cross
section for Ag metal, # which represents to a very
good approximation the Ag 4d contribution, and the
experimental 3p and 4p subshell cross sections of
Cl" and Br~ (Ref. 20) have been determined experi-
mentally as a function of wavelength. We can
therefore treat two EDC’s taken at different ex-
citing energies as two linearly independent equa-
tions for the p and d partial DOVS [see Eq. (1)].
By assuming that there are a total of 10 d and 6 p
electrons in the valence band, we can obtain the
properly normalized p,(E) and p,(E) and thus the
total DOVS. Using the EDC’s obtained with 21.2
and 40. 8 eV, and taking the values of the cross
sections 0,(3p, 4p) and 0,(4d) at the same photon
energies from Refs. 20 and 21, respectively, we
can separate the contributions of p,(E) and p,(E)
to the EDC’s and thus finally obtain the partial p
and d and the total DOVS’s shown in Figs. 3
(dashed line) and 4, We also compare in Fig. 3

3_.
TOTAL DOVS AgBr
2k
=
O 1+
<
% 01:
& 2 d - DOVS
—
.
wm -
Yol
a. |
p - DOVS
];.
ol | | | |
0 1 2 3 4 5 6

BINDING ENERGY (eV)

FIG. 4. Total and partial p and d DOVS for AgBr ob-
tained from Fig, 2 (see text).
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these densities of states with those calculated from
our band model for AgCl (see discussion).

Before comparing our experimental DOVS’s with
theory, it is appropriate to discuss their accuracy.
The most serious approximation made in extract-
ing the DOVS’s from the photoemission data is the
assumed independence of the cross sections on the
initial state energy. For the He 1 spectrum, the
p and d cross sections vary little over the band
widths, and they should be accurately described
by the Eq. (1). Since the d cross section is an
order of magnitude greater than the p cross sec-
tion at this energy, the He1r spectrum already
yields a d DOVS to at least 10% accuracy. The
correction made due to the small p-like contribu-
tion should improve the accuracy of the d DOVS
to better than 5% at every point. For thé Her spec-
trum, the d cross section varies little over the
band width, but the p cross section, as suggested
by the calculations of Kennedy and Manson?? and
Fano and Cooper, 22 might vary as much as +20%
at the end points. This variation would tend to
distort the p-like DOVS by exaggerating the struc-
ture at the bottom of the band. One possible way
to estimate this error would be to do this analysis
using EDC’s excited with different energies; how-
ever, the only experimental cross sections avail-
able are those at 21.1 and 40.8 eV. Trying dif-
ferent combinations of the 26.9- and the 40. 8-eV
EDC’s, a partial p DOVS was obtained in good
agreement with the one shown in Fig. 3, suggesting
that the variation of the cross section over the
band is not distorting the spectra significantly.
The p DOVS is probably determined to an accuracy
of about 10% at the average point, depending upon

the accuracy of the cross sections used.
The agreement of the EDC’s taken with Her and

Al Ko demonstrates that the EDC’s are not~de-
pendent on escape depths, and therefore the con-
tribution of any surface states are unimportant.
The partial d DOVS’s clearly show peaks positioned
with respect to the top of the valence band at 3.4
+0.1 and 3.8+0.1 eV for AgCl and AgBr, respec-
tively, in agreement with Bauer and Spicer’s val-
ues of 3.3 and 3.7 eV and Williams’ et ql. data of
3.5 and 3.8 eV.™15 Since the p DOVS’s have
minima at these energies, these peaks are pri-
marily d-like. A determination of the number of
electrons associated with these peaks is somewhat
arbitrary since their base is broad and overlaps
with the portions that are involved in hybridization.
Our theoretical curves give two electrons per mol-
ecule under this peak. Bassani et al.!® as well as
Scop® predict a flat d-like band at approximately
the same energies in their calculations. They dif-
fer in their assignments of the symmetry for these
states: Bassani et al.'? attribute T'p5+ symmetry
to them, whereas Scop® assigns them Iy, sym-
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metry. In Subsec. B, we shall show that this peak
is a mixture of both types of d states because the
band repulsion between the p and d statesis much
larger than the I'ys.— I'y, crystal-field splitting.

It corresponds to a flat band arising from the fact
that the 3 p function can repel only 3 of the 5 d
functions. The strong p-d repulsion causes a gap
in the p DOVS. The p DOVS of Figs. 3 and 4 in-
dicate that the p levels mix with nearly equal
strengths on both sides of the p gap (d peak). Aside
from the sharp d-like peak, the remaining d states
appear to be well mixed with the anion p levels.

The observed density of states is somewhat
wider than calculated, probably due to intrinsic
lifetime broadening rather than instrumental reso-
lution. The most glaring discrepancy between
theory and experiment is in the sharpness of the
leading edge of the EDC’s; theory predicts a sharp
edge, but experimentally, it is observed to be
much more rounded than can be attributed to in-
strumental resolution. An abrupt edge is expected
since the top of the valence band occurs at a mul-
tiple point of high density of states at the edge of
the zone. This is in contrast to zinc-blende ma-
terials where the top of the valence band occurs
at I';5, a point of small density of states. The
round edge might be related to the large thermal
broadening observed by Bauer and Spicer'; it
could also be due to final-state effects, in which
the solid responds to the presence of the hole po-
tential created by the emitted electron. Citrin
et al.? have suggested that phonon cascades
created in response to the hole potential lead to a
broadening of core levels by as much as 1 eV.
Similar effects might be produced by valence band
holes. Additional broadening might occur because
of the variation in the Madelung energy at the sur-
face. Such a variation would have a strong influ-
ence on the EDC’s when the electron escape depth
is only a few atomic layers, as it is in uv photo-
emission.

Core level energies determined for some Ag
levels in AgCl, AgBr, and Ag metal are given in
Table III. These binding energies are referred
to the top of the valence band for the compounds
and to the Fermi level for the metal. For the pur-
pose of comparison, all binding energies should be
referred to the vacuum level. This requires a
knowledge of the photoelectric threshold ®. (The
photoelectric threshold was determined from the
position of the low-energy cutoff of the EDC’s.
The threshold energy is v — W, where Wis the
separation between the cutoff and the top of the
valence band.) From our uv measurements, we find
$®=6.3+0.3 for AgCl and AgBr and 4.4+0. 3 for Ag
metal, in agreement with the values & =6, 6, and
4. 3 eVgivenfor the same quantities inRef. 25. The

" energy difference between the Fermi level (ob-
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TABLE III. Binding energies of Ag core electrons,
All errors are +0,1 eV unless otherwise stated. The
energies are referred to the top of the valence band for
the compounds and to the Fermi level for the metal, The
bottom row of the Table give the photoelectric threshold
& with respect to the top of the valence band, as deter-
mined in this work,

Ag level AgCl AgBr Ag metal |
3p1/s 601.9 602.0 604, 0
3py/s 571,0 571.3 573.2
3dy s 372,3 372.4 374,3
3ds/, 366,1 366. 4 368.3
4sy/, 94,9(3) 94.9(3) 96.8
& (eV) 6.3(3) 6.3(3) 4,4(2)

tained by calibration with the evaporated Ag sam-
ple) and the top of the valence bands 6E has been
measured to be 6E =1. 3(2) eV for AgCl and 1. 3(2)
eV for AgBr. Within the given errors, these num-
bers are the same for ultraviolet measurements
(21.2 eV) and x-ray (1486.6 eV) measurements

at different intensities. Williams ef al.!® deter-
mined the position of the Fermi level above the
top of the valence band to be 1.7 eV for AgCl and
1.1 eV for AgBr. The differences with our values
might be due to charging effects or different
doping or nonstoichiometry of the samples. Ac-
cording to Ref. 25, the energy gap is 3 eV for
AgCl and 2.5 eV for AgBr; hence, the Fermi level
is situated approximately in the middle of the gap,
as expected for intrinsic samples without surface
states. From the data given above, we conclude
that for the evaporated samples used in our ex-
periments, charging effects are very small
(<0.2 eV). Using our values (see Table III), we
find that with respect to the vacuum level all Ag
levels have the same binding energy (within +0. 3
eV) in both the halides and the metal. This is a
surprising result considering the high-ionic char-
acter of the bond [ Phillips’ ionicity is 0. 850 for
AgBr and 0. 856 for AgCl Ref. 26]. We discuss
these chemical shifts in terms of a simplified
charge-transfer model in Sec. VII.

B. Band structures

In the first band structure attempted, the ener-
gies of the atomic orbitals as given by Herman
and Skillman'? were used. (We do not expect the
atomic-energy values as calculated by Herman
and Skillman!” to be exactly correct for the solid,
where Madelung terms can shift them.) The
strength of the m bonding was at first taken to be
3 of that of the ¢ bonding, and the parameters were
fit to match the 3.2 eV indirect gap between Ly
and I'. The s-p interaction was chosen to fit the

TABLE IV, Comparison of the interaction parameters
used here with those of Bassani et al, (Ref, 10), The
zero-energy point has been chosen to correspond to the
Cl1 3p level in both cases,

Parameter This work Bassani et al,
Epgs +4.8 o
Ecip 0.0 0.0
Epga ~-1.2 -1,3
Vsp — ]_. 2 R
Vo -0.7 -1.24
Vips +0.2 0,38

6-eV Ly — Ly splitting observed in the optical
data.®® The shape of the resulting band structure
was in fair agreement with those of Bassani et al.'°
and Scop, ? and the total bandwidth is in good agree-
ment with the photoemission experiments reported
here. However, this band structure gave a density
of states in which the lower d valence bands were
too wide. To remedy this situation, we increased
the energy of the p level by 1 eV to account for
Madelung corrections and decreased the bonding
parameters to keep the band gap correct. We also
found that using Vpgr =~ 0.3 V,y,, a value similar

to that found by Bassani e? al.,!° gave better agree-
ment with experiment. The adjusted band struc-
ture is shown inh Fig. 5, and the corresponding
DOVS has already been compared with experiment
in Fig. 3. A comparison of the parameters used
here to those of Bassani et al.! is shown in Table
IV, The primary change in the band structure

with this adjustment is the desired narrowing of
the lower portions of the DOVS, while the upper
portions retain their previous width. The p-d in-
teraction parameters used here are about half of
those used by Bassani ef al., ' but our bandwidth
(4.3 eV) is greater than theirs (3.2 eV). The
agreement with the band structure of Bassani et

AgCl
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FIG. 5. Empirical tight-binding band structure for
AgCl, The zero energy has been shifted to correspond
to the top of the valence band.
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al.!? as interpreted by Mason® is very good, es-
pecially with regard to the features along the A
axis. (Inclusion of charge-density overlap would
also tend to narrow the lower bands relative to
the upper bands.)?”

V. DISCUSSION

As seen in the band-structure calculations, the
origin of the sharp d-like peak in the experimental
and theoretical DOVS is due to two flat d bands

_that occur at the energy of the atomic d level. In
our model Hamiltonian, the five degenerate d
levels couple to only the three degenerate anion
p levels. We are, of course, free to take any
linear combination of the 5d levels to achieve a
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state of vanishing interaction with all of the p
levels. Since five coefficients are needed to de-
fine a d state and there are only three constraints
to satisfy (i.e., (d|H|p)=0), two such pure d
states can always be constructed. This result is
independent of the actual values of the matrix ele-
ments and thus hold for an arbitrary point in %
space. These two d levels produce flat bands and
thus & functions in the DOVS. As long as every
Ag atom is surrounded by Cl atoms, so that there
are no d-d interactions, this peak should be in-
sensitive to structure (applies to tetrahedral struc-
tures, too) or to phonon broadening.

From the secular equation, we find that one of
the unhybridized d states for a general point in &
space is given by

P = Vapol (sin?k, + sin®k,)(sink, d,, + sink,d,,) + (sin®k, — sin®k,) sink,d,, |+ Vpe(sink, sink, sink,) d,2_,2 .

As can be seen from the above expression, this
state is a mixture of the ?;, and e, orbitals. With-
out doing a full 2-space integration, we estimate
the fraction of the e, to #,, contribution to be given
approximately by the ratio of the average of the
square of their weighting coefficients or

fee/f toy = 5(Vape/ Vapo)? -

Since

(2)

| Vape| =21 Vol

the contribution from the e, level is at most 10%.
In the limit where the 7 bonding vanishes, the
three ?,, levels produce flat bands and the 6 func-
tion in the density of states contains 3 electrons.

We wish to stress that this peak does not arise
because the d states are corelike in the sense that
. they are so localized about the nucleus that their
overlap with the p levels vanishes; the interaction
is zero because a phase cancellation of the matrix
elements can always be achieved, since there are
more d orbitals than p orbitals.

The above argument holds rigorously only with
the assumptions built into our Hamiltonian. Bas-
sani et al. '° have estimated that the second-neigh-
bor d-d interactions are only 0.01 eV, and thus we
do not expect them to influence the width of the un-
hybridized d bands. Spin-orbit and crystal-field
interactions, which remove the #,, — ¢, degener-
acies, would broaden this peak. Inclusion of the
anion s level would provide another constraint (in
addition to the three provided by the anion p levels),
so that only one flat band can be constructed.

Even in the presence of the anion s level, it can be
shown that the 7, orbitals produce a flat band over
the k£, =0 and &, =7 planes in the reduced zone, an

—

area sufficiently large to produce a peak in the

DOVS. o ,
To discuss the other features of the DOVS, it

is necessary to inspect the band structure and the
matrix in more detail.

Along A, the repulsion between the p- and d-
derived A4 bands of Table II is large, because
the 7 and o bonding are used to the maximum pos-
sible. There is also a flat set of A3 bands which
corresponds to the unmixed d levels discussed
earlier (see Fig. 5). The upper and lower singlet
bands result from a strong s-p interaction, which
is also a maximum along this direction. The s-p
repulsion in this direction is primarily responsible
for the filling in of the gap between the p and d
density of states by the middle singlet band.

Along A, the repulsion between the A5 bands is
weak, since only 7-type interaction between the p
and d levels is involved. The lower two singlet
bands repel one another more strongly since o
bonding is involved and is the greatest along this
axis. Thus, in general, we might expect the 4,
band to lie higher than the A; band, in agreement
with the band structures of Bassani et al.,'® and
Scop.® However, the middle X band does not arise
nearly as high in energy as in the calculation of
Bassani et al., due to the downward repulsion
from the upper Ag s-like band. At the X point,
all levels return to their atomic values, because
in this model all interactions vanish. Inclusion of

‘more basis functions and interactions with more

distant neighbors would alter the situation. Be-
cause of the strong bonding, the p-d bands repel
one another along T almost as strongly as in the A
direction. The Zg bands repel each other less
since only m-type interaction is involved. For the
singlet bands, the s-p interactions are somewhat
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weaker than for the A direction, and the corre-
sponding p-d interaction is due to the weaker w
interaction. In contrast to the work of Bassani et
al., '® the middle =, band falls below the upper =4
band as a consequence of the repulsion from the
upper Ag s-like band. Because the energy bands
depend strongly on the direction of the & vector,
no pronounced features occur in the density of
states other than from the flat d bands. This is in
contrast to the zinc-blende materials where the
spherically isotropic bands produced pronounced
peaks in the DOVS.

It is of interest to determine which point in the
valence bands lies the highest. As seen from
Table II, among the pure p-d bands, the Lg point
lies the highest, the point midway along the Z,
band lies the next highest, and A; band lies the
lowest. The reason for this is that for the se-
quence Lg, Z4, 4;, the stronger o bonding gives
way to the weaker 7 bonding. When the repulsion
from the upper Ag 5s level is weak, it is easily
seen that the 4, band can lie higher than the 4; but
never higher than the Ly and Z, band maxima.
Using the expressions in Table II, we find that the
separation between the maxima in the L; and Z,
bands is given by

Ep, ~Ep, = (Vepa)/ 22| Vypo| . (3)

For the parameters used in this calculation, we
find that this difference is less than 0.1 eV. Scop®
finds that for AgCl, the Ly maximum lies above the
the Z, maximum, but that this ordering is reversed
in AgBr; in both cases the maxima lie within 0.2
eV of one another. Since Scop® has included more
basis functions and interactions than we have, the
reversal of the level ordering can be explained.
Bassani ef al., '° however, find that the 4, band
maximum lies the highest. We believe that in
their calculation, this arises from a repulsion by
the lowest anion s level included in their model.

If they were to include the Ag 5s level, such as

we have, this 4; band would retreat to lower ener-
gy, while the A; and Z, bands would remain un-
moved. Within the framework of our model, the

4, band can never lie higher than the A; or Z,bands.

V1. ON THE “GIANT-TEMPERATURE"
DEPENDENCE OF THE EDC’S

Bauer and Spicer!'* explained the large-temper-
ature dependence of the EDC’s by a change in the
p-d hybridization with temperature that corre-
spondingly modulated the band-structure density
of states. Fowler,? after calculating the band
structure as a function of lattice constant, ex-
pressed reservations concerning this ipterpreta-
tion. The temperature dependence observed by
Mason'® with x-ray excitation was substantially
smaller than that observed by Bauer and Spicer. 4
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We suggest that the temperature dependence of the
photoionization matrix elements can explain both
the observations of Bauer and Spicer and of Mason.
If we think of the conduction-band state as a plane
wave, the photoionization matrix element of the
solid is expressible as a Fourier transform of the
hybridized p-d wave function. It can be shown*
that the interference term occurring in the square
modulus of the transition matrix element taken
between the initial state (the p-d hybrid wave func-
tion) and the final state (the plane wave) is de-
creasing rapidly with increasing photoelectron
energy. Since this term depends upon the relative
spacing of the two atoms in the unit cell, it is
sensitive to thermal vibrations via a Debye-
Waller factor. At low-photoelectron energies
(=20 eV), the transition matrix element is more
sensitive to thermal motion than at high-photo-
electron energies, because of the large contribu-
tion from the interference term. In the limit of
high-photoelectron energies, the interference
terms are unimportant and changes in the EDC’s
are therefore primarily due to changes in the
DOVS. Thus in the low final-electron-energy
range, temperature dependence of the EDC’s is
attributable to both density of states and matrix
elements, and therefore the thermal fluctuations
might be larger than we would normally expect.

VII. CORE SHIFTS

We found that upon forming the compounds under
consideration the core levels of the Ag atom shift
by no more than 0.3 eV with respect to the vac-
uum level. Previously, we attempted to relate®
the chemical shifts of compounds to a charge mod-
el in which

AE,={[3A(T)/r]-a/R} Age 7 (4)
where
A=(1-T®/(1-T%), Aag=[(Z-4(1-f)e,

7 and R are the interatomic spacing in the metal
and compound, respectively, Z is the valence of
the cation, f; is the Phillips’ ionicity,? and « is
the Madelung constant, 1.74; " determines the
thickness of an effective shell in which the valence
charge and the cation are distributed. This shell
has inner and outer radii I'» and #, respectively.

TABLE V, Interatomic spacing R, Phillips ionicity fj,
charge transfer Aq, and calculated core shift AE,, com-
pared to experimental core shift,

R (A) fi Aq AE, (V)  AE, (eV) AEgy

T'=0.5 r=1 '

AgCl 2,77 0.865  0.43 -1.7 ~0,1 +0,2
AgBr  2.89 0,850 0,40 -1.6 ~0,1 0.0




1566

The chemical shifts of most semiconductors can
be represented by Eq. (4) with I'=0.5.2® This
ansatz gives for AgCl and AgBr AE =~ -1.6 eV
(sek Table V), If one assumes I'~ 1, i.e., an
infinitesimally thin shell, shifts of the order of
0.1 eV reasonably close to the observed absence
of chemical shift are then obtained. However, it
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is difficult to justify the infinitesimally thin shell
for Ag in which the electron transferred has s
character and for which a value of I"'=0. 5 is more
appropriate. Other effects neglected by this mod-
el, especially electronand lattice polarization of the
hole in the final state, are probably making important
contributions to the observed core-level positions,

*On leave from Fachbereich Physik, Freie Universitit,
Berlin, Germany.
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