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The photoelectron energy distribution curves for CuCl, CuBr, CuI, and AgI have been measured for
hco = 16.8, 21.2, 26.9, 40.8, 48.4, and 1486.6 eV. By exploiting the strong dependence on hem of the

photoionization cross sections of the atomic levels comprising the valence band, we have been able to
determine the s, p, and d partial densities of valence states. These results compare well with those

obtained by x-ray fluorescence and x-ray photoemission, but have better resolution. It is found that the

d levels of I „symmetry remain corelike, while the I » d levels band significantly. In the Cu
compounds the I » levels of predominantly d character lie above the I „bands, which in turn lie

above the mainly p-like I » levels. This level ordering is reversed in AgI. The band structure and

densities of valence states computed from a seven-function basis set, consisting of four bonding s-p
orbitals and three d„,, orbitals, are shown to reproduce the trends observed in the density of valence

states of these compounds.

I. INTRODUCTION

The Cu and Ag atoms form tetrahedraly coor-
dinated halides isomorphic with the diamondlike
semiconductors. The isolated metal and halogen
atoms have d' s' and s'P' outer electronic con-
figurations, respectively. In forming the com-
pound, the loosely bound s electron of the noble
metal is mostly transferred to the more electro-
negative halogen. This leaves the noble-metal
ion with a completely filled outer d shell and the
halogen ion with the rare-gas configuration. If
the d shell were corelike, the compounds would
be chemically similar to the I-VII alkali halides.
However, the spatial extent of the d levels is
large, and their energies are close to those of the

P levels of the halogen. The P and d levels can
therefore hybridize and thus significantly alter
the chemical behavior of these compounds.

While most I-VII compounds have the rocksalt
arrangement, CuCl, CuBr, CuI, and AgI usually
crystallize in either the zinc-blende or the wurt-
zite structure. Correspondingly these materials
exhibit Phillips ionicities around 0.7, close to
those of the isomorphic II-VI compounds, whereas
the alkali halides have ionicities around 0.9. The
Pauling ionicity scale' shows a similar behavior.
The noble-metal salts demonstrate several fea-
tures uncharacteristic of normal III-V and II-VI
zinc-blende compounds, in which the d levels lie
at somewhat deeper energies. For example, the
optical absorption edge occurs at lower energies
than we expect by extrapolating the edges of the
isoelectronic zinc-blende materials according to
the square of the valence difference of the two
atoms comprising the solid. ' The bulk moduli of
these materials are only 5 of the values typical
of 0-VI semiconductors. ' In CuCl, the spin-orbit

splitting of the edge exciton is reversed from that
of the normal zinc-blende materials. '

All of these anomalies are believed to be due to
the strong hybridization of the d levels of the
noble metal with the anion P levels. From the
effective spin-orbit splittings of exciton spectra
of the noble-metal halides, Cardona' concluded
that at the top of the valence band the degree of
admixture of the P with the d level is 0.25, 0.36,
0.50, and 0.68 for CuCl, CuBr, CuI, and AgI, re-
spectively. Yet in spite of the active participation
of the d levels in forming the valence bands, the
fundamental absorption spectra' are similar to
those of normal zinc-blende materials: The val-
ence bands should thus exhibit features similar
to those of the zinc-blende materials.

Very little theoretical work has been performed
on the Cu and Ag halides. The presence of the d
bands makes the pseudopotential method, common-
ly used for calculation of the energy bands of nor-
mal zinc-blende materials, less useful. Tight-
binding and Korringa-Kohn-Rostoker (KKR) meth-
ods, in which the d levels can be handled easily,
are more suitable for the noble-metal halides.
Song' used a tight-binding scheme to calculate the
band structure of CuC1. He concluded that the
upper five valence bands were mainly d-like.
Three P-like bands similar to those found in nor-
mal zinc-blende materials occurred at lower en-
ergies. Calabrese and Fowler, ' using a mixed
basis set (plane-wave-tight-binding) with Stater
and valence-screening exchanges, calculated non-
relativistic band structures of CuC1. Both ex-
changes put the predominantly Cu 3d bands below
the Cl 3P counterparts. Qnly with major adjust-
ment to the Slater potential to fit the experimental
P-d mixing at the top of the valence band was a
band structure produced that had the d bands above
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the p bands. Overhof' used the relativistic KKR
method with Slater and Kohn-Sham exchanges to
calculate band structures and densities of valence
states (DOVS) for CuBr. In this first-principles
calculation, the Cu 3d bands lie above the Br 4P
bands; only when the core potentials are severely
shifted does the band ordering reverse. In the
above calculations, the d levels which have I;,
symmetry remain nearly corelike. We show in a
model band calculation presented in Appendix A

that this arises from the vanishing overlap of this
level with the tetrahedral bonding orbitals.

Previous photoemission experiments" have
yielded conflicting information about the valence
bands of the copper halides. Krolikowski' ex-
amined the photoemission spectra for the copper
salts in the 6-11.8-eV photon energy range. He
concluded that the top portion of the valence band
is mostly P-like, while the Cu 3d levels lie -4.5
eV below the top of the valence band. On the other
hand, Kono et al. ' concluded from x-ray photo-
emission experiments that both bands are strongly
mixed, with the upper band being primarily d-like
and the lower band primarily P-like. In s'pite of
the fact that the instrumental resolution was in-
sufficient to bring out the details of the DOVS,
these authors were able to unravel unresolved
structure by removing the broadening with de-
convolution techniques. The electron energy dis-
tributions did not yield directly the DOVS because
of large differences between the photoionization
cross section of the p and d levels. Kono et al. '
deduced the degree of mixing, after making as-
sumptions concerning the number of electrons
associated with peaks in the DOVS, and by calcu-
lating the photoionization cross section with an
orthogonalized-plane-wave (OPW) final state.

Within the tight-binding scheme the density of
states can be decomposed into the sum of contri-
butions from the corresponding atomic orbitals.
In the past, x-ray fluorescence"'" was the pri-
mary method available for extracting the orbital
symmetry components of the DOVS. In this pro-
cess the strong orbital selection rules are im-
portant because the transitions are to states of a
single orbital symmetry that are well defined in
energy. By a suitable choice of the hole states,
the desired orbital components to the density of
states can be obtained directly. In the x-ray
photoemission process, the availability of states
of the proper angular momentum in the continuum
of final states permits all components in the filled
states to contribute to the spectra. For this rea-
son the photoemission spectra often replicate the
total density of states. The primary drawback of
the x-ray fluorescence process is the usually
large natural lifetime broadening induced by the

short core-hole lifetime. "'" Such large broaden-
ing effects are absent for states near the top of
the valence band in the photoemission process. " "

In a first approximation, the primary electron
energy distribution generated within the solid be-
fore escape to the surface is related to the partial
density of occupied states and the excitation photon
energy by

N(E, h&u) =cQ p, (E h(-o) —o, (h(u, E-h(u), (I)
1

where c is a constant, E is the kinetic energy of
the electrons, o, is the photoelectric cross sec-
tion per atom, and p, and n, are the partial den-
sity of states and the number of electrons, re-
spectively, associated with orbital i (see Sec. IV
for more extended discussion of this equation).
By exploiting the strong dependence upon photon
energy Se of the cross sections of atomic levels
with different angular momentum, photoemission
experiments performed over a wide range of ex-
citation energies might also be useful in deter-
mining the partial DOVS. For example, it is
known that for the rare gases" "the cross section
of the outermost P levels decreases very rapidly
over the range 5~ =10-40 eV, whereas the cross
section for the Cu 3d level' remains nearly
constant. Calculation of o(R&u) in this energy re-
gion even for rare gases is made difficult by elec-
tron correlation and relaxation effects." For
solids, such calculations are even more difficult.
In compounds, large variations of the f and P
components with photon energy in the photoemis-
sion spectra of EuS, GdS, and US have been found

by Eastman and Kuznietz, "but no attempts were
made to obtain from them the partial f and P
DOVS.

We have measured the photoelectron spectra of
CuC1, CuBr, CuI, and AgI over a wide range of
excitation energies: @co=16.8, 21.2, 26.9, 40.8,
48.4, and 1486.6 eV. The observed variation in
the energy distribution curves (EDC's) with photon
energy clearly demonstrates that the upper valence
band is predominantly d-like for the Cu compounds
and P-like for AgI. From these curves we have
been able to estimate the partial P and d DOVS,
which are shown to be in good agreement with those
determined from x-ray fluorescence measure-
ments. The d levels having I'» symmetry are
found to be corelike, while those having I'„sym-
metry appear to band significantly. In the copper
salts the I'„d level lies above the I"„level; in
AgI this ordering is reversed.

It was shown previously'~ that the DOVS of zine-
blende materials could be well described with a
simple four-bonding-function basis set by includ-
ing interactions between second-neighbor bonds.
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We show that the materials investigated here can
be described by adding to the bonding functions
three d„, orbitals (1'„), while the two d', orbitals
(I;,) remain unhybridized. The energy levels at
an arbitrary point in k space result as the solution
of a 7X 7 secular equation. Diagonalization of this
equation in the reduced zone enables us to obtain
the total and the partial (s, P, d) densities of states
which can then be compared with our photoemission
results. Through this simple model, the corre-
spondence of the valence bands of the noble-metal
halides to the II-VI and III-V semiconductors is
made apparent.

II. EXPERIMENTAL

The sample preparation and measurements were
performed with a Vacuum Generators ESCA III
system, equipped with both a differentially pumped
capillary cold-gas-discharge lamp and an unmono-
chromatized Al Ka x-ray source.

The base pressure in the evaporation chamber
was always better than 5x 10 ' Torr. The samples
were evaporated in situ at about 10 ' Torr for
-5 min from pieces of high-purity single-crystal
material. After evaporation, the samples were
transferred without breaking the vacuum into the
measuring chamber, at -2&&10 '0 Torr. The
cleanliness of the sample was checked by mea-
suring the x-ray (Al Ka) ESCA spectrum at the
beginning and at the end of each run. No traces
of either carbon or oxygen could be detected, cor-
responding to a contamination of less than 0.1 of
a monolayer (or less than 3% of the sampled vol-
ume).

It is well known that the structural properties
of the Cu and Ag halides are dependent upon the
deposition conditions. "" Following Ref. 5, sam-
ples of CuI and AgI were prepared with the sub-
strate at 125 and 150'C, respectively. By sub-
sequent cooling to room temperature, samples
with zinc-blende structure are obtained. AgI
prepared and measured at 200 C shows EDC spec-
tra different from the 150'C-room-temperature
counterparts. We believe these samples have the
high-temperature o. -AgI structure. For CuC1 and
CuBr, heating of the substrate is not necessary to
generate the zinc-blende structure, and thus, the
substrates were kept at room temperature during
the evaporation. The structure of CuCl was
checked by x-ray diffraction.

For all x-ray photoemission measurements re-
ported here, the total instrumental resolution,
including both the natural linewidth of the exciting
radiation (Al Kn, „h&u =1486.6 eV} and the an-
alyzer resolution, was 1.2 eV. As a source of uv
radiation we used the windowless differentially

pumped capillary discharge lamp with Ne and He
gas. By operating the lamp at "high" pressure,
the we i (ha = 16.8 eV) and Hei (21.2 eV) resonance
lines are obtained; the gas flow' from the lamp
raises the pressure in the measuring chamber to
1x10 ' Torr. By operating at lower pressure,
resonance lines from the ionized gases are ob-
tained (Neil at 26.9 eV, the main He II line at
40.8 eV, and a less intense He II line at 48.4 eV);
the pressure in the analyzing chamber drops to
5x 10 "Torr. The total instrumental resolution
as obtained from Fermi edge measurements on

Mg, Cu, Ag, and other metals was about 0.1 eV
for the measurements with He I and NeI, and 0.3
eV for the other uv lines, where the resolution
was sacrificed in order to improve the signal-to-
noise ratio.
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FIG. 1. Electron energy distribution curves (EDC's)
for CuCl taken with &~ =16.8-, 21.2-, 26.9-, 4Q.8-, and
48.4-eV photons. The dashed lines represent the esti-
mated contributions from secondary electrons. The
upper dashed line for the 26.9-eV EDC has been corrected
for the higher-order lines in the Ne ri spectrum (see
text).

III. RESULTS

The photoelectron energy distribution spectra
of CuCl, CuBr, CuI, and AgI obtained at various
excitation energies are shown in Figs. 1-5. There
is superimposed on the valence-band structures
an energy-dependent background due to inelastic-
ally scattered electrons. The Ne ii spectra (he
=26.9 eV) were corrected by subtracting the emis-
sion due to a satellite line with 20/& intensity at
27.8 eV,"assuming no change in its shape. In
this case the full curves give the measured spec-
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FIG. 2. EDC's for CuBr taken with the various photon
energies indicated.
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FIG. 4. EDC's for AgI taken with the various photon
energies indicated.

while the dashed lines show the energy dis-tra, wie e
correc-tribution after the correction. Since thzs co

tion depends crucially upon the uncertain strength
of the satellite lines, we regard these data as our
least accurate. The curves have been scaled ver-
tically to aid in their visual comparison; in all
cases the noise was insignificant. All curves are

plotted against the initial-state energy, with the
top of the valence band set equal to zero. For the
uv spectra the top of the valence band can be de-
fined by linearly extrapolating the low-binding-
energy edge to the background level. This extrap-

folation can be made with a nominal accuracy o
a 0.1 eV. Because of the possible existence of
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FIG. 3. EDC's for CuI taken with the various photon
energies indicated.

FIG. 5. EDC's for CuCl, CuBr, CuI, and AgI taken
with» =1486.6 eV (nonmonochromatized).
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surface states and the uncertainty in the shape
of the threshold the error in the determination of
the top of the valence band is likely to be larger
(s 0.3 eV). We should point out that for the Cu
halides the top of the valence band determined by
Krolikowski' for 11-eV photons lies systematically
-0.5 eV higher with respect to the maxima in the
EDC's than in the present work (see Table I). The
definition of the top of the valence band is less
accurate for the x-ray spectra because of their
poorer resolution (-1.3 eV).

In Figs. 1-5 two photon energy ranges can be
clearly distinguished: Sco& 40.8 eV, where strong
changes in shape with @~ occur, and k~ ~ 40.8 eV,
where the over-all shape does not change appre-
ciably with excitation energy. An interpretation
for this behavior will be given below. According
to Figs. 1-3, all Cu-halide spectra are composed
of two main peaks, each about 3 eV wide, sep-
arated by a gap which is clearly seen for CuCl,
and which narrows considerably with increasing
atomic number of the halogen atom. In the uv

spectra, two prominent structures are resolved
for each subband. These structures do not change
their relative positions with varying photon energy.
Their energies with respect to the top of the val-
ence band are summarized in Table I.

Our spectra observed with Al Kn radiation are
in excellent agreement with the results obtained
with Mg Ko. radiation at a comparable resolution
(1.0 eV) by Kono et a/. " It is interesting that
these authors, by deconvolution of their data, ob-
tained structures which agree surprisingly well
with ours, although the peak energies and details
are determined more precisely by our high-reso-
lution uv measurements. Their peak-position
energies are included in Table I for comparison. .
Also summarized in this table are peak positions
in the valence bands of the Cu halides from the
measurements of Krolikowski' at photon energies
Sco «11.8 eV.

A list of the care-level energies from our ex-
periments, including data for Cu and Ag metal, is
presented in Table II. Also given are data for Cu
obtained by Schon, "for Ag by Pollak, "and for
Cu and Ag from the tables of Bearden and Burr."
The positions of our metal core levels are in dis-
agreement with those reported by Bearden and
Burr, but in excellent agreement with the more
recent photoelectron data of Schon and Pollak. '

In order to compare the chemical shifts between
metal and compound, we refer all energies to
the vacuum level. This requires the knowledge
of the photoelectric threshold energy 4, which is
defined as the enexgy difference between the vac-
uum level and the top of the valence band. It can
be obtained directly from our measurements using

TABLE I. Energies (in eV) of the four structures ob-
served in the val.ence bands of the Cu halides and in AgI,
referred to the top of the valence band. (a) Present
work, 21.2 eV; (b) Present work, 40.8 eV; (c) x-ray
photoemission, Ref. 10; (d) uv photoemission, ~ 11.8
eV, Ref. 9.

Peak CuCl CuI

4)
(b)
(c)
(d)

(a)
(b)
(c)
(d)

(a)
(b)
(c)
(d)

(a)
(b)
(c)

0.83
0.82
1.0
1.45

1.93
1.93
2.0
2.65

4.90
4.87
5.1
5.25

6.03
6.2
6.3

0.73
0.80
1.0
1.2
2.05
2.07
2.0
2, 5

4.45
4.3
4.2
4.7

5.63
5.7
5.7

1.06
1.03
1.6
1.65

2.46
2.50
2.6
2.9

4.00
3.85
4.0
4.35

5.30
5.4
5.3

4.9

1.3
1.4

the expression

4=h ~-(E„I.-),
where F.„-I.is the energy separation between the
top of the valence band and the low-energy cutoff. "
Because of the difficulties' involved in locating
the onset of emission our 4 data are accurate to
only about +0.3 eV. For Cu and Ag, we obtained
the values @ =4.5(3) and 4.4(3) eV, respectively.
These results are in agreement with the values of
4.51 and 4.30 eV from Table 3 in Ref. 30, and
the values of 4.5 and 4.0 eV from Krolikowski. '
Our results for the compounds are included in
Table III. The value 4=6.0(3}eV obtained for
CuI is in excellent agreement with 4 =6 eV from
Table 10 of Ref. 30, and 6.0 eV from Ref. 9. For
CuBr, Krolikowski' finds results between 6 and
7 eV, not in contradiction with our value. Using
our 4 values, we find (see Table III) that, with
respect to the vacuum level, all metal-ion core
levels show a chemical shift of the order of +1 eV,
and are more tightly bound in the compound than
in the pure metal.

Several authorss' have attempted to relate the
chemical shifts to the charge transfer between
the component atoms. The simplest expression
for this charge transfer is the linear relationship""

Aq = [Z-4(l-f, )]e,
where Z is the number of valence electrons and

f, the ionicity. The Coulomb shift of the cation
(with respect to its metallic form) ~, is related
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TABLE II. Binding energies of core electrons. Unless otherwise stated errors are + 0.1
eV. The energies are referred to the top of the valence band for the compounds and to the
Fermi level for the metals.

Measured level
of ln Lr LII

Cu
Cu
Cu

Cu
Cu
C"

CuCl
CuBr
CuI

Cu metal
Cu metal
Cu metal

1095.3 (2)
1095.5
1095.4

1oe6.3{2)
1oe6.4(3)
1oe6.6(4)

Mr

950.8
951.0
951.4

952.2
952.1
951.0 (4)

931.0
931.2

932.3
932.2
931.1(4)

121.2
121.2

122.5
122.4
119.8 (6)

Mrv

V6.5{2)
76.3{2)
v6.8(3)

vv. 6(2)
77.1

73.6(4)

v4.o (2)
73.9(2)
V4.4(3)

v5.2(3)
75.2

Ag
Ag
Ag
Ag

AgI
Ag metal
Ag metal
Ag metal

717.6{2)
v19.4(3)

602.7
604.0

571.8
573.2

0 ~ 0

717.5 (3) 602.4 (3) 571,4 (3)

373.0
374.3
374.5
372.8 {3)

367.0
368.3
368.4
366.v (3)

95.7
96.8

e5.2{3)

'From Ref. 26.
From Ref. 28.

~ From Ref. 27.

to bq by the expression

where x and R are the interatomic spacing in the
metal and the compound, respectively, and cx is
the Madelung constant of the compound. If one
takes for f, the Phillips ionicity (see Table III),
Eq. (2) predicts for silver iodide a transfer of
negative charge from the metal to the halogen, but
for the copper halides a rather unexpected trans-
fer of charge in the opposite direction. Corre-
spondingly, the chemical shifts calculated with

Eq. (2) for the copper halides are opposite to those
observed experimentally (Table III). This fact
shows that using the Phillips ionicity in Eq. (2)
does not represent correctly the sign of the charge
transfer for the copper halides. It is possible to
obtain an estimate of the sign and the magnitude
of 4q by replacing the observed chemical shifts
into Eq. (2). The results of this procedure are
given in the last column of Table III. We point
out, however, that this equation neglects the polar-

ization contributions to the chemical shifts; the
differences in the polarization energy of the hole
in the metal and in the compound might be suf-
ficiently large to make the qualitative predictions
of Kq. (2) inaccurate. Nevertheless, its fair suc-
cess" in describing the chemical shifts of several
II-VI and III-V compounds suggests that it is also
valid for the present case and that its conflict with
experiment is due to Eq. (2).

In Table IV we present plasmon energies as
derived from the loss peaks following emission
from sharply defined core levels. The full width
at half-maximum (FWHM) of the plasmon is about
15 eV. We have also listed in this table the known

lattice constants and the number N,«of the elec-
trons per primitive cell (i.e., per molecule), cal-
culated from the free-electron formula u~
=4«N, «e'/m. We expect N, « =8, if only the s and

P valence electrons contribute. Thus our results
indicate that an appreciable number, but not all
of the d levels are involved in the plasma oscil-
lation of the Cu halides ~ This is not in agreement

TABLE III. Phillips ionicity, effective charge transfer hq obtained by repl. acing the
Phillips ionicity into Eq. {2),interatomic spacings, calculated and observed chemical shifts of
the metal ion, and photoionization thresholds used in the present analysis. The l.ast column
gives the charge transfer obtained from the observed chemical shifts with Eq. {3).

Material Ionicity Dq[Eq. (2)] R {A) EE, (eV) DEobq (ev) @ (eV) &qt Eq. {3)I

CuCl
CuBr
CuI
AgI

0.746
0.735
0.692
0.770

+ 0.016
+ 0.06
+ 0.232
-0.08

2.44
2.56
2.62
2.80

-0.07
-0.31

1023
+ 0.35

+1.1(5)
+1.5(5)
+ 0.8 (5)
+ o.e(5)

6.8(4)
7.1{4)
6.0(1)
6.v(3)

-0.25
-0.29
-0.15
-0.22
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with the claim of Levine" that all ten d electrons
should be included in the plasma oscillation of the
Cu halides. Actually only a small number of d
electrons would be expected to contribute to the
plasma frequency because of the broad Fano-
Cooper" nature of the d-level absorption. For a
plasma frequency around 15-20 eV only a small
fraction of the d-electron oscillator strength has
been exhausted in the Cu halides. For AgI this
fraction is even smaller, probably because the
d levels lie deeper.

IV. DISCUSSION

A. Experimental partial density of states

As already mentioned, the valence bands of the
Cu halides are admixtures of halogen p and s
states, and copper Sd states. '"'" It is possible
to obtain more information on the mixing from the
photon energy dependence of the EDC's reported
here. Within the framework of the three-step
model formulated by Berglund and Spicer, "and
assuming nondirect transitions, the observed
photoemitted electron energy distribution (EDC)
is given by

I(E, bra) = c'A(E)T(E)[N(E, hu&)+ secondaries]

(4)

with

N(E, h &u) = cg p, (E -Era) —o(E Ia&, I'&u'), -1

Sf

where c' and c are constants, E and k~ are the
electron kinetic energy and energy of exciting
photons, respectively, A(E) is the electron escape
depth, T(E) the analyzer transmission function,
o, is the photoionization cross section per atom,
and p, the partial density of states of orbital i
(which is occupied by n, electrons). It can be
shown that for large final electron kinetic energies
(& 15 eV), interference effects between the cross
sections of different orbitals are negligible. In
Kq. (4) it is assumed that k conversation and
structure in the conduction-band density of states
is unimportant. This is an empirical observation
which seems to hold in semiconductors for ex-
periments performed with 5~ & 20 eV."'"" The
electron escape depth A(E) is not known exactly,
but from the "universal" escape-depth curve'
we can approximate it for E & 50 eV by A(E) ~ L/E
The transmission of the analyzer has also a E '
dependence. ~' Thus the EDC's in the uv range
should take the form

I(E,Iu&) = (c"/E')[N(E, k&o) + secondaries] .
To subtract the secondary electrons, whose origins

are not fully understood, we choose to use a
straight-line approximation. Although one might
argue that no secondaries should be produced up
to binding energies equal to the gap, losses have
been observed in this region. " In any case mak-
ing no secondary correction up to binding energies
equal to the gap does not substantially alter our
results. If we assume that the atomic cross sec-
tion is independent of the initial state, we obtain

N(E, Ku&) = (E'/c")1(E, k&u)- secondaries

TABLE IV. Energies of valence plasmons obtained in
the present work, lattice constants, and corresponding
number Neff of participating electrons per mol, ecule.

hm& (eV)
a {A.)
Neff

CuCl

20.9{5)
5.41

12.6(6)

17.7(5)
5.68

10.5{6)

CuI

15.1{5)
6.05
~.2{6)

AgI

12.6(5)
6.47
7.8 (6)

1= c Qp, (E-R(u) —o, (h(u) . '

2Z)

For the noble-metal halides this equation can be
wirtten as

N(E, R(u) = cp~ (E-k(a) —,
'

o~ (E(o)+cp, (E R(u) ,'-, o, (h—(u),

(5)

where p&& are the partial P, d densities of states
and o~ „are the corresponding photoionization
cross sections. The cross section for the s-like
level is neglected. No data are available for the
partial v~ ~ of the compounds under study. Only
the total photoionization cross section o„, for
Cu (Ref. 19) and Ag metal, "and o~ (at h &a =21.2
and 40.8 eV)" for the isoelectronic (nP)'-halide
neighbors Ar, Kr, and Xe (Ref. 37) have been
determined experimentally. From calculations"
of the Cu and Ag cross sections we know that in
the energy range of our experiment o„,(Ag, Cu)
=o~(Ag, Cu) in good approximation. In Table V
we summarize the experimental cross sections
o„, for the elements Cu and Ag (Ref. 19) and o~
for Ar, Kr, and Xe." The P cross sections are
large compared to O„around 20 eV and then rapidly
fall. The d cross sections of Cu and Ag, however,
remain nearly constant with photon energy in the
15-50-eV region. Thus we expect the P-like fea-
tures of the EDC's to become weaker relative to
the d-like ones with increasing photon energy. In
fact, for -40-50 eV, the P cross section is small
compared to that of the d, and thus the correspond-
ing photoemission curves should represent the
approximate shape of the d component of the den-
sity of states.

The EDC's exhibit a strong dependence on photon
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energy, owing to the abovementioned variations
in the cross sections. For the Cu halides (Figs.
1-3) the upper band (0-3 eV) increases its
strength relative to the second band (3-6 eV) with

increasing photon energy, thus indicating that it
is primarily d-like and the lower band primarily
p-like. This situation is reversed for Agl (Fig. 4).
From the x-ray photoemission spectra (XPS) (Fig.
5) the energies of the s bands, which are not ob-
served in the uv spectra because of their negligi-
ble" photoionization cross section o, in this ener-
gy range, are determined (with respect to the top
of the valence band) to be 15.8(3), 15.4(3), 13.3(4},
and 13.3(4) eV for CuCl, CuBr, CuI, and AgI, re-
spectively.

The variations (Figs. 1-4}in the shapes of the
peaks with @co can be explained as due to the ad-
mixture of P and d levels. The changes in the
upper peaks of CuI compared to those of CuC1 and
CuBr indicate that the degree of mixing in CuI is
larger. In the upper bands of the Cu halides a
strong, sharp peak at -2.5 eV increases its
strength with respect to the portions above it with
increasing Ice. This is evidence that this peak
is the unmixed F» d band obtained in all available
band-structure calculations (see, e.g., Fig. 9; the
details of the band structures mill be discussed in
Sec. IV B}. The upper portions are the mixed I;,
bands that are strongly hybridized with the P
levels. We assign the lower band observed in the
the Cu salts (4-6 eV) to the I'» P-like band. A

similar argument shows that the band observed
between 4 and 6 eV for AgI (Fig. 4) is predomin-
antly d-like. This d-like band consists of two
components: The lower component is the mixed
P-d I;, band (see Fig. 10), and the upper compo-
nent the unmixed F» d band, consistent with our
band-structure calculations. Since the atomic
spin-orbit splitting of 0.65 eV (Ref. 38) is close
to the observed 0.7-eV splitting, one may argue
that the d level remains corelike and that the split-
ting of the 4-6-eV band is induced by spin-orbit
interactions. However, if this were the case,
there would be no strong variations in the peak
shape with photon energy. %'e shall discuss the
correspondence of the EDC's with the band calcu-
lations in more detail in Sec. IV B.

It is of interest to compare our results to those
obtained from x-ray fluorescence measurements.
The soft-x-ray emission from the CuCl valence
band (VB) to the Cl 1s level, sensitive essentially
to the P-type components of the VB, has been
studied by Sugiura. " His results are given (Fig.
6) in terms of the emitted photon energies. To
compare with our data, we use the Cl 1s binding
energy E,=2822.4 eV given by Bearden and Burr."
Since our core-level data (Es& 1486 eV), referred

TABLE V. Experimental cross sections o„, for Cu
and Ag (Ref. 19) and o& for Ar, Kr, and Xe (Ref. 37).

Element
o'(21.2 eV)

(Mb)

~(40.8 eV)
(Mb)

Ar
Kr
Xe

10.4
26.4

36.4
42.6
33.3

7.96
25.5

2.4
3.9
1.1

to the top of the valence band, are consistently
shifted by -1.7 eV as compared to Bearden and
Burr, the top of the vaIence band in Sugiura's
spectrum should be placed at 2820.7 eV. Reason-
able agreement with the onset of our ultraviolet-
photoemission-spectroscopy (UPS) data (see Fig.
6} is obtained. The width of the Cl 1s level is only
0.6 eV (Ref. 40); thus, the broadening of Sugiura's
result as compared to ours is probably due to the
experimental resolution, and in part to differences
in the x-ray emission and photoemission process-
es.

Soft-x-ray-spectroscopy (SXS) data obtained by
Aita" give the fluorescence yield from the
CuCl(VB}- Cl(2P), mainly sensitive to the VB d
components, if we exclude the possibility of strong
s-type admixtures. This seems a safe procedure,
since the Cl(3s) band is situated 9 eV below the
bottom of the valence band. Aita's data are also
compared to our UPS (40.8 eV) EDC in Fig. 6.
The peaks labeled 1-4, corresponding to the
CuCl(VB)- Cl(2P», ) transition, agree very well
with our results, whereas the structures 1' and
2', and probably also 3', are easily explained by
the CuCl(VB)- Cl(2P„,) transitions, since the
Cl 2P spin-orbit splitting is 1.6 eV. The curve
plotted in Fig. 6 is simply a superposition of the
spectra due to transitions to the chlorine L, and

L3 levels. No attempt was made to separate these
two spectra. We have determined the width of the
Cl 2p levels to be & 0.5 eV. Thus, since Aita's
experimental resolution is 0.25 eV, the over-all
agreement in shape with our 40.8-eV data, due
essentially to d-like valence states, is expected
except for the 2p„,-2p„, splitting. Because of the
strong similarities in the results for all Cu
halides studied, the above interpretation should
also apply to CuBr and CuI. Indeed, the CuBr(VB)- Cu(1s) fluorescence spectrum of CuBr, studied
by Drahokoupil, ' shows two peaks at binding en-
ergies of about 1 and 4 eV, according to the
author's calibration. The upper peak is weaker
in intensity than the lower, more tightly bound

one, in agreement with our previous discussion.
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As mentioned above, we believe that the photo-
electron spectra at @co=40.S and 48.4 eV represent
the approximate partial d density of states for both
the Cu and Ag salts. In the limit of weak hybridi-
zation, we assume for the Cu halides a total of
ten electrons in the 0-3-eV binding-energy range
and six electrons in the 3-6-eV range, and also
a total of ten d electrons. Thus from the area
ratio of the 3-6-eV peaks to the 0-3-eV peaks we
obtain as an upper 1.imit for the average P ad-
mixture to the upper (0-3 eV) band the values
18(3), 14(3), and 9(2)% for CuI, CuBr, and CuCl,
respectively. %e can obtain approximate partial
P and d densities of states if we use the corre-
sponding experimental o, data, "'"Eq. (5), for
h&a = 21.2 and 40.8 eV. The results (smooth
curves) are given in Fig. 7 for CuI and in Fig. 8
for AgI. (In these figures we also show the theo-
retical partial densities of states which we shall
discuss later. ) From these curves, we find for
the average P admixture to the upper (0-3 eV)
band 17% for CuI and 66% for AgI. The photo-
electron spectra of Kono ef' al. ,

"obtained with
Mg Kn radiation (k&v= 1253.6 eV) are in very good
agreement with our Al Ke results. These authors
determined the ratio of the integrated intensities
of the lower and upper bands to be 0.29, 0.46, and
0.40 for CuC1, CuBr, and CuI, respectively, in
excellent agreement with our results (0.28, 0.48,
and 0.41). Using calculated" p and d photoioniza-
tion cross sections, they deduced from these area
ratios the average P admixtures to the upper
valence band. Their results are 14, 31 and 23%
for CuC1, CuBr, and CuI, respectively, in reason-

able agreement with our results, except for CuBr.
The P-d mixing rate at the top of the valence band
has also been estimated by other experimental
methods. The data reported so far are summar-
ized in Table I of Ref. 10. Here we waist to com-
pare to the results of Ref. 5, which were obtained
from an analysis of the spin-orbit splitting of the
exciton band in the fundamental absorption spectra
and thus apply only to the top valence band at the
I' point. The present results, however, refer to
the average contribution, weighted most heavily
at the edge of the zone. In order to correct for
the presence of the pure d-like 1;, band in the
Cu halides, which does not mix appreciably with
the halogen p levels, we use a factor of —,

' . Another
factor of + corrects for the fact that the singlet
d band has a small P admixture except near I',
while the doublet has a uniform mixing throughout
the zone (see Sec. IV 8). Thus, we multiply our
average P admixture by —,

' to obtain upper limits
for the mixing values at I'» of 23(5), 35(7), and
45(8)% for CuCl, CuBr and CuI, respectively.
These results compare reasonably well with 25,
36, and 50% from Ref. 5 and 24, 51, and 39%
from Ref. 10. For AgI the mixing in the upper
band is rather uniform and the average P admix-
ture of 66k obtained for this band is in good agree-
ment with 68% at the top of the band from Ref. 5.

B. Model calculations

In this section we use previous' ' and the present
model band structures to interpret the details
of our experimental results. As shown by the
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photoemission data, the valence bands of the Cu
halides are very similar in form, the top band
having a predominantly d character and the lower
band a P character. The calculations of Song' and
Calabreze and Fowler' predict widths of 1.0 eV
for these bands compared to the observed value
of 2.0 eV. Both the positions and widths of the
two bands for CuBr are well described by Over-
hof's relativistic KKR calculations, ' in which an
ionic potential with Kohn-Sham exchange was
used.

We now discuss the valence bands obtained from
the model Hamiltonian which is presented in de-
tail in Appendix A. This model band structure is
described in terms of five parameters: V„, V~,

V„V~, and E~. V„and V~ are the matrix elements
between the directed bonds induced by the noble
and halogen atoms, respectively, V, simulates
matrix elements between equivalent bonds, V~ is
the matrix element between the d levels and the
directed bonds, and E„ is the energy of the atomic
d level. In Figs. 9 and 10 we have plotted the
valence bands of our model Hamiltonian in the
A, b, , and Z directions for CuI and AgI. The
corresponding densities of states are presented
in Figs. 7 and 8 (histograms). Details of their
calculation are described in Appendix B. The
parameters were chosen to have the values (in eV)

V„=-0.5, V, =-2.42, V, =0.25, V„=-0.6,

and 8„=-2.0 for CuI,

and

V„=-0.6, V~ = -2.32, V, = 0.25, V~ = -0.7,

and &~ = -4.0 for Agl.

The parameters were chosen to fit approximately
features in the experimental, DOVS to which they
were directly related; e.g., V„and V~ were
chosen to match the s-P splitting of the anion and
the gap at X in the valence band. The symmetry
designations refer to the metal atom at the
origin. As a consequence, the X, and X, levels
sometimes appear to be in different order than is
usually shown in band-structure calculations
where the origin is placed at the halogen atom.
As mentioned in Appendix A, the I'» d levels,
which do not mix with the hybridized bonds, have
been inserted into the band structures as straight
lines at energy E~. In the densities of valence
states they have been given a width similar to that
of the corresponding experimental peak.

The band structure for Cui (Fig. 9), in which the
d levels lie above the P levels, should represent
the situation also found in the other copper halides.
The two I'» bands have similar shapes, the upper
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FIG. 7. Total, partia1 d, and partial P DOVS for CuI
deduced from experiment (full cuxves) compared to those
from model calculation {histograms).

FIG. 8. Total, partial d, and partial P DOVS for Agl
deduced from experiment (fun cuxves) compared to those
from model calculation (histograms).
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band being about 1 eV narrower than the lower
band. Compared to the band structure found with
the d levels far removed in energy, the p-like
bands are much narrower: The d bands eliminate
a large fraction of the curvature of the p-like
bands. The large 2.0-eV splitting between the
upper I'» and I"» levels indicates a considerable
mixing of the I» d levels with the P levels. The
partial densities of states are in reasonable agree-
ment with our experimental results. As shown in
the theoretical and partial densities of states,
the singlet P and singlet d bands have a small
P-d mixing. The reduction of the mixing of these
bands as the edge of the zone is approached re-
sults from the increasing s-like character of the
bonding orbitals about the metal atom. The doub-
let bands, i.e., those having L,, and X, symmetry
at the zone edge, remain approximately uniformly
mixed throughout the zone. Since at I» the mixing
must be the same for the singlet and doublet bands,
the mixing at I' must be --', times the average
band mixing. The lowest band at -14 eV, having
predominantly s-like symmetry throughout the
zone, remains flat and produces a very sharp
peak in the density of states. In spite of the pre-
sence of the d levels, the lower portions of the
band structure, i.e., the lower 1"» and I; bands,
have the usual form expected for a normal zinc-
blende material, "in which the d bands are far
removed from the VB region.

Because of their similar uv data we infer that
the densities of states of CuBr and CuCl are sim-
ilar to those of CuI. It is not entirely clear why
the upper I'» d bands as observed in the 40.8-eV
spectra are much broader in CuBr and CuCl than
in CuI. The w bonding between the bond orbitals

and these levels must be larger for the former
materials as a result of their smaller interatomic
spacings and thus the I;, d bands may not be en-
tirely unhybridized as assumed in our model.
Through the sequence CuCl, CuBr, and CuI, the
P and d levels approach one another, causing an
increase in the P-d mixing and also in the splitting
between the top of the valence band and the ly2 d
levels. In our model, an increased mixing should
decrease the width of the lower P band, a fact
which is probably compensated by the increased
spin-orbit interaction in going from CuCl to CuI.

Lowering the position of the d level below the p
bands to simulate AgI (Fig. 10) causes the top
portions of the VB to widen considerably and to
take on a shape more characteristic of the upper
P bands of a zinc-blende material, while the lower
I» bands become flatter. As can be seen from
the partial density of states (Fig. 8), the upper
I» bands become predominantly p-like, while the
lower bands are predominantly d-like. The flatten-
ing of the d bands in AgI compared to CuI is a
consequence of the increased p-d energy separa-
tion rather than a change in ~, . The I „and Z„
d levels become inverted with respect to the case
of CuI. The p singlet band is more heavily mixed
with the d levels than in the case of CuI. The P
singlet band curves downward towards the d band
thereby offsetting the decreasing P-d interaction
so as to maintain a more uniform mixing. In this
case the average p-d mixing of the upper p-like
band is about equal to the mixing at I'. From the
experiment we found that the lower component of
the d-like bands shows (Fig. 4) a dependence on
photon energy which indicates that it is heavily
mixed with the anion P and is therefore the I'» d
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FIG. 9. Valence-band structure for CuI calculated
from model described in the text.

FIG. 10. Valence-band structure for Agl calculated
from model described in the text.
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band, in agreement with the model calculation.
The 0.7-eV splitting between these peaks is in
agreement with the calculated width. However,
the atomic spin-orbit splitting of 0.65 eVB' for the
Ag 4d level indicates that the neglect of spin-orbit
interaction is an oversimplification. Inclusion of
this interaction tends to mix the I» and I» bands,
but not enough to destroy the qualitative conclu-
sions drawn above.

When finally the position of the d level is lowered
to --12 and --16 eV, situations similar to those
found" in the II-VI and III-V compounds are ob-
".ained. The doublet d bands become narrower be-
cause of the greater energetic distance from the
upper p bands, but owing to the close proximity
of the anion's s level, the singlet d band can have
some dispersion. Thus, in the context of this
model, the primary difference between the noble-
metal halides and the II-VI and III-V semiconduct-
ing compounds is in the position of the d bands and
not so much in the variation of the matrix ele-
ments.
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APPENDIX A: BAND-STRUCTURE CALCULATION

In this section we extend the tetrahedral bonding
model proposed earlier" for calculating the val-
ence bands of zinc-blende materials to include d
levels. In Ref. 23, the basis set consisted of four
bonding functions that interconnect the two inter-
penetrating fcc lattices of the zinc-blende struc-
ture. (From an atomic-orbital approach, these
bonding functions are generated by joining two sp'
hybridized functions emanating from two nearest-
neighbor atoms. ) The atoms serve as vertices at
which each of these functions overlap. With the
inclusion of a single matrix element between sec-
ond-neighbor bonds, it was found" that significant
improvements were made over past treatments
that retained only v-type matrix elements between
nearest-neighbor bonds.

In the tetrahedral environment the 5 d levels fall
into two representations having the following sym-
metries near the origin:

Pf 5'. xg~ zx~ Jz ~

I'„: -', v 3(2x'-y'-z'}, y'-z' .

E~ 0 0

F~ 0

0 0

The coefficients of the matrix are, in terms of the
parameters V, defined in Sec. IV B,

E, = 2V, [cos(k, +k, }+ cos(k, + k, ) + cos(k„+k, )],
E, = 2V, [cos(k, + k, ) + cos(k, -k, }+ cos(k, -k, )],

(A2)E, =2V, [cos(k, +k, ) + cos(k„-k ) + cos(k, -kg )],
E, =2V, [cos(k, +k, }+cos(k„-k, }+cos(k, -k, )],

and V&&
= V„+ V~ e' with 5 = k, + k„ for V», k„+0,

and k, -k, for V,4. In Eq. (A2) the unit length has
been chosen to be one-half of the lattice constant.
The block sectioned by the dotted lines in Eq.
(Al) corresponds to the Hamiltonian for the valence
bands of zine-blende semiconductors without d
levels. It requires only three parameters fo de-
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scribe this portion of the electronic spectrum. To
include the d levels, we need two additional pa-
rameters. The E,-E, terms in the diagonal re-
sult from an interaction between equivalent bonds
that are second neighbors, i.e., two parallel
bonds that are connected by one other bond. These
terms were found" to remove the flat P bands
that occur if only the nearest-neighbor interaction
is included and to bring the band structure into
good agreement with calculations performed with
a much larger basis set. The quantities V„and
V~ are the contribution of the potential around A
and B, the metal and halogen, respectively, to
the matrix element between nearest-neighbor
bonds. In the absence of the d levels, 4~ V„+ Vs ~

is the s-P splitting of the valence band at 4 =0, and
4

~
V„-Vs

~
is the splitting at X between the two

lowest valence bands. The quantity V~ is the ma-
trix element between the I"» d levels and the s-P
bonds. E~ is the energy of an isolated d level.
Since the I"» levels do not mix, they have this en-
ergy for all k. %'e are ignoring the fact that in a
tetrahedral environment the self-energies of the
I'„and F„d levels are different. The surrounding
negatively charged atoms tend to raise the ener-

gies of the I'» levels, which have their charges
directed towards the nearest neighbors, with re-
spect to the I'» levels. This effect can easily be
taken into account by using a different E„ for the
1;, and the 1;, levels.

The matrix of Eq. (Al) has sufficient symmetry
along the 6 and A axes to be reduced by hand.
Along these directions the energy dispersion
curves for two doubly degenerate bands that are
composed of the halogen p and noble d levels are

E,„=-,'(E, +V(k)~([V(k)-z, ]'+ I6V,) ~ ),
where

—(V„+Vs)+2V,(2cosk„+I) along A

-(V&+ Vs) +2V2(cos2k, +2) along A.

Since the I'» d levels do not mix, we have for both
the A and 6 directions

Er„=z, (twofold) .
The remaining three levels along A and 4 are the
s component of the bonds, the P component di-
rected along k, and the corresponding d compon-
ent.

-2iV~ sink„0
V'(k)-2(V„+ Vs cosk„) 2V~

2V~ E~ 1

For these functions the Hamiltonian along b
becomes

V' k +2 V„+ Vacosk„

2iV~ sink,

where

V'(k) =+(V„+V ) +2V, (cosk, + I) .
At the I'(k=0) and X(k=w) points, this matrix
yields the eigenvalues

6V, + 3(V„+Vs) of symmetry I;
3V„-V~-2V, of symmetry X, ,

and two states of energy

E = ,' Jz, +z'+ [(z'-z,—)'+I6v,'] '"],
where

6V, -(V„+ Vs) at I' of symmetry I'»

-2V, -V„+3V~ at X of symmetry X, .
%'e note that the energies of the singlet X, and I',
levels do not depend upon the presence of the d
levels so that the separation between the s and P
bands is essentially unaffected by the presence of
the d bands, except when X, falls into the d bands

as in Fig. 10.
Likewise in the A direction tmo I»-L, , bands

and one I;-I., band are found from the Hamiltonian

&3 (V~+ Vs e ' &) E, +2(v„+Vs) -V~

where

E, = 6V, cos2k„and E, = 2V, (cos2k, + 2) .

This matrix cannot be reduced at the L point, so
that all three bands remain mixed as expected
from the fact that all have L, symmetry.

APPENDIX B: PARTIAL DENSITIES OF STATES

The band structures mere calculated along the
A, b, and Z axes by diagonalizing the full 7&&V

matrix at 152 points in the irreducible zone and
by using a linear interpolation betmeen the mesh
points. Voile we do not expect this approximation
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to yield detailed structure in the DOVS, it should

provide the general shape of the bands and the
degree of mixing. The total DOVS is given by

p, (E) =+k 5(E E(k-)) and the partial DOVS by

p, (E) =Q @E-E(k)}I c, (k) I', f = s, p, d

From (a2) we find the contribution to the s com-
ponent to be

I k~l, = (c, +c, +c, +c,)'/4

and the total P component to be given by

where l c, l' is the total fraction of the bonding-
orbital contribution to the eigenstate (see below).
While the determination of p„ is straightforward,
some consideration must be given to find p, and

Pp
In order to extract the orbital symmetry com-

ponent about each of the two inequivalent atoms
in the primitive cell, we make the following trans-
formation. The four bonding orbitals are ex-
pressed in terms of bonding s and p functions:

To extract the symmetry component about the 8
atom we must include appropriate phase factors.
For example, taking the B atom at the —,

' a(1, 1, 1)
point the solution is

yl ~ y +~ y e$(Qy+Ag)
I I 2 2

+& ~ &Of„+a„)+& ~ &(a„+a~)
3 3 4 k

The s and P components around the B atoms are

l
yt

l

2
l
c +c el (k& +kk) +c &I {kk +k )k+c &) (kk +kk)

l
k/4

b,.= k(s+p. s p, + p*)

b, , = —,'(s-p„+ p, + p, }.
(al)

and

Their contribution to the wave function of the atom
at the center of the primitive cell is

(a2)

we omit here the d-like components which are
centered only around atom A. Combining (al) and

(a2) yields

g„'= (c, +c, +c, +c,)(s/2) +(c, +c,-c,-c,}(p,/2)

+ (c,—c, +c,-c,)(p„/2)+ (c,-c,-c, +c,)(p,/2} .

(as}

In general the symmetry components about atoms
A and B are different for each eigenstate. For
example, at I; both are the same, but at X(k„
= s, k, = k, = 0}, when A has s symmetry B has p
symmetry, and vice- versa. Thus when calculat-
ing the DOVS from this model, it is necessary to
specify the atomic center about which the orbital
symmetry is taken. It was found that when the
sampling was taken about the metal atom, the
lower P bands had primarily s symmetry, while
the lowest s band was predominantly p. %'hen the
sampling was about the halogen the symmetry was
as normally expected.

*On leave from Fachbereich Physik, Freie Universitat
Berlin.
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