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ABSTRACT 

The electronic band structure and optical constants of NaCl and 

KCl are calculated using the Empirical Pseudopotential Method (EPM). 

The NaCl be.nd structure was calculated using the standard EP1-1; however, 

for KCl we have added a nonlocal .d-wave potential similar to that used 

by Falicov and Lee for potassium. The prominerit structure in the 

measured optical spectrum of these crystals is identified. 
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I. Introduction 

The ultraviolet optical properties of the alkali-halides have been 

1 studied extensively by absorption measurements and reflectivity 

2 measurements for photon energy from 5~12 eV at several temperatures. 

Recently, the reflectivities of NaCl and KCI have been measured by 

Roessler and Walker3 over a wide range of photon energy (5-28 eV), and 

an accurate e:
2

(w) has been obtained using the Kramers-Kronig relation. 

In the present work, we attempt to explain the origin of the optical 

structure in this data by calculating the electronic energy band 

structure and opt.ical constants of NaCI and KC} using the Empirical 

Pseudopotential Method (EPM). 

Theoretical calculations of the electronic band structure of NaCl 

4 was first done by Shockley; the results provide the valence bands only. 

Two other ~alculations on NaCl were reported by Tibbs 5 and Casella. 6 

Tibbs' calculation gives only approximate results and Cassella's 

calculation provides only the valence bands. We have reported briefly 

on the results of our band structure and e:
2

(w) calculations using the 

EPM for NaCI. 7 In the present work we will give a complete critical 

point analysis of the band structure and attempt to give a detailed 

analysis of the structure in the optical spectrum. 

For KCl, several calculations exist in the literature. 8 Howland 

. calculated the valence bands, and Oyama and M,iy~kawa9 calculate4... the 

conduction bands by the OPW method. DeCiccolO used the APW method to 

calculate the entire band structure of KCI, however; his results appear 

to giv,e only fair agreement with experiment, ~ the calcula.ted funda

mental gap at r is 6.3 eV, whereas, experimentally, it is 8.69 eV. In 
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the present work, we have again used the EPH to explore the electronic 

structure of KC1. Our results should be considered to be preliminary, 

primarily for the following two reasons. First, we have directed our 

attention to the low energy regions (flw < 13 eV) of the spectrum. 

Second, we add an i = 2 nonlocal pseudopotential term in order to treat 

the d-like conduction band states on a different footing than the sand 

p-like states, and to obtain convergence of 0.1 eV for the eigenvalues. 

requires a matrix size of the order of 65 x 65. Highly accurate eigenvalu~s 

are therefore difficult to obtain, and this limits us tO,a great extent. 

The paper is arranged as follows: In Sec. II we give an interband 

critical point analysis of the £2(W) for NaC}' The £2(W) with constant 

matrix elements is also given and a comparison of the conduction band 

d . t f t t . h th h t b t . t 11. . . 1 d d enSl y 0 sa es Wlt e p 0 oa sorp lon measuremen s lS lnc u e . 

In Sec. III we discuss the pseudopotential Hamiltonian with an i = 2 

nonlocal pseudopotential, the choice of the form factors, the band 

structure, and £2(W) for KC1. In Sec. IV we compare the results for 

NaCl and KCl. 

II. Critical Point Analysis for NaCl 

We have previously described7 the method for obtaining the pseudo-

potential form factors for NaCl and the identification of the prominent 

strlicture in £2(W). To give a more complete analysis, we give here the 

interband cp analysis and the £2(W) with constant matrix elements 

(Fig. 3) for NaCl. To facilitate the discussion, we reproduce the 

figures for the band structure (with a few corrections for the labels 

of the high energy bands) and the £2(W) with matrix elements computed 

from the pseudowavcfunctions. These are given in Figs. 1 and 2. The 
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main features of the band structure, the exciton structure and comparisons 

'with MgO have been discussed previously. 

The fundamental gap f15 7 rl was adjusted to 8.97 eV to agree with 

the gap determined experimentally. It has NO symmetry as shovn in the 

energy contour diagrams (Figs. 4,7,10). The next structure arises 

from transitions along the (Ill] direction, i.e. an MO cp at 9.86 eV 

arising from L3 7 L2 ' transitions and an M2 cp at 10.29 eV coming from 

11.3 7 11.1 transitions, (Figs. 4 and 7). We think it is this M2 type 

singularity which causes 'the different shape of the corresponding peaks 
I 
i 

f9r NaCl and MgO. Experimentally, NaCl has a round smeared out peak, 

whereas MgO has a sharp peak. Differential reflectance measurements, 

near this energy region would be very helpful to determine the characteristics 

of this structure. The magnitude of this structure differs, greatly bet\>Teen 

experiment and theory as it does in MgO;2 GaAs13 and other zincblende 

compounds,14 and it is masked by the prominent X-~-E peak around 11 eV. 

The largest interband peak of Nael in the optical spectrum comes 

from transitions along ~ and: L (see Table I, Figs. 2, 4 and 7); this 

is also found in the diamond and zincb1ende structure and in MgO. The 

Ml singularity at ~5 '7 ~1 is at 11.07 eV and the M2 cp of E4 7 L1 is 

at 11.32 eVe The resultant peak is at 11.1 eV. The magnitude of this 

peak is strengthened by a large region in the k-space having this energy 

difference (Fig. 4, 5,7, 8 and 10) • 

. Because of the lowering of the upper conduction bands in Nae1 the 

wide dip in £2(W) around 14.5 eV i~ MgO is absent in the corresponding 

11-12 eV region in Nael; however, there are quite a few .... eak cp's arising 

from ~ andE transitions (Table I, Figs. 4, 5,7,8,10,11) in this 

energy region. 
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The peak at 12.25 eV is the most distinct structure in £2(W) for 

12 
NaCl which is different from MgO. The matrix elements for the 

individual interband transitions show the dominant contribution arising 

from an Ml type singularity from L -.. L ' (4 -.. 6 and 3 -.. 6) transitions 
3 3 

and the MO type cp at L for 4 -.. 7, 3 -.. 7 transitions (Figs. 5, 6, 8/and 9). 

The energy contours for 12.25 eV shown in Figs. 5 and 8 illustrate the 

contributions to the background of the peak. The region with an H2 

cp from Al -.. J\ (2 -.. 6) transitions at 12.61 eV also contributes (Fig. 11). 

The neft structure in the calculated £2 is at 13 eV; it is 0.3 eV 

lower than the corresponding structure in the experimental curve (see Fig. 2). 

We expect some discrepancy at high energy since bur pseudopotential is 

taken to be energy independent. The peak starts with an MO cp arising 

fromr
15 

-.. r25' with energy 12.67 eV. The cp's in this region are 

quite complicated. A strong Ml cp from 115 -.. 112 ' at 12.77 eV (Fig. 5) 

follows the r transitions. Together these, form a weak peak at 12.7 eV. 
I 

Another strong contribution comes from 11.3 -.. 11.3 (3 -.. 7) transitions (Fig. 

causing the 'peak at 13 eV. As in the case of MgO, a large volume of 

the Brillouin zone contributes in this energ~ range (Figs. 6, 8, 9, 11, 

12). The resulting structure resembles the twin peak structure in MgO; 

it is not clearly shown in the£2(w) (Fig. 2) because the dispersion 

in energy as a function of wavevector for these bands is less than it 

is in MgO. The round peak in the experimental curve does not resolve 

the fine'structure very well. The cpts with energy higher than 13.6 eV 

9) 

are listed in Table I, but they are not expected to be accurately determined 

because of the expected energy dependence of the pseudopotential for 

the higher energy bands. The theoretical and experimental £2 both drop 

as a function of energy in this energy range. 
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We have also calculated the density of states of the conduction 

bands. The results are plotted in Fig. 13 and can be used to explain 

the structure in the recent photoabsorption measurement on NaCl by 

11 
Haensel et a1. These authors used the synchrotron radiation to excite 

the inner core states (L
I1

, LIII ) of Na+ causing transitions from these 

states to the conduction bands. The structure in the measured absorption 

coefficient curve must'correlate with the density of states of the 

conduction bands. 
I 

We have treated the calculated density of states of 

Nabl as being proportional to the absorption coefficient with constant 
! 

dipole matrix elements. The peaks A and B in the experimental resw.ts 

are identified as the exciton excitations. The energy difference of 

peaks C and B is about 1 eV. If we take the binding energy of the n = 1 

exciton for NuCl to be 1.2 eV, the difference in energy between the 

n = 2 and n = 1 exciton states is 0.9 eV. Thus we can assign tentatively 

the peak C in the experimental result to n = 2 exciton excitation. However, 

we have not included the exciton effects in our calculation; .and there-

fore these three peaks do not have the corresponding structure in Fig. 13. 

The peaks in the calculated density of states curve are labeled by D, E, 

F, G and H;(we have calculated the conduction band density of states 

. up to higher energies tha~ E:2{W» these peaks correspond to the labeling 

in Ref. 11 for NaCl. The higher energy peaks, i.e. F, G and H have lower 

energy values thun the measured values; the difference is of the order 

of leV. As we mentioned earlier, the 13 eV peak in the uv data, which 

corresponds to the 12.6 eV region in the calculated density of states 

cur.ve, is 0.3 eV lower in the theoretical £2 than the one obtained 

by mellnurement. We p.xpect that the di scrcpancies in the enerrs vulul"S 
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for the higher energy peaks are of the order of 1 eV. One may point 

out that the structure in the region of the theoretical density of 

states curve around 12.6 eV corresponds to a dip in the experimental 

results. However, we' find that the region in the BZ which contributes 

to this energy is near A3 and L3' (6th band); the corresponding wave

functions have p-character. It is easy to show that the transitions 

from the inner p-core states to the p-like Bloch states are forbidden. 

The exact matrix element of the dipole transition will be decreased 

because one has to project out from the Bloch wavefunction that part 

of the wavefunction with p-characteristics. So the calculated results 

in Fig. 13 agree well with the experiment on photoabsorption. 

III. KCl 

A. Pseudopotential Hamiltonian with R, = 2 Nonlocal Term 

KCl has the same crystal structure as NaCl; the method described 

for NaC17 for the local part of the pseudopotential also applies to 

this case. We start with a set of symmetric form factors which are 

scaled from an average of the form factors for sodium chloride7 and 

germanium. 15 The antisymmetric form factors are scaled from MgO. 12 

By merely adjusting these five parameters, we cannot reach the identified 

energy for the r15 ~ r25' transitions, and the best resulting spectrum 

for the above model looks very much like the one for NaCl. However, 

experimentally, the two spectra are completely different. We, therefore, 

have added a nonlocal pseudopotential ,for the following reason: The 

valence electrons in kCI consist of the (4s) electron of the K atom 

and the C3s)2(3p)5 electrons of the Cl atom, and the unfilled 3d states 

for the K+ ion have lower energies with respect to the vacant (4s) 

,'. ~ 
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level than in the case of NaCl. In fact, in NaCl, the unfilled 3d 

+ states have higher energies than the vacant (3s) level for the Na 

ion. In addition, the core states of KCl have mainly sand p character; 

so the approximation that complete cancellation for the sand p valence 

electrons from the core states in the local pseudopotential model 

should be reasonable. However, for the d-like conduction electrons 

which in KCl are more important for the low energy spectrum, the 

cancellation from the core will not be complete, and these bands cannot 

be treated on an equal footing with the sand p bands. Thus we add 

a nonlocal pseudopotential term for R. = 2 .• 

The pseudopotential Hamiltonian has the following form: 

(1 ) 

where the first two terms on the. right hand side are the kinetic energy 

and the local pseudopotential; while VNL is the nonlocal pseudopotential 

term. The local pseudopotentiul hus been discussed in Refs. 7 and 12; 

we shall now discuss VNL • 

We know from studies of the atomic energy levels that the energy 

of the d-state will be closer to the (3p)6 core state in the K+ ion 

6 than the (2p) core states in the Cl- ion. The effect of the core 

contribution to the nonlocal pseudopotential is expected to be primarily 

from the K+ ion. 

The form of the d-like nonlocal pseudopotential is16 

VNL = r V (!:. - !!'J) p R.p r 
R 2 2 2 
-j 

(.2 ) 
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where R
j 

is the lattice vector, and ~. is measured from the center of 

the K+ ion. P2! is a projection operator; it acts on the left of the 

wave function when the matrix elements of VNL are taken and projects 

out! = 2 component only. p2
r is the same kind of operator but it 

acts on the right, and 

for 

= 0 

< R - s 

(.3 ) 

A2 is treated as disposable parameter and is the depth of the square~ 

well potential. R is the radius of the well; it is determined from 
s 

th t .. . 16,17 d' t ·t t d t e po asslum lon an lS no rea e as a parame er. 

IThe matrix elements of VNL are evaluated over plane wave states 

I 
with energy less than El . We have neglected the matrix elements for 

those plane waves with energies between El and E2 • The resultant 

matrix elements of the potential energy are the sum of the matrix 

elements for the local pseudopotentia1 and the ! = 2 non1oca1 pseudo-

potential. When the convergence of the few important energy gaps at 

the symmetry points, such as r, X, and L, are tested, we find that in 

order to keep the variation of the energy gaps within 0.1 eV, we must 

have El andE2 equal to 16.1 and 38.1 respectively. The size of the 

matrix is ~f the order of 65 x 65. 

B. Results and Discussions 

The numerical values of the form factors are given in Table II; 

the magnitude of A2 agrees very well with Ref. 16. The resulting band 

structure of KC1 is plotted in Fig. 111. We have indicated the extent 

of the convergence l'or the 9th and 10th banp.s at a few places in BZ 
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along Land 1',.. The valence bands are consistent with the results of 

calculations using the APW method}O Our results for the conduction 

bands are similar to that obtained by the OPvI. method,9 except that 

the energies have less dispersion asa function of wavevector. Figures 

15 and 16 give the £2(W) with constant matrix elements and with matrix 

elements computed from the pseudm,,ravefunctions respectively. The sca.le 

factor used to reduce the main peak for the calculated £2 in Fig'. 16 

to the experimental value is 0.38. This was done to facilitate the 

comparison between theory and experiment. The decreasing of the scale 

factbrs from NaCl to KCl is consistent with the extent of the complica-

tion in the exciton structure; we shall discuss this point in Sec. IV. 

Because of the scale factor and the fact that the £2(W) with matrix 

eiements is only plotted up to 13 eV, the overall sum rule is not obeyed. 

The prominent structure in the £2(W) are listed in Table III. 

The exciton at the fundamental edge has been studied extensively.2,3 

The peak is at 7.5 eV (3000 K), and the fundamental gap is placr::d at 

8.69 eVe Our calculated E,.)(W) start!> at 8.67 eV with an Mo type 
L. 

singularity. For the experimental curve, the next structure is at 9.4 eV 

and is temperature dependent;2,3 there is no corresponding peak in 

the spectrum of NaCl; It must, therefore, obviously be associated 

with the difference of the K+ ion and the Na+ ion as we mentioned in 

Sec. III A. We believe that the main difference is that the energies 

of the d-like conduction bands are lower with respect to the first 

conduction band in KCl than in NaCl. This structure is identified 

as an exciton associated with transitions at the X point, i.e. the 

X3 exciton. Our calculation of C,(w) does not Include exciton effeetn 
t, 
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and therefore does not include this peak; however, the results of the 

band structure calculation supports the above identification. The 

conduction band at X3 is the lowest energy band above the edge at 

r l (Fig. 14). The optical transition, X5' -+ X
3

, is at an energy of 

9.83 eVwith cp synll1letry MO; it is followed by the 1::.5 -+ 1::.
2

' transition 

of Ml type singularity at energy 10.1 eV. The binding energy of the 

X3 exciton is of the order of 0.5 eV. The L3 -+ L , transition is at 2 

10.22 eV with an Ml cpo There is no other cp along [111] direction 

as in the case of Mg012 and NaCl for 4 -+ 5 transitions. The corresponding 

x - I::. - L peak in the other two crystals, MgO and NaCl, appears also 

in the present case. These transitions are X5' -+ Xl' 1::.5 -+ 1::.1 and 

L4 -+ Ll at energies 10.3 eV, 10.34 eV and 11.05 eV with MO' Ml and 

M2 singularities. However, one cannot simply conclude that the peak 

at 10.35 eV in the calculated £2(W) comes from the X - I::. - L transitions 

which are mainly p -+ S transitions, because forbidden transitions from 

L4 -+ L3 occur at energy of 11.02 eV with cp symmetry M2 • We conclude, 

therefore, that the transitions X5' -+ X
3

, 1::.5 -+ 1::.
2

' and L4 -+ L3 together 

form another X - I::. - r structure which is composed mainly of p -+ d 

transitions contributing to the background of the 10.35 eV peak. If 

we project out the oscillator strengths of the p -+ d transitions and 

properly attribute them to the exciton structure at 9.4 eV, the strength 

of the calculated £2(W) in the energy range between 10 eV and 11 eV 

would be decreased, and the agreement between theory and experiment 

would be better. 

The next structure in the experilnenta1 spectrum is the hump at 

ehergics between 11.05 eV und 11. 3 eV. The calculated £2(W) shows thp. 
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hump beginning at 11.18 eV and ending at 11.45 eV. the cp's contributing 

in this region come mainly from r15 -+ r25' and r15 -+ r 12 with MO type 

singularities for both transitions. The r15 -+ r25' transition from 

4th to 6th bands h~s no cp, because the' interband energies at the 

neighboring points in k-space show a maximum. at r when one approaches r 

along A and L and a minimum when one approaches r along A. 

The main peak in the calculated spectrum is at 11.75 eV which is 

0.75 eV lower in energy when compared with the 12.5 eV peak in the 

experimental curve. This kind of discrepancy between theory and 

experiment happens in NaCl also; we expect this di!?crepancy is caused 

for the same reason as given for NaCl in Sec. II. Most of the contri-

bution to this peak is from 3 -+ 7 and 4 -+ 7 transitions inside the BZ 

near L The higher energy cp' s are listed in Table III up to 13 eV only. 

IV. Comparison of NaCl and KCl 

The band structures for the two crystals show many common character-

istics. For example, the two valence bands are almost identical; there 

is less dispersion in the energy with respect to wavevector as compared 

12 15 to many o~her crystals, e.g., III - V, II - VI compounds.' The 

exciton at the band edge of the two crystals is similar;2,3 the binding 

energy is of the order of 1 eV. 

However, the measured and calculated spectra also show distinct 

di fferences. The sharp peak at 9.11 eV in KCl ~ which is temperature 

dependent,2,3 does not have a counterpart in Nael. We have discussed 

its origin in Sec. III. It is this extra exciton peak which causes 

the overall scale factor of £2{W) in KCl to be 36% lower than in Nael. 

As w~ have mentioned in Sec. III. t.his exci.ton structure is associated 
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with the lowering of the X3 state in KCl. This lowering effect does 
, 

not,' in fact, involve the X state only. All the d-like conduction 
3 

bands will have lower energy with respect to the s-like conduction 

band when compared vith the results of NaCl. So the major difference 
, 

of the tvo band structures is exhibited in the relative energies of 

the conduction bands with sand d characteristics. Two places in the 

BZ at which this effect is most prominent are at rand X. In KCI, 

the lovering· of the r 25' and r 12 bands with respect to the rIband 

are 1.33 eV and 1.62 eV respectively. Moreover, the X3 band is even 

lower than the Xl band (by 0.47 eV) and is the second lowest conduction 

band. However, ,the X3 band in Nael is nearly degenerate with the Xl 

band and is higher than the L')' band. As a result of this lowering 
c. 

of the d-like conduction bands in KCl, the s~netries of the cp's at 

A (4 ~ 5) and r (4 ~ 6) are changed. Along A, the upper Al (6th band 

near r 25 ') state is brought down along with the r25' state. The two 

Al bands repel each other so that the 5th band is pushed down slightly 

and the associated MI cp is moved over to the edge of the BZ. The 

complication of the cp for 4 ~ 6 transition at r is affected by the 

lowering of the 6th band along ~ and E. 

We have extracted the CI- potential from the calculations for 

NaCl and KCl and we have scaled the one obtain8d from NaCl to th~ 

lattice constant of KCl. rfhc results are given in Fig. 17. 

In swmnary we see that the local pseudopotential Hamiltonian 

gives a good band structure for NaCl as is demonstrated by the fact that 

the £;?(w) and the conduction band density states calculated from the 

') 3 
band struct.ure a[:';ree quite well with the uv optiell1 data"'- ,. and the soft. , 
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11 x-ray photoabsorption measurements. The results on KCI should be 

considered as preliminary because the form of the nonlocal pseudopotential 

causes a problem of convergence for the eigenvalues at higher energies. 

Nevertheless, we can still deduce at least important features: a. The 

calculation shows that one needs to put a nonlocal pseudopotential term 

for the d-llke states which do not have strong core cancellation but 

ure important for the electronic properties in the insulator as well as 

16 in the metal. b. It gives an indication of how high energy exciton 

structure affects the optical properties of alkali-halides. 
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TABLE CAPTIONS 

Table I. Interband critical pOints for NaCl with energy from 8 to 

18 eV. 

Table II. Form factors of KCl (in Ry.). . .. \ 

Table III. Prominent interband transitions for KCl. 

I 
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FIGURE CAPTIONS 

Band structure of NaCl. 

Theoretical £2(W) of NaClwith matrix elements computed from 

pseudmmvefunctions. 

Theoretical £2(W) of NaCl with constant matrix elements. 

Energy contours of NaCl for 4 ~ 5 transitions in the fKL and 

fKi.lX planes 

Energy contours of NaCl for 11 ~ 6 transitions in the f'KL and 

n<wx planes. 

~:nergy contours of NaCl for )4 .~., trunsitioflf;; j n the IYL and 

fKWX planes. 

Energy contours ::>f NaC} for 3 ~ 5 transitions in the f'KL and 

fK\.rJC planes. 

1'nergy contours of NaCl for 3 ~ 6transi tions in the I'KL and 

I'K\·lX planes. 

Energy contours of NaCl for 3 ~ 7 transitions in the f'KL and 

IKwx planes. 

Fig. 10. Energy contours of NaC} for 2 ~ 5 transitions in the: IY.L and 

I'KWx planes. 

r'ig. 11. [I:nergy conI-ours of NaC} for 2 -+ 6 trurwitions in th(~ TY.L lJ.nd 

fK\.TX planet;. 

Jo'ig. 12. Energy contours of NaCl for 2 -+ 7 transitions in the I'KL and 

I'Kwx planes. 

Fig. 13. Conductioll band df·nsi1.y of ~~tnt.(:fl for NaC]. 

Fig. 111. Hanu ~~LrucLurt· of KCI. 

Fig. 15. Theoretical e:
2

(w) of KC] with constant matrix elements. 

Fi~. 16. Theoretical e:
2

{w) of KCl with matrix elements computed from 

pseudowavefunctions. (The overall scale factor is 0.38.) 
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fIGURE CAPTIONS. cont. 

17. Comparison of Cl- potentials extracted from NaCl and KCl. 
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'l'ABLE I 

Calculated 
Critical Point Band Transitions Synunetry 

Energy (eV) 

8.97 r15 + r 1 MO 

9.86 L + L' 
3 2 MO 

10.29 A3 + A1 M2 (1~+5 ) 

10.35 X'"+ X 
5 3 MO 

10.43 X, + X 
5 1 MO 

11.07 6. + 6. 
5 1 Ml (4+5), (3+5) 

11.25 L + L' 1 2 Ml 

11.32 1:4 + [] M2 (4+5) 

11.33 X, + X 
4 3 HO 

11.41 X, + X 
4 1 MO 

11.64 6.
1 

+ 6.
1 Ml (2+5 ) 

6. + 6.' 1 2 MO (2+6) (forbidden) 

11.74 6.
1 

+ 6.
1 

M" 
1 

(2+6) 

11. 74 1:4 + [3 Ml (forbidden) 

11.82 1:3 + [1 M2_ (3+5) 

12.04 1:3 + [3 Ml 

12.1 W M3 (4+» 

12.24 1:1 + [1 M2 (2+5) 

12.26 L + L' 
3 3 Ml (4+6) 

MO (4+7) , (3+6) , ( 3-~ 1) 

" 12.4 1: -~ 1: 
1 3 Ml 

12.6 W M3 (3+5) , (2+5) 

12.61 Al + Al M2 (2+6) 

12.6h 6.5 + 6.1 M2 (4+7) 
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TABLE I (cont.) 

Calculated 
Critical Point Band 'rransi tions Syzmnetry 

Energy (eV) 

12.66 A3 -+- A3 M3 (4-+-6) 

12.67 r 15 -+- r 25 MO 

12.7 E4 -+- E J. Ml (4-+-7) 

12.71 A3 -+- Al M3 ( 4-+-6) , (3-+-6) 

12.'(7 65 -+- 112 M1 

12.79 E4 -+- E3 M3 (forbidden) 

12.8 6 -+- ll' 5 2 Ml 

12.82 E3 -+- 1:3 . M3 : I 

12.83 Al -+- Al M2 (2-+-6) 

12.86 El -+- E 3 M3 

12.89 E4 -+- El Ml (4-+-7) 

12.95 A3 -+- A3 M3 (4-+-7) 

M2 (3-+-7) 

12.99 L4 -+- L1 M3 (4-+-6) 

13. L3 -+- L1 M1 (3-+-7) 

13.13 65 -+- III M3 (4-+-7) 

13.02 E3 -+- Ll M3 (3-+-7) 

13.05 6
1 

-+- 6
1 MO (2-+-7) 

13.13 6
5 

-+- 61 M3 

13.24 61 -+- III M3 (2-+-7) 

13.64 L" -+- L M3 (2-+-6 ) 
1 3 

Ml 
(2-+-7)(forbidden) 

"1.0, r .}' M, ( ' ... (,) 
'.~ " , 



Calculated 
Critical Point 

Energy (eV) 

13.64 

13.77 

-21-

TABLE I (cont.) 

Band Transitions Symmetry 

w 



Form Factors 

VS (200) 
I 

VS (220) 

VS (222) 

yA(lll) 

yA(311) 

Vd 
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TABLE II 

Numerical Values . 

- .1012 R 
Y 

- .0321 

.0073 

.1243 

- .0322 

-2.5958 
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TABLE III 

Calculated Important Band Transitions Symmetry 
Cri tical Point . 
Ener, (eV) 

8.67 f15 4 r1 MO 

9.83 X 
, 4 X MO 5 3 

10.1 /),5 4 /), , 
Ml 2 

10.22 L3 4L' 
2 Ml 

10.3 X5 
t 4X MO 1 

10.34 /),5 4 /), 
1 1-11 

11.02 L4 4 L 
3 M2 (forbidden) 

11.05 L4 4 L 
1 M2 (4 4 5) 

11.05 f 15 4 f25 
, 

1-10 (2 4 6), (2 4 7), 
(2 4 8); (3 -+- 7), 
(34- 8); (4 -+- 7), 
(4 4 8). 

11.26 r
15 

4- r12 MO (2 4 8), (2 -+ 9); 
(3 -+ 8), (3 -+ 9); 
(4 4 8), (4 -+ 9). 

11.56 Ll~ -+ L 2 M1 

12.19 L3 4 L ' 3 M3 (4 4 6); H2 (3 -+ 6); 

M1 (4 4- 7), (3 4- 7). 
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EXPERfllIENTAL 
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Noel 

• 
~--~.~ .. ----~--~------------~ o 
5 10 15 

11 w (eV) 



-26-. 

14 

12 

10 

i ; 
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XS->X1 

6 X ...... X j 
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Energy, cV 
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K 

Noel (4-5) 

Mo ~ r -----_____ A. __ '_(~_~ _______ .J-JX 
U I \ 

8.97 11.07 10.35 Mo 

Ml 
Mo 

L 9.86 

Mo 
r· --_··_·--I ---~ 
8.97· J1.32 M2 

--'K 



Noel (4-6) 
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K 

11.1 

W 
13.14 

x. 
~ _____ --:--____ .L..,j 10.43 

Mo 

-_. ~ -.-~--.. - l~ ~ , 
11.74 J2.99 

M, M3 

• J 
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Noel {4-7} 

I 

V MO/: 
~~ ......---~ .'----r .. .. ·---r-.... -· -

. 12.67 13.13 12.64 
M3 M2 

A 

"""'--"" 

K 

VI 

J3 

x 
------''--' 15.23 

M3 

"---~'-~- I-)!----{(---.3i------· K 
12.89 J2.7 

Ml Ml 



-30-

K 

Noel (3-5) 

w 

11.1---------

x 
L-J. ____________ ) (-l1---------I~ JO.35 

11.07 Mo 
Ml 

L 
Mo 9.86 

11.1 

MoL 
r&-I...---- I - J:....-.J.a.-J

2
!--------'K 

8.97 
M2 

'fi<J. '( 



Noel (3-6) 

·M 3 

12.82 J 
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. 11.1 

K 

~. 

lAo ' 
r ' ..... E----· 

12.67 12.8 

/ 
6-_L~ --------

M, 

A 

M3 
12.7J (-.. 12.25 13 

~O ~) ___ . __ .1 ____ ~__ l~; _[C:~__ l\ 

12.67 12.82 12.0t1 13.64 
M3 M, M3 

VI 
13.64 

X 
10.43 

Mo 
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K 

Noel {3-7} 
\V 

0 Mo X 
r . . --- ) 15.23 

12.67 13.13 12.64 M'3 
M3 M2 

A 

--~.-~ _/.:_- ~ ------
13.0213 

M3 1.\, 
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K, 

Noel (2-5) 

12.25 

11.1 

lA) / _~.~\ --n.6)4 ( D. ""O~ 11.6 
r 8.97 M, 

M, L 11.25 

11.1 

1 -I( ~.----Mo --- -- ~ -~ ___ j i~2 4-r9 "7 - ~ M2 B. 

W 
12.6 

X 
11.33 

Mo 



I 

Noel {2-6} 

Mo r .c--L. __ '"--__ ..L-_ 

12.86 12.8 
Ml 

A 
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_~" r 
11.64 11.74 

Mo Ml 

M3 L 13.64 

. r "J. II 

K 

12.25 

X 
11.41 

Mo 



Noel (2-7) 

13.24 .13.05 
Mo 

A 

Mo r -'-- ..1..-_____ _ 

12.67 
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K 

w 

X 
-fl-----~-LJ 16.21 

M3 

-------1(( 

ri~. 12 . 



-: ---,------- r--------r -----r-----
! 

..-... H 
(/) 

0 F ~ -c: 
J 

G 
::l I t ~ 
~ 

0 
~ .. -
.0 
~ 

0 ......, 

---W ......... 
i I Z 

LL-._---k __ = __ -1 ___ ---L __ -'I __ --L-1 __ -LI __ -1_ .. _--'--___ --u 

6 9 10 II 12 13 14 15 16 

11 w (eV) 

XBL6812-7328 

T!;~). ,~. 



-37-

16 r-------~ 

')( f=:~::---=-_ _ 6, 
2'_ 6r~-

6 6 ---(;;!:::. 

,~~ 
3 t-' A;---

_ 2 ' -

4 - - KCL -

6~ 
- ~-

I 
tI, 

- 4 - -

-8- -- -

-12 -- r, 1:, 
t-~----------~---------IK, I--------J X , 

>-- -
6, 

-16~---------~ 

K 

1"2 F-:::::!:::;;;~=~~.?---I 
r~~ 

r, 

r ,~ 

r, 

___ ----1 L'2 
A, 

A3 
--.:=....-::=:..:=..-=:.----- l 3 

A, l, 

A, 
~----_--'-.:.--------.J Lit 

XBLG812-1330 



-38-

1 8 ,-.- -,--.. _" ····--r··-------,····,---·· ··---·-r-·--.. ---~------

}: ~~ 
4 3 

I 5 - I ~4~~1 
----

, 
~O.-..t:J.1 

(/) '1" r' . ..:-~ 

+-
.J 15' 2G .-c: 12 

:J 

~. i 
'-I 

0/ 
~-! 9 ~' , 
.~ 

.0 
"-
0 

'-'" I 
/). "'...;>~ 

N 6 
52 

\!J 

1 
I~ C L 

3 r ~~f' 
I£j' I 

0 __ l~J ____ L_ ~-

8.0 9.0 10.0 11.0 12.0 13.0 
Energy (eV) 

XBL6D12-7326 



N 
\l) 

9 

8 

-39-

, I 
--.-'-----...-1 --·--~---r---·-···r--

n f-exciton 
Il 
1\ 
II 
/I 
II. 

- .-- - E x per irri e n t 

----'-- Theory 

7 - 1\: 
I , I 

6-

5 

II: 
I , 
I , 

K C L 

I \ 
I , I' X3-exci1on 

I \ f\ 
4 - I \ 1\ 

, I \ 
\ I \ 

3 - I I I 
I I I 
, I \ 

\ " , 'I \ 
\ / \ 
\/. " 

2 -

I -

1\ -
\ 
\ 
\ -
\ 

o L_._~_--, 

7.0 8.0 9.0 10.0 11.0 12.0 13.0 

tl(U (eV) 

)(BL(;812 -7327 



-40-

0.2 
- Frorn 1< CJ' 
-,- Fron) NoCl 

0.1 -
,-.. . 
'U 
~ 

0 \-

'-'" 

: 
I I > i 

-0.1 

-0.2 

~----------~I--------~--~I,------------~ o 5 10 15 

XBL6812-7329 

, "'J " ( 



o 

LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






