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SECOND ORDER CHLORINE K-VALENCE BAND SPECTRA
OF CHLORIDES

By K. DAS GUPTA*
(Received for publication, June o, 1947)

(Plate TV)

ABSTRACT. Chlorine K-valence hand spectra (3p-»1s) in the second order i.c, in
the region of 9 A. U. were studied by a concave (gypsum crystal) spectrograph for the
alkali-chlorides, alkaline-earth chlorides, CdCly, ZnCly, CuCly, Ag(l cte. The resolving
power is about 2X. U. per mm. or 1,0 ¢.v. per mm. on the photometer records, The energy
differences of ‘3p’ emission structures from the chlorine K-nhsorption edge of the corres-
ponding chloride obtained from Stelling™s data have been caleulated for various chlorides
and the differences are found to agree well with the ultra-violet absor ption hands obained
by Pohl and Hilschi for the comesponding chlorides  As to the origin of  ultra-violel
absorption bands in various chlorides, a new explanation has Leen offered and that put
forward by Von TTippel has heen eriticised,  The 3p band widths of varions chlorides have
heen estimated and are related to the ratio of jonic diameters of the constituent elements
of the chlorides.  ‘The experimental results obtained are better explained by the hand scheme
due to Bloch than by atomic model due to eitler-London.

INTRODUCTION

In the first paper (K. Das Gupta, 1946) of the series, an account of the
soft X-ray absorption and cmission spectra of Mg, Al, Si and their oxides
has been given. In the present paper, second order emission spectra of
chlorine from LiCl, NaCl, KCI, RbCl, CsCl; CaClg, SrClp, BaCly; CdCly,
ZnCly, CuClg, AgCl in the region of about g A. U, have heen described.

Chlorine Lg,5 spectra (3,1s-->2p, p being doublet) have been studied by
Sieghahn and Magnusson, O'Bryan and Skinner (rg40). They have
found that Lg,s lines of these chlorides viz., v and I lines ar¢ accompanied
by other two lines 7/ and I’ in the neighbourhuod. The intensities of n' and V'
are found to be different for various chlorides but the voltage difference
between them (1 and @) is the same as that found for 4 and | wiz., 1.6 volts.
T'here is no doubt as to the presence of other satellites on both sides of the main
lines for which no satisfactory explanation has been offered. O'Bryan and
Skinner suggest that of the two groups (y, 1 and 7, l’? tlTe strongest
pair 5, [ are {from ionic chlorine centres, while the other wh1ch' is relatively
displaced to the shorter region are from ‘neutral atomic centres’ of chlorine
in the lattice. It has, however, been observed hy ()'Bryan and Skinner
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that the third order I,,,5 spectrum of chlorine in LiCl consist of two bands
only and of Cl in CsCl taken hy Sieghahn and Magnusson consists of
two hands with a very faint band near about the middle. The absence of
weak band in (CsCi has been ignored in the ‘ neutral atomic hypothesis * of
Skinuer and in the case of LiCl the absence of satellites has been attributed
to the lack of resolution due to the greater breadth of lines.

The K level in compounds is very much sharper than that of the valence
band and thus the structurc of K band (Bp—>1s) gives us a direct measure
of the influence of the lattice on the cnergy breadth of 3p level. O’Bryan
and Skinoer have drawn some ‘8s’ hands of Cl from Lg,, spectra (3s—>2n)
assuming that the breadth of the levels 2p is small compared to that of 3s.
Our experimental results throw some new light on €l K-valence spdetra
(3pp-1s) and in the case of 3p band one is more justified to neglect the \:1\1[]1
of 1s level due to ehiemical binding. \

The energy differences of 3p emission structure from the C1 K-absorption
udge of the corresponding chloride obtained from Stelling's data have heen
calculated for NaCl, KCI, RbCl, CsCl, CaCly, BaCl,, CuCl,, AgCl and it is
very interesting Lo note that the differences are found to agree well with the
Hra-violet absorption bapds obtained by Pohl and Hilseh for the corres-
ponding chlorides.

Slater and  Schockley (1936) have theoretically caleulated the total hreadth
of Cl 3p band of NaCl which comes out about 4.5 c.v. for \\'I:ich experi-
mentally observed data are not available.  T'he present experimental data on
the chlorides give 3p band width and it has been found that the observed 3p
band width of C1in NaClis 6.5 volts, resolving power in this region being
1 v, per mm. More aceurate experiments in third order spectra, with better
resolution arc necessary to measurc accurately the 3p band width. It has
been found that the structure of all alkali chlorides are similar while it is
different from those of alkalinc-carth chlorides. Tor alkaline-carth chlorides,
however, 3p band spectra are similar amongst themselves.

EXPERTMENTAL RESULTS AND TECHNIQUE

In the previous paper (K, Das Gupta, loc.cit.) the cxperimental details
have been given. It must be mentioned here that the emission spectra taken by
dircet excitation by electron impact are not satisfactory. It has been found that
the effect of a particular metal forming the anti-cathode target on the investi-
wating sample can be pragticauy avoided, but still the clectrons from the fila-
ment strike the substance causing some undesirable change. Most of the alkali-
chlorides hecome colouted green, blue, violet etc., due to the clectron impact
1 the X-ray tubc, the colour is also formed by X-ray irradiation. Sccondary
fluorescence method has just been adopted to study the emission spectra of
chlorides in the second order, that is in the region of about 9 A. U. to avoid
clectron impact. For some less stable chlorides it is very difficult to maintain
the order of vacuum of the spectrograph, as the electron impact under the
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experimental conditions cause souie 1oduction of the sample and Cl gas comes
out. In such cases there is always a discharge current in the tube and the
rate of suction of the pump, as well as, the cooling of the anticathode huad to
be increased "o minimise the discharge. ‘The blackening of the film due to
exposure to the discharge glow was avoided by using a very thin aluminium

Tang 1

K-Valence Band Speetra of Chlorvine in Clilorides

‘ Wavelength in N, UL
Specimen R R Lo - e

Ay [ Ay A,y
N PG ! ——— e -
LiC1 4395 8 S (Strong) | L oen 14%6.9 W "Wealk)
Na(l] 4398 1 5 l 4305 2 W 139001 VOV, (Very Weak)
l}
KC1 4390.1 8 ; 43061 W 1301.2 V. W,
RbCT 1890.0 & | jaos. 0 V. WL 4387.1 W.
i
C) 4397 1 5 ) 1392 7 VoW, 1383800 W,
1 t
CaC'ly 1306 0 S 1388 7 W 1370.8 V. W,
I
SrCly 43097.0 8 : 43012 W 43877 V' W
I
[aCly 4307.1 S ' 4394+ W 1385.0 V. \L
' I
[ ;
Cdcl, f1305.0 8 ' . 1385.6 V' W,
ZnCl, L 430518 . L 4386.6 V. W,
S U T e e e e
CnCl, 4347.3 S i 41391 § W ¢ V.V AW,
AgQ) 4308 0 W 13936 S 1387 7 W,

foil screen.  T'o study the effect of metai target on the Cl spectra, NaCl was
pressed on copper target and silver target successively and there was no
detectable change of C13p band structure.

GENERAL INTRRIPRETATION OIF RESULTS

KB or K-valence band spectra of Cl give a direct measure of the influence
of the lattice on the energy hreadth of 3p levei, neglecting the breadth of
1s of Cl in chlorides. Plate IV shows original microphotometer records and
in Table 1, wavelengths of KA band of various chilorides have been given.

In LiCl, the peaks of the two bands Ay and A are separated by 5.7 ¢.v.
and the stronger onc is on the lower enerpy side. Intensities of the two
bands are approximately of the same order of maguitude.  If we assume the
stronger one (low cnergy part) to he duc to Clion, the other  must he

7—1630P—3
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assumed, according to O'Bryan and Skinuer, to have emitted from neutral Cl.
The question of relative intensity hetween tiie bands raises a serious doubt

whether in these ionic erystals, percentage of neutral chlorine can he so large.

In NaCl, heginning [rom the Jow energy part of the spectrun, of the
three hands the first w7, Ay is the strongest while the last one Ay is distinctly

weaker  than
hetween

for Clin [aCL

the middle

one.

In NaCl spectram, the cnergy difference

the two extrame bands is almost the same as found for the two bands
H we explain the origin of the baud on the short wave side

due o meutral C1ocentres we arve faced with difficulty to explain the inter-

mediate haned,

The structure of Ko hand of Clin KC1is similar to that found for NaCl.
[n CaCl which s hodv centred cube, the number of hands is the same as found
for NaCl and KCI owith (he difference that the hand havinge shortest wave-
Tamy T11
Total Band-width of C1 K3 hand in Chloride:
Widtl in c.v. COLICT 0 NaCl KOl ROCT |
S ) b ) — L
, ! |
(O ' Q.18 ; 7.71 =10 6.37 l 3040
Ratio of ionie diameters ¢ 'Lit 0 €l Nat (SN | CI)rRLY 1 !
| il :
- 30 : 1 GO 1.36 } .22 e Loy
Width ir electron volt CaCly Sl BaCl, | 7nQ Cact,
) 10,0 ' .2 7-71 ! In 7.0 9.72
Ratio of fonic diamdlers ... } CloCarto SR 1" 'Ba‘t : Cl-/Zn'* ¢ ocar!
I : i
. ‘ 1.82 '| 1.60 1.34 i 2.40 1 86

length is stronger than the middle one.

T'he main point
KB spectra of alkali halides is that the speetra begin for each of them with

of similarity in Cl

the strongest band on the long wavelength side and its wavelength iu chlorides

in

the samc periodic column is almost the same.

intensity of the remaining band in cach spectra differ.
influence of the lattice is much more felt by the outer portion of the 3p level
while the energy value of the decpest part of the valency level remains less

affected.

The wavelength and

1t means that the

Ca, Sr and Ba arc in the same column of the Periodic ‘Table, having same

cry=tal s'ructure for theirschlorides and their speetra are simllar.
also the case with Cd and Zno.

This 1s

In the case of CdCly and ZnCl,, the K7

spectra of Cl are similar, but they are different from those of alkali-chlorides

and alkaline-earth

chlorides.

T'hus

different

groups

of elements have

different structure of K-band but the structure for the chlorides of ¢lements
"in the same column and having same crystal structure are simiiar.

It has been found that within 5-10 minutes the alkali halides become

coloured green, bluc, violet under electron impact in the existing condition
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of the tube. Cloin the fornt of gas comes oul of chlotides and stoichiometric
excess of alkan wietals thus produced is responsible for the development of
colour.  Similar colour can he developed ff the particular halide be heated
for a sufficient time in presence of the contesponding alkali vapour

The widths of chloiine Ko hand ol cliorides, have been ealenjuted and
in "Lable [T1, the values as agamst the matios of jonic dinmeters CI7/RY are
civen. It will be seen that as the vatio of yome diameters increases, the width
of CLIKA band also inereases. When the tadii of the metad jon are large, the

fdide ions are pushed farthor apart and they overlap Jess with cach other, the
! TanLi 11

Soft N-ray K-Absorption and misswon Spectia and Ultra-violet \bsorption
bands of Chlorides

Ll : s
= &
: C .= ! o
' ! Lo ' L
| K-valence hane - ‘ T)m i w4
spectra of €1 ":“ K-cdge- O ﬁ .‘\."*‘lg“ oy
¢ L5y i ev, oA i e, o
o ' L R ! . © 5
b w - | CEE L
X : RS ' SEE | D&
i | -7 ! ud | H
. T e DT ) ‘ I a
R U L |
—— . . ! ‘
. . i ! . _ | (
NaCl 28000 28087 0 2¥1ag 72 7.8 ! 9o 00
; ‘ . ‘ |
KC1 2800 2 2508 1 s =1 7.0 i G o 0
' t | . n
RLCIL a%0h.7 1 2808, K l R O3 ) 7.4 l SH i o0
* t ] , ! ‘
‘ I !
Csll 2807.5 | oamTay LoowSino a7 e 7.5 70
.
" H 0 — | Q "
CaCly 2807.0 . Ntz | Sty K L e : S R
BaCly a8 ‘ B R AR LY w4 D ; 83 01
1 | ; i ] ' Qo i © e
CiCl, 2807.5 28100 2810 0 : a1 U.g 8.y 2
1 ' i
\p 2877 0 2800 7 LRI 16 . 1.8 : 7.3 . v o
2 2807 2800 7

width depending on the amount of overlappme. A similn inlcrpluu%ion
<ide and fluoride bund widths obtained by Skinner. Inalkaline-
s vreater compared to alkali-chlorides
showing therchy that the

applies to the o
carth chlorides the width of K band)

for the same value of the ratio of ionic diunetars,

¥ s jonic dimcters but also
overlapping dous ot depend ouly on the ratio of the jonic dimmete

on the arrangements of the atowmsan the crystal.
absorption hands of various chiloruices

Lable 1T shows that the ultra-violot ! .
ately the K-absorption cdge of

can be indirectly obtuized, if we fnow aceur : k- .
¢l in different chlorides, the latter being taken by Steiling. I{ we caleulate
the energy dificrence of the peak Ay and of the peak Ay of C1 cmission spectra

1 5 i .. ' . '
of a chloride from (1 K-absorption edge of the corresponding chloride, we
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get the values of thie two ultra-violet ubsorption bands. ‘I'he coergy difference
between Ay and Ay peaks of Cl spectra in 4 chloride agrees well with the
difference between the fiist and second ultra-violet absorption bands of the
corresponding chiloride.

An explanation as to the origin of C1 KB speetra in various chloride is
put forward  In solid plhysics, mainly there are two schemes, the Heiler-
London scheme, in which the solid is pretured as heing madce up of separa‘e
atoms or ions which interact with cach other.  The sccond is due to Bloch
m which the electrons in the outermost shell of thie atoms concerned arc not
supposed to he bound to tiieir individual atoms, but arc supposed to he iree
to move through the lattice.  ‘This is known as the collective clectron modyl.

In an atomic picture, the cight valence clectrons per unit cell of ghe
alkali-halides completely occupy the outer ‘s” and ‘p’ shiells of the mnegative
jons. In the band scheme, the same clectrons occupy four zones, onc iof
which conneet with the jonic ‘s” level and the thice others of which ocnne\Qt
with ionic 'p° level. Fig. 1 iliustiates the manner in which the jonic

A T—

Fic. 1

Schematic representation of the manner in which the jonic levels of the constituents of
ionic crystals break into the bands in the band approximation. At A the s and p
hands of the negative ions are scparate, whereas at B they overlap.

level broaden into bands of the zone theory, as the ions are brought together.
The levels of the uegative Jons are depressed and those of the positive ions
arce raised because of the.l\'Iadelung ficld. In addition, thc levels break into
bands when ions begin to overlap. At the observed lattice distance of NaCl,
the ‘s’ and ‘p’ bands arc scparated from one another and from the higher
unfilled band which connects with the lowest level of the metal ion. The
ionic level does not split into bands in the Heitler-London approximation but
remains discrete, roughly following the centre of gravity of the bands. The
chlorine ‘8p’ band is superposition of 8p; and 8py clectrons and thus the
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transition probability o vacant K level for them are different.  This pives
risc to two peaks, the longest wavelength peak of Cl ospectra is due to the
transition of clectrons fiom the Dbottom of the valence 3p band having 3p,
characteristic and the next ome, on the short wave side is due to T
electrons from the top of the 8p hand. ‘I'he coergy  difference between the
two conscecutive peaks beginning from long wave side is found to be fairly
constant for all the alkali chlorides and is of the order of 2 ¢.v.  In the band
scheme 3p; Ievel, as weil as, 8py level broaden into band and the width
of 3p band determined experimentaily in the case of NaCl spectra is of the
order of 0.5 c.v. Although, in the ground state the doublet separatiou for
Clatom is o.11 c.v. only, considering both the transition probability, as
well as, the density of state of 8py and 3py clections in 3p band it is quite
possible to get two plaks at the observed 2 volts enerpy difference,  In
chemical combination, both 3p; und 3py level are aficeted and displaced
downwards in the energy (negative) scale and it is quitc possible that 8p,
and 3p, electrons are not cqually affected whien chemical combination takes
place.  This is supported by the cxperimental fact that (he longest peak for
most of the chlorides has got ncarly the same wavelength.  The width of
3p band. which depends on to what extent the clections overlap, will also be
different for 3py and 3p, clectrons.  The absence of two peaks  having
cuergy difference equal to 2 volts in LiCl is attributed 1o the overlapping ol
3p; and 8p, bands, centres ol gravity of py and py band possibly come very
close to cach other. ‘The width of Cl long wave band in LiCl being greater
than 5 e.v.

The origin of the weakest band having shortest wavelength may be duoc
to electrons coming from the colour band above the 3p band. The colour
is formed duc to stoichiometric c¢xcess of alkali mectals, The encergy gap
between the short wavelengih band and the 3p band qualitatively accounts
for the green, blue, violet colours observed with different halides.  T'o ostablish
definitely this point, sample of KCI was changed at an interval of 10 minutes
so that Cl Kf spectra may be taken mmostly from uncoloured salt.  FFrom the
microphotometer record it was scen that the weakest band on short wave side
has almost disappeared.

This explanation as to the origin of the structure of C1 K-valence band
spectra vi.., from 3p;, 3po and the ‘colour band ' clectrous may also be
extended  fo explain the ultra-vioict absorption bands of chlorides.  Of course,
w the same apparatus, by the same experimenteer Loth the ciission and
absorption spectra are to he obtained, which work has already been under-
taken.  Vou Hippel (19301 has caleulated the position of the first absorption
band in the alkali-halides on the assumplion that an clectron is removed from
a halogen jon to a neighbouring metal jion.  Puassing to the absorption band of
shorter wavclength, attempts have been made to assign thes. to a process in
which an clectron i transfurred from a halogen jon to onc of the next
nearest metal ions. According to Mott and Gurney (ryq0) there is no reasou
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why the clectron should stay on a particular one of these more distaut ious.
Theory put forward as to e origin of the ultra-violet absorption bands in
chlorides (at least) is that clections in the valence band, which is superposition
of 3p) and 3py clectrons, absorb encrgy and jumnp into the first vacant band,
which according to the zone schiamg, is the ‘s’ hand of metal ion.  In X-ray
K absorption speetra, the absorption begins at an wavelength corresponding
to the transition ol K clectrous 1o the same vacant ‘s’ hand of metal 10n.
From above esplanation it is at once ovident that the encigy diflerence
between py and py peaks in C1 K-spectia will agree with ihe encrgy diffaence
between the first and sceond ultra-violet absorption bandis.

DISCUSSITON
The seeond order €1 K-valence band spectia with pypsum crystdl is
un-atisfactory bhecanse of peor 1csolving power 2z, 1 c. v per mm. | To
establish definitely  the theory  put forwaird to explain ihe ultra-violet absgrp-
ton bands in chlorides, thitd order spectra m omission, as well as,  in
absorption are being taken with o concave mica grating  spectrograph.  ‘I'he
longwave hand in LiCl has Dheen attributed to the overlapping of 3pp and
3y hand and the encergy dificrence between the peaks as obtained o other
chlorides is so small in 1LiCl ihat the peaks are not resolved Ly the speetio-
grapli.  ‘This conclusion is supported by the fact that wmougst the alkali-
‘L‘lil(ll'id’h it is only i LiCh that the two ultra-violet ul;sor]'l.ion bands are
least separated and the separation is 1 e. v, which, according to the theory
put forward, 1s the encerpy diffcrence between dpy and 3p. peaks of LiCl,
T'he resolving power of the spectrograph in this region heing © e. v, per i,
on the microphotometer 1ecord. it is expected that in the third order spectra
with better 1esolving power some [fluctuation of intensity in the long wave
band of CIm LiCl will be observed.
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