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Abstract. Near-normal incidence reflectance spectra of Fe, CO and Ni dihalides have been 
measured over the energy region 2-31 eV from 300 to 30 K with the use of synchrotron 
radiation. A complete study of the dielectric function & ( E ) ,  the energy-loss function 
-Im[ l/&(E)], EO.eff( E )  and Ne,,( E )  is made for all crystals by Kramers-Kronig analysis of the 
optical data. The structures observed up to about 13 eV in transition-metal chlorides and 
bromides have been assigned to allowed charge-transfer transitions, direct excitons and 
valence-to-conduction band transitions. Corners and maxima are then identified in terms of 
direct interband transitions at the symmetry points r, Z, F and L and along the symmetry 
line A of the Brillouin zone according to the available band structure of FeCI,, CoCI,, NiCI, 
and NiBr?. The identified energy gap, due to r; + r t transitions at the zone centre, is found 
around 8.48 eV in FeCI,, 8.54 eV in CoCI2. 7.75 eV in FeBr, and 7.82 eV in CoBr,. The 
saturation values of E,, ,t,(E) for chlorides (-3) and bromides (24 )  point to a rather ionic 
character (fi = 0.7-0.8) for all materials. Plasma resonance effects have been finally ident- 
ified in the high-energy region, i.e. around 17-18 eV for the transition-metal chlorides and 
16-17 eV for bromides. 

1. Introduction 

The fundamental electronic properties of ionic transition-metal halides (TMH) have 
been extensively studied lately in an attempt to elucidate their complicated electronic 
structure. Quite a number of works have been carried out in the ultraviolet region of the 
spectrum, ranging from optical studies [ 1-91 to photoemission measurements [1&15]. 
The large interband gaps (from p-like valence to s-like conduction bands) of the order 
of 6-9 eV of these crystals place their fundamental reflectance region in the vacuum- 
ultraviolet (vuv) portion of the spectrum, where the use of synchrotron radiation 
sources, providing an intense polarised continuum spectrum, is very promising [16]. In 
the past, most reflectance measurements [ 17-19] have been limited above 1050 A (below 
12 eV), where LiF windows and hydrogen discharge sources can be used. As a result, 
the measurements on FeX, [17], Nix2  [18] and Cox2 [19] (X = C1, Br) only probe the 
lowest-energy portion of the fundamental absorption region. The optical properties of 
TMH are not only rich in structure, but also the origin of these features presents some 
challenging theoretical problems. 
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Although a number of band-structure calculations [20] for transition-metal chlorides 
(TMC) and bromides (TMB) have been carried out, these alone cannot explain the 
observed spectra. Since the Coulomb interaction between electrons and holes, excited 
by the absorption of photons, is only weakly screened, strong exciton effects, as well as 
interband transitions, are present in the spectra. The effect of the exchange interactions 
on r excitons in TMH has been discussed recently and the exchange splitting of the r 
exciton states has been calculated in order to interpret the complicated fine structure 
observed [21]. Thus the problem of interpreting the electronic spectra is due not only to 
the difficulty of selecting the exciton peaks among those due to Van Hove singularities 
in the joint density of states, as occurs for instance in alkali halides or in partially ionic 
crystals, but also to the significant influence on the electronic properties arising from the 
presence of the unfilled, localised 3d shells of the transition-metal ions. Moreover, no 
theory that explains their optical, electrical and magnetic properties consistently has 
been established so far. Thus, the investigation of these materials is quite important. 

The purpose of this work is to present new measurements at near-normal incidence 
reflectance of FeCl,, CoCl,, FeBr, and CoBr2 in the photon energy range 
2 eV < no < 31 eV, for temperatures 30 K < T < 300 K. The survey spectra of NiC1, 
and NiBr,, which will also be reported here for the sake of completeness and comparison, 
have already been presented previously [5]. The dependence of the observed spectra on 
temperature, crystal structure and chemical composition is then used in the analysis of 
their electronic properties. Since the ultraviolet structure depends on both the crystal 
structure and atomic composition, we have discussed the present data by comparing the 
optical spectra of different crystals of TMC and TMB with very similar crystal structure 
and atomiccomposition. Finally, the interpretation ismadein termsof the bandstructure 
of the materials, along the lines followed for nickel dihalides [5,6] and transition-metal 
iodides (TMI) [7]. 

Transition-metal halides are ionic insulators [22] that crystallise in layer-like struc- 
tures. The binding between the layers is of the van der Waals type, whereas in the plane 
of layers it is of ionic character. FeC1, and CoC1, have a crystal structure of the CdC1, 
type [23], space group DZd; FeBr, and CoBrz crystallise in the Cd(OH),-type structure, 
space group @d. TMC and TMB usually crystallise as platelets perpendicular to the c axis. 
The metal ions in all crystals have an octahedral coordination of chlorine and bromine 
ions, with a slight trigonal distortion. 

In section 2 we briefly describe the method of determination of the reflectance power 
and dielectric function by application of the Kramers-Kronig (KK) dispersion analysis. 
In section 3 we present the reflectivity of Fe, CO and Ni dihalides, together with the 
results for real and imaginary parts of the dielectric function E ~ ( E )  and E ~ ( E ) ,  as well as 
the energy-loss function, -Im[ l /&(E)],  the effective dielectric constant Eo,eff(E) and the 
effective number Neff(E) of valence electrons per molecule contributing to the electronic 
process. Finally, in section 4 a general discussion of the optical results in terms of 
excitons, band-to-band transitions and plasmons is given. 

2. Experimental techniques 

Single crystals of FeCl,, FeBr,, CoC1, and CoBr, have been grown by means of a 
Bridgman-type gradient furnace [24]. Since all crystals are highly hygroscopic, the 
surface preparation has been made by stripping the samples in a glove-box filled with 
dry nitrogen and directly attached to the reflectometer. Synchrotron radiation from the 
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0.54GeV storage ring ACO (Anneau de Collision d'Orsay) at the LURE (Orsay, 
France) was used as ultraviolet light source. The experimental apparatus is the same as 
that already employed in previous works [5,7] and will not be described again. Instead, 
it is our wish to present in more detail the method we have used in order to determine 
the reflectance power and the dielectric function of our samples. Since TMC and TMB 
crystals are uniaxial (optical c axis perpendicular to the planes of the layers) and the 
reflectance measurements are carried out with partially linearly polarised light, we 
have measured two sets of reflectance for a given incidence angle 8, R l ( 0 )  or R 2 ( 0 ) ,  
corresponding mainly to either s or p polarisation [25-271. The reflectometer used can 
rotate around the light beam axis, by exchanging the components s and p and thus 
measuring both Rl (8)  and R 2 ( 0 ) .  The results presented for the Fe and CO dihalides 
have been obtained by summing R l ( 8 )  and R2(8)  with 8 equal to 20" and 25", and 
obtaining an average reflectance, whose value is very close to the one obtained for 
normal incidence (0 = 0). The systematic error introduced by this approximation is less 
than 0.2%. In the case of Ni dihalides [5,6] (8 < 20"), instead, we have only measured 
R2(8)  (mainly p component) with a consequent systematic error in the approximation 
used less than 2%. Thus, in general, the reflectance R(E) or the dielectric functions 
E ~ ( E )  and E ~ ( E )  correspond to excitation with the electromagnetic field perpendicular 
to the c axis. The KK relation 

1 31eV 0' + w d lg[R(w')1/2] 
a l ( o ) = G p J 2  '"lzl d o '  d o '  

is then applied to the spectra observed in the energy range 2-31 eV. However, the KK 
inversion relation only gives a partial phase shift a1 instead of the total phase shift a, 
since the calculation of the shift would require the upper limit of integration to be equal 
to infinity (w) and the lower one equal to zero. A least-squares method [28] together 
with multi-angle reflectance data (between 20" and 70" in steps of 5" for the two polar- 
isations used) allows the determination of the total phase shift avia  the optical constants 
in a restricted energy range (for example, between 15 and 30 eV). The difference a - ayl 
can then be determined in this interval and, by fitting these values with an interpolation 
formula of the type Aw + B o 3  + Cw5 + . . . (corresponding to an expansion of 
lg[ (w ' + w)/(w ' - w)] in power series) we finally obtain the necessary corrections over 
the whole spectral range. Furthermore, by assuming that a = 0 in the low-energy range 
of transparency, one then gets the final result for a, by using only a very small correction. 
Technical reports on the detailed optical method that we have employed for our experi- 
ments in both isotropic and uniaxial materials have recently been published [29]. 

3. Results 

The room-temperature reflectance spectra of Fe and CO chlorides and bromides 
measured in the energy range 2-31 eV are shown in figures 1-4, together with the spectral 
dependence of the dielectric functions &(E)  = E ~ ( E )  + ie2(E) and the energy-loss func- 
tion -Im[l/B(E)], obtained by means of KK relations. We note that within each group 
of crystals (TMC and TMB) the spectra are rather similar in the energy range, specially 
beyond 7-8 eV, where there is a great resemblance as far as the position, lineshape and 
intensity of the peaks is concerned, as seen, for example, in the sequence of peaks 
labelled from D to L in figures 1-4. Further, the reflectance profile beyond 15 eV shows 
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Figure 1. Spectral dependence of the reflectance 
R ,  the dielectric function t ( E )  = cI(E) + iEZ(E) 
and the energy-loss function -Im(l/E) for FeCI, 
at room temperature. 

E(eV) 

Figure 2. Spectral dependence of the reflectance 
R ,  the dielectric function i ( E )  = cI(E) + iE2(E) 
and the energy-loss function -Im(l/ i)  for CoCI, 
at room temperature. 

a smooth decrease very much like that observed for ionic and covalent crystals. Figures 
5 and 6 show detailed spectra of TMC and TMB at 300 and 30 K,  respectively. That the 
spectra are very similar can be expected on account of the similar crystal structures and 
atomic constitution. Below 8 eV for TMC and 7 eV for TMB, we notice a shift to lower 
energy of the crystal structures A and B, when passing from Fe to Ni in chlorides and in 
bromides. As far as the energy positions of the low-energy structures are concerned, the 
present data on Fe and CO halides are in general agreement with the results of Martin et 
a1 [17] and Pollini [19] up to 11 eV. Also, a satisfactory agreement between the optical 
data of all the halides has been found with the film absorption made by Sakisaka et a1 [ l ]  
up to 8-9 eV; however, our present measurements on crystals show a better resolution 
in the whole energy range [30]. In the high-energy region, the optical energy-loss 
function, which describes the corresponding energy loss of fast electrons traversing 
the materials, presents broad bands between 15 and 25 eV, which do not appear to 
correspond directly to any observable structure in the spectra of e2(E);  and, besides, the 
values of the functions E ~ ( E )  and e2(E)  are very small in the vicinity of the maximum of 
-Im[l/e(E)]. For these reasons, we interpret the peaks of the energy-loss function as 
due to plasma resonances, whose energies can be calculated by means of Horie’s relation 
[31], which gives the theoretical value of the plasmon energies in insulators. Energy 
electron-loss experiments have been carried out on Cr halides [8,9], with a very nice 
agreement for the energy of the measured and optical plasmon energy. At the plasma 
frequency the oscillator strength corresponding to the valence band has been exhausted 
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Figure 3. Spectral dependence of the reflectance 
R ,  the dielectric function &(E) = &,(E)  + iE2(E) 
and the energy-loss function -Im(l/k) for FeBr, 
at room temperature. 

CO Br2 
300 K 

lo I 
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Figure 4. Spectral dependence of the reflectance 
R ,  the dielectric function E(E) = &,(E)  + iEZ(E) 
and the energy-loss function -Im(l/k) for CoBr2 
at room temperature. 

and it can be assumed that E ( @ )  = 1/( 1 - w t / w ’ )  in this region. About 12 electrons per 
molecule should contribute to nu,. There will also be strong damping of the plasma 
oscillations, since interband transitions occur at nearby energies. All the results obtained 
on plasmons in TMH, together with the available data of electron-beam energy-loss 
experiments reported by Best [32], have been summarised in table 1. It is worth while 
to compare the plasma energies of CoCl2, NiC12 and NiBr2 (listed in columns 2 and 5),  
since they give, in our opinion, the most meaningful theoretical and experimental values 
for plasmon energy (column 2). These are shifted to higher frequencies according to the 

Table 1. Comparison of plasma frequencies (eV) as given by the free-electron value ( h ~ , ) ~ ~ ,  
the Horie relation hop, the standard plasma dispersion relation &,(up) = 0, the maximum of 
the energy-loss function from optical data -Im(l/k)max and the electron energy loss. 

~ 

( h o , ) ~ ~  hop ~~(q , )  = 0 -Im(l/k)max Energy loss 

FeCI, 16.0 18.1 17.0 20.0 
COCIZ 16.2 18.3 17.2 19.8 16.9 * 0.2 
NiCI, 16.3 18.4 16.7 20.2 18.0 * 0.2 
FeBr, 14.9 16.8 15.8 18.5 
CoBrz 15.2 17.1 16.0 19.2 
NiBr, 15.1 17.0 15.8 18.9 16.7 t 0.2 
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Figure 5. Details of the charge transfer ( p  + d) 
and exciton spectra of TMC in the region of the 
fundamental absorption threshold ( p  -+ s) at 300 
and 30 K. 

Figure 6. Details of the charge transfer ( p  + d) 
and exciton spectra of TMB in the region of the 
fundamental absorption threshold ( p +  s) at 300 
and 30 K. 

relation (hop)2 = (hwp)gE + E; ,  where E, is the fundamental forbidden gap and ( 6 ~ ~ ) ~ ~  
is free-electron plasma energy, calculated from the relation w t  = 4nne2/m, and seem 
more accurate than ( h ~ ~ ) ~ ~  (column 1). As for the experimental values of column 5, we 
note that they represent the most direct determination available of the plasma frequency. 
While we have found fairly good agreement for NiC12 and NiBr2, it appears instead 
that the plasma energy of CoCl2 (16.9 ? 0.2 eV) is lower than both the experimental 
(19.8 eV) and the theoretical (18.3 eV) values reported. 

Figure 7 shows the spectral curves of the effective number of valence electrons 
participating in the absorption process, Neff(E), and the effective dielectric constant, 
E ~ , ~ ~ ,  calculated by means of conventional sum-rule relations [33]. We see that the curve 
of Neff(E) shows a change of slope around 8 eV and 7 eV for TMC and TMB, respectively. 
This fact should mark the onset of a new kind of electronic transition, which we interpret 
as a direct interband transition, in close analogy to the case of Ni halides [ 5 , 6 ] .  We also 
see that Neff(E) increases up to values between 13 and 16 effective electrons around 
30 eV, beyond the maxima of the optical energy-loss functions (see figures 1-4). As for 
the spectral behaviour of the effective dielectric function, we find that the saturation 
values of all compounds are reached beyond 20 eV. This indicates the energy range of 
photons where no more contributions to Eeff(E) from deep valence states occur. Since 
this and other fine points related to the properties of the high-frequency dielectric 
functions for Fe, CO and Ni dihalides have been properly discussed in a previous paper 
[33] in connection with the predictions of the shell model, we shall not comment on them 
any further. 
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Figure 7. Effective dielectric constant E , ~ ~ ( E )  and effective number of electrons Neff(E) for 
TMH . 

4. Discussion 

The general features of the fundamental reflectance beyond 7-9 eV for TMC and TMB do 
not change practically, as the transition metal changes. The spectral profile in this high- 
energy region is only slightly different between chloride spectra (see figures 1 and 2) and 
bromide spectra (see figures 3 and 4), as can be easily observed either from reflectance 
spectra or from the dielectric functions &(E)  over 8 eV. As remarked, this is expected 
on the grounds of the similar electronic structures of the compounds, which are very 
alike for the group of TMC and TMB: i.e. they show a valence band of the same character, 
owing to the same halogen ion, and almost the same kind of conduction band, mainly 
coming from the atomic 4s and 4p levels of the transition-metal ion. The main difference 
among the family members comes from the presence of a different number of 3d 
electrons, when passing from Fe(3d6; e;&) to Ni(3ds; .it,$). Thus, the absorption 
profile beyond 8 eV should be attributed to a common excitation mechanism and should 
be determined essentially by valence-to-conduction band transitions. This excitation 
mechanism also occurs in alkali halides and, on the grounds of similar dielectric proper- 
ties and ionicity, one would expect to observe strong excitonic effects, near the fun- 
damental absorption edge. The peaks D1 and DZ, shown in figure 5 for TMC, and the 
peaks D, shown in figure 6 for TMB, which present typical changes with temperature, are 
likely candidates for excitonic transitions. Moreover, one sees that the splitting of D1 
peaks in TMC (about 0.1 eV) and of D peaks in TMB (about 0.4-0.6 eV) have almost the 
same value of the spin-orbit splitting foreseen for excitons [34,35] and found for instance 
in alkali halides [36]. The existence of small shoulders (reflecting Van Hove critical- 
point transitions, most often of MO and M1 types) in proximity of strong excitonic peaks 
are then interpreted as evidence of critical point interband transitions. We think that 
the shoulders observed in the reflectance spectra at 30K for TMH (see figures 5 and 
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6) just correspond to band-to-band transitions, whose labelling is to be done after 
consideration of the known band-structure calculations [20]. Here, we shall only discuss 
the cases of FeC12 and CoCl2, following the detailed study made on nickel halides [5] .  It 
is likely that most of the considerations can be extended to FeBr, and CoBr2, for which 
band calculations are still lacking. 

We shall now discuss the fundamental absorption edge for TMH and compare our 
present results with the available vuv data in order to clarify the overall phenom- 
enological picture. It is well known that simple models based on electron transfer [37,38] 
and atomic excitation [39] are often useful to explain the size of the optical gap in ionic 
compounds. In the ‘charge-transfer’ model the electronic transition energy around the 
fundamental gap is estimated by considering various parameters such as the anion 
electronic polarisation cp , the Madelung constant a and the cation-anion distance r ,  by 
the equation 

ho = [ (2a  - l)/r]e2 + E - I - ~1 (1) 
where ho is the photon energy of the absorption process. If one considers only the 
change of the various parameters when passing from chlorides to bromides with the 
same transition-metal ion and that the crystal structures are quite similar ( a  and r have 
almost the same values and I is constant), one then gets that no should vary with the 
same law as E - cp. Owing to the fact that E decreases from 3.6 eV to 3.3 eV and ~1 
increases from 2.97 eV to 4.17 eV, on changing C1 by Br ions (passing for example FeC12 
to FeBr2), we find that the shifting of the optical gaps observed in the optical spectra 
(see for example figures 5 and 6) is roughly accounted for by equation (1). In particular, 
the experimental shifts are as follows: for Fe halides, 0.75 eV; for CO halides, 0.72 eV; 
and for Ni halides, 0.83 eV (see tables 2 and 3). 

A different way to reach the same results is given by applying the dielectric theory 
(DT) to TMH. In this model Phillips and van Vechten [39] have defined the average 
separation ( E r )  of the valence and conduction bands as a sum of an ionic part C and 
covalent part Eh by 

( E Y ) *  = C 2  + E t  (2) 

(3) 

= - ZB/rB 1 exp[-ks(rA + rB)/2] (4) 

with 
E - ad-2.5 

h -  

and 

where d is the nearest-neighbour distance (anion-cation); ZA and ZB are the valence 
numbers of elements A and B; and rB are their atomic radii; and K, is the Thomas- 
Fermi screening parameter. Using these relations with a = 40.5 and b = 1.5 we obtain 
for TMC, E r  = 8.32 eV (FeC12), 8.31 eV (CoCl2) and 8.39 eV (NiC12), and for TMB, 
E Y  = 7.46 eV(FeBr2),7.62 eV(CoBr2) and7.49 eV(NiBr2). Theseresultsareingood 
agreement with the average experimental values for the forbidden energy gap of TMC 
and TMB, which is typically around 8.5-8.6eV and 7.8 for chlorides and bromides, 
respectively [22]. In addition to this, we have also evaluated the ionicity for TMH, through 
its definition 

f i  = C’/(E’h + C2). ( 5 )  
The results obtained, ranging from 0.79 (FeC12) to 0.74 (NiBr2), indicate that these 
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haIides are rather ionicin character, only slightly less than the alkali halides. In a previous 
paper [22], besides having reported the ionicity figures for a number of TMH, we have 
also discussed the applicability of the DT to TMH and compared the results obtained by 
considering different ionicity scales. 

In figures 8-10 we have shown a comparison among different spectra measured on 
FeC12, CoCl2 and NiC12 with various experimental techniques. The abscissae of the 
ultraviolet spectra and soft x-ray absorption spectra are placed so that a close cor- 
respondence between the absorption thresholds observed in the spectra measured on 
the same crystal is obtained. We note that the structures of FeC12, CoC1, and NiC12 can 
be divided into two groups, which are separated by a strong absorption edge around 8- 
9 eV. At lower energy one finds a group of weaker bands between 4 and 7 eV, and 
beyond the threshold (T  line), the main structures of the spectra rise up to the intense 
and broad bands observed between 15 and 20 eV. Looking for correspondence among 
the peaks of the different spectra, one must remember that the joint density of states for 
the soft x-ray absorption process is actually the density of states of the conduction band. 
Thus, the absorption profiles due to different core levels are likely to be similar, since 
they all reflect the spectrum of the density of states of the conduction band. Although 
the M2.3 spectra of Fe, CO and Ni chlorides cannot be compared too well with fun- 
damental vuv absorption spectra because of different starting levels (3p of transition 
metal in M2,3 spectra and 3p of chlorine in vuv spectra), nevertheless two groups of 
peaks with some correspondence in the spectra shown may be found. Fe, CO and Ni ions 
have unpaired electrons in the 3d shell and the M2.3 absorption is due to the transition 
from the 3p levels of these metal ions. Therefore, the influence of the 3d states will affect 
the M2.3 spectra, which show an absorption profile similar to that of charge-transfer 
processes in vuv spectra. It is also reasonable to make a correspondence between the 
peak H in M2,3 spectra of Fe, CO and Ni chlorides and the exciton-dominated interband 
structure around 9-10 eV of the vuv absorption spectra due to transitions associated to 
the bottom of the conduction bands r or to the doublet D of the absorption spectrum 
reported by Sakisaka et a1 [l]. The same result is found by considering the C1- L2.3 
spectra [2], whose interpretation is, however, complicated by peak doubling due to core- 
level spin-orbit splitting. It seems reasonable, however, to attribute the doublet A to 
charge-transfer transitions p +  d on the low-energy side of the absorption edge, as 
originally proposed by Sat0 et a1 [3], and the doublet B, beyond that threshold, to 
excitons connected with the point r: of the conduction band in our spectra. Then the 
doublets D and E may be ascribed to direct interband transitions connected with critical 
points Z: , F: and L: . Owing to the overall similarity of the spectra presented and, by 
considering the behaviour with temperature of TMC (see figure 5 ) ,  where the great 
modification of the structures designated as p + s excitons is apparent, we can confirm 
the interpretation originally given by Sat0 et a1 concerning the charge-transfer process 
to d states and our foregoing interpretation on interband excitons [8-lo]. In particular, 
looking at the spectra reviewed in figures 9 and 10, we can evaluate the average energy 
separation of the localised d states from the bottom of the conduction bands, which in 
the case of TMC is about 4-5 eV. 

In the following, we shall refer to the band structure of FeC1, and CoCl2, which are 
reproduced in figures 11 and 12. We note that the ordering and relative positions of the 
valence and conduction band states for FeCl, and CoClz are very similar to those 
calculated for NiClZ [5] .  Here, we will only discuss the case of TMC, for which there is 
more theoretical support, and then we shall make some considerations on TMB on 
account of the very similar optical data and supposedly similar electronic structure. To 
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r z  Y L  r ~ z  B O F  r z  Y L r ~ z  B O F  

Figure 11. Self-consistent band structure of Feci2 Figure 12. Self-consistent band structure of CoCI, 
determined by the intersecting-sphere model determined by the intersecting-sphere model 
according to Antoci and Mihich [20]. The according to Antoci and Mihich [20]. The 
forbidden gap has been rigidly shifted in order to forbidden gap has been rigidly shifted in order to 
reach agreement between the optical gap con- reach agreement between the optical gap con- 
sidered at the zone centre (r). The Fermi level sidered at the zone centre (r). The Fermi level 
(EF) has been also reported. (EF) has been also reported. 

this end, we have summarised in tables 2 and 3 all the experimental results and the 
assignments proposed after consideration of the optically allowed transitions, starting 
from the uppermost valence bands to the conduction bands labelled by means of their 
irreducible representations (1+, 2-, 3 + ,  . . .) at the high-symmetry points of the Brillouin 
zone. 

The fact that band structures of TMC and TMB are very similar to the measured optical 
spectra provides some help in making reasonably safe attributions in a region where the 
interpretation of the ultraviolet spectra is necessarily difficult since several electronic 
transitions are possible at the same time and the spectra show broad band structures. In 
fact, since no joint density of states was calculated, we can only suggest the most likely 
assignments for some interband transitions beyond the fundamental gaps, which are 
observed around 8.60 eV for TMC and 7.80 eV for TMB (D' structures). 

Interband transitions begin at 8.48 eV in FeCl, and at 8.54 eV in CoC12 with an MO- 
type critical point, produced by the r; + r: transition. In the reflectance spectra, 
shown in figure 5 ,  we see that the fundamental gap, denoted by D [ in FeC1, and CoC1, 
and by D' in NiC12, is between excitons I-' and Z .  The exciton peaks are rather large and 
weaken the interband transitions; in FeC1, and CoCl,, besides, the first exciton is also 
slightly doubled because of the effect of the spin-orbit interaction (0.1 eV) of the chlorine 
ions. The following interband transitions take place along the symmetry line and at the 
Z point. We assign the D; peak at 9.68 eV in FeCl, and 9.85 eV in CoCl,, and the peak 
E at 10.3 eV in FeC1, and 10.1 eV in CoC1, to these transitions (see figures 1 , 2  and 5 ) .  
The next band-to-band transition arises at the F point, that is, the F; + F; : 10.9 eV in 
FeC1, and 10.8 eV in CoC12. We assign the peak F to that transition. We then see in 
tables 2 and 3 that the energies of the band-to-band transitions at r, F, Z and L cover 
the energy region between 11 and 14 eV. Thus, these transitions, listed in table 2, may 
be assigned to peaks G, H and I of FeC1, and CoCl2. These assignments, which agree 
reasonably well with the calculated band structure (theoretical values in column 4 of 
table 2) and with those reported for Ni halides, are given in tables 2 and 3, where the 
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examples of FeC12 and CoCl, are compared with that of NiC12 and those of FeBrz and 
CoBr2 with that of NiBr2. 

5. Conclusions 

The optical spectra of transition-metal halides have been divided into charge-transfer, 
interband scattering and excitonic structures. The similarity between the spectra suggests 
that their interpretation can be attempted on the basis of a self-consistent band structure 
of transition-metal chlorides and NiBr2, provided that the band-gap value is empirically 
adjusted. On this basis, nearly all the main spectral features below 12 eVcan be identified 
with the suggested excitation mechanisms. The exciton structure, which contains sharp 
peaks overlapping the scattering continuum, is assigned, and the correct order of mag- 
nitude for the binding energy is found. Along these lines, it appears that the peaks below 
the threshold of TMH should be assigned to charge-transfer transitions from the p-type 
valence band to quasi-localised 3d” states, while those occurring just above the threshold 
are assigned to direct electronic transitions between the halogen p levels and the metal 
s levels. Plasma resonance effects occur in all materials and are suggested by the function 
-Im[l/&(E)], which presents broad and intense maxima in the region 18-20 eV. 
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