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ABSTRACT

The electronic band structure aﬁd optical constants of»NaCl and
KCl are calculated using the Empirical Pseudopotehtial Méthod‘(EPM).
The NaCl bend structure was calculated using the standard EPM; however,
for KC1 we have added a nonlocal d-wave potential similar to that used
by Falicov and Lee for potassium. The prominent structure in the

measured optical spectrum of these crystals is identified.
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I. Introductioni
The ultraviolet optical properties of the alkali-halides have been
studied extensively by absorption measurementél and reflectivity
measurement52 for photén enérgy from 5-12 eV at several temperatures.
vRecently, the reflectivities of NaCl and KC1 have been measured by
ﬁoessler and Walkers over a wide range of photon energy (5-28 eV), énd

an accurate €2(w) has been obtained using the Kramers-Kronig relation.

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

‘stfucture in this déta by calculating the electronic energy band
structure and optical constants of NaCl and KCl. using the Empirical
Pseudopotential Method (EPM).

Theoretical calculations of £he electronic band structure of NaCl
was first done by Shockley;h the results provide the valence bands Oniy.
Two other calculations on ﬁaCl were reported 5y Tibbs’5 and Casella.6
Tibbs' calbulatién 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 52(w) calculations using the

EPM for NaCl.7

In the present work we will give a complete critical
point analysis of the band structure andlattempt to givé a detailed
analysis of the structure in the optical spectrum.

For KCi, several»calculétionsvexist in the literature. Howlarid8
. calculated the valence bands, and Oyama and Miygkawag calculateq\the
. conduction bands by the-OPW_method. DeCicco10 uééd the APW method to
calcuiate_the entire band structure of KC1, quever; his results appe;r

to give only fair agreement with experiment, e.g. the calculated funda-

‘mental gap at T is 6.3 eV, whereas, experimentally, it is .8.69 eV. In
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the present work, we have again used tﬁe EPM to explore the electronic
structure of KCl. 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 (hw §:l3 eV) of the spectrum.
Second, we add an £ = 2 nonlocal pseudopotential term in order to treat
the d-like conduction band states_on a different footing than the s and
p-like states , and to obtain convergence of 0.1 eV for the eigenvalues .
requires & matrix size of the order of 65 x 65. Highly accurate eigenvalues
are therefore difficult to obtain; and this limits us to,a greal extent.

Thé paper is arranged as follows: In Sec. II we give an interband
critical point analysis of the 82(w) for NaCl. The ee(w) with constgnt
matrix elements is also given and a comparison of fhe conductién band
density of statés with the photoabsorption measurementsll is iﬁcluded.
In Sec. IIT we discuss the pseudopotential Hamiltonian with an & = 2
nonlocal pseudopotential, the choice of fhe form factors, the band
structure, and ee(w) for KC1. 1In Sec..IV Qe compare the results for
NaCl and KC1.

II. Critical Point Anal&sis for NaCl

We have previousiy described7 the method for obtaining the pseudo-
potential form .factors for NaCl and the identification of the prominent
structure in ez(w). To give a more complete analysis, we give here the
interband cp analysis and the eg(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 62(m) with matrix elements computed

from the pseudowavefunctions. These afe 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 I'.. = Tl was adjusted to 8.97 eV to agree with

15

the gap determined experimentally. It has M ‘symmetry as shown in the

0
--energy contour diagrams (Figs. 4, -7, 10). The next structure arises

from transitions along thei[ill] direction, i.e. an M_ cp at 9.86 eV

0]

-arising from Lg > L2'btrans1tionsvand an M2VCp at 10.29 eV coming from:

Ay~ A trensitions, (Figs. 4 and 7). We think it is this Mz‘tyﬁe'

s%;gularify which causes the difféfent shape'of the corresponaing peaks

fér NaCl and MgO. Experimentally, ﬁaCl'has & round smeared out éeak,

wﬁereds Mg0 has.a sharp peak. Differentiél réflectance measurements,

néar this energy region would 5e very helpful to determine the characteristics

of this structure. The magnitﬁde of this structﬁre differs greatly between

experiment and theory as it does in MgO,l2 GaAsl3 and éthér zincblende

compounds,lh ana it is masked by the prominent X-A-Z feék around 11 eV,
The largésf interband peak of NaCl ih‘the 5ptical spectrum comes

from tranéitionsnalong A and ¥ (see Tabie I, Figs. 2, 4 and 7); this

is also found in tﬁe diamond and zincblende structure and in Mg0. The

M, singularity at A - Al is at 11.07 eV and the M2 cp of I) +,£1 is

>
- at 11.32 eV. The resultant peak is.at li.l'eV. The magnitude of this
| ﬁeak is strengthened by a large region in the k-space having this energy .
' differénce (Fig. 4, 5; 7, 8 and 10). |

| “Because of the lowéringvofbthe upper éohduction bands in NaCl the
wide dip in ee(w) around 14.5 eV in Mgo.is ebsent in the cérresponding
11-12 eV régiqn in Nabl; howe?er,'there are quite a few Qeak cp's arising

from A and I 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 distinet structure in E2(w) for
NaCl which is different from'MgO;l2 The matrix elements for the
individual interband transitions show the dominant contribution arising
from an M) type singularity from L3 > L3' (L >~ 6 and 3 > 6) tran;itions
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 M2
cp from 1\1'-> Al (2 + 6) transitions at 12.61 eV also contributes (Fig. 11).
The ne*t structure in the calculated €, is at 13 eV it is 0.3 eV
lower than the corresponding structure in the experimental curve (see Fig. 2).
We‘expéct some discrepancy at high energy since er_pseudopotential is
taken to belenergy independent. The peak starts with an MO cp arising
' with energy 12;67 eV. The cp's in this region are

from-Fi -+ F2

5 5
quite complicated. A strong M, cp from A. - A2' at 12.77 eV (Fig. 5)

1 5

follows thelf transitions. Together these form a weak peak at 12.7 eV.
Another strong contribution comes from A3 -+ A3 (3 +.7) transitions (Fig. 9)
causing the'peak at 13 eV. As in the case of Mg0O, a large volume of

the Brillouin zone contributes in this energy range (Figs. 6, 8, 9, ll,‘
12).  The resulting structure resembles the twin peak structufe in MgO;

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

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

is in Mg0. The round peak in_the experimental curve does not resolve

the fine'stfuctﬁre very well. The c¢p's with energy highér than 13.6 eV
are listed in Table I, but they are ﬁot expected to be accurately determined
because of the expected energy dependence of the,pseudopofential for

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

as a function of energy in this energy range.



-5-

- We have also calculéted the densitj of states of the conduction
£ands. The resulté are plotted in Fig. 13 and can be used to explain
' the étructure in the recent photqabsorﬁtioh measurement on NaCl by

 Haensel et al}l These authors used the synchrotron radiation to excite

the inner core states (L ) of Na causing transitions from these

» i1’ LIII v
states to the conduction bands. The structure in the measured absorption
coefficient cﬁrve must "correlate with the density 6f states of the
co#duction bands. We have treated the calculated density 6f states of

N%%l as being probortional to the absorption coefficient with constant
d{pole matrix eleménts. The peaks A and B in the experimental reSuits
are.identified as thé exciton'eXCitétions. The energy différénce'of

peaks C and B is about i eV. If we take the binding energy of the n =1
exciton for NaCl to be 1.2 eV, the.differencé in energy between the
n=2andn=1 gxciton states is 0;9 ev, Thus:we can assign tentatively
the peak.C in the experimental result fo n‘=‘2.exéiton éXcitation. Howevér,
* we have not included the exciton effects in our caléulation;.and thgfe-
'foré 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 énd H; (we have calculated the conductién band density'of states

- up té higher energies thaé éz(w)) these peaks cofrespond to ?he labeling

in Réf. 11 for NaCl. The higher energy peaks, i.e. F, G and H ﬁave lower
energy.values than the measured vélues;,the difference is of the order

of 1 éV. As we mentioned earlier, the 13 eV peak in the uv data, which
corresponds to the 12.6 éV rggion in the calculated density of states

curve, is 0.3 eV lower in the theoretical €, than the one obtained

2

by measurement. We expeet that the discrepancies in the energy values
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for the higher energy peaks'are of the order of‘l eV. One may point
out that the st?ucture 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 A_ and L3"(6th band); the corresponding wave-

3

functions have p-character. It is‘easy to show thét the transitions
"frog the inner p-core states_to_ﬁhe p-like Bloch states are forbidden.
The exact matrix element of the dipole transition will be decreased
because oﬁe has to project out from ﬁhe Bloch wavefunction that pgrf
of the wavefunction with p-characteristics. .So the calculated results
in Fig. l3bagree well with the experiment on‘photoabsorption.

| ITI. KC1

A. Pseudopotential Hamiltonian with £ = 2 Nonlocal Term

KC1l has the same crystal structure as NaCl; the method described

7

for NaCl' 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 avefage of the form factors for sodium chloride7 and

15 The antisymmetric form factors are scaled from MgO.12

germanium.
By merely adjusting these five parameters, we cannot reach the identified
energy for the Fl

> F2 ' transitions, and the best resulting spectrum

> 5
for the above model looks‘very much like the one for NaCl. However,
experimentally, the two spectra are completely different. We, therefore,
have addéd a nonlocal éseudopotential'for the following reason: The
valence electrons in KCl consist of the (bs) electron of the K atom

and the (35)2(3p)5 electrons of the Cl atom, and the unfilled 3d states

A . S
for the K ion have lower energies with respect to the vacant (ks)
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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 KCl1 have mainly's and p character; -
so the appfoximation that complete cancellation for the s and p valence
electrons from the core states in the»locai_pseudopotenfial modél

should be reasonable. However, for the d-like conduction electrons
which in‘KCI are more important for the low energy spectrum, the
cancellation from the core will not be éomplete, and these bands cannot
be freated on an équal footing with the s and p.bandsL. Thus we add

- a nonlocal pseudopotential term for £ = 2,

‘The pseudopotential Hamiltonian has the following form:

h2

_EE'V? + V(r) + VNL(E) j.’; o (1)

i =

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

and the local pseudopotential; while V_. is the nonlocal pseudopotential

NL

term. The local pseudopotential has been discussed in Refs. T and 12,

we shall now discuss VNL’

We know from studies of the atomic energy_ievéls that the energy
of‘the d;state will be closer to the (3p>6 core state in the K+_ion
tﬁan’the (2p)6 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. o
The form of the d-like nonlocal pseudopotential isl6

ZP r

5 (2)

Vg, = g Vo (5;'53) Py
=J
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where R, is the lattice vector, and r ' is measured from the center of

J

the K+ ion. P22 is a projection operator; it acts on the left of the

ﬁave function when the matrix elements of V are taken and projects

NL

out & = 2 component only. P2r is the same kind of operator but it

acts on fhe right, and

VQ(ET- Bj) VA2  for Ir - Bﬁl < R,

(.3)

!l
o

- >
for |r - B,| > R
A2 is treated as disposable parameter and is the depth of the square-
well potential. RS is the radius:of the well; it is determined from

16,17

the potassium ion and is not treated as a paramefer.

.'The matrix elements of V are evaluated over plane wave states .

NL
. 1 ) . |
with energy less than El' We have neglected the matrix elements for
those plane waves with energies between E, and E,. The resultant

1 2

matrix elements of the potential energy are the sum of the matfix
elements for the local pseudopotential and the £ = 2 nonlocal pseudo-
potential. When the convergence of the few important energy gaps at
fhe éymmetry points, such as I', X, and L, are ﬁested, we find that in
order to keep the variation of the energy gaps within 0.1 eV, ﬁe musf
have E1 a.ndvE2 equal to 16.1 and 38.1 respectively. The éize of the
matrix is of the order of 65 x 65. |
B. Results and biscussions

Thé numerical values of the form factors are given in Table II;
the magnitude of A2 agrees very well with Ref. 16. The resulting baﬁd

structure of KC1 is plotted in Fig. 1I. We have indicated the extent

of the convergence for the 9th end 10th bands at a few places in BZ



along T and A. The valence bands are consistent with the results of

0 Our results for the éonduction

9

’ Calculations using the .l‘wa-xrxet.hod.-l
'Bands are similar to that obtained by the OPW method,” except that
.ﬁhe energies have less dispérsion as a function Qf wavevector. Figgres
15 and 16 give the 62(w)bwith constant matrix elements and with matrix
elements computed from the pséudowavefunctioné respectively. The scale
factor used.to reduce the main peak for‘ihé calculated sé in Fig} 16
to the experimental value is 0.38. This was done to facilitate the
compérison between ;heOry and experiment. The décreasing Qf the scale
factors from NaCl to KC1 is consistent with the extent of the éomplica—
tion in the exciton structure; Qe shall discuss this point in Sec. IV.
Beéauée of the scale factor and the fact that the 82(w) with matrix
elements is only plottediup to l3_eV, the overéll sum rulé is not obeyed.
"’ The proﬁinent’sﬁructure in the-£2(w) are listed in Table III.
The exciion'at the fundamental édge has been studied extensively.2’3
The peak is at 7.5 eV (300°K), and the fundamental gap is placed at
8.69 eV. Our calculated €,(w) starts at 8.67 eV with an M, type

singularity. For the experimental curve, the next structure is at 9.h eV
2,3 ’

“and is temperature dependent; there is no correspondiﬁg peak in

the spectrum(of NaCl:. It must, therefore, obviously'bé associated-
with the difference-of the K ion_and.the Na' ion as we mentioned in
"Sec. IIT A. We believe that thé main difference is that the energies
of the d-like conduction bands are lower with respect to the first
‘cénduction band in KCl than in NaCl. This structure is identified

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

X, exciton. Our calculation of éﬁ(w) does hof-lnclude exciton effects

3

'
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and therefore does not include this peakj however,'the results of the
band structure calculation supports the above identification. The

conduction band at X, is the lowest energy band above the edge at

3

Iy (Fig. 14). The optical transition, XS' > X3, is at an energy of

9.83 eV with ¢p symmetry MO; it is followed by the AS -+ A2' transition

1

X3 exciton is of the order of 0.5 eV. The L3 -+ L2' transition is at

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

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

es in the case of Mg012 and NaCl for 4 » 5 transitions. The corresponding

X - A - I peak in the other‘two‘crystals, MgO and NaCl, appears also

in the present case. These transitions are X_' - Xl,'A5 -+ Al -and

5
Zh > El at energies 10.3 eV, 10.34 eV and 11.05 eV with Mo, Ml and

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

at 10.35 eV in the calculated ee(w) comes from the X ~ A - I transitions

which are mainly p = s transitions, because forbidden transitions from

3

therefore, that the transitions XS' - X3, A5 + A2' and Zh > 23 together

form another X ~ A - I structure which is composed mainly of p + d

Zh + I_ occur at energy of 11.02 eV with cp symmetry M2. Ve éonclude,

‘transitions contributing to the background of the 10.35 eV peak. If
we projeét out the oscillator strengths of the p + d transitions and
propérly attribute them to the exciton structure at 9.h éV, the strength
of thé calculated é2(m)'in the.energy range betﬁeen 10 eV and 11 eV
would be decreased, and the agreement between theory and experiment
wéuld be better.

‘The next structure in thevexperimental spectrum is the hump at

etiergies between 11..05 eV und 11.3 eV. The calculated Eg(w) shows the
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hump beginning at 11.18 eV and ending at 11.45 ev. the cp's contributing
' .
and»I"15 -+ F12 with MO type

-+ F2 ' transition from

p) p

Lth to 6th bands has no cp, because the interband energies at the

in this region come mainly from Ti =+ F2

p 5

singularities for both transitions. The Fl

neighbofing'ppints in k-space show a maximum.at F‘when one approaches T
“along A and I and a.minimum when one approaches T along A.

The main peak in the calculafed spectrum ‘is at 11.75 eV which is
0.75 eV lower in energ& when comparea with the 12.5 eV peak in the
experiﬁental curve. This kind of discrepancy bét&een theory and
experiment happens in'NaCi also; we expect this discrepancy is caused
for the same reason as given for NaCl in Seé. II. Most of the contri-
bution to éhis peak is from 3 > 7 and 4 + 7 transitions inside the‘BZ
near L. The higher energy cp's are listed‘jn Tabie IIT up to‘13 eV only.

1v. Compariéon of NaC1 ana KC1 | :

The -band structureé fér the‘tWO'cryétals show many -common character-
istics; For example, the two'valence,bénds ére almost identiéal; there
is less dispersion in the'energy with respect to waﬁévéctor as compargd

2,15

to many other crystals, e.g., III - V, II -~ VI compounds.l The

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

the biﬁding
energy is df the order of 1 eV. |
| Hdwever, the measured and calculated spectra also shéw.distinct

) differences.' The sharp peak at 9.k eV in KC1, which is tempetature

dependent,2f3

does not have a counterpart in NaCi.' We have'discdssed
its origin in Sec. TII. Tt is this extra exciton peak which causes
the overall scale factor of 62(w) in KC1 to be 36% lower than in NaCl.

As we have mentioned in Sec. III, this exciton structure is associated
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_‘with the lowering of the X_ state in KCl. This lowering effect does

3

not , in'fact, involve the X3 staté'onl&. All the d-like conduction
bands will have lower energy with respéct to the s-like conduction
band when compared with the reéults of NaCl. So the major‘difference
of the two band structures is exhibited in the relative energies of
the conduction bands with s and d characteristics. Two places in the
BZ at which thi; effect is most prominent are at I' and X. 1In KCl,

the lowering of the F2 ! and'Fl2 bands with respect to the J'; band

5

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

3

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

1

band in NaCl is nearly degenerate with the X

3 1

band and is higher than the L.’ band. As a result of this lowering

band. However, the X

Qf the d-like conduction bands in KCl, the'symmétries of the cp's at
A (4 » 5) and T (b > 6) are changed. 'Along'A, thé upper Al (6th band
near F25') state is brought down along with the PZS' state. The two
Al bands repei each other so that the 5th bénd is pushed down slightly
.and the associated Ml cp is moved over to the edge of thé BZz. The
complication of the cp for k + 6 transiti@n at T is affected by the
lowering of the 6th band along A and I.- |

We have extracted fhe c1” potentidl.from the calculations for
NaCl and KC1 and Qc have écaled the one.obtained from NaCl to the |
lattice constant of KCl. The results are given in Fig. 17.

In summary we see that the local pseudopotential Hamiltonian
~ gives a good band structure for NaCl aé is demonstrated by ﬁhe fact that

~ the E?(w) and the conduction band density states calculated from the

vy .
bund structure agree quite well with the uv optical datuﬂ’3 and the soft
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_x—ray' photoabsorptioﬁvnmasuremehts.ll Thé fesults on KC1l should be
. considered as brelimihary'becéuse thé formIOf the nonlocal pseudopotential
causes a problem of cénveréence for the eigenvalues at higher energies.
"Nevertheleés, we can still déduce at least important features: a. The
caiéulation.showsrthat one needs to.put a nonlocal pseudopotential term
.for the d-like stateé whiéh'do not have stréng core cancellation but
‘are iﬁpértant'for the electronic.prOperties in the insulator as well as
in the metal.lé b. It gives an indicafion of how high,énergy exciton
struéture affects the optical properties of aikéli—halides.
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TABLE CAPTIONS

Table I. ' Interbahd critical points for NaCl with energy from 8 to
18 ev.
Table II. Form factors of KC1 (in Ry.).

Table III. Prominent interband transitions for KCl.
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"FIGURE CAPTIONS
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FIGURE CAPTIONS, cont.
Comparison of C1~ potentiais extracted

17.

from NaCl and KCl.
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TABLE‘I
Calculated _
Critical Point Band Transitions Symmetry
Energy (eV)
8.97 P15_+ ry Mg |
9.86 Iy > L M,
' )
10.29 Ay Ay YM2 (4~5)
10.35 x% > X3 | M,
10.43 X f Xy M,
11.07 AS + by M, (45),(3+5)
.25 Ly * L} My .
11.32 zhA+‘zl MQ-(h45)
11.33 Xy > Xy M,
11.41 Xy > X, M,
11.64 A >4 M) (225)
A, > A} M, (2+6) (forbidden)
11.74 Al -> Al Ml'(2+6)
11.74 Xh > 23 M (forbidden)
| 11.82 Iy > I M, (3+5)
12.04 _23 -+ 23 M
12.1 W My (L->5)
12 gh I M, (225) |
12.26 L3 -> Lé Ml'(h+6) : |
| My (47), (326), (3°7)
o) = [ N ‘
lc..l.‘. Xl 4 L3- Ml
12.6. W My (3+5), (2+5)
n .
12.61 A > A M, (226)
12.64 b » Ay M, (4=7)
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TABLE I (cont.)

173,

h

-Calculated
Critical Point Band Transitions Symmetry
Energy (eV)
12.66 Ay > Ay My (L+6)
12.67 I‘l5 > Feé Mo
12.7 I, > I My (bT)
| 12.71 A3 > A My (4+6), (3+6)
/,-" 12.77 by > by M,
; 12.79 Iy, > Iy M, (forbidden)
. 12.8 B+ B My :
12.82 Iy > I | M, |
12.83 A A M, (2+6)
12.86 L - 23 M3
12.89 Z, > I M) (47)
12.95 Ay > Ag My (L->7)
M2 (3»7)
12.99 L), > Zl M3 (4+6)
13. DN +'zl My (3+7)
13.13 As > A M, (4-7)
13.02 | 23 * I My (3+7)
13.05 Y My (2+7)
13.13 A5 > Al M3
13.2k4 A+ By Mg (2»7)
13.6h Ly » I3 tj :iijz(forbidden)

M, (36)
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TABLE I (cont.) '

Calculated

Critical Point Band Transitions Symmetry
Energy (eV) ' . _
13.64 W »M3
13.77 DI Z M
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TABLE II

Form Factors | = Nume‘rical Values
vsfeoo) | - - 102 R
v®(220) . - - .0321
vS(222) , .0073
vA(111) . .1243
sy . | - .0322
ve | ~ S 52.5958»
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TABLE III
sCalculated Impoftant_ Band Transitions Symmetry -
Critical Point
Energy (ev)
8.67 Iis > 0y My
© 9.83 Xg' > Xy My
10.1 A . My
10.22 Ly > L, Ml
- 10.3 Xg" > Xy Mo
10.34 Ay 4y My
11.02 Iy, 23 M, (forbidden)
11.05 L, ~ I M, (b > 5)
11.05 r r M (2> 6),(2~T)
] l 2 ) k] ]
> B O (2 8) (3 1),
(3>8)(kh~>T1),
(4 > 8). -
©11.26 T..->T M. (2> 8),(2~9);
2 > 3
| S ©(3+8),(3~9);
| (4 > 8), (4 > 9).
11.56 By, * I My
) [ y . > .
12.19 Ly » Ly My (b > 6)M, (3~ 6);
My (B> 7), (3 7).
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NoCl (4.5)
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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.
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