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PREFACE.

This paper treats of measurements of the Kayo-doublet of some
lighter elements, 11 Na—16 S, in various compounds. The work
Is a continuation of earlier investigations into the effect of chemi-
cal combination on K series emission spectra carried out at the
Physical Institute of the University of Lund. _

I beg to express my gratitude to my chief, Prof. Jou~y Kocs,
for the modern technical equipment he kindly placed at my dispo-
sal, for his interest in my work, and for all the advice I received
from him in the course of the work.

I am much indebted to Fil. D:r OsvaLp Luxpquist for kindly
introducing me into the technics of x-ray research and for his
most valuable help.

I wish to thank Fil. Mag. K. F. LaxpeN, who with great skill
prepared a number of compounds for the investigation.

My thanks are also due to the chief mechanician of the Insti-
tute, Mr A. L. Pepersen, and to his assistant, Mr G. AuGrELL, who
with their usual ability carried out various technical tasks.

For financial assistance I thank the »Kungl. Fysiografiska
Sillskapet i Lunds.

Lund, April 1939.
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CHAPTER 1.

Introduction.

Historical. Tn 1924 an effect of chemical combination on
x-ray line spectra — the effect on absorption spectra had al-
ready been found — was discovered by A. E. Lindh and O.
Lundquist* on the Kp-lines of the elements sulphur, phosphorus
and chlorine, these workers being able to show that different
positions and relative intensities of the Kpf,, and Kpx result
according to the exposed compound and the underlying target
material. In 1925 E. Bicklin® and B. B. Ray?® submitted the
important proof that the effect is not only: limited to the outer
levels, containing the external or valency electrons, but is ex-
tended to the L-shell. Ray clearly showed that in sulphites and
sulphates there are small but distinet shifts of the Koy o-doublet
towards shorter wave-lengths in relation to the doublet of the pure
element. Bicklin, too, found shifts of the sulphate doublet, amoun-
ting to 1.3 volts or about the same as the doublet distance, and
he also detected similar shifts of the doublets of oxygen compounds
of aluminium, silicon and phosphorus, the shifts going towards
shorter wave-lengths and being in volts 0.81 for Al,O,, 0.57 for
8i0,, and 0.89 for P,O..

Later investigations of the Ka,, ,-doublet in compounds —
measurements of Kf-lines and Ka-satellites lie outside this subject
— aimed in the first place at studying the sulphur doublet, which
is well-defined and accessible for observation in many compounds.
A. Faessler * and O. Lundquist * introduced the method of secondary

t Ark. f. Mat., Astr. and Fysik 18, Nos 14, 34 and 35, 1924.
® 7S f. Phys. 33, 547, 1925; 38, 215, 1926.

¢ Phil. Mag. (6) 49, 168, 1925; 50, 505, 1925.
4 7S . Phys. 72, 734, 1931.

5 Diss. Lund 1931; ZS f. Phys. 77, 778, 1932.




fluorescent x-rays for the purpose of studying chemical effects on
the Ka, ,-doublet. Faessler was the first to show that the shift of
the doublet towards longer wave-lengths in sulphides is dependent
on the metal ion, as for instance the S Ka,, , proves to have greater
~wave-lengths for CaS than for ZnS. Using his specially constructed
tube, Lundquist alone was able to investigate with success sulphites,
which easily decompose in vacuun. He showed that the effect for
the lower valency of S in sulphites is evidently smaller than for
the maximum valency in sulphates. Later on, Lundquist ° proceeded
with his measurements on sulphides and also studied the phos-
phorus and the chlorine doublet when the emitting atom P or

TABLE 1. : '
Kay o Lundquist.
Emitting Compound | Shift Volts
element

15 P Hypophosphite — 0.52
. Phosphite 0.71
Phosphate 0.81
16 S Sulphite 0.90
Sulphate 1.18
17 C1 Chlorate 121
Perchlorate 1.62

Cl is bound to oxygen in ditferent states of valency. As a rule
he found that the effect increases with the valency, being greatest
when all valency electrons are engaged in chemical combination.
Lundquist’s results for oxygen compounds are brought together
in Table 1; the P Koy o-shift is referred to red phosphorus, the
S Ka, ,-shift to pure sulphur, the Cl Kay, o-shift to chlorides. As
to sulphates, Faessler's and Lundquist’s measurements agree well,
whereas in sulphides Faessler found greater effects than Lundquist.

J. Valasek,” who has more especially devoted his attention to
effects on Kp-lines, has also investigated the Kas, ,-doublet in
some sulphides, using the specially constructed target that is

described below.

s 7S 1. Phys. 83, 85, 1938; 89, 273, 1934; 102, 768, 1936.
7 Phys. Rev. (2) 43, 612, 1933.
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With a high-vacuum spectrograph provided with a concave

‘crystal grating (principle Johann), H. Karlsson and M. Siegbahn ®

obtained through electron impact excitation the K emission spectra
of aluminum and magnesium and of their oxides. They report
that the a-groups of the oxides are shifted towards shorter wave-
lengths in relation to those of the metals. With a similar arrange-
ment H. K:son Flemberg ® measured the wave-lengths of the
Si Ka,, ,-doublet for crystalline silicon and for the stable com-
pounds silicon oxide and silicon carbide.

© V. Kunzl *° used a low tension gas tube and a simple focussing
method, and photographed the K -emission spectra of sodium,
magnesium and aluminium with special regard to weak lines.
An attempt to measure the influence of chemical combination on
the spectra, carried out specially for magnesium by filling the
tube with different gases (N,, H,, O,), did not meet with success,
as 'no shift could be established.

The S Ka, ,-doublet was also the object of an investigation
by L. G. Parrat,® who applied a non-photographic method.
Exciting directly several sulphides and sulphates, he recorded
ionization curves with the two-crystal spectrometer. His results
support in the main earlier measurements.

The method of secondary fluorescent z-rays. When a compound
is placed on a target and exposed in vacuum to electron impact,
several disturbing effects of chemical, thermical and electrical
character concur to decompose and change it. In the focal spot
the temperature grows very high, many compounds evaporate and
pass away, and the rest often dissociate or react with the target
material. Besides this, there may be a direct effect of the g-rays,
which by ejecting the valency electrons break down the bonds
between atoms. It was also an early experience of Backlin’s,
confirmed by Lundquist, that by exposing for example sulphates
the doublet due to the pure element S will also appear on the
spectrograms. Demonstrations showing that chemical reactions

8 7S f. Phys. 88, 76, 1934.
® 78 f. Phys. 96, 167, 1985.
10 78 f. Phys. 99, 481, 1936.
it Phys. Rev. (2) 49, 14, 1936.




actually take place on the target are given by R. Glocker and
H. Schreiber® as well as by Lundquist.® By using several
different targets the latter was able to show for many sulphur
compounds that the line-structure is highly modified according
to the material of the target underlying the substance.

Even if a compound is chemically permanent under the
influence of temperature, a change in it appearing as a modified
crystal structure and caused by high temperature may occur. Thus
it is a laboratory experience that quartz, which at normal
temperature is a crystal of diamond type and not electrically
conducting, assumes at elevated temperature the properties of
an ionic crystal and becomes conducting.

In order to overcome the discussed effects, Lindh and Lund-
quist ** suggested the use of secondary fluorescent x-rays for
exciting chemical compounds. Some tubes adapted to this purpose
may be mentioned. The practical application of x-ray spectro-
scopy in chemical analysis gave rise to several tubes for
fluorescent rays, e. g. constructions by  Stintzing, Coster and
Hevesy. A tube devised by E. Alexander and A. Faessler * and
intended for studying chemical effects on the S Ka,, ,-doublet
conforms to an earlier construction by D. Coster and J. Druyven-
stein ** that was used with success for chemical analysis. In the
tube by Alexander and Faessler the fluorescent ray plate is fixed
at a short distance of about 4 mm from the target, the plate being
mounted on the electron focussing shield of the filament and
well water-cooled. Alexander and Faessler designed another tube,
in which the fluorescent ray plate is placed outside the highvacuum
at a distance from the target of 15 mm. This later tube, having
a small intensity, is convenient only for harder x-rays.
 The first tube used by Lundquist agrees in the main with
a tube suggested by Lindh. In this tube the specimen is placed
on a four-faced radiator, so that a fresh sample can be put in

12 Ann. d. Phys. 85, 1089, 1928. See further H. Schreiber, ZS f. Phys.
58, 619, 1929.

13 L. c.
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15 78 f. Phys. 68, 260, 1931.

16 78 f. Phys. 40, 765, 1926.
17 L. c.
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after .an exposure of each surface lasting but a few hours, hence
reducing the risk of the specimen being changed by the radiation.
Lundquist proved that the substance is safe from heat by
measuring thermo-electrically the temperature of the radiator
surface. At a tension of 35 kV and a current of 30 mA he got
a heating of only 6°. In order to shorten the exposure times
Lundquist decreased the distance from .the focal spot to the
radiator from 22 mm in two older designs of his tube to 15 mm
in a later tube.

J. Valasek *® has used in many investigations a semi-secondary
method. The substance, compressed to a small tablet, is placed
on the target but protected from the direct impact of the electron
stream by a copper shield, the focal spot being some mm from
the front of the material. By this arrangement the chance of
chemical reactions is greatly reduced. Another metal shield
screens the spectrograph slit against direct radiation from the
focal spot. ‘

When the elements 11 Na-—17 Cl are excited by x-rays,
however, the yield turns.out to be very small. These elements of
lower atomic number -emit fluorescent x-rays only in a small
degree, the greater part of the received energy being used for
liberating secondary electrons. According to measurements by
M. Haas,™ the fluorescence yields in the K series are:

12 Mg 1.3 %
14 Si 3.8
16 S 8.3

17 Cl 10.8

The series demonstrates also the rapid decrease of the
fluorescence yield with the atomic number.

The gains of the tubes for secondary fluorescent x-rays
involve not only a reduced risk of changes of the compound but
also an advantageous suppression of the continuous spectrum in
the fluorescent radiation, although when investigating the elements
11 Na—17 Cl these gains, owing to the small fluorescence yields,
are to some extent balanced by the disadvantage of small intensity

5, ¢
% Ann. d. Phys. (5) 16, 473, 1933.
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of the tubes, this decreasing with increasing distance between
target and substance. The considerable distance of 15 mm used
by Lundquist in his.chlorine investigation (plane crystal grating)
necessitated in order to get well exposed spectograms up to 10
hours’ exposure in spite of high intensity of the primary exciting
x-rays. (35 kV, 30 mA.)

With the appearance of the concave crystal gratings in x-ray
spectroscopy the small intensity of the tubes for secondary rays
is no longer a problem, as these gratings give a considerably
higher intensity than the plane gratings. It is even possible in
some cases to excite compounds by direct electron impact: by
using a large focal spot ahd carrying the tube with small load,
the temperature of the substance placed on the target can be
kept comparatively low and yet lines of good intensity can be
got in a short time without risking a change of the compound,
at any rate of stable compounds. For instance, Flemberg *° studied
by direct excitation the SiKa,, ,-doublet of crystalline silicon,
silicon oxide and silicon carbide. However, the tube must be
worked with very good high-vacuum, as a slight oxidation of
the pure element is liable to take place when traces of oxygen
remain -in the tube. .

Nevertheless, for most compounds of the elements 11 Na—17 Cl
the method of exciting by fluorescent x-rays holds its superiority
over the method of direct excitation.

The purpose of this investigation into effects of chemical
combination on the Ka,, ,-doublet of the elements 11Na—163
was to obtain the wider experimental material demanded for
drawing conclusions of general application. It was originally
intended to confine the measurements ** to the elements 11 Na—
14 Si. In the course of the work it seemed reasonable to extend
them to some compounds of phosphorus and sulphur which had
so far not been studied.

20 L. c.

21 Preliminary reports: ZS f. Phys. 95, 93, 1985; 102, 428, 1936.
Nature 138, 1056, 1936.

Phys. Rev. (2) 53, 434, 1938.
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13.

The chief guidihg principle of the investigation was to study
effects on the Ka,, ,-doublet caused by the direct linkage of
the emitting atom and another one. Thus the emitting atoms
11 Na—16 S were combined, as cations, in first place with, as
anions, each of the four last elements in the first horizontal line
of the periodic table, viz. the tetravalent 6 C, the trivalent 7 N,
the bivalent 8 O and the monovalent 9 F, at second hand with

“elements in the same (second) horizontal line, at third hand with

other elements placed in the same periodic columns as 8 O and
9 F, subject in every case to the compound being in a fairly
permanent crystalline form. When acting as a cation the emitting
atom should be mainly investigated in its state of maximum
valency, i. e. when all valency electrons are engaged in chemical
combination, or, according to simple conceptions of only ionic
combination when the electronic, configuration of the atom. is
built down to the 8 electron shell of neon. The emitting atoms
should also be observed when entering compounds as anions;
in this case their electronic configurations are built up to an
argon structure, S being bivalent, P trivalent and Si tetravalent.

Preliminary measurements showed that the effect of the formal
O-bond is not the same in all oxygen compounds. Systematically
the elements 11 Na, 12 Mg. and 13 Al were investigated in their
silicates, phosphates, sulphates and perchlorates.

While the work was in progress some digressions from the
ordinary program turned out to be desirable; for instance, some
compounds were investigated in which the emitting element was
in a state of valency lower than maximum. ‘

The Ka,, ,-doublet of chlorine, the last element in the series
11 Na—17 Cl, has not yet been observed. As was mentioned,
Lundquist determined the shifts of the doublet in chlorates and
perchlorates in relation to the chlorides, which among themselves
show the same effect. As we cannot refer the shifts for chlorine
compounds to the pure element, we desist from treating the
element 17 Cl, which gives no contribution to our .empirical
knowledge of the effects.




CHAPTER 2.
Experimental Arrangements.

1. The Spectrographs.

As the elements to be studied give soft K radiation, which is
easily absorbed, the spectrograph is made for high-vacuum, not
so much because of the air absorption rightly to be neglected, but
to render it possible to separate the tube from the spectrograph
by a very thin foil, this being in that case not disturbed because
of different pressures on its two sides. The spectrograph receptacle
R, which is made of an aluminum alloy, is shown in Fig. 1.
Internally it is 10 ¢m in height and to allow of the largest spectro-
graph of a length about 84 cm to fit in. The lid, strongly reinforced
on account of its irregular shape, is attached to the receptacle by
two hinges on the straight side of the receptacle, the rim of which
is here enlarged. The vacuum-tight packing on which the lid rests
consists of a rubber ring (not indicated in Fig. 1) placed in a
flute of ‘the rim of the receptacle.

In the spectrographs a concave crystal was employed as
grating. The method was originated by H. Johann' and admits
of obtaining x-ray spectra with bent crystals and without a slit.
The technique of the method has mainly been developed in
Siegbahn’s laboratory. For a detailed description reference may
be made to A. Sandstrom.”

Three spectrographs were built for crystals bent to 500, 750,
and 1000 mm respectively. The largest of these did not find any
use in these investigations. The spectrographs are to be turned
round a centre below the crystal, rolling on the plane bottom of

* Z3 f. Phys. 69, 185, 1931.
2 Diss. Upsala 1935.
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the receptacle, so that glancing-angles within a range of 15°—60°
can be adjusted. The two circular segments P and P, are fastened
to each other only on their straight sides, the smaller P, placed
above the greater P, leaving free an opening of 5 mm for the
x-rays to pass through. The peripheries of the segments are to

coincide with the Rowland-circle. The photographic fiim is pressed
of a metal band fixed by three

against the segments by means
serew joints.

Fig. 2.

The ecrystal-holders intended for bending crystals to 750 and
1000 mm radius are mainly of the type designed by Sandstrom.?
A detailed description of these can be found in his paper, in
which he also gives an account of the most convenient procedure
; for adjustment. Fig. 2 gives an idea of the construction of these
| crystal-holders. The crystal is between two steel blocks, 4, and
A,, bent to the right radius by the screws S; and S,. In the blocks
a slit 2.5 mm high is cut out on both sides of the crystal, allowing
‘ rays to pass to the crystal within a range of glancing-angles of

15°—60°. The active length of 20 mm of the crystal can be
decreased for small glancing-angles by an edge E fastened by a
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screw X. The crystal-holder pressed against the screws T, and 7', -

by a spring Z can be moved on the crystal table by means of
these screws on lébséﬂing the serew 7. The height of the crystal
table is varied by the screws U, U,, and U,.

The third crystal-holder (500 mm) is an earlier type made in
the Physical Instii;‘uté of Upsala. This holder essentially agrees
in design with the former ones, except that the crystal is bent by
the pressure of only one serew: :

The preliminary procedure of optically testing the crystal
offers great a,dyant}a,gés, as it makes the choice of a good crystal
sample possible and at the same time’fiﬁcilitates the adjustment,
by which the:per—iph_éries of the segments can be brought to
coincide with ‘the: focussing-curve for ‘the crystal sample. A
luminous slit is placed on the Rowland-circle and the image
obtained of it bjr:'lreflgexion on the surface of the bent ecrystal is
observed for large gla@cing-angle_s. Crystals which give bad images
are rejected. If the focussing-curve optically estimated for a good
crystal does th'differ too much from 'the Rowland-circle, the
segment is moved —— the reciprocal’ position of the crystal-table
and the segment may be slightly . chariged at @ — until its
periphery roughly coincides with the-focussing-curve for the actual
range of glancing-anglés, this range generally not being very
great in this investigation. The final adjustment“is always per-
formed by -tal'ii.ﬁg'"i focal plates, Iﬁoying the crystal-holder on the
crystal-table until a good foc’ussing‘-”’isA"E:[‘_t»taine‘d.

2. The ‘Tube. -

The tube for secondary ﬂuorf@’scent x-rays is in essentials a
copy of the latest tube devised by Lundquist, though with small
modifications in order to adapt the tube to the concave crystal
grating. In his tube Lundquist has an arrangement for photo-
graphing the reference-lines by the method of direct excitation.
This arrangement is-not to -be found 4n the tube devised by the
author. Fig. 3 shows a section of the tube as well as a special
design of the radiator. The target 7, isolated with a porcelain-
cylinder H, consists of a copper tube with a thin. end-plate of

* 78 f. Phys. 88,.76, 1934.
9
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copper, which is well water-cooled and in which the target
material is wedged. This is to be so selected that its radiation
at sufficient tension suffices to excite the substance stmngly, that
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is, the wave-lengths  which correspond to the K absorption edge
of the exposed element must carry much energy. Sometimes it
is advisable to employ a high-atomic metal such as tungsten that
gives an intense continuous radiation, or a metal may be chosen
that has a characteristic spectrum in the actual range of wave-
lengths. But there is one fact to be taken into account, viz. that
when the tube has a high load the target material owing to the
elevated temperature will inevitably evaporate to some extent
and will settle down on the substance and cover this with a thin
layer which, when consisting of a highly absorbing metal, will
reduce the intensity of the soft K radiation from the substance.

Hence a silver target, which can be effectively cooled — the silver -

is melted into the target — has in many cases yielded good
results. Three different targets have proved to be convenient for
exciting the atoms 11 Na—16 S. Their use in the case of the six
elements should be clear from Table 2.

TABLE 2.

Emitting atom

Target material

Radiator material

11 Na Silver Silver and copper

12 Mg Tungsten Silver and copper

13 Al Silver Silver and copper

14 Si Silver Aluminium

15 P Tungsten Aluminium

16 S Molybdenum Aluminium and copper

The x-ray beam from the target passes through the opening
[ in a diaphragm and strikes the radiator, which is placed in a
chamber of its own and is protected by the diaphragm against
direct heat radiation from the filament F. A rather large average
distance of 17 mm between the target and the radiator is preferred
for two reasons, one being that the risk of getting the substance
covered with a thin layer of the target metal or of tungsten from
the tungsten-spiral of the filament is reduced with this distance,
the other being that too strong an excitation of many compounds
may not be advantageous. The plates G for fastening the samples
are wedged in the four-faced copper block B (Fig 3), which is
water-cooled. The side of the radiator-square measures 12 mm

|
|
i
I
|
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proportionated to.correspond to the wide split which is desirable
for the concave grating. The split £ is 3 mm high and 6 mm long,
and by means of the serews D, and D, the split-plate closes the
tube inside the vacuum-receptacle. Trials-showed that an angle
of about 30° between the side surface of the radiator and the
direction from this to the grating is suitable. ‘The little window w
(Fig. 1) provides-for inspection of the radiator. The split was in all
experiments covered. .only with- an aluminium-foil 0.5 w thick in
order to shut out the light in the tube from the spectrograph:

Certain properties are demanded- for the material of the
“radiator. plates G: it ought to -be metallic in-order to -ensure a
good cooling - of. the substance- and the metal -should be soft so
that it can be rasped for-the fastening of the speécimens. Table 2
gives data concerning the metals used for- this purpose. - Aluminium
is out of question for alkaline compounds — for instance, ‘soda
cannot be rubbed on aluminum. For such substances silver has
been employed, or in some cases — mainly for sulphides —
copper. o :

The connection of the tube with the spectrograph is clear from
Figs. 1 and 3. The tube is pressed vacuum-tight (rubber-packings)
to the receptacle by turning the ring C. The distance between the
radiator and the grating amounts to about 9 cm.

As a matter of routine the tube was at times removed and
carefully cleaned with nitric acid. _ _

The evacuation is performed by two molecular pumps connected
through tombac-tubes, one .at O (Fig. 3) with the tube, the other
at N (Fig. 1) with the spectrograph. The two tombac-tubes are
joined to .each other through. a valve. When . evacuation starts
the valve is open, rendering the pressure equal on both sides of
the aluminium-foil. At commencing high-vacuum the valve is
closed, and so one pump works. at the tube,. the other. at the
spectrograph.. This arrangement . prevents dés-t_ruction of the foil
and improves the work of the tube, the small gas bubbles which
are generated from the substance, and which .would otherwise
disturb the vacuum, being immediately swallowed.by -the pump
working at the small tube volume. o o

_ The high-voltage unit is the same as the one used by Lundquist,’

5 Diss. Lund 1931.
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et

1

who gives a detailed description of it. It supplies up to 100 kV.

and 150 mA, but was not worked with-a.load exeeeding 33 kV
and 30 mA. The high voltage was measured by a'voltmeter
constructed by -Starke and Schroeder® - . - : :

. " 3. The Substances.

Many of the compounds . investigated are trade products and
could be bought with guaranties as to sufficient purity. There
remained, however, a great many substances to be .produced for
the purpose of this research-work. To. some degree these can be
80 produced that a disturbing impurity, i. e. a compound containing
the emitting atom in another combination than the desired one,
is avoided. Other impurities in which the emitting .element is not
present are only inconvenient for reasons of intensity. The work
ought to be carried out so that the emitting element-is quantita-
tively contained in the desired compound. For example, when
Mg,B, is being produced by ignition of Mg and B, B should be
taken in excess so that no metallic Mg remains..

Since the soft K radiation is easily absorbed, recourse must
generally be had to rubbing the substance on the radiator plates,
no special medium being used for fastening it.” However, for light
powdered compounds (AlB,,) which are attracted to the target

" it often proved. preferable to fix the substance in collodion, though

this reduced the thermical contact with the radiator. A more
advisable method was to cover the substance with an aluminium-
foil sized to the edges of the radiator. Compounds not re-acting
with water (ALO,) could be mixed with water, which facilitates
the fastening, or they could be put on the radiator even in solu-
tion (soluble Na compounds). Of course, it was advantageous if
the compound was procured in largish pieces. Thus, for instance,
some silicates such as muscovite and orthoclase were fastened in
leaves. to the radiator.

The exposure of metallic sodium necessitated a special proce-
dure. The metal was rubbed on the fluorescent plates below the
surface of a fairly volatile fraction of mineral oil and covered

° Arch. f. Elektrotechnik 20, 115, 1928
7 On the preparation of substances in x-ray spectroscopy see E. A. W.
Miiller, ZS f. wiss. Photogr. 34, 181, 1985. : :
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with a 0.5 w thick aluminium-foil. Then the radiator was rapidly
put into the tube and evacuation immediately started. The evapo-
rating oil impeded the action of oxygen on the sodium, and also
broke the foil so that the metal was free for exposure.

The white phosphorus was treated in a similar manner, except
that the fastening in this case was performed in paraffin-oil.

For many substances that are hygroscopic (oxygen compounds
of Mg) or that react with the moisture of the air (carbides and
phosphides of Na and Mg) the fastening had to take place in an
exsiccator. The substance, the preparing-knife and the radiator
(with its water-channels closed) were kept in an exsiccator with
phosphorus pentoxide for some hours. The rubbing performed
with the knife was done in the exsiccator, after which the radiator
was rapidly put into the tube and the latter immediately evacu-
ated, the tube prev10usly being carefully dried with phosphorus
pentoxide. Dullng its short passage between the exsiccator and
the tube, the sample, though in some cases (MgsP.) covered with
a thin aluminium-foil, comes into contact with some atmospheric
moisture, this howeve1 being negligible in quantity.

No attempt whatever was made to photograph compounds
affected by air (MgIQ) Nor were substances decomposing in
vacuum the object of any investigation. Other reasons- excluded
some compounds from observation; for instance, PCl;, which,
though covered with alumlmum-foﬂ sublimated rapidly in vacuum
before a minimum exposure was completed.
 We ma,y now turn to the questlon of the pe1manence of the
compounds during the actual exposure. As already stated by
Lundquist (p. 11) the effect of heat on the specimen is incon-
siderable for this type of tube. A possible shght elevation of the
radlator temperature is malnlv due to heat radiation from the
focal spot, and not to any measurable extent a consequenee of
transformation of x-ray emergy into heat. There remains to be
discussed the chemical action of x-rays, or the mechanism behind
the. absorption of x-rays by atoms in molecules. The piimary
x-rays eject photo- _electrons from the atom, thus ionizing the atom.
When the atom regains its normal state, because electrons in the
outer levels fall into the vacancies created by the photo-electrons,
the fluorescent characteristic radiation originates. The high speed
photo-electrons or p-rays in their turn cause secondary effects,
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liberating electrons in atoms too. The stability of chemical bonds
between ionized atoms may be called in question. In regard to
this I will cite G. Clark ®: »The causal observer could well believe
that x-rays by virtue of their penetration and energy should have
innumerable profound chemical effects, but as a matter of fact
the examples of considerable chemical change are extraordinarily
few in number ... The photographic effect, a few oxidation-
reduction reactions, and some condensations of organic compounds
are almost unique among the larger number of experiments already .
empirically tried». Rightly we can assume that only in excep-
tional cases are the primary x-rays able to demolish the chemical
bonds in a crystal, all the more so as the intensity of the primary
radiation is small in our tube and the distance from its source to
the irradiated substance rather large. ,

. As the substance is under observation throughout the whole
procedure — in the exsiccator when being prepared, in the tube
when exposed, and further directly after the exposure — any
change in it indicative of a possible decomposing is often easy to
establish from the appearance of the compound, especially from
its colour. However, the appearance of the line-structure on the
spectrogram is obviously the most. convincing ecriterion of the
permanence of the substance. Thus the fact that white phos-
phorus gave a well-defined- doublet as ‘well .as one. with the
longest wave-length of all phosphorus compounds showed that
oxidation of the phosphorus was prevented by the above-men-
tioned procedure; on the other hand, a doubled doublet (one of
which - was identical with that of Al(OH),) obtained by exposing
Al,S, indicated an impure substance to some degree spoilt by
water, and therefore a purer specimen was procured.

Generally speaking, signs of a change in the sample or of an
impurity in it were observed for a small number of compounds,
the results of which were discarded.

s Applied X-rays, 140, 1932.



CHAPTER 3.
Measurements. -
1. :P.hoto'graphing the Spectra. l

Suitable exposure times — each surface of the radiator being
irradiated hardly more than one hour — were secured by fur-
nishing the spectrograph with a good intensity, the demand for
great dispersion not being driven too far. In reality the widths
of the Ka, ,-lines belonging to these light elements are rather
large and grow from one element to another with lower atomic
number, so that a dispersion of about 10 XU/mm for the elements
18 Al—16 S very well served the purpose of attaining the neces-
sary accuracy for determining the shifts. For 11 Na and 12 Mg
the line-widths are so large that the doublet-lines fuse to one diffuse
line and the doublet cannot be split up; no attempt to' do this has
hitherto been successful. Thus a dispeérsion of about 20 XU/mm
proved to suffice for méasuring the broad Na- and Mg-lines. Still,
some magnesium compounds were investigated with the spectro-
graph for 750 mm erystal radius giving a dispersion of "about 15
XU/mm, but the greater -dispersion did not result in enhanced
accuracy. Data concerning the crystal grating and the dispersion
in the region of the doublet are to be found in Table 3.

" Some reference may here be made to the question of whether
it is permissible to use as grating a gypsum crystal for sulphur
measurements, a quartz crystal for silicon and a mica crystal for
aluminium ones, the crystal in each case containing the element
under investigation. In such cases the crystal atoms might be a
source of emission of Ke-lines, which might disturb the normal
lines on the spectrograms. Respecting this it may be said that
such an excitation at second hand of these light elements must
yield very weak lines, as even the radiation from the substance

TABLE 3.
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on the radiator and from the underlying material able to excite

the crystal atoms is of but very slight intensity. Experimental
tests involving some hours’ exposure of the crystal gratings in
questions with aid of secondary fluorescent x-rays from the
radiator-plates alone gave in no case traces of a Ka ,-doublet
due to the crystal. It was likewise experimentally proved that
the thin aluminium-foil between the tube and the spectrograph
could be used when studying aluminium compounds too. In fact,
the use of the aluminium-foil for these substances is most advan-
tageous, the foil absorbing practically no Ka-radiation and re-radi-
ating the little it does only to an inmeasurable degree.

For each element the doublet was referred to a well-defined
line lying as close to it as possible on the spectrogram and
preferably on its side towards longer wave-lengths so that the
reference-line is free from the neighbourhood of the spark lines
or satellites accompanying the doublet. (This requirement could
not always be met.) Owing to the poverty of lines fit for refe-
rence in this long-waved region the distance between the doublet
and the reference-line turned out rather large in two cases, amount-
ing for sodium to about 16 mm for phosphorus to 12 mm (Table
8). The main reference-line printed in fat type in Table 3 was
either the~Ni Ka,- or the Co Ka,-line in orders up to 10. This
reference-line was photographed in close connection with the expo-
sure of the substance: one side of the radiator provided with a
nickel or cobalt plate was turned in for exposure during some
minutes, partly before and partly after the main exposure, in
order to eliminate a possible run of the temperature during the
experimént. In addition, the temperature of the room was kept
constant within a range of some tenths of a degree during the
whole experiment. . '

In order to determine the actual radius of the bending of
the crystal and hence of the dispersion-curve, another reference-
line was selected on the other side of the doublet, this line being
taken up on a few spectrograms only. It is given in Table 3 in

ordinary type. The use of mica as a grating required the exposure

of still another reference-line (Fe Ka,V1II) in order to test the value

of the lattice-constant. T
During the entire investigation of an element the spectrograph
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cing-angle was suitable for getting the doublet of the element as
well as the reference-lines with good intensity. The pure element
was exposed at first, and lastly to make sure that no change of
the adjustments had taken place during the. investigation. Owing
to the diffuseness of the sodium and magnesium lines, these were
photographed at least twice for each compound. In the case of
other substances generally only one spectrogram was taken. Never-
theless the exposure of some compounds had to be repeated several
times, as the spectrograms were not ea,nsfactory, e. g., because
of lines too weak to be measured.

As film material Agfa Laue Film covered on only one side was
used and the developer was that specially recommended for this
kind of film.

The load on the tube was to some degree suited to the specimen,
80 that a relatively unstable compound was exposed with some
care. The tube was run with a high-tension of 25-—30 kV and
with a current of 25—30 mA. We have seen that only a part of
the energy of the primary radiation is transformed into fluorescent
x-rays, which in the second place are spread in all directions so
that their intensity in the direction of the crystal grating is very
small. However, with the load mentioned, the exposure times did
not generally exceed 4 hours. The intensity of the fluorescent
characteristic rays is inter alia, determined by self-absorption: of
the atoms entering in the molecule together with the emitting
atom, and this absorption increases rapidly with the atomic
number of these atoms. For instance, the Na-atom when bound
to I required an exceptionally long exposure. For the pure element
a well exposed. spectrogram could be obtained in considerably
shorter time than for the compounds: metallic magnesium was
in the smallest dispersion photovlaphed only for a quarter of
an hour.

- All spectrograms were measured in the comparator. The film
was pressed betwen two metal plates, each with a slit 5 X 20 mm
through which the spectrogram was visible. The use of micro-
photometric recording of the Na- and Mg-lines may not involve
an increased accuracy, as the lines plesent themselves as flat
blacken1n<rs on the spectrograms. - ‘




o » 2. The ‘Wave-lengths.

The *wave-lengths 1 of the Ka, ,-doublet computed from the
measurements are given in Tables -4—10. They often represent
the’ average value of two or more measurements which generally
differ very little between themselves. Lattice-constants, wave-

TABLE 4. The NaKa, 2—1ihe. Disp. 19.1 XU/mm.
|. Substance A IR
Na 118858 | 76.668
NaF k 85.0 6.674
| Nact | 845 | 6677
o NaBr.. . 84.7.|. 6.676
NaJ =~ = 84.8 6.675
| NaOH 849 6.674
| Na,sio, 84.8 6.675
Na,PO, : 84.6 6.676
Na,80, 844 | 6677
NaClO, 83.9 6.681
Na,S, 84.8 6.675
‘NaN, 8.3 | 6672
I Nap, | 852 | 662
' Na,€, T 8.3 6672
[Nagsn | 853 | 662 |
NaCd, 85.5 6.670

lengths of the reference:lines, and corrections for anomalous
dispersion were taken from' M. ‘Siegbahn, Spektroskopie der
Rontgenstrahlen. For the aluminium investigation a 'crystal of
Indian potassic mica was used. The determined lattice-constant
agreed closely with that obtained by A. Larsson® for the same

1 Diss. Upsala 1929.
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TABLE 5. The Mg Key. o-line: . Disp. :22.7 XU mm

Substance LA 7/R
Mg - 9869.9 92.398
MgF, 67.9 2.346
MgSiF, 67.8 2.347
MgOl, 67.6 © 9.349
MgBr, | 678 2.347
MgO 684 2.342
Mg(OH), 682 2.343
MgCoO, 683 2.343
MgSiO, 685 2.341
Mg,(PO,), 68.4 2.349°
MgS0, 68.2 2.343
Mg(C10y), 67.6 | 2349
AL (MgO,) 68.9 2.337 o
MgS e84 | 2342 |
Mg, N, | ' 693 12333

| Mg, o | 691 | o3 |

| Mg,© 695 | . 23302
Mg | 695 | 28 |
Mg,Sn | 695 | 2332

kind of mica. For calculating the Al Koy, , wave-lengths, Larsson’s
value as -being celtalnly the most, accurate .one was: employed.
Following Ph. Haglund’s * ? procedure; no correction. for anomalous

. dispersion in mica .was applied to.the Al Ka,, ,- wave-lengths. The

tables- also. give the value'of »/R for each line-and the doublet
distance A2, if this has been measuled The value R = 109737.42
was employed. Ry :

‘Each - table shows: fLom the top downwalds the results for
compounds. in which: the emitting atom. as cation.is linked to a
monovalent anion; a bivalent.anion, ete.;. lowest in the:table the
wave-lengths of the elements as anions are to be-found.’

® 7S f. Phys. 94, 369, 1935.
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TABLE 6. The Mg Kay yline. Disp. 15.2 XU/mm.

Substance A »/R
Mg 9869.9 92.328
MgF, 68.0 2.345
Mgm; -6H,0 67.5 2350
MgO 68.6 2.340
‘Mg,P, 69.2 | 2.334
M,qzd _ 69.3 2.333
Mg, B, 694 2.333

| Mgl U 69.7 ,2.330

0. Stelling ® found on the K absorption limit of chlorine in
various chlorides a small effect apparently due to water of
crystallization. It is not expected that the L-levels of our elements
could be subject to such an influence to any measurable degree.
A direct experimental comparison between MgCl, and MgCl, - 6 H,0
seemed to verify this assumption, as these two compounds gave
the same wave-lengths. In the tables the number of water mole-
cules in the compounds has not been set out, all the more so as
this number often decreases during the exposure because of the
vacuum. :

Precision -measurements of the Ka,,-doublets of the pure
elements 11 Na—16 S were made, except those carried out by

Lundquist and Faessler, by the method of electron impact excita-

tion, which is attended with some risk of a slight oxidation of the
element with a consequent disturbance-of its doublet by the oxide

doublet. In fact, the method of secondary fluorescent x-rays might -

be advisable for the precision measurements of these elements.
In Table 11 the wave-lengths and doublet distances resulting from
the most recent researches are compared with the results of this
investigation. Metallic sodium and white phosphorus have not been
exposed by others.. E. Hjalmar found for NaCl a value, 11885 XU

3 Diss. Lund 1927.
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TABLE 7. The Al Ka; ,-doublet. Disp. 10.8 XU/mm.

Ka, Ka,
Substance AL
2 /R 2 /R
Al 8321.87 | 109.503 | 8324.39 | 109.470 | 2.52
AlF, 1895 | 9.541 21.49 9508 | 2.54
Na, AlF, 18.99 9.541 21.49 9.508 | 2.50
AlC, 1922 | 9537| 2171 9.505 | 2.49
| ALO, 19.87 9.529 22.32 9497 | 245
AJOH), . 1978 | 9531 2224 | 9.498 | 2.51
Be,Aly(Si,0,y), beryl 1972 | 9581 922.17 9.499 | 2.45
AIPO, 1970 | 9.531 92.09 9.500 | 2.39
AL(SO,), 19.43 9534 | 21.80 |  9.504 | 2.87
1 AI(C10,), 19.2% | 9537 21.68 9505 | 2.47
AINO,), 19.20 9.537 21.56 9.507 | 2.36
Al,(MgO,), red spinel. 19.83 9.529 9244 | 9495 | 2.61
Al,(Mg0,), black spinel 19.88 | 9529 | 2238 9.496 | 2.50
K(AlSi;0,), orthoclase 20.14 9.525 22.63 9493 | 2.49
Ca(Al1,81,0,), anorthite 20.38 9.522 22.95 9.489 | 2.57
Na,ALO, 20.56 9520 |  28.08 9.487 | 2.52
Na,AlO, 20.67 9518 |  23.13 9.486 | 2.46
ALS, 2036 | 9522 2290 | 9489 | 254
Al,Se, 2004 | 9526 | 2257 | 9494 | 253
Al,Te, 2003 | 9526 | 92255 | 9.494 | 252
AIN 2029 | 9523 | 2274 | 9491 | 245
AIP 21.01 9514 |  23.46 9482 | 2.45
ALC, 2118 | 9512 | 2363 9.480 | 2.45
AlB,, ' 2058 | 9520 | 2807 | 9487 | 2.49
Mg, Al, 2224 | 9498 24.85 9.463 | 2.61

in good agreement with that accruing from this investigation.
Lundquist, when studying the P Ka, ,-doublet, determined the
shifts in relation to red phosphorus. I found the doublet of white
phosphorus to be a little longer-waved than that of the red. The
agreement between mine and earlier measurements is satisfactory;
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TABLE 8. The 8iKa; ,-doublet. Disp. 9.3 XU/mm.

I
Substance - 4% |
Y3 /R 2 /R

| si ‘ ) 7110.94 | 128150 | 711358 | 128102 | 2.64
Na,SiF, ’ 07.37 | 8214 | 09.99 | 8.167 | 2.62
MgSiF, - : 0740 | 8213 | 1010 | 8165 | 2.70
S0, . ' 0843 | 8195 | 1116| 8146 | 273
8i0, . nH,0 ' 08538193 | 1125 | 8144 | 272
Na,Si0, | 0853 | 8193 | 1124| 8145 | 271
Mg,Si0,, ‘forsterite " 10846 | 8194 | 1111 | 8.147 | 265
Be, Aly(Sig0,,), beryl - 0849 | 8194 | 1121 | 8145 | 272
[AI(F, OH)LSiO,, fojiaz 0848 | 8194 | 1120 | 8145 | 272
‘K AL(OH),[Si,Al0,;], mu- : 3
scovite | - 0877 | 8189 | 1140 | 8.142 | 263
CaAly(OH),[Si, Al,0,,], mar-

garite 0861 | 8191 11.30 | 8143 | 2.69
K(AISi,0y), orthotlase 08.64 | 8191 1131 8143 | 2.67
Ca(Al,Si,0,), anorthite | 0876 | 8189 11.44 8.141 | 2.68
sis, - 0889 | 8186 | 11.56.| 8139 | 2.67
Si,N, o 08.96 | 8185 | 1158 | 8188 | 2.62
sic . 1007 | sies | 1267 81197 260
Mg,Si C ] 1ws2| 8139 | 1426 | 8090 | 274

we must consider that an error in the wave-lengths of the reference-
lines comes in enlarged in the determined wave-lengths. There-
fore, the values found by Haglund from absolute measurements
are, undoubtedly, the most accurate.”

. It will be clear from Fig. 4, which shows microphotometric
records of the doublets of the pure elements, that the doublet-
lines overlap more and more from 16 S to 11 Na. The measuring
of the .doublet was easy to accomplish for 14 Si—16 S, but met
with some difficulty for 13 Al, where the doublet is not very
clearly split up. The determination of the Al doublet distance in
the comparator” is  possibly ~affected with a systematic error

4 7S t. Phys. 1,489, 1920.
5Loe

: Fi
- ©ZS f. Phys. 102, 768, 1936.
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58 | 128.102 | 2.64

99 | 8167 | 262
10| 8165 | 270

16 | 8146 | 2.73
2% | 8144 | 2.72
o4 | 8145 | 2.71
11| 8147 |' 2.65
o1 | 8145 | 2.72
20 | 8145 | 2.72

40 8.142:| 263
30 8.143 | 2.69
31, - 8.143 | 2.67
44 8.141 |- 2.68
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TABLE 9. The PKay ydoublet. Disp. 8.8 XUjmm.

Ko, Ka,
Substance AL
3 »/R 2 JIR

P white 614383 | 148322 | 614656 | 148.256 | 2.73
P red 4373 | 832 | 4640 | 8260 | 267 |
P metallic 4369 | 8326 | 4638 | 8260 | 269
P,S, 1296 | 8343| 4566 | 8218 270
P,S, - | 4s25| s336| 4592 | s211| 267
P,S, 4358|8328 | 4636 | 8.261 | 278
PN, ‘4192 | 8369 | 4462 | 8303 | 270
NaP, 4389 | 8821 | 4653 | 8257 | 264
Mg,P, wse| ss10| 47110 8242 | 276
AIP 4458 | 8304 | 4732 | 8238 | 274

TABLE 10. The SKal’ ydoublet. Disp. 10.8 XU/mm.

Koy o " Ka,
Substance - AL
2 /R 2 /R
s 5360.83 | 169.986 | 5363.69 | 169.895 | 286
NayS 6130 | 9971 | 6410| 9.882 | 280
SiS, 6192 | 0974 | 6405 | 9.8%4 | 283
P,S, 6125 | 9973 | 6406 | 9.883 | 281
P,S, 6113 | 9.976 | 6395 | 9.887 | 2.82
P8, 6110 | 9977 | 6395 | 9.887| 2.85

‘-

according to a statement by Bicklin,” who, when measuring the
Al Ko, ,-doublet, pointed out that there is a tendency to overrate
the distance between the two lines lying close to each other.

7 78 f. Phys. 33, 547, 1925.
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XU/mm.

A2
/R
18.256 | 2.73
8.260 | 2.67
8.260 | 2.69
8.278 | 2.70
8271 | 2.67
8.261 | 2.78
8.303 | 2.70
8.2567 | 2.64
8.242 2.76 :
8.238 | 2.74
XU/mm.

A2
»/R
59.895 | 2.86
9.882 | 2.80
9.884 | 2.83
9.883 | 2.81 |
9.887 | 2.82
9.887 | 2.85

en measuring the
dency to overrate
o each other.

TABLE 11. The wave-lengths of the Ka; ,-doublet of the pure elements and
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the doublet distances Ai compaied 'with earlier measurements.

Emitting This | - This Earlier
element - invest. Earlier invest. ‘|invest. invest.
11 Na ay o 11885.8
12 Mg a; o 9869.9 [9869.0 Hjalmar*
ay | 8324.39 8324.62
13 Al a; | 8321.87 (8322.18 Haglund® 42| 252 |2.44 Haglund
a, | 7113.58 [7113.18
14 Si a; | 7110.94 (7110.66 Haglund 42| 2.64 |2.52 Haglund
ay | 6146.56 :
15 P white | o, | 6143.83 4l | 2.78
a, | 6146.40 |6146.78
15 P red a; | 6143.73 |6144.11 Lundquist® | 42 | 2.67 |2.67 Lundquist
oy | 5363.69 [5363.92
16 S a, | 5360.83 |5361.10 Haglund A4 | 2.86 | 2.82 Haglund
TABLE 12. The shifts of the NaKo, ,line.
Substance oL XU 8V Volts
NaF —0.8 —0.07
NaCl 1.3 0.11
NaBr 1.1 0.10
NaJ 1.0 0.09 -
NaOH 0.9 0.08
Na,SiO, 1.0 0.09
Na,PO, 1.2 0.11
Na,S0, 14 0.12 -
NaClo, 1.9 0.17
Na,S 1.0 0.09
NaN, 0.5 0.04
NaP, 0.6 0.05
Na,C, 05 0.04
Na,Sn 0.5 0.04
NaCd, 0.3 0.03
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3. The Widths of the Lines.

The influence of chemical combination on the Ka, ,-doublet of

of the doublet. However, it is well known that the emission lines

of free atoms broaden when the atoms are joined in a crystal

lattice, and hence the widths of the lines might not be the same
in different crystals. According to H. Frolich’s theory ® for metals

TABLE 18. The shifts of the Mg Ko, ,line.

Substance oL XU oV Volts

MgF, —2.0
MgF, 1.9 — 02
MgSiF, 21] -
MgCl, 23
MgCl.. 6H,0 2.4} 0.30
MgBr, 21 0.97

: MgO 15

5 MgO | 1;3} 019 -

s Mg(OH), 17
MgCO, 1.6 0.20

; MgSiO, 14 018
Mg,(PO,), 15 0.19
MgSO0, 1.7 0.22
Mg(C1O,), 2.3 0.29
Al(MgO,) 1.0 013
MgS 15 0.19
Mg,N, 0.6 0.08
Mg,P 08 '
Mg,P, : 0.7} 0.10
Mg,C 04

: Mg.C 0.6} 0.06

' Mg,Si 0.4 0.05
Mg,Sn 0.4 0.05

| Mg,B; 05 0.06
N Mg, Al, 02 0.03
8 Elektronentheorie der Metalle, Berlir, Jul. Springer, 1936.
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TABLE 14. The shifts of the Al Ka, ,doublet.

8, XU ,
Substance ’ dV Volts
Ko, Ka,

| AIF 292 — 290

Nag ALF, 2.88 2.90} —052
A0l 2.65 2.68 048
ALO, 2.00 2.07} 0.7
AlOH), 9214 2.15 1
Be, AL{(8i,0,5), beryl 2.15 2.92 039
AIPO, 217 2.30 0.40
AL(SO,), 2.44 2.59 0.45
Al{010,), 2.66 271 048
ALNO,), 2.67 2.83 0.49
Aly(MgO,), red spinel 2.04 1.95 0.36
Al,(MgO,), black spinel 1.99 2.01 :
K(Al1Si,0,), orthoclase 1.73 1.76 0.31
Ca(ALSi,0,), anorthite 1.49 1.44 0.26
Na,ALO, 1.81 1.1 093
Na,AlO, 1.20 1.96 :
ALS, 1.51 1.49 027
Al,Se, 1.83 1.82 0.33

| Al,Te, 1.84 1.84 033
AN 158 1.65 029
AP 0.86 0.93 016
ALC, 0.69 0.76 0.13'
‘AIB,,- 1.29 - 1.82 093
Mg,Al, Jos7r | Fode | 4007

an emission line arising from transition of an electron from a full
outer group to onme of the inner groups is symmetrical, whereas,
when the outer group is not completed the line becomes asym-
metrical showing a sharp edge towards shorter wave-lengths.. In
fact, we must expect the Ka, ,-lines, which originate when electrons
from the full L-shell fall to the K-shell, to be fairly symmetrical
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TABLE 15. The shifts of the Si K a; ,doublet.

8L XU
Substance 0V Volts
Ka, Ko,

Na,SiF, — 3.57 — 359

MgSiF, 354 , Sas) | —osT
8i0, 2.51 2.42

Si0, . nH,0 2.41 2.33

Na,Si0, 2.41 2.34 0.59
Mg,Si0,, forsterite 2.48 2.47
BeyAly(8ig0,,), beryl 2.45 2.37

[Al(F, OH)],Si0,, topaz 2.46 2.38
KAL(OH),[Si,Al0,,], muscovite 2.17 2.18
CaAl,(OH),[S1,A1,0,,], margarite 2.33 2.28 0.55
K(Al8i 0,), orthoclace 2.30 2.27 ’
Ca(Al,81,0y), anorthite 2.18 2.14

SiS, 2.05 2.02 0.50
Si;N, 1.98 2.00 0.49
Sic 0.87 ' 0.91 0.22
Mg,Si 4+ 0.58 —+ 0.68 +0.15

disregarding the slight asymmetry characterizing all K lines.® A
simple photographing and microphotometric recording of the lines
is not the method for studying the shapes and widths of the lines.
An experimental arrangement more suited for the purpose is
offered by the double crystal spectrometer. This was, for instance,
used by L. Obert and J. A. Bearden,® who studied the width and
index of asymmetry of the fluorescent Ka,, Ka, and KB, emission
lines of pure Zn, Cu, Fe, Mn, Cr and many compounds. They
conclude that the change in the widths of the Ko lines must be
due to a change in the width of the L-levels, as the width of the
K-level is evidently not influenced by chemical combination.
However, the necessity of producing fluorescent radiation of
sufficient intensity renders difficult the application of the method
to the lighter elements. , '

As to the widths of the lines for 11 Na—16 S, which increase
with decreasing atomic number, this investigation shows that the

® Phys. Rev. 54, 1000, 1938.

lines
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-doublet. ] TABLE 16. The shifts of the P Ka, ,doublet.
E 8L XU
—| 0V Volts . Substance oV Volts
Ka, ) Ko, Ka,
- 3. —0. — 0.16 — 0.04
gig} Y : | P red 0.10 0 0
] P metallic 0.14 0.18 0.05
2.42
2.38 _ P,S; 0.87 0.90 0.29
2.34 05 ;
9247 59 P,S, 0.58 0.64 0.20
2.37
2.38 P,S, 0.25 0.20° 0.07
2.18 _ P,N, 1.91 1.94 0.63
2.28 055
gﬂ ' NaP +0.07 —0.03 +0.01
. ;
{ Mg,P 0.51 0.54 0.17
9.02 0.50 L3l -+ ) + +
AlP —+0.85 ~+0.92 <+ 0:29
2.00 0.49 -
0.91
. 0-22 TABLE 17. The shifts of the 8 Ka; ,-doublet.
0.68 4 0.15
o XU
i Substance dV Volts
NN v
g 3'411 K hne.s.‘ A | Ka, - Ka,
ording of the lines ‘ B ‘
vidths of the lines. Na,S + 047 041 +0.19
or the purpose i
PUIpose 15 SiS, 0.39 0.36 0.16
. was, for instance,
ied the width and P,S; 042 | 0.37 017
“and K§g, emission P,S, , 0.30 0.26 0.12
compounds. They ' ‘
. v P,S - 0.27 ‘ 0.26 . 011
Ka lines must be 0

s the width of the
lical combination.
cent radiation of
ion of the method

~lines of the compounds seem to be wider than those of the pure
element, though this effect is not very conspicuous. For the rest
we desist from entering upon. the subject.

S, which increase ' ‘ 4. The Shifts.

on shows. that the It may be emphasized that the primary purpose of this

investigation is not to give a precision measurement of the absolute
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wave-lengths but to study the shifts caused by chemical combina-
tion. The"shifts in relation~tothe pure element-are given in
Tables 12—17, which are arranged in the same manner as the
wave-length tables, though the Mg-tables 5 and 6 are brought
together in one (Table 13). For each compound the shifts o1 of
the two doublet-lines are presented in XU. The minus sign
indicates a shift towards shorter wave-lengths, the plus sign a
shift towards longer wave-lengths. This investigation, like earlier
ones, has not brought to light any evidence that the shifts of the
two doublet-lines are not the same. We, therefore, take a mean
value of them as representing the change of the doublet in a
certain compound. This shift of the doublet 6V is given in
electron-volts in the last column of the tables. For compounds
the shifts of which agree within limits of error an average value
‘has been computed.

The small number of shifts determined by other mvestlgators
agree well with these measurements. Thus Bicklin *° found shifts
of 0.57 volts for SiO, and 0.31 for ALO,. Flemberg *° gave 0.58
volts for SiO, and 0.22 for SiC.

To illustrate the shifts some comparlbons between one or two
spectrograms of compounds of an element and a spectrogram of
the pure element itself are reproduced on Plates I—III. The
spectrograms showing the same doublet are enlarged (enlargement
about 4) exactly to the same scale and placed in rela‘mon to each
other so that the reference-lines coincide.

5. The Accuracy of the Measurements.

We need not dwell on the errors with which the use of a
concave crystal grating is associated. Sandstrom * has given a
detailed description of all systematic errors. He states that the
inevitable focussihg-defeet can be made to counterbalance the
broadening-effect caused by the ‘oblique penetration of the X-Tays
in the photographic emulsion, as these effects go in opposite
directions. Hence the lines are symmetrically broadened, the
distribution of the blackening .on the spectrogram being approxi-

1 See p. 7 and 9.
1 Diss. Upsala 1935.
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mately gaussic. Some interest may here be directed to the
broadening-effect due to the thickness of the emulsion. In any
case the reference-lines are well exposed, so that they penetrate
the emulsion thoroughly, which could be shown by using Agfa
Laue film covered on both sides, the lines appearing then on the
back of the film too. On the contrary, the soft Ka radiation is
highly absorbed in the emulsion containing heavy atoms: a normal
blackening for instance of the Mg-lines was seated in the very
surface of .the emulsion and . .could easily, be ‘wiped away with a
piece of soft cloth. The conditions undellymg Sandstrom’s assump-
tion of symmetrical broadening are not present. in the case of lines
of these light elements. This, however, is not important, as the
natiral widths of the lines are considerable. Obviously the diffe-
rent penetratlon of “the reference-lines and of the doublet-lines
must imply a systematlc ‘error in the determination of the absolute
wave- lengths By using film with thin emulsion (12 u), and by
photographmg at great glancmg angles so that the obhqulty
of the rays is small, the error could be greatly reduced. In the
shifts the uncertainty is ‘due to the different penetratlon of the
doublets of the compounds ‘and of the doublet of 'the pure
element, and it can ‘be qulte dlsregarded all ‘the more so as I
have aimed at giving all linés the same intensity by tlmlng the
exposures. The focussmg—defect 1s not 1mp01tant f01 the accu-
racy of the shlfts, as it is a,bout the same for all doublet lines.
The measurmg of the spectrograms involves an uncertamty
in the wave- -lengths, which decreases from left to right in the
series 11 Na—16 S. Generally we can reckon with an uncer-
tainty of about + 0.04 “volts for all shifts. The acculacy of a
mean value of several shlfts (See for example the sﬂlcates) is

naturally greatel

'




CHAPTER 4.

- X-Rays and Interaction between Atoms.

1. Chemical Combination and Crystal Types.

Before entering on a discussion of the effects of chemical
combination on x-ray spectra we shall briefly outline the present
knowledge of the chemical forces between atoms. The old valency
theory of chemistry was not very interesting from a physical point
of view, as it could not explam anythmg about the actual mecha-
nism of chemical combination. W. Kossel* was the first to give
an_ elaborated theory. He interprets the ionic bond as electro-
static interaction between posmvely and negatively charged par-
ticles. For mstance when a gaseous NaCl-molecule is being for-
med the 3s electron or the valency electron of Na .is added to
the M-shell of Cl, rendering this an 3 electron shell, and the
two ions, which can roughly be cons1dered as spherical, are at-
tracted to each other by Coulombic forces until they almost touch
each other a,nd the attractlon is balanced by repulsion between
the outer shells, the nuclear distance being the sum of the radii
of the two ions. A theory for the homopolar binding was given
by W. Heitler and F. London.? Their theoretical treatment is
based on the Schrodmger equation. and the Pauli principle.
According to their conception, two atoms are linked to each other
by means of an electron pair rotating round the two nuclei.
Electrons from the two atoms can only attach themselves to such
a pair of electrons when they have antiparallel spins; the spin
vectors of the two electrons balance each other in the state of
attraction and are summated in the state of repulsion. In systems
of two or several atoms the number of free spins will correspond

* Ann. d. Phys. 49, 229, 1916.
2 See Handb. d. Phys. 24/2, 756, 1933.
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to the valencies. The theory is able to explain forms of transition
between typical heteropolar and typical homdpolar combination.
— The interpretation of the chemical bond has also been furthered
by Slater—Pauling and by Herzberg—Hund—Mulliken, whose
methods admit to some extent of a systematizing of the binding
types.

A study of the interaction between atoms must take polarization
phenomena into account. It is easily understand that if a large
diffuse negative ion such as S= combines with a small positive
ion it must be distorted; in every ion a dipole originates and the
two dipoles impart electrostatic forces to each other. Polarization

is much stronger for negative than for positive ions, decreases.

from’ left to right for elements in the same periodic row, but
increases with the atomic number of elements in the same periodic
column. It is considered that increasing polarization gradually
merges with homopolar binding so that the transformation of
ionic combination into homopolar implies increased polarization of
the ions. : ‘

According to the type of combination all crystalline compounds
can, broadly speaking, be classed under four main types: ionic or
heteropolar, homopolar, molecular, and metallic. Naturally many
substances must be referred to intermediate forms of two or more
of these types. The-typical ionic compounds (NaCl) are common,
whereas the homopolar compounds, including in the first place
crystals- of diamond type (SiC), are more sparingly found.
Substances with the latter structure are either insulators (SiC),
characterized by very high melting point and by great hardness,
or they are metals (Si). In the molecular crystals the pattern
units are whole molecules in which the atoms are linked to each
other by more or less typical homopolar bonds; the molecules are
held together in the lattice by van der Waal’s forces, or residual
electric fields between molecular poles. Organic compounds, and
many inorganic compounds such as AICl, and SiF,, belong to the
molecular type, which has the properties of very low melting point
and low hardness. Finally, in metallic combination, which occurs
when atoms lose electrons easily, the crystal units are positive
ions held together by an electron gas.
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2. The Appearing of Chemical Effects on X-ray Spectra.

In Table 18 the- electronic structures of the free elements
1 H—54 Xe are tabulated. The L shell is- completed with 10 Ne.
With increasing atomic number; firstly the Mi-level is- occupied
by two electrons (3s) and then the M, mz-levels are supplied
with in all six electrons (3p). Thus in the series 11 Na—17 C1
& new 8-electron shell is built up from one rare--gas, 10 Ne, to
another 18 A. The valency electrons or the electrons outside
the L shell are in number from 1 for 11 Na to 7. for 17 Cl. The
emission lines Ka, and Ko, are produced when a i1s-electron is
‘Temoved and- the vacancy filled by 2p-electrons from -the Ly
and the Ly-level respectively. When the emitting atom is linked
to another atom through the valency-electrons, the frequency of
the Ka, ,-radiation is modified in the first place because of a
change of the Ly, mr-levels. Bicklin ® ‘pointed. out that the K.
level, which is screened off by the eight L-electrons, must be
but very little influenced by the chemical combination. The diffe-

rence in energy states between the two . levels Ly - and- L is

small, not exceeding 1% of the absolute values of their -energies;
and the effect on the two L-levels: might ‘be almost equal. Nor
could the experiments reveal a different change of the Ka, and
the Ka, line. . - : o k i

An effect of chemical combination on the Kay, o -doublet occurs
in the case of elements lighter than 18 A: in the series 11 Na—
17 Cl, in which the L-shell is complete, it appears as a shift of
the doublet as-such, whereas for elements lighter than 10 Ne, the
L-shells of which are not filled, the influence is more apparent
as a change in the shape and width of the broad lines.* For 19.K
and for elements with ‘a higher atomic number the L1, ir-levels
seem to be unaffected by the chemieal bonds, probably owing to
the screening effect of the 8-electron shell outside the L-levels.
Still, in these elements there is an influence -on ‘the outer:levels.
Thus A. Lindh® found an effect on the K absorption. edges of the

# ZS f. Phys. 38, 215, 1926. ‘ ' : '
* See M. Sieghahn and T. Magnusson, ZS f. Phys. 87, 291, 1934.
® See M. Siegbahn, Spektroskopie der Rontgenstrahlen.
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TABLE 18. The electron structures of the free elements 1 H—bH4 Xe.

}fe::{ Kyl Ly Lyp on | My My g My, v N Nyp o Moy, v Ny v Or O o

Type.of 15| 95 2p [8s 8p 3d |4s 4p ~ 4d = 4f [5s 5p

1H 1

2 He 2

3-1i 2 1

4 Be 21 2

5 B 2 2 1

6 C 2 2 2

TN 2 2 3

80 2 2 4

9F |2| 2 5 !

10 Ne 2 2 6

11Na 2] 2 6 |1

Mg |22 6 |2

13 Al | 2.2 6 2 .1

14si |22 6 |2 2

15 P 2 2 6 2 3

16 S |2 2 . 6,12 4 \

170 |22 6 |2 5

18 A 2 276 2 6

19K |2l 2 6 |2 6 — |1

200a |2 2 6 |2 6 — |2

21 Sec 212 612 6 1 " !

22 Ti- 2 2 6. 2. 6. .2 |2

v [2]2 6 |2 6 3 |2

24 Cr 92 2 6 20 6 0 ' H 1 ‘

%5 Mn [2] 2 6 |2 6 5 |2

26 Fe ] 2 6 2 6 6 2

27 Co 2 2 6 |2 6 T 12

28 Ni 9 2 6 2 .6 .8 2.

29 Cu 2 2 6 2 6 10 1

30 Zn 2 2 .6 2 6. 10 2

51Ga 2| 2 6.l2 6 10 |2 1

32 Ge 2 2 6 2 6 10 2 2

33 As 2 2 6 2 610 ['2:...8

348¢ |2 2 6 |2 6. 10 |2 4

35 Br 2 2 6 2 6 10 ‘2 5}

36 Kr 2 2 6 2 6 . 10 |[.2 6

47 Ag 2 2 6 2 6 2 6 1

48 Cd 2 2 6 2 6 2 16 : 2

49 In 2 2 6 2 6 2 6. 12 .1
2 2 6 |2 6 2 6 2 2
2 2 6 2 6 2 6 2 3
2 2 6 2 6 - 2 6 2 4
2 2 6 2 6 2 6 2 5
2 2 6 |2 6 2 6 2 6
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elements 19 K—26 Fe when in chemical combination, and changes
of the Kj-limes have also been observed® in some cases.

In the L series spectra an effect on the L absorption edges
of the elements 50 Sn—53 I has been proved.’ Evidently the
influence is not extended to the M-shell screened off by an 18
electron group from the valency electrons, -and so the La, ,-doublet,
which originates from transitions from the Myv, v-levels to the Ly
level, is unaffected. Even for 85 Br an effect is absent which the

author found in a preliminary investigation. For 32 Ge and for

elements with lower atomic number, however, there is an obvious
change of the La, ,-line caused by chemical combination.”

3. Theoretical.

Some hypothetical interpretations have been made to explain
the effects of chemical combination on the K absorption edge of
mainly the elements sulphur and chlorine. Reference may here
be made to a few of these. Stelling,® agreeing with Fajans,”
attributed the shifts of the K limit in chlorides and sulphides
to a polarization of the CI- and S=-ions. Aoyama, Kimura and
Nishina,' in opposition to Stelling, asserted that the effects were
explained by the electrostatic action of adjacent ions alone. How-
ever, R. de L. Kronig™ has called attention to the fact that there
is a parallelism between lattice energy and polarization. In his
opinion the polarization must be of secondary importance in-chlo-
rides and sulphides, which mainly crystallize in co-ordination
lattices in which the distribution of adjacent ions round the
emitting CI™- or S=-ions is very regular. ‘

A more advanced theory is given by L. Pauling.** He esta-
blished the necessity of taking into account not only the electro-
static crystal potential, but also the electron affinity of the crystal;
the changes in x-ray absorption frequency are determined by these

two important factors, but are independant of any deformation

° See J. McDonald, Phys. Rev. 50, 694, 1936.
7 E. Gwinner, L. c.

8 L. c.

® ZS f. Phys. 50, 531, 1928.

10 ZS f. Phys. 44, 810, 1927.

** Handbuch d. Phys. 24/2, 312, 1933.

> Phys. Rev. 34 (2), 954, 1929.
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of ions in the crystal. When an inner electron is removed from
an jon in a crystal, the formula

hy = hv, + ep — E,

is valid in which » is the absorption edge of the ion in the
crystal, », that of a free ion, ep the electrostatic potential at the
centre of the ion, and E. the electron affinity of the crystal.
The Madelung energy e is given for simple crystals by the
expression: :
ep=— 1 4 é*r,

r being the distance between adjacent ions of the charge e, and
4 the Madelung constant. - The plus sign is intended for an
anion, the minus sign for a cation.” Further, Pauling has shown
that for the K edge of chlorine in various crystals and of potas-
sium in its halides £ can be calculated from the diamagnetic
susceptibility by a semi-empirical formula. For the compounds
mentioned Pauling obtained fairly good. accordance between ob-
served and predicted shifts of the K edges.

J. Valasek* has made an application of Pauling’s theory.
From Stelling’s values of the K absorption edges (frequence vg)
and from his own measurements of the Kpf,-lines (frequence wg)
he computed for some chlorides and potassic halides the diffe-
rence hvig—~hvg, representing the energy required to remove an
M electron from the ion in the crystal. With due regard to eg
—E, these values are reduced to those for free ions and hence
values for the electronic affinity of a free Cl -ion and for the
ionization potential (for the first M electron) of a free K*-ion are
obtained. The former value-agrees well with the accepted one
of 3.7 volts, whereas the latter one comes out 1.5 volts too. high.

Discussing theories for explaining the optical absorption by
the alkaline halides, J. C. Slater and W. Shockley ** have given
principles for the treatment of electronic emergy levels by ionic
crystals. They have shown that we must adopt the simultaneous
existence of discrete levels as well as of a.continuum agreeably
to the observation of optical continuous absorption with sharp
structure. Fig. 5 gives some of the one-electron energy bands in

1 Phys. Rev. 47 (2), 896, 1935.
1 Phys. Rev. 50 (2), 705, 1936.
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NaCl crystal; as a function of lattice spacing. The energy levels
at infinite separation between the Na*t- and the Cl”-ions are
computed from known data of spectral terms, from ionization
potentials for Na, and from the electron affinity for Cl, and are
displaced -according to the Madelung energy, which is 3.495 e*/d,
where 3.495 is the Madelung number and ¢ (AU) the distance
between like atoms along the axis, or approximately (405000
em™)/d. Fig. 5 also gives .information about the probable

5 A

e
(=]

-1
cm

100,000

Cl™ Continuum

100,000

200,000
E— i
— Ne* 25
#400,000.
o . |
=600,000 : — No* 25|

d
Fig. 5. One-electron energy bands in’ NaCl crystal. (After J. Slater and
' W Shockley, Phys Rev.: (2), 50, 705, 1936)

i

broadening of the levels at smdll la,ttlce spacmgs When the ions
overlap in the crystal: It is seen that the Na* 2p level, which is
the -end: level for the. Ka,, ,-line, is xnot visibly broadened in
NaCl at the actual distance of 5.63 A L
~Valasek *° has called attention to. the fact that Pa,uhng S theorv
assuming the - displacement.. of all occupied levels. to the same
degree by the :Madelung term ‘alone cannot explain the changes
in width and position of the emission lines, whereas the broadening
of the levels in' the pattern by Slater and Shockley, which goes
in the opposite direction to the Madelung displacement, might

15 Phys. Rev. (2), 51, 832, 1937.
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give a solution to this problem. The changes in width and those
in wave-lengths of the emission lines are then assumed to be
closely connected to each other; but this is not supported by
observation on the Ka,, ,-doublet of the elements 11 Na—16 S,
for which the shifts are much more obvious than the changes in
the widths of the lines. Slater and Shockley’s treatment was
employed by Valasek * to discuss energy levels in sulphides in
relation to spectroscopic. data of the S Kp;-line and the S K
absorption edge. He points out.that the broadening of the upward
turn of the C1738p band, though not so large, would agree better
with observations. Valasek *® has also made use of the pattern for
an interpretation of the origin of some lines for potassium and
sodium chlorides, and he was able to show that certain of the
weaker lines arise from transitions of valency electrons belonging
to one of the ions into a K shell vacancy in the other ion.

A noticeable feature of the picture in Fig. 5 is that the
bottom of the hypothetical Cl -continuum is fairly constant
with the lattice spacing, and not displaced downwards in ana-
logy with the discrete Cl-levels. This is due to the fact that
the wave-function of the continuum is distributed all over the
space, its charge being partly near chlorines and partly near
sodiums. For the K absorption edge Pauling stated the diffe-
rence between the energy-state for a free ion and for an ion in
a crystal to be the Madelung energy eq diminished. by the
electronic affinity of the crystal E, F, amounting for NaCl to
5.69 volts. As the K absorption edge in Slater and Shockley’s
pattern would originate from the removal of a K electron to a
level belonging to the Cl -continuum, it is evident that these
workers adopt a smaller value of E..

On this interesting point a value of the NaCl K absorption
edge could furnish some information, and therefore the author
made a preliminary measurement of this hitherto uninvestigated
edge. The tube constructed for primary x-rays was provided
with a silver target. The absorbing NaCl screen was prepared
on a 0.5 u thick aluminium foil. A gypsum erystal as grating
gave, in the smallest spectrograph, a dispersion in the first order
on the spectrogram of 19.8 XU/mm. The edge was measured on

16 Phys. Rev. (2), 53, 274, 1988.
4
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the photometer-curves to the NiKa,V-line as reference-line lying

at its long-waved side. The following wave-length resulted:
NaCl: K absorption edge 11498 XU.

The corresponding energy value 8,697,200 cm™ minus the
energy of the Ka, ,line (1==11,884.5 XU) 8,414,300 cm™, or
numerically 8,697,200—8,414,300=282,900 em™, is the energy
required to remove a 2p electron in the crystal. As. the Nat
2p-level means the ionization potential for a 2p electron minus
the Madelung term 381,000—72,000 = 309,000 cm™, the factor
FE. will take the value 26,000 ecm™, or 3.2 volts. If the end-
level of the K electron lies in the Cl™-continuum, this must be
extended further down - than is sketched in. the picture by Slater
and Shockley. )

We have seen that a satisfactory theory for the effect of
chemical combination on X-ray emission lines has not yet been
elaborated, although some attempts ' have been made to explain
the change of the emergy levels in simple erystals. According
to the theory. of secular disturbance we must presume — . in
conformity with what happens in absorption — that when for

“example a free Na atom is ionized .through the loss of its 3s

electron the L energy levels are displaced towards smaller énergy,
and consequently, if the K level remains unaffected, the Koy o
doublet shifts towards shorter wave-lengths. Provided the valency
electron is not quite removed but is caught by a Cl atom and
added to its 7 electron shell, the presence of the Cl-ion will
again reduce to some degree the effect on the L levels in. the
Na*-ion, and this reduction may run parallel to the electro-
static attraction between -the ions. For a. positive. ion in the
various crystals we might expect a negative shift of the .Kay, o-
doublet, which varies inversely to the lattice energy. .In a corre-
sponding manner the shift for an negative ion should go to-
wards longer wave-lengths. :

-1t these concrete conceptions are true for ionic crystals, we
cannot @ priori assume that the eonditions are quite so simple

for compounds in which homopolar bonds are active.

1 See also D. Coster, ZS f. Phys. 25, 83, 1924,
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CHAPTER 5.
Discussion of the Shifts.

1. General Survey.

With a view to systematizing the results I have in Tables
19 and 20 collocated the shifts (in volts) for cations and anions
respectively caused by the direct bonds to various atoms. Most
of the compounds for which the shifts were found contain only
two different kinds of atoms, and the valencies of these are set
out in the tables in order to indicate the formula. For com-
pounds which are not »normal» the shift together with the for-
mula is given within brackets; in the following graphs lines of
short dashes are drawn to points representing these substances.

We have seen in Tables 12—17 that the shift caused by
bonds to a certain atom is often a permissible. mean value of
two, or more shifts. This value is employed in. the summarizing
Tables 19 and 20. Thus for 12 Mg the compounds MgF, and
MgSiF, give the same shift, and for 13 Al the compounds AlF,
and Na,AlF, likewise show the same effect, irrespective of the
lattice in which the F-atoms affect the emitting atoms. For 14
Si the F-linkage is only represented by the results from Na,SiF,
and MgSiFs. The normal compound SiF,, which is gaseous, would
probably yield about the same shift when investigated in its solid
state. In fact, a central atom with a high charge in a radicle, as for
instance Si in the octahedral group SiF, or S in the tetrahedral
group SO, (See -Lundquist) is never affected by the cations
but by the surrounding-adjacent atoms alone. (This is also true
for the K edge (p. 66)). Agreeable to this the oxide SiO, and
the silicates not containing Al in the anion show the same shift,
and Bicklin’s value -for P,0;, 0.89 volts (referring to red phos-
phorus), does:not differ much from Lundquist’s value for phos-
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TABLE 19. The shifts (in volts) of the Koz1 g-doublet of the cations
11 Na—16 8 caused by the direct binding to the anions 5 B—53 I.
11 Na 12 Mg 13A1(14 Si|[15 P |16 S
Va- -
]enacy +1 +2 +8| +4| +5| +86
5B —3 —0.06
6 C —4 | —(0.04 Na,C,) 0.06 —0.13|]— 0.22
TN —3 (0.04 NaN,) 0.08 0.29 0.49|—0.63
80 —2 0.08 0.19 0.37| 059 0.85—1.18
9F —1 0.07 0.25 0.52| 0.87
10 Ne 0
11 Na — 0)
12 Mg — ()
13 Al — (0.03 Mg,Aly) | (0)
14 Si —4 0.05 )
15 P —3 (0.05 NaP,) 0.10 0.16 0)
16 S —2 0.09 0.19 0.27) 0.50[ 0.29] (0)
17 Cl —1 0.11 0.30 0.48
348 | —9 0.33
35 Br —1 0.10 0.27
50Sn | —4| 004 0.05
51 Sb 3
52 Te —2 0.33
53 1 —1 0.09

TABLE 20. The shifts (in volts) of the Kal g-doublet of the anions
13 Al1—16 S caused by the direct binding to the cations 11 Na—16 §.

13 Al 14 Si 15 P 16 8

Valency — —4 —3 —2
| 11 Na +1 +(0.01 NaPy) | +4-0.19
| 12 Mg +2 | 4-(0.07 Mg,Al) | +0.15 0.17 0.27
13 Al +3 (0) 0.29 0.21
14 Si +4 ) - 0.16
15 P 45 (0) 0.17

16 S +6 (0

phates, 0.81 volté (referring to red phosphorus).

We are right

in adopting Lundquist’s values for the fluorescent lines of phos-
phates, 0.85 volts (referring to white phosphorus), and of sul-
phates 1.18 volts as representative of the P-O-bond and of the
S-O-bond respectively. The O-bond to the elements 11 Na—

14 Si is represented by the shifts for oxides and hydroxides.
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The values for MgS and AlS; in Table 20 also emanate from
Lundquist.

We note that the shifts are calculated in relation to the pure
element in a crystalline state; rightly the Ko, ,-doublet should
be referred to that of the free emitting atom, as we have
grounds for assuming that the identical atoms in the lattice of
the pure element affect each other so far as to the Ly, mr-levels.
However, some reasons favour the belief that this influence is
very slight. For the metals 11 Na—13 Al it is seen (Tables 19
and 20) that a partial substitution of Mg for Al as in Mg,Al; as
well as a partial substitution of Sn for Mg as in Mg,Sn, gives
rise to a very small shift. As the effect on the L levels of the
Al-Al-bonds differs very little from that of the Mg-Al-bonds,
it is also probable that the Al-Al-bonds themselves slightly in-
fluence the L electrons. Moreover this may also be true for the
Mg-Mg and for the Na-Na-bonds. Further support for our as-
sumption is furnished by the fact that the different allotropie
forms of phosphorus, viz. white phosphorus and metallic phos-
phorus, agree in respect of the Ka, ,-doublet within the limits
of error — in any case the difference is inconsiderable — in
spite of different lattices, cubic for white and rhombohedral for
metallic phosphorus. In this there is an important difference
between the P Ka,,-doublet and the P K absorption edge, the
edge for metallic phosphorus being shifted so much as 2.0 volts
towards shorter wave-lengths in relation to that for white phos-
phorus." It may be mentioned as a comparison that the analogous
shift for phosphates amounts to 9.7 volts. So it seems as if the
effect of combination between P-atoms — the nature of the linkage
may be chiefly homopolar — is in the first place concentrated
to the outer levels. We shall later see how the shifts for cations
come out small when the combining elements are in close proximity
in the same (second) horizontal row in the periodic table or when
the atomic structures of the elements are most identical.:

In Chapter 4 we were led to the simple assumption that the
Ka,  ,-doublet has a smaller wave-length in positive ions but
greater wave-length in negative ions than the free atom. In fact,
the experimental results indicate the validity of the conclusion:

1 Q. Stelling, Diss. Lund 1927.
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The Ka, ,-doublet for cations is shifted towards shorter wave-

lengths, for anions towards longer wave-lengths, in relation to
the doublet of the pure element. .

When an emitting element in the second periodic row is
combined with another situated at is right side, the shift will
come out negative (decrease of the wave-length) and vice versa,
the magnitude of the shifts being decided by all the characteristics
of the occurring combination. Even for the alloys NaCd,, Na,Sn,
Mg.Sn, Mg.Si and Mg,Al, the rule is confirmed, as the’ shifts in
all cases go in the predicted direction. These alloys are considered
to be chemical compounds, except Mg,Al,, Mg-Al alloys being
characterized by mutual solubility of the constituents. Never-
theless, the Mg Ka, ,-line for Mg,Al, gives a small negative shift
of 0.03 volts, whereas the Al Ka, ,-doublet. shows -a positive shift
of 0.07 volts, which, undoubtedly, is real. Just as it is difficult
to determine whether an -alloy exists as a compound or as a solid
solution, it is also often .impossible to - decide where metallic
binding leaves off and homopolar begins. (It has already been
mentioned that there are intermediate forms between the four
principal types of compounds.) The typical metallic binding is
performed by electrical attraction between positive ions and
electron gas. If metallic combination occurred in -a binary alloy
it might be expected that both constituents would show negative
shifts, as always in the case of positive ions.. Naturally a metallic
linkage is out of question in Mg,Si, Si not being at all a true
metal. - In Mg,Al; there may be a tendency to ‘homepolar com-
bination by: which the positive shift of the Al Ko, ,-doublet could
be explained. This is supported by the fact that Al really belongs
to the class of half-metals, which are distinguished from true metals
in respect of several properties; for example, half metals are
strongly diamagnetic and, contrary to the true metals, conduct
electricity more readily in a molten state.

We must however beware of false conclusions. The positive
shift of the Al-doublet for Mg,Al, could be explained as follows:
the Al-Al-bonds in the pure element cause a negative shift, the
Mg-Al-bonds in Mg,Al, a shift in the same direction though 0.07
volts smaller. An effect of the Al-Al-bonds amounting to 0.07
volts cannot a priori be considered too high. Yet if it is true we
must .assume an appreciably higher effect of the P-P-bonds — it
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is highly probable that the effects between the identical atoms in
the pure element increase from'11Na to 16 S — and we have
already given reasons for assuming that the L-levels are not in
any definite manner engaged in the binding mechanism in phos-
phorus. After all, a real pODIthG shift of the Al-doublet in Mg,Al,
is more likely.

The possibility is not precluded that an extended study of the
Ka, ,-doublet of Al und Si in alloys would contribute to furnishing
information about the different types of combination active in
intermetallic compounds, especially the intermediate forms between
homopolar and metallic bonds.

As regards the K absorption edge the conditions do not seem
to be so simple as for the Ka, ,-doublet. For the edges of various
sulphides A. Lindh® found values of the wave-length to lie on bot
sides of the wave-length of the pure element. For the pure element
we must surely reckon with a fairly great interatomic influence
of the S-atoms in the crystal. On the whole it seems as if the
study of the Ka, ,-doublet supplies more information of the effects
of the bonds than does the study of the K limit, which is influenced
by the binding in a more direct but also more complicated manner.

2. The Shlfts for Cations as Function of the Atomic Number
of Disturbing Anions.

In order to study the effect of different disturbing atoms on
the same emitting atom as cation we have plotted in Fig. 6 the
shifts from Table 19 against the atomic number of the anions,
the valencies of which are indicated in the graph by numbers

within brackets. From the graph it is evident that the following

conclusion is essentially to.-be drawn:

When the emitting atom (cation) is constant, the shift of the
Ka, ,-doublet is increased with atomic number (or decreased with
valency) of disturbing atoms (anions) in both the series 13 Al—17 Cl
and 5B—9F.

Without drawing any parallels between the »affinity» of the
disturbing elements and these phenomena we may say that the
rule is acceptable from a chemical point of view. When an

2 Diss. Lund 1928.
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emitting positive ion is linked to other atoms in a crystal we
have presumed that the greater lattice energy should correspond
to the smaller shift and vice versa. It is possible to test the
tenability of this assumption for some compounds for which
values of the lattice energies are available. It may be mentioned
that the lattice selection always aims at a lattice having the
formation that gives off the greatest possible amount of energy
outwards.® In Table 21 energies (in kcal) of several compounds
computed by A. E. Arkel and J. H. de Boer * are tabulated together

TABLE 21. Lattice energies U (kcal) and shifts §V (volts) of the
I\al o-doublet for the cations.

Disturbing| itUBE] 11 Na 12 Mg 13 Al 14 si
anion
Valency +1 +2 +3 +4
U A% U oV U A% U A%
Kecal | Volts | Keal | Volts | Keal | Volts | Keal | Volts
53 1 —1 166 |— 0.09
35 Br —1 177 0.10{ 577 |—0.27
17 Cl1 —1 183 0.11| 595 0.30| 1280 |— 0.48
9F —1 220 0.07| 705 0.25 2550 - 0.87
16 S —2 270 0.09 - 790 0.19 ’
80 —2 940 0.19; 1310 0.37| 3100 | - 0.59
TN —3 2200 0.29

with the shifts for the cations (in volts). In spite of some
inconsiderable discrepancies — we must allow for errors in the
shifts — this small comparison material shows that for each
element the shift is qualitatively inversely proportional to the
lattice energy. Thus the halides, which represent a minimum of
energy, show the greatest effects, while oxides, richer in energy,
give smaller shifts, etc. This is also connected with the nature
of the bonds, which in the compounds with anions from 17 CI to
13 Al and from 9F to 5B alters from a more ionic to a more
homopolar binding.

* V. M. Goldschmidt, Chem. Ber. 60, 1263, 1927; Trans..Far. Soc. 25,
258, 1929.

* Chemische Bindung S. 66.
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11 Na ¢) 12 Mg ¢9) 13A1(3)
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Fig. 6. The shifts (volts) of the Ka, ,-doublet for cations as a function of
the atomic number of disturbing anions.

The above-mentioned rule is more obvious for emitting elements
of a high valency than for those of a low valency, so that the
curves tend to converge when going towards lighter affecting
atoms. The shift for NaF has even come out a little smaller than
that for NaOH (Fig. 6). Whether- this is a nonconformity with
the rule or not cannot be settled, as all effects on the Na Ka,,,-
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line presented in the graphs are equal within the limits of error.
The one Mg-curve could be drawn through all the disturbing
elements to the right of 12 Mg in the same periodic row, from
17 Cl down to the pure element itself, 12 Mg, though via the alloy
Mg,Al;, which is not a chemical compound. Between 17 C1 and
- 15P, the curve has a straight-lined course; then it bends to the
vertical. The Mg-curve for the series 9 F—5 B presents a similar
appearance. With regard to the errors it seems as if the upper
parts (9 F—6 C and 17 Cl—15 P) of the curves might be straight
lines which is most marked in the series AIF,—Al,C,. To this,
however, the single Si-curve probably forms an exception. The
shifts for Si0, and SiC must be considered as very accurate,
agreeing as they do with earlier values: for SiO, Bicklin found
an effect of 0.57 volts, Flemberg 0.58 and the author 0.59, for
SiC Flemberg and the author got the same value, 0.22 volts. As
we have no reason to doubt the rather great shift for Si,N, (a
spectrogram for this compound is reproduced in Plate II), we
must conclude that a zig-zag course for the Si-curve is more
probable.

Some interest attaches to the question of how the shifts for
cations vary with different anions of the same valency situated in
the same periodic column. This mode of viewing the effects is
well-grounded, all the more so as we then compare shifts for
compounds of the same or similar crystal structure. The graphs
in Fig. 7 will give information about the shifts as functions
of some different monovalent (9F, 17 Cl, 35 Br, 53 I), divalent
(80, 16 8, 34 Se, 52 Te), trivalent (7 N, 15 P) and tetravalent (6 C,
14 Si) anions. In the halides the effect of Cl on 11 Na and 12 Mg
is the greatest, while F seems to affect 13 Al more than Cl does.
In the Al-curve of the series 52 Te—34 Se—16 S—8 O it is ob-
vious that the effect of S denotes minimum, the effects of O, Se
and Te being about the same. Further, in the series, the rela-
tion between the effects of S and O is such that the latter with
increasing valency of the emitting atom dominates more and more,
the greatest difference appearing between P,0, (0.85 volts) and
P,S; (0.29 volts). In other words the curves become more oblique
from Na to P. The increase of obliquity is most marked when
going from the Si- to the P-curve, while no increase at all occurs
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Fig. 7. The shifts (volts) of the Ka, ,doublet for cations as a function of
disturbing anions of the same valency situated in the same periodic column.

between the Al- and the Si-curve; this i due to the fairly small
difference of 0.09 volts between the shifts for SiO, and SiS,. (In

these crystals the Si-atoms are tetrahedrally surrounded by four
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O-atoms and four S-atoms respectively.’) As the phenomenon of
increasing obliquity also appears between the effects of P and
N, we may be justified in formulating the following conclusion:

The shifts of the Ka, ,-doublet for cations caused by diffe-
rent anions of the same valency situated in the same periodic
column do not as a rule differ very much, but relatively seen
there is a tendency to smaller shifts when the emitting atom
(cation) and the disturbing atom (anion) come to close proximity
in the same (second) periodic row.

We have assumed a small effect for the identical atoms in
the lattice of the pure element. It is interesting to see that under
this assumption the shift for the cation in compounds between
adjacent elements proves to be small. Hence it seems as if the
bonds between atoms nearly -equal in atomic number do mnot
affect the L-levels to any great extent.

3. ’_I‘he Shifts as Function of the Atomic Number of the
Emitting Cations.

Figs. 8 and 9 show the shifts as a function of the atomic
number or the valency of the emitting elements, the curves for
6C, TN, 80 and 9F being given in the first figure and the
curves for 15P, 16 S and 17 Cl in the second. The general ten-
dency of these curves can be formulated thus:

The shifts increase with the atomic number (or with the
valency) of the emitting atoms.

This rule, from which among a great number of values only
the value for the P-doublet in P,S; constitutes an exception
(according to our discussion above), is most obvious for the
halides and becomes less marked with increasing valency of the
disturbing anion so that the curves are convergent towards
lighter emitting elements. .

We shall first examine the O- and F-curves, which appear as
lines with a slight curvature towards lighter emitting elements.®

® See ZS f. Krist., Ergénzungsband '1—3 (Strukturbericht).

®In a preliminary report (Nature 138, 1056, 1936) I assumed that
these curves were parabolic, as the shifts were considered to be proportional
to the valency raised to the second power of the emitting atom. Closer
investigation has proved that this holds true for fluorides, whereas for
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Fig. 8. The shifts (volts) of the Ka, ,-doublet as a function of the atomic
number of the emitting cations. Anions are 6 C, 7 N, 8 O and 9 F.

We shall consider the change of the chemical combination
in the series of oxides from 11 Na—16 S. The compounds NaOH

oxides the conformity between observed values and values calculated from
such a simpel formula is not very good.
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and MgO are undoubtedly ionic, but the Al,Os-crystal has proper-
ties which indicate a more homopolar crystal type, for instance,
it is an insulator. In SiO, at normal temperature the homopolar
linkage is still more marked, though not typical. It should be
of interest to bring this in line with a conception advanced by
K. Fajans,” who in this oxide series and in corresponding series
of fluorides and other halides reckons with a deformation of the
anions with elevated charge of the cations, finding this supported
by observations of molecular refractive powers. According to

165(2)
\
/

~15P(5)

o

14Si(4)
15P (@3

I3AI63) A

11Na 1) —d—oo/

10Ne(0)

17C1¢1)

e
-

0 Oi (0% 03 . 0a 0s Volts

Fig. 9. The shifts (volts) of the Kay Z-doublet as a function of the atomic
number of the emitting cations. Anions are 15 P, 16 S and 17 Cl.

Fajans the increasing polarization of the orbits involves a con-
tinuous transformation of the bond in the series from. ionic to
homopolar combination. On the other hand, the opinion has been
expressed that in similar series a sharper boundary between ionic
and homopolar compounds could be present. The sudden change
in physical properties, for instance, between AlF, (high- melting
point) and SiF, (melting point —77°) and between MgCl, (non-
vaporizing conductor) and AlCl; (vaporizing insulator) is assumed
to give reasons for this assumption. The increasing incrustation
(Umhiillung) of the cation by anions, thereby rendering the com-

7 Handbuch d. Phys. 24/2, 1024, 1933.
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pound of molecular type (this change is very rapid: NaCl is a
typical ionic lattice, but AICl; forms just as typical a molecular
crystal, while MgCl, is an intermediate type) could not entirely
explain such great changes in physical properties but these should
also be attributed to a more discontinuous change from ionic to
homopolar binding.

However, if we regard the shlft of the Ka, ,-doublet as
representing the character of the chemical forces, and in fact
we have no real reason not to do so for these series, the smooth
character of the curves for oxides and halides indicates that the
type of binding is continually modified in these series. (We must
however emphasize that the effect of F on the SiKa, ,-doublet
is determined for K,SiF, not for SiF'y). As to the S-curve, this
shows some anomalies — particularly P,S, gives a small shift
which is discussed above — but the predicted change from ionic to
homopolar linkage would probably already appear between MgS
and AlLS,, of which there is no sure sign. The N-curve,. in turn, has
an irregular course, especially as the shift for Mg,N, is smaller
than expected, an anomaly which could depend on experimental
errors. AIN is a typical homopolar crystal type (wurtzite, ZnS),
while the assignment of NaN, and Mg;N, to certain compound
classes is more difficult. In any case the sequence of nitrides
does not import an obvious alteration from heteropolar to homo-
polar combination. This may also be the case for phosphldes and
carbides, the curves of which are continuous.

We shall try to treat the shifts for oxides and fluorides from
another point of view. The curves discussed above are drawn
with the shift as abscissa. Provided the shift is due to a
change of the Ly, m-levels alone, it ought to be more correct,
when comparing different emitting elements, to give the rela-
tive shifts, i. e. the shifts, divided by the absolute energy values
of the L-levels. However, it is impossible to get absolute values
of levels, this being a consequence of the fact pointed out by
M. Siegbahn ® that the ordinary selection rules are valid in x-ray
absorption spectra, too. For the elements in question A. Sand-
strom ° reports that the K absorption edge of 12 Mg and 13 Al

v

8 ZS f. Phys. 67, 567, 1931.
® Diss. Upsala 1935.
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closely coincides with the Kp,-line that arises from transitions
from the. normally unoccupied Nyp, ir-level, viz. from the range
of conductivity-electrons, whereas for the elements 14 Si—17 Cl
the edge can be expected to coincide with the Kp,-line origi-
nating from transitions from the My, 111 -level containing 3p elec-
trons. Thus a comparison of the absolute L-levels computed as
differences between the K edges and the Ka, ,-doublet cannot

80 (9)

165 (4) Je

15pP(-5) / ,
145i (4) Z : 9F (1)

13A1¢3) /:/
toMg(e) L/
11 Na (1) oed

10 Ne (O)o

X1 02 03 -~ 04 05 8 4ps
Vi

Fig: 10. The relative shifts d»/v of the Ka; ,-doublet as a function of the
atomic number of the emitting cations. Anions are 8 O and 9 F.

be made between the elements 11 Na—17 Cl. Instead, we are
constrained to regard the shifts in relation to the Ka, ,-doublet
o("/x)
"/
(6("/r) - differs from 6V only by a constant), the shift 6("/r) like
»/R ‘of the doublet being' taken from Tables 4—8 and from
Lundquist’s measurements of phosphates and sulphates. This
ratio multiplied by 10? (or given per mill) is plotted against the
atomic number or the valency of the emitting element. The F-
and O-curves presented in this manner (Fig. 10) differ very
little from straight lines, the slight curvature in the correspond-

itself. For this purpose we choose the form of expression
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ing cufves in Fig. 8 being smoothed out. Hence the relative
shifts of the Ka, ,-doublet caused by fluorine for ‘the emitting
elements 11 Na—14 Si and by oxygen for the elements 11 Na
—16 S.seem to be linear. functions of the atomie number or the
valency ‘of the emitting element.

A similar treatment of the shifts produced by othe1 -anions
than F and O, such as. N and S, turns out to be less favourable

UKcal
3000
' (g SiFe
SiFa
0
7
//
2000 —
1000
NaFo )
o Na'Cl

"0 Oto - 020 030 040 - 050 ‘060 070 0s0 &V Volts
Fig. 11. The shifts §V (volts) of the Kal o-doublet for cations as a function
. of the lattice energy U (kcal). . : '

as to linearity; so the rule is probably not of general application
and-has maybe only occasional application. . v
It-has been mentioned that there is apparently: a qualitative
relation between the shift of the Ka,,,-doublet of the emitting
cations and the lattice energy of the compound for different
anions;- as the shift varies ‘inversely with the lattice energy.
When for a constant anion the charge of the cation. rises, the
lattice energy U as well as the shift 6V increases. Fig. 11 giving

~the lattice energies (kcal) from Table 21 as ordinate and the

£
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shifts (volts) as abscissa will illustrate the parallelism between
these two factors. The lattice energy of SiF, is compared with
the shift. for K,SiF, and besides the lattice energy of AlF, is
absent — to make up for this, values for AICI, are given. How-
ever, from the small number of points it seems as if the shifts
were simply linear functions of the lattice energy, the curves
for fluorides and chlorides being nearly parallel while the oxide
curve shows a smaller obliquity.

4, Oxygen Compounds.

We have discussed the effect of typical oxygen combination
represented by- oxides and hydroxides for 11 Na—14 Si, by phos-
phates for 15 P, and by sulphates for 16 8. We shall now proceed
to consider in some detail other oxygen compounds (Tables 12—15),
beginning with those in which the emitting elements 11 Na, 12
Mg and 13 Al form positive ions. The silicates of these three
elements agree in respect of the shift of the Ka, ,-doublet fairly
well with the oxides, but the series of anions Si0,=, PO,~,
S0,= and ClO,~ exhibits from left to right an increasing effect
on the cation. This tendency, which appears from Fig. 12
(BesAly(Sis0y5), beryl was investigated instead of the less com-
mon Al,(Si0Os),), tells us that in the crystal the cations formally
linked to oxygen are affected by the central atom in the anions
too. The effect of the ClO,-ion is as great on Mg and Al as
that of the Cl™-ion, on Na even greater. The ClO, -ion, like
the SO,~-ion, is a tetrahedral group within which polarized ionic
or homopblar'bonds are active between the central atom and
the oxygen atoms. According to Goldschmidt® we must take into
account the influence of the cations on the radicle in the lattice
or the phenomenon called contra-polarization. This was discussed
by O. Stelling ** with regard to the effect of chemical combina-
tion on the K absorption edge of the central atom. He points
out that owing to its high charge the central atom will polarize
more than the cation so that the contra-polarizing effect does
not appear in the experiments. — The cation in two other com-

L. e
* Diss. Lund 1927.
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pounds containing a radicle, MgCO, and AI(NO,); was investi-
gated. The CO,=-ion produced — as could be expected — a
shift of the Mg Ka, .-doublet of the same magnitude as O,
whereas the effect of the NO,-ion on Al even exceeded the
effects for other Al oxygen compounds.

The wave-length differences between the oxygen compounds
just mentioned could, though small, contribute to the recognition
of these compounds or to their being distinguished from one
another. Thus it was proved by means of special exposures that
it is possible to settle with great probability whether an aluminium
substance is a silicate or a sulphate. In any case the perchlo-

11 Nafl) 12 Mgt9) 13A1(3)
(104 ('l) / 5 VA
504(9) [ /’K
P04(3) » ¢

Si03(9)
0

\O;

1 02 ., Os 04 0s Volts

Fig. 12. The shifts (volts) of the Kaz1 2doublet for the catlons 11 Na, 12 Mg
and 13 Al as a function of the dlsturblng anions SiO,, PO, SO, and ClO4

ch»

rates can be separated from silicates and phosphates with the
aid of this analytical method. |

The elements 13 Al and 14 Si can also take an electro-nega-
tive character, i.e. enter into the anion, in oxygen compounds.
We shall take the silicates first. One of the most brilliant recent
achievements in diffraction analysis is the complete interpreta-
tion of the structure of silicates, including those of the most
complex structure. W. L. Bragg has formulated the first im-
portant principle for the silicate structure as follows:

»Whatever the silicon to oxygen ratio, silicon always is
situated within the tetrahedral group of four oxygen atoms,
which is very constant in form from crystal to crystal.»

12 Paraday Soc. Mon., Crystal Structure and Chemical Constitution
(March 1929).




63

The Si—O-binding is more inclined to a hromopolar than to
a. heteropolar character, for which argue among other signs the
high heat -of formation of quarz and the small distance 1.54—
1.60 AU, between Si and O in the lattice. From the measure-
ments it is clear  that the shift- of the SiKa, .-doublet is the
same (on an -average 0.59 volts) whether the form of the anion
is a*space net with the charge 0 (Si0,), a simple tetrahedron
(Si0,) with the charge — 4 (Mg,Si0,), a chain (SiO,), with the
charge — 2n (Na,Si0;), or a ring (Si,0,s) with the charge — 12
(Be; Al;(Sig0,5)). * Even in the highly complicated structure: of
topaz, the anion of which is none the less (SiO,), the Si-atom is
screened off from the influence of other atoms, including F~-ions,
by the oxygen tetrahedron and shows the usual effect of the
Si—O0-linkage. However, in Table 15 we notice a group of sili-
cates, muscovite, margarite, orthoclase and anorthite, for which
the shifts (0.55 volts) are below those for other silicates, the
differences being small but distinct. (The difference between the
doublet for Si0, and that for muscovite could be directly seen
on comparing the spectrograms). The micas muscovite (anion:
Si;Al0,,) and margarite (anion: Si,Al,0,,) are silicates with Si
—O-sheets and originate from the tales (anion: (3i,05),) by a
partial replacement of Si- atoms by Al-atoms and the associating
of posmve ions in order to equahze the valency. Likewise in
mthoclase (anion: AlSi,Og) and anorthite (anion: Al,Si,Og), which
are silicates with a. 3-dimensional (Si, Al)—O-anion, some of the
Si-atoms are replaced by Al. Thus the four minerals in question
contain Al in the anion — contrary to other investigated silica-
tes — and it is interesting to see that this — probably in conse-
quence of polarization phenomena — causes a decreased shift
of the Si-doublet.

Examining the. aluminates, we note that a typlcal alumlnate
as Na,Al,O, shows an effect of 0.23 wvolts, which is much smaller
than that of Al,Q;, 0.37 volts. This aluminate is assumed to contain
the negative divalent complex (Al,0,)~, which is confirmed by
its erystal structure: in_ the lattice Al and O form similar. chains

as Si and O in f-cristobalite Si0., while the Na-atoms. are situated,

in the space.® The magnesium spmels Al,(MgO,) were earlier

8 See ZS f. Krist, Ergidnzungsband 1—3 (Strukturbericht)‘. ‘
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interpreted as aluminates of the Mg=-ion. However, x-ray analysis
has indicated that in the lattice (Fig. 13) the Mg-atoms are
tetrahedrally surrounded by four oxygen atoms, which argues in
tavour of a group (MgO,) V! in the structure. In good accordance
with this the shift of the Al-doublet for the spinels proves to be
a simple Al;0;-shift. The character of this structure may be
attributed to effects of contra-polarization, which means the

2

0 e at the common corners of cubes and tetrahedra
Al 0 at the common corners of two cubes } )
Mg (not indicated in the figure) at the centre of the
tetrahedra :

Fig. 13. The structure of Al,(MgO,), spinel.  (After ZS f. Krist. Erginzungs-
' band 1, Ewald und Hermann, Strukturbericht 7, 1913—28.)

polarizing influence of cations on a radicle-ion. In the magnesium
spinels the contra-polarizing effect is so strong that a new complex
is ‘constituted round the polarizing Mg-atom itself.

Is this phenomenon apparent for Mg too? This seems actually
to be case, as the shift of the Mg-line for spinel (0.13 volts) is
not so great as that for MgO (0.19 volts).

Hence Mg and Al — contrary to Si, P and S — are affected
by cations when they are central atoms in oxygen radicles.

We have seen that for silicates with 3-dimensional (Si, Al)
—O-anion, such as orthoclase and anorthite, the shift of the.Si-
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doublet to some degree falls below the shift caused by the normal
Si—O-linkage. In a corresponding manner the shift of the Al-
doublet. observed for these silicates (0.31 volts for orthoclase, 0.26
volts for anorthite) comes out smaller than the shift for AlLO; of
0.37 volts, though it is not so small as that for Na,Al,0,. The
slight discfepancy between the effects for orthoclase and anorthite
is maybe due to an error in the determination of the wave-lengths
for anorthite, the doublet-lines of which appear rather diffuse on
the spectrograms. :

5. Sulphides,” Phosphides and Silicides.

Hitherto we have mainly been occupied with negative effects,
which appear for cations, including central atoms in radicles.
When an atom as anion emits x-rays the shift of the Ka, ,doublet
goes towards longer wave-lengths, as already mentioned. The
results for some sulphides and phosphides as well as for one
silicide, Mg,Si, are given in Table 20 (p. 52). Values for MgS
and ALS; found by Lundquist are included in this table. For the
three sulphides. MgS (ion distance 2.59 AU), CaS (ion distance
2.84 AU) and BaS (ion distance 3.18 AU), all crystallizing in
NaCl-lattice, Lundquist found shifts of 0.27, 0.24 and 0.15 volts
respectively. In this case the greater ion distance and the smaller
lattice energy corresponds to the smaller effect.

In the series MgS—Mg,P,—Mg,Si with the same disturbing
cation Mg the shift for the anion decreases from left to right,
whereas the S-doublet in AlS, shows a smaller effect (0.21 volts)
than the P-doublet in AIP (0.29 volts). In the series NaP,—
Mg,P,—AIP with an elevated charge of the disturbing cation,
AlP denotes maximum for the shift of the P-doublet, while for
the sulphides Na,S—MgS—AILS,—SiS;—P,S, the effect on the
S-doublet is maximum for MgS (0.27 volts). A rule of general
application cannot be framed from these rather contradictory
results. For the sulphides, experimental data as to the shifts are
available for the cations as well as for the anions, but there is no
striking relation-ship between the effects for cations and those for
anions.

After all, it would seem that the treatment of effects for anions
is more difficult than that of results for cations. In any case it is
certain that other factors than the lattice energy are responsible
for the effects. In the anions of sulphides, phosphides and silicides
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there are in the crystals occupied levels of smaller energy than
the Ly, -levels; so it is to be expected that the effect of chemical
combination is more complicated for anions than for cations of the
elements 14 Si—16 S.

There remains to be said something about the phosphor
sulphides P,S; and P,S;. When the procentage quantity of P in
the’ sulphide increases from P,S; via P,S; to P,S;, the shift of the
P-doublet decreases accordingly in an obvious manner, and that
is also the case for the shift of the S- doublet, though this decrease
is not very conspicuous (Tables 16 and 17).

Summary.

A tube for secondary fluorescent x-rays and a spectrograph
with a concave crystal grating have been used for a study of the
Ka, .-doublet of the elements 11 Na—16 S in various compounds.
Special importance has been attached to ensuring the permanence
of the substances.

The effect of chemical combination on the Ka, ,-doublet is
firstly apparent as a shift of the doublet, as such, in relation to
the doublet of the pure element. :

Reasons are given for assuming that the identical atoms in
the pure element slightly influence each other in respect of the
Ka, ,-doublet.

In all cases (even for an alloy, such as Mg,Al,) the shift has

proved to be negative (towards shorter wave- -lengths) for cations
including central atoms in radicles, and positive (towards longer

wave-lengths) for anions.

When the emitting cation is constant, the shift increases with
atomic number (or decreases with valency) of disturbing anions
in both the series’ 13 Al—17Cl and 5B—9F. The increase
(decrease) is more marked for emitting elements of a high valency
than for those of a low valency.

The shifts for cations caused by different anions of the same
valency situated in the same periodic column do not as a rule
differ very much, but relatively seen there is a tendency to smaller
shifts when the emitting cation and the disturbing anion come
into close proximity in the same (second) periodic row.

When the disturbing anion is constant the shifts (with one
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exception) increase with the atomic number (or with the valency)
of the emitting cations. This increase becomes less marked with
increasing valency of the disturbing anjon. :

The results for halides and oxides of the elements 11 Na—16 S
(the relative shifts are linear functions of the atomic number or
the valency, of the emitting cations in these series’) .indicate. that
the type of binding in these series’ is continuously modified from
ionic to homopolar. Nor in the sequences of nitrides, phosphides and
carbides is a sudden change of the nature of the bond probable.

The silicates of the elements 11 Na—16 S agree with regard
to the shift for the cations well with the oxides, but the series of
anions Si0,=, P0O,~, 8S0,~ and ClO,” exhibits an increasing effect
on the cation from left to- right with increasing charge of the
central atom in the oxygen radicle. On the other hand central
atoms with a fairly high charge. such as Si in Si0,=, P in PO~
and § in SO,=, are not affected by the cations. On the contrary,
the Al-doublet for aluminates is not shifted so much as for
aluminium-oxide.

The shift of the Al-doublet for the spinels proves to be a
simple Al,O,-shift, while the effect on the Mg-line does not seem
to be so great as that for MgO, which argues in favour of a group
(Mg0,)"VY, the presence of which is also indicated by the ecrystal
structure of spinel.

For silicates that contain Al in the anion the Si- doublet shows
a shift to some degree smaller than that for normal silicates, ‘while
. the effect on the Al-doublet falls between those for aluminium-
oxide and aluminate.

For an emitting cation the shifts caused by different amom
seem to be qualitatively inversely proportional to the lattice
energies of the compounds. Furthermore, with a constant anion
and elevated charge of the emitting cation, it seems as if the shifts
were simply linear functions of the lattice energy.

A preliminary measurement of the K a,bsmptlon edge of NaCl
has given a wave-length of 11498 XU. This value is employed
to discuss a picture by Slater and Shockley, which shows one-
electron energy bands in NaCl erystal.
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