The band structures of the silver halides AgF, AgCl, and AgBr:

A comparative study
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The band structures of the silver halides AgX, X = F, Cl, and Br, which all form face centred cubic crystals are very
similar. Especially the nature of the HOMO/LUMO region is similar. They differ somewhat in the band gap, in the
dispersion of some bands and in the splitting between the 4d (Ag) and the np (X) levels and the ionicity which both
are most pronounced in AgF. But their photochemical and chemical properties are very different. They are, to a large
extent, controlled by surface properties (states) and by the secondary processes of the halides.

The importance of silver halides in the photographic process’
and in electro- and photoelectrochemistry®*® are good reasons
for a continued interest in these materials. The band structures
of AgCl and AgBr are well understood but there remain some
questions regarding the valence and the conduction band
region of AgF*. We discuss this in a comparative study of AgF,
AgCl and AgBr, which all form face centred cubic crystals.
Main features of their band structures are a valence band
maximum at the L-point and conduction band minima near the
I-point. The distances in the silver halide series, the molecules
and the crystals, behave similarly to those of the alkali halides,
as seen in Table 1. The bandgap of the alkali and the silver
halides shows less regularity. However, it is obvious that the
bandgap of the alkali halides is much larger than that of the
silver halides which varies in fact relatively little.

Silver halides have been subject of several different quantum
chemical investigations. Calculations were started in the early
sixties by Scop'! and Bassani et al.'2. Their work has already
described the electronic properties of AgCl and AgBr well 3.
More sophisticated theoretical methods are now available, but
usually problems in describing the bandgap properties have
been observed. A recent example is a DFT study where the
following bandgaps have been reported: 0 eV for AgF and 1 eV
for AgCl and AgBr'. It seems that better values for more
covalent bonding are obtained. The origin of the DFT failure
for describing the electronic structure of charge transfer
materials seems unfortunately not to be well understood. The
problems are less severe for SCF-HF where after some correc-
tions useful results but in this case too large bandgap energies
have been reported for AgCl and AgF 18,

XPS photoelectron spectra of the silver halides AgBr, AgCl,
and AgF have been reported by Mason!’. We show them in
Fig. 1. The largest peak at 4 to 5 eV can easily be assigned to the
4d(Ag) orbitals. But two additional peaks or shoulders on each
side of the main band are observed. Going in the silver halide
series from AgBr via AgCl to AgF, the peak at lower energy
fades away and a shoulder remains in AgF. The peak at higher
energy, which appears as shoulder in AgBr, grows. The assign-
ment of these two features raised some controversies in the
past, but in fact it appears to bear no mystery. The nature of the
first electronic transition is the same for AgBr, AgCl, and AgF,
namely an indirect ['—L transition. Its value differs little but is
a bit smaller in AgF and AgBr (2.8 £ 0.3 eV and 2.6 ¢V) than in
AgCl (3.25 eV); see Table 2. XPS and ISS spectra for AgF and
AgF, have been reported recently ',
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Table 1 Experimental distances in molecules and crystals and corre-
sponding bandgaps

d(AgX) molecule/A d(AgX) crystal/A Bandgap/eV
LiF 1.56¢ 2.01° 14.2¢
LiCl 2.02¢ 2.57° 9.44
LiBr 2.17¢ 2.78" 7.6¢
NaF 1.93¢ 2.31¢ 11.54
NacCl 2.36 2.81¢ 9.04
NaBr 2.50¢ 2.98¢ 7.14
AgF 1.98¢ 2.47¢ 28+0.3¢
AgCl 2.28¢ 2.77¢ 3.257
AgBr 2.39¢ 2.89¢ 2.69/
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Fig. 1 XPS photoelectron spectrum of AgF, AgCl and AgBr."”
Differences in the band gap energies are sometimes estimated
as follows. One would expect a smaller band gap when decreas-
ing the unit cell constant. This is due to a shorter atom to atom
distance which results in stronger interactions and hence a
stronger splitting. Smaller sizes of the halides, the ionic radii,
can compensate this effect. To get a comparable value we divide
the sum of the corresponding ionic halide radius »(X") and
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Table 2 Experimental and theoretical values of AgF, AgCl, AgBr

Experiment Calculation
Estimation Unit cell Ionic radius Indirect transition ~ Direct Indirect Direct
Halide Ag constant/A halide/A I'—L transition I’ transition I'—L transition I" Chargele
AgF 1.00 4.9364 1.17 2.8+0.3¢ 4.63¢ 2.85 3.61 0.40
AgCl 1.06 5.54 1.67 3.25¢ 5.15¢ 3.28 5.28 0.12
AgBr 1.07 5.77 1.82 2.69° 4.29¢ 2.67 4.20 0.10
“Ref. 9° Ref. 10 © Ref. 21  Ref. 14
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Fig. 2 Comparison of band structures and den

sity of states of AgF (left) and AgCl (middle) and AgBr. The DOS of the valence band region is

mainly composed of np(X™) levels while the DOS below has 4d(Ag") character

the ionic radius of a silver ion r(Ag") which is 1.29 A in an 51 3 3
octahedral geometry by the unit cell constant a(AgX) and ol
multiply it by two. ] 3
-54
. A
A =2[r(X") + r(Ag")/a(AgX) (1 - R ., ) - .
>

Table 2 left shows the result of this comparison. It is seen that 2 WEmm— T -
the value of silver bromide and silver chloride is in the same (i -20
range while silver fluoride shows a somewhat smaller value. 28]
This would lead us to expect that AgF has a larger band gap
than AgCl and AgBr, which should lie in the same energy 30— .
range. More insight can be gained by a band structure study. We a5
use a EHTB type method (extended Hiickel tight binding) DOS COOP(Ag-F) COOP(Ag-Ag) COOP(F-F)

because it was recently shown to give good results for AgC1™*%,
Calculations of the band structures of AgF, AgCl, and AgBr
have been carried out at the experimental geometries.

We show in Fig. 2 a comparison of the calculated band
structures and the density of states (DOS) of the three silver
halides. In all cases the first electronic transition is of indirect
I'—L type and the direct transition is located near or at the I"
point. This is in full agreement with the experimental data, as
can be seen in Table 2. Even the fact that the energy of the
indirect transition of AgF is a bit smaller than that of AgCl is
reproduced. This should not be overemphasized, however,
because small energy differences depend on small differences
of bonding/antibonding interaction as e.g. explained in Fig. 4
of ref. 19. We observe that the calculated energy difference
between the 2s(F) (not shown in the figure) and the 2p(F) band
is 19.7 eV, this is in good agreement with the experimental value
of 20.5 £ 0.4 eV". A small local maximum appears at the
T" point of the conduction band for AgF. It nearly vanishes in
AgCl and is absent in AgBr. At the I point of the conduction
band no mixing between the s and p orbitals can occur for
symmetry reasons. The antibonding interactions between the
5s(Ag) and the ns(X) orbitals depends on the AgX distance.
Hence it is strongest in AgF.

The shape of the AgF bands is similar to those of an AgCl
and AgBr crystal although the calculation gives flatter bands
for the AgF. No significant change of band ordering is
observed. A typical change is the increasing dispersion and the
increasing splitting mainly at L of the valence band, when going
from AgF to AgBr. It is due to interaction of the np(X") levels
with the silver 4d levels. This hybridization was first noticed by
Krumhansl?. It is, however, not sufficient to explain the smaller
AgF bandgap with respect to AgCl. As shown in Fig. 2 the

Fig. 3 Density of states (left) and contributions of the 4d(Ag) (light
gray) and the 2p(F) (dark gray) orbitals as well as crystal orbital overlap
populations of AgF.

conduction band of AgF lies at lower energy than in the two
other halides. This is due to the stronger ionic character of AgF.
The calculated charges are largest for AgF and about the same
for AgBr and AgCl; see Table 2. While the absolute values are
not of great significance, the relative values bear valuable
information. The shape and position of the conduction band
depends on the 5s(Ag) levels. The more positive charge on the
silver ion in AgF results in a decrease of the 5s(Ag) Coulomb
integrals: electrons in these orbitals will be more attracted and
therefore stabilized. As a consequence the conduction band
appears at lower energy.

We report some further details of the electronic structure of
AgF in Fig. 3. The dashed horizontal line represents the Fermi
level e at —10.47 eV. The region below —30 eV is dominated by
2s(F) orbitals. The next region is characterized by the typical
sharp features caused by the 4d(Ag) orbitals. The valence
band region is dominated by 2p(F) orbitals. The integrated
COOP (crystal orbital overlap population) is represented by the
vertical dashed line. The bonding Ag-F interaction is only
slightly weakened by an antibonding region just below the
valence band edge. However the Ag-Ag and the F-F inter-
actions are antibonding. Their integrated COOPs are both
negative at the Fermi level. We refer to ref. 19 and references
therein for a more detailed discussion of the COOP.

There is a thoroughgoing similarity in the band structures of
the cubic AgF, AgCl and AgBr crystals. However, the chemical
and photochemical activities of AgBr, AgCl and AgF are
different. How can we understand this? The main reason is due
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Table 3 Slater parameters for silver, fluorine, chlorine and bromine

Element AO & & ¢ C,
F~ 2s 2.425
2p 2.225
Cl~ 3s 2.700
3p 1.733
Br~ 4s 3.200
4p 2.131
Ag* 5s 1.850
Sp 1.300
4d 3912 1.54 0.824 0.329

Table 4 SCCC parameters for silver, fluorine, chlorine and bromine

Silver Configuration d, (eV) d, (eV) dy (eV)
s VOIE 4d'95s! 0.5500 8.3900 7.5800
4d°5s? 0.3700 8.8800 8.8000
4d°5s'5p! 0.3100 9.7100 10.2300
p VOIE 4d"p! 0.7700 6.4600 3.8300
4d°p? 1.1800 6.8600 8.1200
4d°5s'5p? 1.1800 6.8600 4.7600
d VOIE 44 —3.9000 25.6000 0.0000
4d15s! 0.4600 12.6600 12.7700
44"5p! 0.8100 11.6700 14.4900
Fluorine
s VOIE 2s%2p° 3.480 25.504 40.122
p VOIE 2s%2p° 3.463 20.520 18.647
Chlorine
s VOIE 3s%3p° 1.699 15.709 25.268
p VOIE 3s%3p° 1.673 13.180 13.688
Bromine
s VOIE 4s%4p° 1.699 15.709 22.070
p VOIE 4s%4p° 1.673 13.180 13.100

to the fact that the observed reaction products are usually not
formed by the primary processes but in consecutive reaction
steps. This certainly applies for the differences in the photo-
chemical behavior of AgCl and AgBr. While the former can
be used as photocathode for water splitting, the latter is not
suitable despite of the fact that both have similar valence bands.
The reason is found in the different reactivities of the primary
and secondary reaction products.®> We also note the increase in
covalency. It affects the surface properties of the materials
which was investigated in some detail for AgCl1?° and AgBr>**
but not for AgF. The energy separation of the 2p(F) and the
4d(Ag) band in AgF was calculated to be larger than the
corresponding separation in AgCl and AgBr. It is perhaps
somewhat overestimated; however, the reason again originates
in the higher ionicity of AgF. We conclude that this com-
parative study leads to a clear picture of the band structure
of the silver halides with cubic structure which was missing
so far.

Computational method

Extended Hiickel tight-binding? band structure calculations
were performed using BICON-CEDiT?. The off-diagonal
elements were calculated by using the distance-dependent
weighted Wolfsberg-Helmholtz formula?®

H, = %KSU(H” +H,) ?)
K =1+ k(—SPEOR=dy)) B 3)
1+(6(R—-d,—|R—d, 1))
withk=0.8,8=0.35A"and
H -H
k=xr+A -A'x; A=—L L1 &)
H,,+Hﬂ
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Rin eqn. (3) is the distance between the atoms and 4 is the sum
of the i-th and j-th orbital radii. The Slater exponents used and
the parameters for the self-consistent charge procedure
(SCCC), described in Ref. 20 are listed in Tables 3 and 4. The
first Brillouin zone of a face centered cubic lattice with two
atoms in the unit cell (Ag + halide) was used. The I” point at the
center of the zone possesses the highest symmetry, while A, A,
and Z denote lines of high symmetry. Density of states (DOS)
calculations have been carried out with a set of 56 k-points?
representing the face centered cubic lattice.
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