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EMPIRICAL PSEUDOPOTENTIAL METHOD FOR EIECTRONIC
'BAND STRUCTURE CAICULATIONS IN INSULATORS

. Ching - Yao Fong

Inorganic Materials Research Division, Lawrence Radiation Laboratory
and Department of Physics,
University of California, Berkeley, Calif ornia

ABSTRACT

Electronic and structures are calculated by the "Empirical Pseudo-
potential Method" for three ionic crystals: MgO, NaCl and XCl. The

pseudopotential form factors of the first two crystals are determined

' by assuming the potentials are local.  For the case of KCl, an addi-

tional angular momentum dependent nonlocal pséudopotential is intro-
duced. The imaginary part of the ffequency dependent dielectric

function, eé(w), caléulated from the band structure is directly compared

to the measured ultraviolet spectrum. Apart from the excitonic structure,

the agreement of the'ée(w) between theory and experiment fdr the posi-
tion in energy of the prominent structure is within 0.1 eV for photon
energy less than 14.0 eV,'and 1.0 €V for higher photon energy. There

exists discrepancy between the magnitudes of the calculated and the

- measured peaks and this is discussed. The complete critical point

~analysis enables us to identify all the prominent structure in the

éé(w). '
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'I.” INTRODUCTION

; . i 1 .
Since 1930. when Hilsch and Pohl first reported on the ultraviolet

absorption measurements on alkali halides, a considerable amount of

. ; . . . o)
optical data at different temperatures have been obtained. Most of

w |
. ; |
these experiments were performed with photon energies from 5.0 to 12.0 eV.

These results are difficult to interpret for two reasons. First, there

is excitonic structure associated with high energy interband transitions

in addition to the one at the band-edge.- Secondly, the measured quantity

is the opblcaT den31ty, (loglo I s where I is the intensity of the

’1nc1dent light, and I is the 1nten51ty of the transmitted llghb\, which

is equal to Hé%y;eé(w) where @ is the frequency of the incident light,

n(w) is the real part of the frequency.dependént refractive index, and
ee(@) is the iﬁaginary pgrt of the frequency dependent dielectric function.
This is the quéntity dire;tly calculatgd from the theory.” The correspond-
ing peaks in the optical density and ee(m) may be shifted by the factor

o Several feflectance measurements3 on the alkali halidos have been
rggﬁrued but with photon energy only up to 12.0 eV, and an accurate

ee(w) is not available.. Roessler and Walker% ‘recently obtained the 62(w)’
for Na Cl and KC1 by measuring the reflectance over a wide range. of photon
eneréy (5_to»28 eV)'and then these authors used the Kramers—K:onig re-

lation to obtain el(w) and sz(w). In the following discussion,'we shall

‘deal with these two alkali halides.

Theoretical interpretation of the optical data for the two crystals

{2

has not been very successful. Some attempts at calcuiating the bind

5b

structure of NaCl were made by Sh JCxley5 and Casella” which give the

. : . . c . a
-valence bands only, and a rough calculatlon made by Trlbbs.5 Howland
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eelculated,the valence'bend of~KCi,“and two other firsb principie cal-
culations on KCl‘exist‘inethe literature, The Orthogonalized Plane Waves :
‘(OPW),calculetion by Oyama and Miyekawa6b gives tbe,conduction_bends.only, i
| and the‘Augmented Plane Weves (APW) ealculation by‘DeCicco6 gives the
fundamental energy gap of 645 eV, whereas experlmentally it is 8.69 eV.

"'A detalled comparison between theory and experlment is not available,

. and'the dielectric function, €

2(w), is not_computed in these calculations,

~ The successful work done by:M. L. Cohen'and Te Ka Bergstresser7 on
applying the Empifical Pseudopotential Method (EPM) to interpret'bhe‘
optieel_daba of semiconductorsfand SOme IT-VI compounds suggests a
‘promiéing wa& to exemine‘the optieai‘data of.NeCl_and KC1.

The EPM is an ingeneous extenslon of the OPW method. It is basea

on tbe "Phillips' Cancellation Theorem,"8 which has been explored by
Cohen and Heine9 and elaborated upon by Austin, Heine and Sham.lo The
Fourier coefficients of the effective crystalline potential4~— Pseudo~
- potential form factors -- are determined in one of two ways; First, they
are determined by the model potential in real space.ll’_12 The model
potential is (-dependent and the strength of the botential for partieular
f\lS ‘determlned frﬂm the known energy of tbe eo;responding atomic level.
SeLondly, the form;factofs'are determined?by reference to experimentai
data, e.gs optieal data; de Haas-van Alphen data, etc. in our work, we -
 adopted the second SCheme; There are constraints on the empirieal ' , Y
pseudopotential form.factors, For example, the symmetrlc part for the
form factors of a compound should be very close in numerlcal value to

the form factowrs of a crystal composed of the element in the corresponding

IV-th column of the perlodic table. TheSevconstraints and experimental
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vthe lowering of the 4 like conduction band at X.

information are the basis for giving the correct interpretation of the

‘optical spectrum by EPM. The eigenvalues calculated by the EPM charac-

terize 21l the states of the valence electrons, The method has become

15

one of the best tools for studying the Fermi surface of metals and

the optical properties in semiconductors.7
One may wonder whether the weak pseudopotential resulting from the
Phillips' cahncellation theorem will be a good description for the effec-

tive crystal potential in very ionic crystals, Physiecally, this can be

made plausible because the valence electrons in these crystals arz bound

. to the halogen icon; the core electron contribution to therpotential tends to

cancel the large part of strong nuclear attractive potential. To test this
idea, it was decided to work on a less ilonic crystal before extehding

the method to the alkali halides; this is the reason for choosing MgO.

Mg0O is a light II-VI compound which has the structure of most alkali .

halides -~ the rocksalt structure. It turns out .that the spectrum of Mgl
is very much like that of NaCl, and results for MgO have helped us to

interpret some of the important energy gaps for determining the form

factors of NaCl. The experimental eg(w) for MgO was also obtained by

Roessler and Walker.lE’lSI

The spectrﬁm of KC1 is complicated by'the‘kind of‘exciton structure
we ﬁehtioned’aone; The exciton is identified as belng associated with-
3,16 If a set of local
pseudopofential férm factors are chosen we do not obtéin_a band structure
ani an ee(w) which agrees well with experimenf. We can, howévér, thain

good results and identify the optical structure by introducing an

angular morentum dependent nonlocal pseudopotential with £ =2, This
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f extra pdﬁehﬁial providés the1neééésity‘for treating the'd—states on @,
different footing than ﬁhe s and p states. |

:Tﬁe arrangement of the preseht work is as lelowst .In section IT,
we give thebresults for thé_calculation of MgO, It contains two sub-
sectibns. in‘part A we give a general diséuSsion of_the pse@ddpotential
fofm factofsvénd structufé”féCtdrs for.the feCaCa latfice with.two atomé
'in a unifcellas,a_baSis.- This appliesvalso to NaCl_and'the local ﬁseudo-
potential of KCl. The calculation of the imaginary part of the freqdenéy
‘dependenf diélectric functioﬁ is alséyincluded. In part B a detailed
analysis of the eritical‘points for the interband tfanéition of Mgo
énd a comparison with_ﬁhe_experimental spectrum are given, In section
ITI we give the results for NaCl. This contains a brief discussion of
 the pseudopotentiai fofm factors, a complete critical'poiht analysis,
and:the eg(w) for NaCl., In section IV the results of KCl are given. This
section is divided into two subsections: A.- Discussion is given on
- 'the angular momentum dependent nonlocal potential. B. We give ﬁhe
results of a critiéal point analysis and the eg(w) for KCl. In section
_V a- comparison of thevresﬁlts for the three crystals is made. _In sub-
chtion A we compare the results of MgO ?nd NaCl. In subsectidn‘B t?e'

résults of two alkalil halides are comparéd. » >

ALY}
L4



CIT. MAGNESIUM OXIDE
The band structure calculation presehted here employs the ETHM.
This method involves adjusting pseudopotential form factors to give the
energies'éf a few of the principal optical transitions (e.g. the funda~

mental‘gép) to the experimentally identified values., These form factors

‘are then used to determine the electronic energy bands over a wide range

In energy and at many points in the first Brillouin zone. The discussion
is confined to MgO. Nevertheless, it is equaliy'applicable to NaCl and’

KCl, except the latter has an extra angular momentum dependént nonlocal

'pseudopoteﬁtial; We shall discuss first the method of solving the

pseudopotential Hemiltonian and the expressions used for calculating the
eg(w).

A, Pseudopotential Hamiltonian

The pseudopotential Hamiltonian has the form

M= - g;vﬁ+v<_l«_>- | (1)

The weak pseudopotential V(z) is expanded in the reciprocal lattice
vectors

We) - 3 we) &L (2)

where the G's are the reciprocal lattlice vectors and are measured in units
of (2m/a), 'a is the lattice constant. The V(G) are the pseudopotential
form factors.

v(e) = z v (@) s,(e) | - 3)

iG+* 7
Sa(g) e ¢ ‘ : (&)
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() === [ v(p)¥Idr (5)

whérevsa(g) is the structure factof and is a funetion of the positions
of the atoms in the-unitAcell.~ Vd(zz'is the atomic psecdopotential, Ty
is'the pcsition vectOr‘of an atoﬁ iﬁ-tﬁé unit cell, Q is the volume of
the unlt cell, and ¢ is the index of the atom in the unit eell.
Magnes1um oxide as well as thé other two alkali halides has the

rocksalt structure (see Ref. 23, pa 2h)e We treat it as.an f.c.c. lattice -
| with a basis. The latticc constant, a; cf MgOvis M.EIEJ’ If the origin
of the coordinate system is taken at a Mg site, the vectors T, = (0.0 0).

nd l
and 1, = al55;

-1
2) give the positions of the Mg and ‘the O atoms in the

cell, The structure factors are then %l depending on whether Igi is an
even or edd integer. The form factors can be divided into symmetrie

and antisymmetric components as followst.

v(g) = Vl(g) + Vé(g) = evi for |G|2 even (6)
v(g) = v (8) - V(@) =2vy  for [6|Foaa (1)

where the subscriﬁts 1 snd 2 refer to thc two atoms in the unlf cell,

VS and VA are the symmetric and antisymmetric form factors. Invthis

way, we get a real symmetric matrix for the pseudopotential Hamiltonian

when the wavefunction is expanded.in plane Wave states. The form factors are

small for large G because of the Cancellation theorem;8’9 this allows us

to truncate the form factors. In all our cases, we set

v(lel®) = 7(g) = 0 for |G|% > 16 . (8)
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~and we have VA(B), VA(ll); VS(H), VS(8), VS(lé). Thesé five form factors
are treated as disposable parameters. We have taken'some advantage

from previous calculation on Mgo,ly in determining thé form-factors.,

We started with the existing form factdrs.and variéd slightly to have

five chosen energy gaps (' —afé R L - Iy, L - L ' and

15 —aFl, F15

X5' —aXi) consistent with the identified experimental values. The com-
 parison of the two sets of foim_faétors ére given in Table I, The basis’
states used to form the hamiltonian matrix elements consist of plane
waveé with wavevectors G + X, where‘g_ lies within the first Brillouin
zone. We can use Lowdin péfturbdtionftheory'as modifieé"by_--Brust,l-7 since
onlyjthe lowest ten energy bands are needéd and»thé form factors are trunéated.
Al vectors, G, such that (g_+ 5)2 S‘El'form the basis and all vectors,

- 2 o g
G, such that El < (G + k) < E, are treated through perturbation theory. The

convergence to the order of 0.1 eV for the few important énergy gaps ié
obtained with E, = 11.1 and E, = %2.1. The size of the matrix is of the
order of 50x50.

| The determination of eg(w) requires a knowledge of the energy bands

throﬁghout the Brillouin zone17 since this function has the form

‘ezhe | £, (k)dS | N
ieg(w ‘“ mo (27)5 J[ IV F ] (9) "

1;3

vhere e and m are the charge and masgs of thée electron and h is the Planck's

constant;

. LA\
‘o |<}__§_J1I£ 1§_:J|>

£,5(8) = 5 e ) (10)
1] -

is the intertand oscillator strength and S is a surface of constant interband
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_energy, and Eij = Ej'— E, = tioe The prominent optical structure:in:%hé
€2(®) originates from Van Hove18!l9

(cepe) where'IV 'E..l = O These critical'points'can be-classifiedIT

.’according to symmetry'(mlnlma, saddle points and max1ma) Ml Mé and
Because of the cubie symmetry, the integral'in (9) need onlytbe
calculated iﬁ 1/&8 of the Brillouin‘zone.l7 The ehergy'tends and the
t_ oscillator strengths have been computed at a mesh of 356 p01nts in the
' subzone. Another 2x106 sampllng points are chosen randomly by the
honte~éarlo‘method._ The eigenvelues and the oscillator strengths asso-
Ciated with each random toint are obteined by interpolation between the

;points on the mesh.

" Bs Critical Points Analysis for MgO

The band structure of MgO is given in Fig. 1 along several symmetry
liﬁes.in the Brillouin ZONE 4 The lowest bend, at about é5IeV below the
top of the valence band, is given only fof‘completeness. It is not
expeeted that the pseudopotential caloulation determines the energy of
this band accurately; .Since the optical structure discussed in this
work originates fr%m tra%sitions invoiviné the;upper valence bands
and the lower condsction bands, the‘inacderacy in determining the lowest
valence sand has no effect on the results of the eg(m)-calculation.

The theoretical and experimental values for the energies of the
ﬁrominent optieal structore in € (w) are listed in Table II, The cal~

culated critical p01nt energles, the ass001ated band transitions and the

symmetry'of the critical p01nts are given in Table IIT., Figure 2

singularities at the critical points’
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RPE D Ao wR LA Wl e

gives the calculated ee(w)‘assuming constant matrix elements in Eq. (9).

X , v _ :

b In Fig. 3, ée(w) is plotted with matrix elements compﬁted using pseudo~-

éiA A pbtential wavefunctions. |

2 The:top of the valence baﬂd and the bottom of the conducfiqn band are

f% : Both at I" and the fundamental éap is therefore éirect. The exciton

associated with this gap has been stuaigd,‘l)*’15?20 and the line shape

g .was fitted by a Lorentzian cﬁr?e yielding an experimental gap energy of

”g 77T eV. The theoretical &alue for FlS ;afi is T7.76 eV and the é.p.'

E has Mb symmetry as is shown in the total eg(w). The energy contours

1. are given in Figs. 4, 5; and 6 énd the e,'s for the transitions between

;' bands 4 and 5 is given in Fig.‘7. |

f% | It is interesting to nofevthat the bahd étructure calculation gives
' sOmevfine-sfructure in the.coﬁduction band near I'. Thévcondﬁction band

in the X direction is flat near I’ and then "dips" about 0.07 eV at a

Tt wRR e SHET e A

k-vector which is approximateiy 3% of the Brillouin zone k-vector. This
structure is relatively insensitive to the variations in the pseudo-

- potential, It is difficult at this time to determine whether the effects

L S A S e oo

of this structure can be observed or if it is connected with the structure .
. . : Ve

seen in the exciton peak. .

t
&

The next- structure in ee(aﬁ which appears around 11 eV arises from

SR X%

b 55 and 3 - 5 band transitions (Figs. 2,4,5 and 7). This structure is .

' ssoci wi 5 1) A g . oo sy :
i’ aqsoglated‘w1th 13 —aI? and 1\3—>A.l transitions with c»p symmetry Mb
o and Mi._ The MO Cep. lies only slightly below the Mi CsP. in energy and

as can be seen from the IXL plane energy conbtours of Figs. 4 and 5, a
broad region of the zone neaf I contributes to the 1l.1 eV peak. Although

in this work we are primarily interested in the identification of the

1

St s e
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optical structure and in the determination of the energy of this struc-~

ture and only secondarily in the peak heights, we note that over the

entire ehergy range most of the peak heights are in relati#ely'goéd

agreement with experiment, except that the "L --A" peak is too small in

the calculated eg(w) as calculated with conStan£ matrix elementsiahé‘%ith

pseudo potential Wavefunétioh ﬁatrix elements. fThis.discrepancy;also:éxists
| ‘ . : Lo .

for the corresponding peaks in GaAsgl and other zincblende COmpoundé.gg It

is not clear at present why this structure is too small., Some possiblé

:
! ]

explanations arei 1) the pséudopotential‘Wévefunctidné‘aré‘noF giving accu-
‘rate transition‘matrik elemeﬁ£$; 2) excitonic structure is associated with
A,transitions; 3) local field corrections. There is some experimental
evidence for the second explanation.22 We note thét if this structure

were stronger in the eg(m), the energy region between 7,77‘eV and 11.0 eV
would be "fiiled in," and the theoretical eg(m)‘would look much more

like the experimental curvé in this region.

The peak centered around 15.2 éV ig the most prominent peak in
_the.sbectrum, This structure is caused by 4y 55 and 355 transitions
'aiOng A and'hf—§5 transition along 5 (Figs. 4, 5 énd 7). The structure
‘begins with an M. c«p. at 12,35 eV arising ffom Xf-»ZX |

0 5 1
(Figs. 4 and 5). The main peak is caused primarily by % — 5 transitions;

transitions

in particular, an Mllalong A and an Nb alohg 2 This peék is usually
v‘ referred to as the "X-peakﬁvbecause this structure varies in the same
way5§s the.X% —>X1 splitting_ﬁith changeé in the'potehtial. The shape
of the calculated "X-peak" (see Fig. 3) is very close to the meésured
15 '

strﬁcture observed by Roessler and Walkef.

The lack of strucﬁure between about 1k and 15 eV is Very‘interesting

t,u‘
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‘and it appears in both the ealculated and measured eg(w). This region
represents the separatidn befween h 55 and 3<f§5 band transitions,

i.es the top two valence bands and the bottom conduction bands, and

‘transitions involving lower valence bands and higher conduction bands.

 There is one exception to this, the 4 — 6 transition X! — X, is 'found to be

> 3
_ [ : ,
at 14,02 eV which is at the beginning of this "dip" region, but this

transition contributes only a weak MO CePa (Figs.'2, 8 and 9), and we

assign it to the 1k eV region in the experimental curve.
The structure invee(w) above 15 eV arises from 2 = 5,6,7; 3 —5,6,7
and 4 —;;6,7 band transitions. The energy contours for these

transitions are given in Figs. 5 through 14, The calculated energiles

for the dominant transitions differ from the experiment by about one

eV, and the experimental structure is broader than the theoretical

structure in this region (Fig. 3).

The measured eg(w) shows a "twin peaks"” structure in the 15.5 eV
to 18.0 eV range with smaller structures on the lOW‘and‘high energy
sidés of this region. Similar Struéture is seen ip the calculated eg(w)
in the 15.2 eV to 17.0 eV region as shoﬁn in Fignb3. There.are many
CeDs 'S wﬁich.contribute to eg(w).in this region,_but we wiil discués
only the strongest of these, " It should be émphasized.that'the agreement.

between experiment and theory in this region is lost if the potential

is slightiy changed.

For energies just above 15 eV, the calculated eg(w) rises more
sharply than the measured eg(w) in the corresponding energy region

(~ 15.5 eV), indicating that the calculated c.p.'s arée probably closer



v t_ogether in energ.y' than they should be; The beginning structure is
caused by two.MO CePa'S and an M1 CePa « The Mo’s_ contribute strongly
since they involve transitions between doubly de‘generate (L, » L! at

3 3

15.2 eV) and triply degenerate (I‘ 1"25 at 15.43 eV) bands, The M, c.p
at' 15435 eV is also strong and it arlses from A —aAl trans:.tmns
(Figs. 6, 10). R

The region around 15,6 eV also involves sever-al transitions; 4 —» 6
transitions contribute strongly. The two main. c.ps 's‘ involved come
from As —aAg’ and Zbr - Zl transitions near I'y In both cases, however,
the region clee to the c.p. contributes rather weakly, and the eo.ntria.
butionsv come from an extended regien of the zone (Figs.. 9, 10 and 11)e
In contrast, the c.p. ‘AS‘ —aAé at 15457 év, coming frorn 3 - 6 transitions,
contributes' strongly in this region and the charact-erietics of this cupe |
are not "smeared out” by the'I‘Large backéround. A 25 -2, M, cupa at.
15.66 eV, coming from 3 — 5 transitions, also contributes stro}ngly in
this region. o

The second peak of the ™twin peake" structure begins with a strong .
peak eoming froﬁn a transition between eloubly dege_ne-rate bénds, A5 —>j\,5.
The cape's arising from these transitions have both M2 and-Mj charactersy
The strong M3 c;p.» ’cauSed by 4 — 7 transitions tends to fletten the vpeak
in this region. The structure at 16.4 eV and 16 6veV arises from 4 — 7

and 37 transitlons, The Zu —>22 and A, ->Al M3 CaDa's contribute to . % "

E
"~ the 4 » 7 transitlons and regions near A and 2 contribute to the 5 -7
peak (Figse 2, 13 and 1h).

'The decrease in eg(m) in the experimental curve in this region |
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is less rapid than the calculated curve. Again, the c.p.'s may lie

- too close together in energyu' The main contributions in this region>

come from.A5 —>Al transitions at 17.01 ev.
Thé measured eg(w)‘shows little gtructure for energies above 17
eV except for a buﬁpvardund 20.5 eV. The.eg(@>uin thé region from
18 to 20 eV is still fairly large, and 1t is pgssible that this strucﬁure

exists which has not been resolved. The calculated e (w) with constant

matrix elements does show some structure in this regibn; The eg(w) with

- pseudopotential wavefunction matrix elements has just a "hint" of this

structﬁre,-and it resembles fhe measuréd eg(w)d The oriéin_of fhe mdin
structure is listed in Table TIIT. The bump in the constant matrix element
eé(wl (Fig.2) at 19 eV comes from 4 6 transitions (Figs. 8 and 9) in a
region near W. The small structure around 20.5 eV in Fig, 3 comes from
4-5 7 transitions near X and‘B —>T.transitionslnear W. Tt is difficult

at this time to make a detailed comparison of the calculated curve with

_experiment because of the lack of experimental structure. More refined

Measuféments of the spectrum in this region would be very helpful, Such
measurements‘ﬁould make these assigrments possgible. - _ .

._The function eg(w) as giVen in Fige 3 was used to obtain eg(w) by
nmané:of-the KiamérS-Kronig‘relation.' The-eg(w) function in Eig@‘i was
mdltiplied by a scale factor 1,1 before the Kramers;KronigbanalYSis wés
dohe.. The resulting el(w) appeérs in‘Fig. 15, Since the theoretical
eé(w) does not contain the exciton peak and the eg(w)vin thevregipnvof

8 to 11 eV is too fiat, the,el is ﬁot'very accurate in this fegion. In

f,faét,‘a peak occurs near the'threshold. The measured dlp between 11 and

12 eV 1s reproduced and the general shape_df the rest of the curve is vefy
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similar to the curve derived from experiﬁent. The calculated € goes
to zero at 20 eV and we piek this as the plasme energy. The ﬁeasured
plasma energy quoted by réf.ll5 is 22.2 eV;

Using the calculated values for Fl(w) and e,(w) and the standard
semi-infinite plane‘boundaryvconditions; the reflectivity, R(w), ig
caigﬁlated as a functien bf energy. This eﬁrve appears iﬁ'Fig. 16. The
peak in.el(m)'beleWFS eV causes & peak in this energy_range; the next
prominent structu?e is at 11 eV arising fromA5 —9A1vtransitions. The
R(w) curve strongly resemblee the ez(w) in Fig;‘B for energies beloﬁ
15 eV, as is expected. The shapes, heights and energieS’of'the meésured
énd calculated optical structure in this region are in good agreement with
' experiment. For higher energies, our reflectivity dropsvfaster than the. -
experimentai~reflectivity; this is due to the fact that the calculated &
is low for the L peak as discussed before.

The functions elﬁn) end.eg(w) are also used‘to ealculate Im[ZC%T—];
this curve is plotted in Fig. 17. At low energies‘of the
peakSvin theée curves exacflyvcoincide wiﬁh the ones in im[—z%gy—] ob~
tained from the optical data while at high energies the shape is very

close to the results of electron energy loss experiment.

B o



 energles E
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" ITI. " SCDIUM CHLORIDE

 The optical spectrum of NaCl is similar to that of Mgo,u’lb"15 and

it was therefore e xpected that the electronicvbahd structures ofvthese

two crystals should be similar, The method,deScflbed in subsection A |
of section II aﬁplies eqﬁally'well to NaCl; because both materials heve
the same crystal etructﬁre. The lattice constant, a, of NaCl is 5.65&.
The starting set of pseﬁdopotential form factors for the symmetric part

7

of the potential were obtalned by‘scaling the silicon potentlal for the

lattice constant of sodium.chlorlde. The results after scaling and the

.actual wvalues used in the-calculatlon are listed in Table IVQ They_

differ by about 0.01 Ryd. We expect the form factors at high |gj values

to have larger difference because‘of‘the'truncation, the results, however,
are close to the scaled valﬁes. The starting antisymmetric part of
the potential was obtained by scaling the MgO form factors. The actual

values used in‘the‘present calculdtion are given in Table V. Our VA(ll)

is negative, and this can be explained in the following ways: -The -

choice of the orlgln at the metalllc ion causes the structure factor of l
the halogen ion %o be -l, and VA(G) = (V (G) Vcl(_)) as shown in

(7) The form factors at hlgh IGI values reflect the localizatlon‘”
of the potentlal and since i alkali: halldes, the’ Valence electrons are
near the halogen ion, they see a large potential due to halogen ion._"
As a reeult, VCl(g) is larger than VN;(Q) end‘VA(g) 1s negative, The
and Eg,used in this caleulation are the seme as used for

1
Mg0O. The convergence 1ls of the order of O.l-eVﬁfor the main energy

. : - , . . : .
£8ps; tbey'are F15 —>Il, 13 —>I?, Zﬁ(~>zl, FlS —>F25, IB —aLB,



The resulting band structure is given in Pigs 18, The band struc- .' .
ture-beérs an overall similarity to the band stfucture of MgO, but some
5f the energy splittingsbare'different (e.g. the FlB —>Fl gap in MgO
is 7.77 eV). Another.diﬁference betweenngO and NaCl is that there is
less dispersion in the_eﬁergies of the various bands as = functién of‘
wavevector; The major difference, hoWever, is phe relative lowering of
the upper conduction bands (bands 6 through lO). These bands contain
déwave components, and theyiare lowered to such an extent that in the
caléulatioﬁ we find that the XB level lies below the Xi level., It is
difficult to check this experimentélly; The lowest valence band ié,in—
ciuded for completéneés, but 1t is not expected that the EPM will give
the energies of this band accurately. The comparison of the values of
the energies of the promineﬁt optical structure in the'ég(w) are.liéted
‘in Table VI bTable VII glves the complete 1ists of c;p.'s'for transitibns
from 2, 3, 4 bands to 5, 6, 7 bands.
| Figure 19 gives the calcuiated eg(w) assuming constant matrix elements
in Eq. (9) and Fige. 20 give the eg(w) with matrix elements computed with
 pseud§poténtial wavefuncti9n31 The relatilve heights éf the peaks showh
in Fig. 20 arevconsiStentvwith experiment. We héve, hoWeVer; uSéd an:
ovefall S§ale.faét§r’of 6.6 in.the caleulated eg(w)'to mgke’thé.maih pgék
at'll,l eV agree with the corresponding experimental values The curve
is plotted up to an energy of 18 éVé the sum rule for the theoretical
curvé,is obviOuély riot obeyed; because of;the scale factor.. . |
"The excitbn appearing at TaT73 eV.(300°K) and the structgré near.y ‘
| | 3,4

the'fuhdamentai gap agree very well for the two measurements. The

exciton structure which 1s well separated from the band edge has been
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examined at low temperatures, and the spin-orbit splitting and higher

3,4

order lines in the exciton series have been observed. The exciton

structure 1s not included in the theoretical eg(w). _The fnndamental
gap F15 ~>Fl was adjusted to 8.97 eV to agree with the gap determined

0]

experimentaily; It has M. symmetry as shown in the energy contours
(Figs. 21, 24, 27). The exciton is associated with this edge.

The next structure arises from transitions along the [111] direc-

tion, i.e. an Mb CeDar at 9,86 eV arlsing from L - I? transitlons and

an M, ceps at 10,29 eV coming from[\_5 - A, transitions, (Flgs. 21 and 24)

 We think it is this Mé type s1ngular1ty'wh1ch causes the distinet

,'shape of the corresponding peaks for NaCl and MgO. Experimentally, NaCl

has a round smeared out peak whereas MgO has a sharp peaka A differ~
ential reflectance measurement near this energy'region would be very

helpful for'this_identification‘ The magnitude of this structure differs
greatly'between experiment and theory as 1t does in MgO, GaAs and.otherv

zincblende compounds as we mentioned in section IT. In the latter case,

.part of I =~ A structure is masked by the prominent > - A - X peak around

| ll eV.

As in MgO and in the zincblende structures, the largest interband

peak of NaCl in the optlcal spectrum.comes from trans1tlons along A

. and 2 (see Table VI, Figs. 20 and 21) The magnitude of this peak is

strengthened by'a large region in the k-space (Fig. 21). As we mentioned

above the X3 level is lowered and 1s nearly degenerate with X (Flg. 18)

The'lowerlng of X5 does not affect the.optical structure greatly in this

regions As we will show later, X, is even lower in KC1l, this has a

3

“large effect on the spectrum.



18-

Because of the lowerlng of the upper conduction ‘bands in NaCl the eV

Wide dip in eg(w) around lh 5 eV in MgO is absent in the correspondlng

[

‘ll—lEfeV region 1n-NaCl.~»waever, there“are quite-a feW‘weak c.p..s

ar151ng from ‘the A and by regions (Table VII).

o

The peak at 12 26 eV is the most distinct structure in the e, (w)

|
- for'NaCl compared to the'e“(w) for MgO (Figs. 3 and 20) The matrix
. elements for the 1nd1v1dual 1nterband tran81tions show the domlnantb
_contribution aris1ng from an Ml type 31ngular1ty from.LB —>I% (A-e o),
and. the M, type c.p. 8t L for b——a?, 5 ~>6 3T transitions (Fjgs. 22,

25, 27 and 28) 'The energy contours for 12 25 eV shown in Figs. 22 and

o 25 ‘contribute to the background of the peak

The next structure 1n the calculated eg'is at 15 eV whlch is o 5 eV
.lower ‘than the correspondlng one in the experlmental curve (see Flg. 20)
We attribute the dlscrepancy'to be due to the pseudopotential which as
lfchosen does not include the‘energy'dependent.part; -The,peak starts
.i with an MO c.p;'arising fromAFiS —SFé "with:energy lé}67 eV.“ The c.p.'sj
.vin this region are Quite cOmblicated. A strong Mi c.p. from.A5 AJ ' |
(Fig. 22) follows the I transitions these. form.a weak peak at 12. 7 V.
| Another strong contributlon from.A —>A3 (5 —>7 transitlons (Fig. 20)
jcauses the peak at 13 eV. As 1n the case of MgO the volume effects
are: large for this energy range (Figs. 23, 25, 26 28 and 29) This‘h
_ structure resembles the tw1n peaks structure 1n Mgo, it 1s not clearly J:".i.V.
shown in the €, (w)(Fig. 20) because of the 1ack of dispers1on 1n the )
venergy bands as a functioneof_wave vectors.ln thls energy range.__The
.rounded'peak in the exberimental curveidoes not*reSolve'théefinevstruc—

vvture'either.. The c.p.'s withlenergy higher than 13.6 eV are listed
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in Table VII, but we do not expect these energy determinations to be

calculated very accurately because of the omission of thevenergy de~

- pendence of the pseudopotential'ét high energy. The theoretical and expéri—

mental €5 both drop in this energy range.

- We also note that we confirm many of the aSsignments made by Roessler

. ) ‘ _
and Walker who used the MgO band structure as a prototype (Table VI).
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IV, . POTASSIUM CHLORIDE . ’ d

A. Pseudopotential Hamiltonian with / = 2 Nonloeal Term

KC1 has the same crystal_structure as Naci, and the method described
in §ection II for the loecal pseudopotential applies for this.case. We
start wifh.a get Qf;form'factors'which are scaled to the latticq constant
of KC1 from an average of the form factors for éodium.chloride ahd
‘germanium7 for the symmetfic part, and-from MgO for fhe antisymmetric part.
By’aﬁjustment we tried to fixi the energy at the fundameﬁtal gab to
Pe 8.69 eV. The resulting speectrum looks very much like fhe dne for
-NaCl.‘>Experiméntally5 we see the two épectra are completély different.

' This led us to suspect ﬁhat the simple local pseudopotential approxima-
tidn has tp be augmented for the case of KCl, and a nonlocalvpotential

was tried. The valence electrons in KCl are the (4s) electron of the

K" ion and the (58)2(5p)5 elecfrons of‘the Cl” ion. The core states

of KCl haﬁé-mainly s and p characteré, So the approximation that there

- is complete cancellation;for é and p states‘in.the local pseudopotential
should bé reasonable, For the d~like conduction eleétrons, thére willn

be no.complete cancellation,_and these_bandé cannot be treéted on-an
equalvfoqfing as -the s and p.bands. Thus:We add the'noﬁlocal p0£entialli
term only for I=2, _ | ’ | _ . .j o v

The pseudopotential hamiltonian has the following form!

B = - i
T\ 2m

where the first two terms on the right hand'side,afe‘the same as in

)vg + .V(v_lj) + Vﬁ (x) | (11)

Eq. (1), Vyy 1s the nonlocal pseudopotential term.
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" We know from studies of the atomic energy level that the energy
| .
4
of the d-state will be closer to the (Bp)6 core states in K ion than the
(2p)6 core for the €1~ ion. The effect of the core contribution to the

nonlocal pseudopotential is primarily from the K ion. The form of the

d-character nonlocal potentialge is

g, = 2 Vp(z - B)) B5 B (12)
<5 ,
where Bﬂ'is the lattice vector, Eg-is the projection operator.which acts
_oﬁ the left when the matrix elements of VNL are taken and projects out
oﬁly'?e= 2 component. 3; is the same kind of operator but acts on the
right and
-'Vé<£.' Bj) = Ay for |r - R| < Rq
=0 for |r - R| > Ry

~ ‘where A,-is treated as dispossble parameter and is the depth of thé square

well,. RS is the radius for fhe_square wells, It is determined from the

23

potassium ion.

The matrix elements of’VﬁL are evaluated over plane wave states

1° The_élgebra is, shown in Appendix

I.  We have neglected the matrix elements for those plane waves with

energy between E and EE' The resultant matrix elements of the potential

1
energy are the.sum of the matrlx elements for the local pseudopotential
and the { = 2 nonlocal péeudbpotential. When~the'con§ergence of the

éigenvalues is tested, we'find that‘in order to havé the variations of

the eigenvélues at the symmetry points, such as F; X, L, within O.1 eV,

we. need Ev and E, equal to 16.1 and 3%8.1 respectively. The size of the

1 2
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matrix is of the order of 65%65.

B. Numerical Results and Critical Point Analysis for KCL

:The numerical values of the form factors are giVen.in TablevVIII,
with the comparisoﬁ'of the>5caléd'form_fa¢tor$. This calculatiqn gives
ogly,rdugh agreement bécéuse‘pf the following tWo reasons. First,'our
attention ié mogtly restricted to the ldw'energy peaks in the specﬁrﬁm;
Better agreemenf for high enefgy_part (€ >'15f0 eV).er the spectrum
by pUttihg the £ = 2 nonlocal potential may be possible if the truncation
of the-1oéal’pseudopotentiél at'lgiez 16 was pushed to higher values‘.
Secéndly, the large size of thé'matrix at eachlg in the firsf'Brillouin.
Zone fequires an ‘excessive amouht ofvcomputer time, this restricted us
to a roﬁgh analysis. | |

" The band structure of KC1 is plotted in Fig; 30. The order of the
conduction bands are very similar to that obtained by the OFW mefhod,6b 
howéver,'éur results show iessbdiSpersiohvfor the enefgy as a function of
wavevector. ‘Thé Valence bands are consis#ent with the results of the APW
_-method.6c Flgures 31 and 32 give‘the eg(w) with consgtant matrix elements

and with matrix elements computed from the pseudo potential wavefunctions,

~respectively. The scale factor used to reduce the main peak in the

2

calculated ¢ fto the experimental value.is O0.41. The decreasing-of the ;

2
scale factors from MgO to_KCl is cbnsistent‘With the extent of the , : v
complication of the exciton structure andAwe shall»discuss this point

in section V. The exciton at the fundamental edge has been studied

R
extensively.5’ The peak is at 7.5 eV (300°K). The calculated eg(w)
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starts at 8.69 eV with an My type singularity (Figs. 33, 36, 39). The
peak at 9.8 erin the experimental curve is temperature dependent',5’11L
theré is no corresponding peak in the spectrum of NaCl., It must be

associated with the difference of the K& ioﬂ and the Na+ ion., As we

. . . Lt : +
mentioned previously, ™ the K ion ‘has a- (5p)6 core whereas Na has a

6
(2p) core; the conduction bands with 3d-character states therefore lower

3,b

in KC1 than in NaCl and the exciton is identified as the X, exciton.”

3

The calculated €5 does not include this peak. The next structure is

at the beginning of sharp rise in the calculated €5y it arises from

2

X.D - X5 transitions at 10.06 eV with c.p. symmetry MO. The matrix element

~of this transition is large. The conduction band at X3 is the lowest

energy band above the edge at I'; (Fig. 30). ‘The exciton structure at
9.8 eV is associated with this gap and the binding energy for the exciton

is of the order of 0.15 eV. The L5 - Lé and A, - A1 transitions are at

3
10.08 eV and 10,14 eV with MO and M1 type of c.p.'s respectively. The
small sharp peak at 10.L4 eV in the experimental € is identified as

(Tables IX, X and Figs.

AE; - A’l transitions at 10.L4L4 eV with symmetry Ml

35 and 56); ‘The value of k in the first BZ where the transitions occur
is at the crossing of the 5 and 6th bands in the [100] direction. The
calculated strength of the peak is rather high compared to the experi-

mental data. We thiﬁk most of the oscillator strengths associated with

X! - X, transitions and A_ - A} transitions are taken away by the strong

> 3 5 1

exciton structure at 9.8 eV (see Fig. 52). We therefore confirm the

identification of the 9.8 eV peak, We note in addition that in this

0]

326 and 2 » 65 transitions (Figs. 34, 37, 39). The transition at

crossing region, there are a few weak M. c.p.'s at 10.5 eV from 4 - 6,
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XL~ X, contributes & very weak M c.p. at 10.52 eV. This structwe
ends at 10,97 eV with an Mé type c.p. arising from_Zu —>Zl (b - 6) tran-
sitions. This peak corresponds to the-uéUal XA peak in MgO, NaCl and

.otﬁer crystals with the zincblende structure. Hdwéver, the strong c.p.'s

whilch contribute to!the beginning of the strucfuLe come frdm transitidns
of p-like étates to d-like states. v |

The c;p.rs.between-ll.ev to 11.L45 eV are listed in.TablevX. There
are large regions in'the BY, which contribgte to the 62 in this energy o
, fgnée (Figé. 3&,36,57 and 39),"The calculated ¢, resembles the experi-

mental ¢, in this region, but it is one of the difficult parts in the

2
process of determining'ﬁhe form factprs. The transitions from Ti5 —aféé'
is at 11.L45 eV and the c;p.'s asgociated wifh theée transitions are compli-
cated. All the»transitiéns from the valence bdnds to the 6th band have

N% symhetry bécause_df_the lowering of Xﬁ’ ZB,.and Al’ The transitions
from the valence bands fo the 7th band cause an MO (Figs. BA; 35, 37, 38

39 and 40); this occurs at the beginning of the broad peak in the €pe

The strongest contribution for the broad peak is mainly from volume effects

ii;e;,.large'fegion in the BZ with interband energy differences Of
vinterest. The interband'enérgy contoﬁrs’are'shOWn in Figs;'55; 37, 38,v'3
L0 and b1. Thé‘hump in the experimental curve starts at 11,5 eV and ends
éﬁ 11,8 &V. The calculated results show a rise at 11.5 éV which ends ‘
at 11.9 eV. .No c.p. is found in this region of energy (TablevX). The
slopéﬂat 11.5 eV differes from the expériméntal'résults; Wé believe thét
the caléulated band struétpre may nét have1endugh density of_stafes'in~‘

 the region rear 11.5 eV. The calculaﬁed 62 hag a peak at 12.15 eV which
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“is 0.35 eV lower than the experimentally measured value. The strongest
contribution near 12.15 eV comes from the L— 7 transitions at I with an
energy ‘of 12,13 eV hiving Ml symmetry. The experimental'ép drops rapidly

with enérgy larger than 12.5 eV. 7. The calculated ¢, shows a sharp

2
drop after the corfesponding peék at an energyjof 12.15 eV, The other
c.p«'s up to 15.51'eV are includedvin Table X, they are mostly singulari-
fies of type M2 and MB. The caléulated spectrum is cut off at lh.eV,

S0 the overall sum rule ls not obeyed.

The PlE band is included in Fig., 30 and it is farther from Fés
than in the OPW and AFW calculations. We have investigated the effect
of Vﬁﬁon this band. The energy value oﬁtained by setting VﬁL
ice., the I'g T, transitions are at 1L.9 eV.

“equal to

zero gives a higher FlE’

-0

The %= 2 nonlocal pséudopotential does bring down the PlQ band. At
. present, we leave this question open; a density of states measure-

ments (e.g. X-ray measurements) on KC1 would help to determine the

exact energy for FlE'
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V. COMPARISON OF THE RESULTS FOR THE THREE CRYSTALS:
MgO NaCl and KCL

The spectra of MgO and NaCl resemble each other, whereas KCl has*’
‘1ts own distinet spectrum, We shall compare the results of MgO, and
NaCl first, and then we go on to compare the results of the two alkali

halides.

"A. Comparison. of MgO and NaCl.

The band structure of MgO shows larger E(k) dispersion than the
band structure of NaCl, The exciton structure is different in the two
cases. MgO has a larger static dielectric constant (9.8; see ref. 23,
p._156) than NaCl (ey =5.9)« The effective-mass at the band edge is
smaller in the case of MgO (see the curvature for the two band structures
at I', Figs. 1 and 18) The exciton blndlng energy‘ls 0.1-eV in MgO
and 1 eV in NaCl. We also see that the intensities of the peaks near

the edge are different, in MgO, €

o is 5.4 and in NaCl, it is 6.8. .The -

overall resemblence of the two spectra‘is remarkable. Physically; the
twovcrystals have the same‘core stetes for the'metallic'ionse Mgé has
a complete (2p)6 core at the 07 ion and NaCl has the complete (5p)
core states at the Cl ion. The effect of upper d-band is small. No

drastic change in band strdcture and €, are expecteds: However, there o

2
’are'slight differences in the [111] direction. At 1l.1 €V ‘in Mgo and .

L

9. 8 eV in NaCl, the shapes of the peaks are different because of the

Mi type singularlty'for A_3 —aA_ transitions in Mgo and the Mé typs- c.p.

~for the corresponding transitions in NaCl. The largest difference in

2

the spectra is the extra peak at 12.25 eV in'NaCl which has no corresponding
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peak in the MgO‘spectran_vThe peak is identified as ccming mainly from

IB —aI%vtransitions. We can see this Qualitatively hecause the‘”

ccnductionvbandgstates'cf hhe ionic crystals are orthogonai to the

‘valence band staﬁes, and they.localize'at the metallic ion.2§ At I', the

ordering of the conduction bands mhst,he,cbnsistent with”the atbmic.;

. iévels of the metallic icn¢ Na+.and Mg++ have the same core states and

the numerical values of Feé with reference to the valence band must be

hlgher in MgO than in the case of NaCl because the 0~ have a (2p)

shell ‘and Cl vhas_a‘(Bp) shell. We have,seen “that in MgO, Fgé is 15.6

eV from the top of‘valence-band andVis»12,67 eV_in_NaCI. For E-equal

to zone edge value in the_[lll] direction; the charge density of the |

conduction hand states wiil not be localized at the metallic ion. The

energy of.the level must be'scme ralue between the corresponding atomic

- levels of the two constltuent atoms. For example, since the chdarge
’densihy is‘locallzed af the halogen ion, its energy'must be cons1stent
.with the atomic level Ofvthe]halogen ion.. In NaCl, the unfllled Bd states

‘: "are closer‘to (5p)6 stahes of the Cl"'ion,than the‘(2p) states in the |
'Of;.ion.n»Wé nbnld expect.that fhe L%-levels in NaCI-are'lower.andvfarhher
‘apart from FE‘ |

_ 5
_'charge density by using the pseudOpotential Wavefunctlons ‘for .k = (o o o) and

as compared w1th the case of MgO. We have checked the o

k= 2ﬂ/a (1/2, 1/2 1/2) and showed that the above. is in fact the case.
;The-0scillator strength of €5 is large up to 15 eV 1n NaCl. whereas MgO

shas considerable strength up. to 20 eV b‘ »' . v _' ' B '£>
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B. Comparison of NaCl and KC1 B w

The band structures for the two crystals show some common character-
istics, 1.e., little dispéréion of the energies with respect to the wavevectors *
Thé binding énefgy of thé‘excitdn at the‘fundamental edge is of the same
ordér of magnitude ~ 1 eV; »The measured spectr;, however, show great
difference. The sharp peak at 9.8 eV in KCI, which is strongly éemp@ra&
ture dependent?’lL does not have a counterpart in NaCl, As we mentioned
in sectim IV, the diffefence is attributed to the unfilled nearby 3d
states in K+ ion, because Na has a complete n = 2 shell and one 3s eléc}
trén; and K has a complete n = 3 shell and one ﬁs electron. The band
,fdfmed by the'unfilled-Ed states does not have complete cancellation from -
the corevstates which have mainly‘s and p characters. The valence bands
shouid be the same for £he two alkali halideé. We can céﬁpare the
numeriéal values of the enérgies for NaCl and KCl. We fhén seé that
the s-like band, i.é., the fifth band, does not differ so much:fcr the
“two crystals. The Peé band has d-character and is ioWered by half a
volt for KC1 compared to NaCl. If we use our simple argument again,
'we,¢Xpect the-energy-of L% in both crystals to-bevclose with respect to
the top of‘valenCe band;'and slightly lower in KCl.  The numerical valués
‘.obeé in NaCl is 12.2 eV and in KC1 12f02 eV. The effect of ldwering the
d-like Bands in KClvnot only recauses the-intérband-transitions to differ
frém NéCl,,for example the X-A-3 peak diécussed in subsection B.of i ;')
Section ;V,-but the lowering also causes an additional exciton peak at‘ |
| 9.8 eV. 'ThévX

level in KCL is 0.48 eV lower than X. whereas in NaCl, the two

> 1
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w bands are nearly degenerate., The oscillator strengths for both crystals
are'large at energies bglOW‘15 eV. We have taken the'Cl potentials from
the.reéults of the two crystals. The results are plotted in Fig. 42 . and
they égree very well,
Finally, the scale factor whiéh we used to .adjust the mailn peakj

in the theory to the experimental value_iselosest'to unity in MgO. .The
exciton in MgO is relatively weakly bound.  In NaCl, the scale factor is
0.6. The extra X5 exciton in KC1l causes further decreasing of ﬁhe scale

factor, Although we include 10 bands in the € -calculations, the sum

2
rule is not obeyed, the general trend of the weakening of the strength

of the interband transitions because of exciton effects is clear be-~

cause the overall sum rule must be obeyed by the experiment and theory.



Fig. 1
Fig, 2

Fig. 3

Fig. b
Fig:
Fig.

Fig.

Nl [O XN

Fig.
. Fig. 9

Fig.10

Fig.1l1
- Fig.l12

Tig.13

Fig.lhf

-, Fig.15

Fig.16

Fig.l7

- 30 -

FIGURE CAPTIONS

Electronic energy band structuré of MgO

Theoretical eg(w) with gohstant metrix elements.
Theoretical €é(w)1with matrix elemenﬁs computed using
pseudo-potential wavefunctioné; i ‘
Energy contours fér h —» 5 transitions in t_hejl"KL and TKWX plénes.
Energy coﬁtours for 3 =5 trahsitions in the T'KL and TXWX pianes,
Energy contouré for 2 —» 95 tfansitioﬁs iniﬁhe KL and I'kwX planes.

Contributions to ¢, fran 4 -5 transitions.

2

Contributions to €. from % — 6 transitions.

2
Energy contours for 4 — 6 transitims in the I'KL and TKWX.
Energy contours for 5'—96, 4 -6, and 2-» 5 transitions in the

I'XU plane.

‘Energy contours for 3 - 6 transitiohs in the TKL and T'KWX planes.

Energy contours for 2 — 6 transitions in the I'KL and'FKWX”plaﬁes.

Energy contours for 4 — 7 transitions in the KL and I'KWX plahes.

- Energy contours for 3 — 7'transitions in the TKL and TKWX planes.

The real part of the dielecﬁric function as a function of energy.

The reflectivity as a function of energy.
The imaginary part of the reciprocal of the dielectric function

as a function of energy.
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Fige 18 ‘Electronic energy band structure of NaCl,

Fig. 19 Theoretical €5 with constant matrix elements.
Fig. 20 Theoretical €5 with maﬁrix elements computéd using pseudopotential
|
wavefunctiong.

Fig; 21 »Energy contours for 4 — 5 transitions in the KL and 'KWX planesa.
Fig. 22  Energy contours for 4 - 6 transitions in the I’KL, and I'KWX planes.
Fige 23 Energy contours for 4 — 7 transitions in the I'KL and I'KWX planes.
Fige éh Energy contours fof»}-e 5 transitions in the I'KL and I'KWX planesa.
Fig. 25. Energy contodrs for 3 — 6 transitions in the TKL and T'KWX planes.
Figs 26 Energy conﬁours.for 357 fransitions in the I'KL and I'KWX planes.
Figs 27 Energy contours for 2 — 5 trangitions -in the I'KL and I'KWX planes.
Fig, 28 Energy coﬁtours for 2 - 6 transitions in the TKL and T'KWX planes.

Fig. 29 Energy contours for 2 — 7 transitions in the I'KL and I'KWX planes.

Xcl

Fig. 30 Electronic energy band structure of KCl.

fig; 31 | Theoretical»e2 with‘constant matrix élements.

Fig. 32 Theoretical € With'matrix elements computed using pséudopotential'
| Wavefunétions.: |

Fig. 33 Energy‘contours for'h——$5 transitions’in the I'KL and ['KWX planes.

FPig. 34 Energy contours for 4 — 6 trénsitions iﬁ the I'KL and I'KWX pianes.
‘Fig. 35 Energy éontéurs for 4 —» 7 transiﬁions in theLFKLland_FKWX planesa.

| Fig. 36 Energy éontours'for 355 transitions:in the FKI and ’KWX plenes.

- Pig. 37 Energy contours for 3 - 6 transitions in the I'KL aﬁd I'KWX planes.

Fige 35 Energy contours for 3 T transitions in the I'KL and I'KWX planes.
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Energy contours for 2 — 5 transitions in the I'KL and I'KWX planes.

Energy contours for 2 — 6 transitions in the I'KL and TKWX plénes.

Energy contours for 2 — 7 transitions in the I'KL and I'KWX planess

Comparison of two Cl poten‘-t.ia.ls extrapolated from the results of
o ! ’ v -

NaCl and KCl, lci'l2 is in units of (2Tr/aKCl)2. - ‘

Geometry of the angles used in evaluating the / = 2 nonloecal

pse udopoté'nt ial.
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Table I.
Form Factor . -."Currént'Calculation Reference 1k
! : , , %
vs(eoo) ' -0,0956 Ryd. " -0.1008 Ryd.
v (220) . 0.0705 , 0,0745
Vo (222) ‘ 0,0191 - - 0.0238"
VA(lll) o.2k71 0.2500

i) , . 0.013%6 , . ~0.0160




_78_

Table II.

Prominent Intérband

Energy (thebryD

Fnergy (experiment)

- Transitions (eVv) (ev)
rs=ry T.76 .77
RS (10.8) .1‘1'.1 (peak) 1o._8. (peak)
PR |
A —>A_L 13.2 (peak;)"' 13.2 | '(peak.) |
2,3, (13.3) Gos) |
Ly _;1.5* | _. 15.2 15,7
25';>zl 15.7 (peak) 16;8 (peak)
by —dy | 16.-é (pea‘k)' 17l+ (p’e_.'ak.).'a
.24—»21 (4 - 6) _. 19 l_éo.s




~79~

Table ITI,
Calculated Critical & Band Transition Symmetry
Point Energy (eV)i ' T ' ' '

(O S M,
10.885 L oLy | | M,
10.893 y By o b My
12.35 | Xy —>Xl My
5.0k Ay oA My
13,3 o3, o3 (Bss) M,
1h.02 Lo 1 X'5->X5 - o My
15.2. , L3 .——>L'3 : : _ : MO
15.35 | A oY | M
1_5.151 | | F15 —-)I"éb_ | o | i,
ST Ay —8) (3 -6) o oM
15.575 - 'ZLL -2 (if’orbidden) : M
15.576 s : | 45_ AL (4 —9_6)‘ . | M5

1559 R RS N | M
15.66 2 = (3 - 5) My
6.2 S ol (s 67 3 6,1 M

_.16'59 o R 2 o M
16.59 | I, -3 (25 5) T
16.6% 5, —>Al (b >7) | M,

16.93_ Xy —ﬂ% (forbidden) - » | Ml
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Table III, (continued)

)

Calculated Critical Band Transition ’ . Symmetry
Point Energy (eV) S o ' ‘

17.01 | | =8y (3 -7) | |
18.3 : :?2 +5) f;i ? z |
r W) gy
18.99 5, 3 (b 6) My
19.79 Wk o), (5 56) My
20,105 _ K K M,
N ) 5
21.7 - : | SpoZy M
21,70k o Ky =K, M
2kT55 Xk ) My
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Table IV.

Form Factor

Scaled from Si

Actual Values Usgd

(symmetric)
vs(eoo) -0.076 Ryd. ~0,08% Ryd.
7o (220) | 0 -0.0186
vs(eee) 0.036 0.0k47
Table V,

Form Factor -

~ Numerical Value

(AntiSymmetric)
v (111) © 0.1448 Rya.
VA (311) ~0.0255.
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Table VI.
Prominent Interband Energy (theory) Energy (experiment)
" Transitions o (ev) q - (eV) |
P15—> tl . 8.97 B ‘ 8.967
I3 - L', ~9.86 - 9.5%0.3
hy >0y 10.29 o 10.40.3
Xt 0.34
5 ~+X3 o 10.3 |
t
X5 - X 10,42 10.5 -
A5 ——>Al 11,07 11.30.2
%), >3 ‘ - 1. 52 : ll.LLiO}.E
13 -»I% S 12;26 - 12.26 (peak)r
ro_-Tf_ - 12,68 13.%0.3 -

15 25
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Table VII
C;i;;%a:igrgfl?;%l | Band transition Symmetry
8.97 | Tis 2Ty - | My
9.85 - Ly -1 M,
10.29 ‘ L Aoy (B ) M,
10.35 | XL > X, M,
10. 43 | X! =X M,
11.07 By =0y (B3 »5) M
1L.25 | L -1 My
11.%2 " z), -2 (b-5) M,
11.33 | X > X, (forbidden) | M,
1.4 _ X > X M,
| 11.64 | o {Al sy (forbidden) My
a8y (B 20) !
11,7k 41 >N (2 » 6) M
1.7k ), - :25' (forbidden) M
11.82- | -z§—>2>1”(3—>5) M,
12. 0L o A 2.54 My
Sl2.1 o L W (4 -5) My
e e
12,25 oI (3556) o
Ly > L (&> T7)(3 > 6,7) M
12,k o I o3 M
12,6 | W (2,5 - 5) My
12,61 o a - (256) M,
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Table VII (continued)

Calculated critical

point energy (oV) Band transition | Symme try
12,64 . A5 =0, (5.5.’.&‘_)7)‘ 1, ;‘
2.6 ol (Bho0) o5
12-61 - 577 Mo
wr omemeenow
2 by ohy (3% 6) o
12,77 | 'A5_>42' | o
.79 _ RN (forbidden) My
12,8 A5 "’Aé Ml
2.8 B i,
12.83 , A b (256) Cw,
2.6 Comen e
12.89 , 5 -3 (ko) M
12.95 hy by (5 T) “MB |
(5-1) A
2o 3y 600 3
13.13 | | By by (A7) | M3 -
13.02 23___,.21‘ (3 _;7).. uy
15.05 ' Dy A (2 - 7) oMy
e oy | o Ms.
'13,2L : &) =Dy (2-17) - LA
Bl 0L (206) M
| e M
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Table VII (continued)

Calculated critical

point energy (eV) Band transition Symmetry
13,64 o W (2,5 »6) - My
13,6k ' 23 -3 (3 - 6) My
13.77 : zl >3 (2 »6) M3
15423 Xé - X, M5
16,21 ' Xp » X, -(forbidden) Ms
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Table VIII.

Form Factor

!

i

Numerical Value

g

Scaléd Values

v5(200)
vs(eeo)
Vo (200)

v (111)

v 311)

Vd

-0.0886 Ryd. :

=0.0597
0.0082
0.1410
~0.0537

~1.26

|

~0.075 Ryd.
=0.035
’ 0.0073

0.1k
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Table IX.
Prominent Interband Energy (theory) Energy (experiment)
~ Transitions | - (ev) - ' ' (eV)
X' X : : 10006 . -
5% _ 9.9
Ly > Lf 10.08 9.0
Ay >l 10.1k | 9.2
1 ' ’ S
X5 —)Xl 10.52 10.9
A5 A 10.44 11.1
3, =3 10.93 | le.lk
Ly =1 12,13 _ ' 11.2
I, I , 1whs 11.6

.15 25 -
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Table X

Calculated critical

point energy (eV) Band traps1tlons

- Symmetry

8.69 ] g >0
10.06 o X'y =Xy
10.08 o I, - Iy
10.1h4 Ay (35 - 5)
1o.lfu by (strong) L
- 10.5 S "{Aj—) & (5;‘1;_)6)
T A (forbidden)
10,51 | o ‘Xé - X (3,4 6)
10.52 X, - X, (forbldden)
10.61 - Al_.—‘" A4 (forbidden)
10,66 ' Ay —>Al (2 5 6)
10.93 CoE, o, (4 >5)
10497 | - '3, -3 (forbidden)
: 10.97‘ | 'Xﬁ - X |
e S Zs "».25 |
11.27 | | B 5
11.28 o % E 6 - 5)
RN I W Y CRN)
1.3 - B
11.43 - WG s)
L (o)
o o _{w.('e 5 6)
1045 . Ty »Ths (4 56)(3 56)

| (2 »6)

—

R N I e
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"“Table X (continued)

Calculated critical
point energy (eV)

Band transitions

Symmetry

11,45

11.46
117k

12.13

12.1k
12.35
12,45
12,51
12,52
12,7

12,85

13431

L, oL

I =Tpg (F=7)(5-7)
(2-7)

W(LL ->7)
W(2 -—>7)
L3 - L% (4 »6)
(b >17)
G653 T)

By > B

2y =% (3-7)

Al —>A5

zla%(esﬂ

3

Xs —aXB

XL-%»XS o

O OB O o R o R SRR & B
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APPENDIX I

Evaluation of Matrix Elements for iI=2
Nonlocal Pseudopotential

The form of the d-character nonlocal pseudopotential is

v<r>—zv<1r-R|> B (A1)
R. :
=]

where Bﬂ is the lattice vectora

Eé, Pg are the projection operators defined in the text.

_Vé(g_f Bj) = A, for ]E_% Bj| < Ry

- H

_ | (10
0 for lz_—‘Bﬂ! > Ry (@)

' A2 is the depth of the potentlal well and is treated as a parameter,
| o
in unlt of rydbergs.

R = 1.33A for the radius of the X ions

The matrix element of VNL(E) is evaluated over the basls set,

‘in the form of el(E%g)ii

<VNL> = (ei(k+G')'r|VNL|ei(£+§-)'£ > _ 2 /‘ 'i(k"‘G)'I‘

: o : o : (AB)
‘ Ci(k+G)er 3
Vo (lz-R, 1) B P e i6) i &’r
Let E’—- 2—3

where © is the volume of the unit cell and V is the volume of the crystal.
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The volume V will cancel out with the other terms in the pseudopotential
Hamiltonians
© Expanding the .plane wave in terms of SPherical hamoniecs and

.Bessel's functions,Al we get,

3 (k+G)er! L . . * ' C |
S(EFG)r' _ 2 &1 dp(relxt) Yo (O @) ¥y (87,87) (45)

The géometry'of the angles and vectors are shown in Fige Ala

~We apply the projection operators Pé and P. and obtain

2
Pr iQ‘-*g-)'T' = ; (1) (|1§+c}|f') T (6.,0.) Yl‘ ', ¢')
2 © —o= o 2 gy HEGIE) Top Perfe) o 17

(46)
- | er! L. i * 1 '
P, e 1(k+Q)er'_ ) mig .(‘-1)_ I ([5+g|r:)n Y2m(99_’¢g_) T, (875 ¢")
Putting "(A6) into (Ak4),

R

v 2 A8 ‘ S : '
2 : 2, ; . '
(V) =— = f 'S dr (bm)"g, (Jret frt) (18l et) X, (607, 85)
* _ ' S v _ : ' ;_ T :
‘The summation over meaan be simplifiedAl by
| o 2k - B
Pz("Y) =5 Z ng (9)95) Yem(e ’ (I) ) - _ (A )

M=

' where Ié(y) is the ILegendre polymomial.
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A

cos Yy = cos O.cos ©' + sin O sin 0' cos(¢p-¢')

<VNI.> can thén be expressed in terms of the radial in_tegral' only,

A2V

, . » R . '
() = 5= - 2omps By [ Fetfarr gy (lmle) Gplleet|e)
! ' . 0. O »

. ' - (A9)

We separate the radial integral into three cases?t ‘a. -the'_diagor‘lal _ »
matrix element; b. the off-diagonal matrix element with l_lg + _C:" = IE
+ g’]; ce . the off-diagonal matrix element with IE +g| = IE + g'l.

‘A1l the following integrations are tabulated in Ref, Al.

a. (V) =5 v 1om - kLG (lerelR -3y (IkelRy) 35 (1xralRy)T (a20)
- " e -
b {V- Y = fgf - 10m « P_(y) B [-2(|k+GlR Y= <|k+G|R )" (|k+G|R )]-(All)
S 1 ) oY) Ry LapUIKrGiRg )=d; (I CIRg) I3 (HErGI Ry N
) B o] Ry [1scl 5, (e 5.
Ca v = —— « 20 < P.(y < Mk+G{j-(1k+G'|R

_ _ - (A12)
3y (el RY) - Tkret3g (IR 35 (1E#GIRY)
where.

cos Y = cos elffg cos 9§+§'+ 8in 9k+ sin Qli_gg‘cos_.(%{j_q "¢k+G_')“ R -
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