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ABSTRACT

The configuration of the formal of;£(~)-2,3-butanediol has been
established unequivocally by reactions of the diol under basic
conditions with methylene iodide, methylene chloride, and chloro-
methyl acetate, The products are optically active, are alike,
and are the same as the one obtained in the acid-catalyzed

reaction of the glycol with formaldehyde.

The coloration of sodium chloride by white x-radiation has been
separated into two distinct types. The intense color at the
surface involves the creation of new anionic vacancies by long-
wave radidtion; aggregate color centers result from optical or
thermal bleaching. The less intense coloration throughout the
crystal is due to the short-wave-radiation; no new vacancies are
created and no secondary coloration occurs. Plastic deformation
does not affect the overall colorability but greatly enhances

the secondary coloration effects. Tentative mechanisms for these

processes are discussed,

Studies of the secondary radiative coloration, the so-called
colloidal band in additivelv colored crystals, and the color

of blue rocksalt have led to the suggestion that these color
centers are members of a continuous series of F center aggregates.
The possibility of a true colloidal dispersion in additively
colored sodium chloride has begen investigated by comparison of
these crystals with sodium chloride, known to contain colloidal

copper.

Crystals of sodium chloride have been grown containing heavy

metal ion impurities. Spectrophotometric studies have been



ABSTRACT (Continued)

II. made of these crystals before and after radiative and additive
coloration, The ultraviolet absorption bands in the uncolored
crystals have been tentatively explained in terms of V centers,
X~radiation and bleaching destroys some of the absorption bands

and creates others,

I1I, An investigation of the strontiume-zinc system, using x~ray dife
fraction techniques, has revealed four intermetallic phases,
The compound San13, previously reported elsewhere, has been
confirmed with respect to composition and symmetry. The second
phase, SrZng, contains 2/} atoms in its unit cell, is orthorhombic,
and has been tentatively assigned the symmetry Pmnb. The third
phase, SrZnp, is also orthorhombic, and has 12 atoms in a bodyw
centered unit cell, No single crystals of the fourth phase have
been isolated, but the composition has been shown to correspond

approximately to Sr3Zny or Sr)Zn3.

The structure of the SrZnp phase has been worked out in detail,
It has the space group DZh(28)-Imma, and corresponds to an

orthorhombic distortion of the hexagonal magnesium boride structure,



TABLE OF CONTENTS

PART TITLE

I - THB PREPARATION AND CONFIGURATION OF
LEVOROTATORY /},5-DIMETHYL~1,2=~DIOXOLANE ,,40u00cssn000s0ssa

Experimental ,...iseeresveacscvsncassasscrsccsnsonsccces
g(~)-2,3~Butanediol cesssesrerssassesscsorssecesran
Chloromethyl acetate ,...v.v000000000000c00000000ss

Discussion of Résults Getetsmesssescnsarssscacanatessee

BUMMALY 4eevoeossosanrcosascrosssassssgesceccnsevesronsssne

II STUDIES OF COLOR CENTERS IN ALKALI HALIDE CRYSTALS (,ecesse

PrefacCe .sseececcsessssescscssscnnsaassvenasenscanannss

A, Mechanisms of Radiation Coloring ccceocasvessrsassea
Introduction ...sesessecoscssassecsccoesseasconccns
Experimental TechniQues ,..eee000scs0s0s08000sa00e0

Alkali Halide Crystals ,..esses0s00s00cc0as0sss
X-Radiation ssuecocccacssscscsasossssasassoeseo
Optical Bleaching ...c.eeesesssevacosssacsncsses
Thermal Bleaching ....ee.eeesssoscecennssonssss
Plastic Deformation ,....eccevancsvossoacioscss
Absorption Spectra ...ceeresrtsossnsscrcsncsocan
ReSULLS cevivinvorserecrasecrorsascsesassssssssssssnc
Coloration by X-Radiation ....eevemsosnvesscecs
Bleaching BffectS .....vc00c0cvsvvsacesscsenssce
Filtered Radiation ......ccovevnvsnssacsonseese

Plastic Defomation #8080 seEBBIEOPIOSIAROSSERRO R

PAGE

10
12
12
12
12
15
15
15
16
18
18
21
21
21
22
25
25



PART

II

C.

TABLE OF CONTENTS (continued)

TITLE
Therma'l Bleacni‘ng BES T IS IR ESEIEIEIAOOR S I B B
Interpretation of Data ..eecesscssnsoscescasssonso

Color Center Aggregates in Sodium Chloride
Additive Coloration - The Colloidal Band ,.sees000

Introduction ,,eeeecencecscronsnscsosssanssesssssnce
Bxperimental ,...seees2000000000s0s0000000as0n0seae
Treatment of NaCl with Alkali Vapor ,.sssssses
Heat Treatment of Additively Colored Crystals,
Blectron Spin ReSONANCE ..eveseessossersscascs
Electron MiCrOSCOPe .oucoosesssesscssnsssosene
Blue RoCksSalt....ovieeeeecansnstososcsccsscsnnsannse
Introduction ...ceecececsssenssosssansansscnconsss
Experimental c.eescecscssessscsssocessosessesssnss
Specimens ...........................;........
Heating ce.soeevescssnnoacesesnssrsnscsssnscaasse
Plastic DefOrMation u....eesesecosssescsncacsse
X=-Radiation ..veceecsrcsssssccoscscossasssanesn
Natural Sodium Fluoride ,...sesss0c0000s8s00as
Interpretation of Data cecescesscerssncesoscnccass
Color Centers in Crystals Containing Impurities .,
IntroduCtion ccaeceassssnsscssassenssssccssnsccnee

Experimental Techniques LR S NENEENERNEREEEENERENEEENESESEE]

PAGE
29
31

37
37

45
48
48
48
48
49
49
50
50
50
53
53

58
59



TABLE OF CONTIENTS (continued)

PART TITLE PAGE
II Growth of Crystals from Solution .seeicescecssa 59
Growth of Crystals from Melt .....ceeesensases 02

Treatment with Sodium VAPOL ...vevesssnsanssse OO

&

Radiation C°1°rs too-ooonooc~c--..-o-o-¢luonbo-

&

Experimental Results FOCEE R AR I B O BB BN BB AR BN - B B IR 2N A
Nacl:ca [ E R R R N RN RN R N RN 68
Na-cl:Rare Earths DSV B EBP TSN RO FERE ST 69

Na.C].3Cd G0 68 23 23R RSB RO PRSIDISSITLLEBIBRD ETENS BN 69

NaCliAg suvcensaccscrsnesncanssscsnapcsnssoncese (0O
NaCliMN ...acescescnscesccsscncascesasnansosses 70
NaCliCU seesesesseospscsansasencncsnsanccanane (2
NaCl:Cr c..vcoenessncensscocsconsencescsasnnce 73
NaCliFe .s..envsesosncnsssrcssnassssasacssosces 13
NaCl:iNi ..uecssnosscosacncacnssscsscsscasessas 713
NaCLIPt ov.veeesossoresossancasasssccncssascas 70

NaCl2AU ,.eveveevonsnssavovonsocoscsaacescoans 70
NACL2CO ovenvessnnssessnsassocnsessassnsannsee T8
NaCLliPd ,.veeevoccesconcesssrecnconcassavanses OO
NaC1:B2 veivevesocssonssosscesoscassscssnsesas OO
NaC120 4evviivecoasocvasosososnseasvessssansas OO
X-ray COlOration seeesc-sscocssnsnsscsassoness OO0

Secondary Coloration ,....eeccessevesvcacccane 34



TABLE OF CONTENTS (continued)

PART TITLE
IT Interpretafion of Data R T Y Y RN N

‘The State of the Impurity Ion in
the Crysta.l 8400 IE0 IO ETIINIISTIIITIIIROISEOITLTS

Treatment with Sodium Vapor .cescecescscocesse

Ultraviolet Absorption Peaks and _
X~ray Coloration secsecessenscscercvsssassnes

TI1 A STRUCTURAL INVESTIGATION OF THE STRONTIUM-ZINC SYSTEM ...
A. Phase Diagram of the System sescesesrsiaseccecaces

X=Ray Powder PhotographS ..ecevcsconssviacsssssne

Preparation of the meltS seesesccessscscccnse

Preparation of the x-ray powder
photographs 000040 ree TNV IIOINRIOROOCOIIONROETITTES

Interpretation of powder photOgSTaphsS seesieee
Isolation of the Individual Phases ..sescsscsssss
Experimental tecescssctassetractasasartsccne
Examination of the meltS ssececsessscoes

X=rav photographs of the pure phases ...
Interpretation of Data ceeesesscascasessscsss
Phase I cicevacecccssccescsencsvancscces

PhasSe II cceessccscsacansesecceconssanse

Be. The Structure of Phase IFI R R R R ey
Experimental S e sENE290 040800006000 ER0 BRI IRYS
Determination of StruCtUre s.eevesecscercnssscncsa

Space Group SRS E ISR IENOENSELOLBERLEIELIOESIDS

PAGE

88

88
89

95
95
95
95

99
100
103
103
105
1c6
106
109
109



TABLE OF CONTENTS (continued)

Pant Title Page
Il Layering.-.n.......u.....un-...-..-o..Q.:109

. Composition of the unit cell seescesscessess 100
The packing of the strontium 2tomsS eeseseess 110
Structures Based on SrAZn6 eveessevassssasasesass 110
Previously investigated AZB3 structures .e.s. 110

A trial structure for SnaZné eeceecsacesssns 111
Trial Structure Based on Sr&ZnS eesescsscsasassees 115
Formulation of the trial Structure seeeceeees 115

Estimate of parameters from
interatomic AiStancCeS secesessssssccesssanne 115

Test of the trial Structure c.ceesssessecses 115

Appendix: Assignment of Powder Lines of
Strontium = Zinc AllOYS sevrecesncansasssevensens 120

Rderences --con-oo.oooo..aooo-oou-oooo.oo.oo..oooooococooo 132

PropOSitionS SO RSP B GNP SO S0P I eI+ BsRNRIsseliiotsnsssns 135



I

THE PREPARATION AND CONFIGURATION OF ‘

LEVOROTATORY 4,5-GIMETHYL-1 ,3-DIOXOLANE



THE PREPARATION AND CONFIGURATION OF

LEVOROTATORY J,5-DIMETHYL-1,3-DIOXOLANE

D(-)-2,3-Butanediol reacts with formaldehyde in dilute sulphuric acid
to form a cyclic formaldehyde-acetal (&,S-dimethyl—l,3—dioxolane)(1).

This "formal™ is optically active (ngs = - 23,389), thus excluding the
possibility of a single Walden inversion, which would produce an optically
inactive derivative of the meso-glycol. Thelg-COnfiguratibn is not
assured, however, since there is a remote possibility of a Walden inver-
sion occurring on both asymmetric carbons, resulting in the L-isomer,

In order to establish the configuration, the formal had to be syn-
thesized in such a way as not to involve at least one of fhe Alk~Q bonds,
Since the formal may be regarded as cyclic diether, the Williamson
synthesis immediately suggested itself, Three modifications seemed
feasible,

A, Methylene halide and glycol in the presence of base:

H | H
I |
CHo,=C-CH X CH3~C-0
(1) 3 4 CHy  _* KoOH ¥ o,
H-C-OH X T S H-?-o
|
CH3 CH3

This method would not be unambiguous, however, since there ié a possi-
bility that the methylene halide would be first hydrolyzed to formalde-
hyde which in turn would react, with or without inversion. Moreover,
the KOH tends to dehydrate the glycol to methyl ethyl ketone.

B. Therefore, a direct Williamson synthesis would seem more

desirable:



CH3 CH3 (I:HB : PII
l I
HO-C-H HO-C-H 0-C-H HBC-T-O\
(2) | _ N I s e CH,
H-C-~0 H--0-CHzX H--0-GHzX H-<|3-0/
|

but the pure disodium glycolate is difficult to prepare and has no conven-
ient common solvent with the methylene halide,
| Therefore, nofing Helmkamp's work on the 2,3-butanediol ethers(Z), a
solution of the sodium glycolate in a five or tenfold excess of the glycol
was used, Since this results almost entirely in the monosodium élycolate,
a successful reaction would'involve either (1), a dynami§ equilibrium be-
tween the sodium glycolate and glycol adduct, or (2), a single Williamson
reaction followed by a condensation with the expulsion of‘hydrogen halide,
with the latter's subsequent neutralization by the unreacted monosodium
glycolate,

C. Chloromethyl acetate reacts with alcohols and sodium alcoholates
to form oxymethyl acetate ethers, A reaction of this with the sodium salt

of the glycol should lead to a mixed hemiacetal-ester which might be

susceptible to condensatien to the formal and acetic acid:

H H H
[ _ I |
CHB-C-O CH -C-O-CHZ-O-C-CH3 CH3-C-0
(3) ! 5 7] 0 :' A
H-?-OH H~C~0OH ~CH3CO0H H-C-0
| I
CH3 CH3 CH3
All of the above methods were tried and all were ultimately success-
ful,

EXPERIMENTAL

D(-)-2,3=-Butanediol, a fermentation product of bacillus polymixa,

was obtained from the Northern Regional Research Laboratories. The
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observed rotation for the pure glycol is O(§5= - 13,02°, In all experi-
ments here, the stock glycol was distilled in vacuo (75° @ 4 mm) to remove
water and biacetyl., Due to the non~critical nature of the work here,
glycol having o(g? = -12.25° or better, was considered satisfactory,.

Chloromethyl acetate was at first prepared by reacting paraformal-

dehyde with acetyl chloride, When equimolar quantities are mixed in a
_ieflux apparatus, there is no perceptible reaction, but the addition of

a few zinc chloride crystals causes a rapid exothermic reaction leading
to boiling; when this subsides, the mixture is refluxed over a water bath
at 00° for three hours., The mixture is then distilled at.80 mn (with a
dry ice trap to catch unreacted acetyl chloride), the fraction passing
over at 50° or higher, being collected. This is redistilléd at atmos-
pheric pressure, the 111-113° fraction being reasonably pure product; the
vield is approximately 25%.

A better method, used in later preparations here, is the direct
chlorination of methyl acetate in liquid phase at room temperature with
constant ultra violet irradiation or, better yet, strong sunlight. A trap
is ﬁecessary for escaping hydrogen chloride. The chloromethyl acetate is
very easily separated from the methyl acetate (b,.p. 50°) and higher boiling
poly-halogen esters., Before redistilling the remaining hydrogen chloride
is best removed with anhydrous potassium carbonate. Three mdles (222.2 g.)
of methyl acetate, chlorinated for five hours while exposed to long wave
ultra-violet radiation, yielded 1 mole (108.5 g.) of pure product (b.p.
112,5-115° @ 747 mm; Huntress cites 115° @ 748 mm).

D(-)~},5-Dimethyl-1,3-dioxolane, In the preparations below, the

formal and/or other volatile products were removed from the reaction .
mixture by partial vacuum distillation and collected in the dry ice trap,

Since this procedure sacrifices efficiency for convenience, the true yields
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are probably higher than those recorded below,

A. Potassium hydroxide (0.2 mole; 11.2 g.) was added to 1.0 mole
(00.1 g,) of g(-)~2,3-butanediol. The solution heated up spontaneously
and turned yellow; after cooling 0.2 mole (53.6 g.) of CHyI, was added.

The mixture immediately warmed up, turned deep red (due to the liberation
of iodine), and boiled gently. It was then refluxed over steam for one
hour.

Distillation yielded 1.6 g. (.01} mole; 14% yield) of almost pure
formal. Slight contamination of hydrogen iocdide caused yellowing on
exposure to light. About 0.1 mole of unreacted methylene.iodide was
recovered,

B. The sodium glycolate solution was prepared by diésolving 0.2
moles (4.6 g,) of sodium (wire or small pellets) in 1,0 mole (90.1 g.)
of 2(~)~2,3—butanediol. At first there was a moderately vigorous evolution
of hydrogen accompanied by heating sufficient to melt the sodium within 2
minutes, A cold water bath was used as a moderator since the reaction is
best maintained at 100°, Toward the end, the reaction_subsided sharply
and the last bits of sodium dissolved only with difficulty. The solution
was straw yellow and congealed at 40°-500,

Methylene iodide was used at first, it being the most reactive halide,
One tenth mole of the iodide was iﬁtroduced slowly into the glycolate
solution at about 100°, the volatile products being immediately distilled
over, Although there was immediate darkening (iodine color), and a
gradual precipitation of sodium iodide, the distillate was primarily
methyl ethyl ketone and similar degradation and oxidation products of the
glycol. 1In a later attempt the reactants were mixed in a reflux apparatus,
placed on a steam bath for 2-3 hours, and the volatile products removed

as above and fractionated, Only a few drops of product came over at
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00°-110° giving a very faint test for formaldehyde (chromotropic acid
test). Only one fraction (0.5 g.), passing over at 125°-130°, had the
requisite optical activity and gave a very faint chromotropic acid test.
This was labeled product #1.

.Later, methylene chloride (b,p. 50°) was substituted for the iodide;
this formed a ;lear-homogeneous solution with the glycolate with no
Apparent reaction,.but after 2-3 minutes refluxing over a small burner
flame, the mixture became turbid and began precipitating sodium chloride,
Affer one hour there was a strong smell of the formal, Stripping of the
volatile components, as before, and redistilling yielded ﬁ.9 g. (0,044
mole; 44% yield) of formal with a boiling point of 95,5-906° @ 748 mm.

An analysis, by Eleck Laboratories, gave the following:

Calculated for Cg Hy 03 : C, 58,80; H, 9.67

Found: c, 58.85; H, 9.70
This, together with the physical constants tabulated in Table I, establish~
ed the identity of the formal,

C. Chloromethyl acetate was added in a reflux appa;atus to 6.1 mole
(2,3 g.) of sodium dissolved in 1.0 mole (90,12 g,) oflg(-)-2,3~butanediol.
Immediately there was a heavy precipitation of sodium chloride, The
subsequent course of the reaction depended upon the concentration ratio of
the reactants, (1) In equimolar quantities, the reaction apﬁarently
proceeded no further; no volatile product could be obtained., Prolonged
heating resulted in a faint odor of formaldehyde, (2) When only half as
much chloromethyl acetate was added (i.e, baéic conditions) the mixture
formed a dark brown precipitate and the only volatile product found
(approx, 1 g.) boiled at 40°, was optically inactive, gave no halogen test,
and had an ester odor, (3) When a strong excess of chloromethyl acetate

(0,15-0.2 moles) was added (i.e. acid conditions) and the mixture refluxed
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for 1-2 hours, it turned faintly pink and smelled of formal, Stripping
- and redistilling gave 4.5 g. (,04 mole; 0% yield) of formal boiling at

05.2-96.2° @ 748 mm,

DISCUSSION OF RESULTS
'A. Methylene iodide + glycol + potassium hydroxide: The reaction
does produce a 1imi£ed yield of formal, but inasmuch as the initial
reaction appears to be rapid, whereas the product is formed slowly, the
preliminary criticism is reinforced, and the reaction must be discarded
as an unreliable criterion of configuration,

B, Methylene halide + monosodium glycolate: An examination of
product #1 with respect to C,H analysis, optical rotation, boiling point,
and index of refraction established it almost certainly as threo-2-
methoxy-3-butanol (see Table II). Since there is virtually no methyl
iodide in the redistilled methylene iodide (b.p. CHjl = 46°; CHoI, =
180°), it seems likely that the initial condensation is with the glycol
or sodium glycolate indiscriminately; this would produce a considerable
hydrogen iodide concentration which could reduce the iddémethyl group(3),

and lead to the formation of D(+)-threo-2-methoxy-3-butanol:

H H
l |
CH3-C~0-CHz1I CH3-C-0-CH3 -
¢y I + HI : + 1,
H-C~0H H—T-QH
|
CH3 CH3

The sodium would serve merely to shift the equilibrium., Any unreduced
iodomethyl ether is presumably decomposed or oxidized before it can
condense to the formal., In any case, the exact nature of the main
reaction of the methylene iodide and glycel is unknown, except that it

produces iodine and glycol degradation products (methyl ethyl ketone,
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biacetyl, etc,). A detailed study of this was not considered pertinent
to the main problen,

In contrast, the clean reaction with methylene chloride shows the
feasibility of a double Williamson reaction when no oxidation is in-
volved and provides an undisputable:g formal.

C. Chloromethyl acetate + sodium glycolate: Two reactions may be
postulated a priori for the first step of the reaction:

(1) that the  3wacetorymethoxy=-2-butanol is formed as indicated above,
(2) that the chloromethyl acetate splits up first into acetyl chloride
and formaldehyde, which subsequently forms sodium chloridé, butanediol
acetate and formal, $Since the formation of chloromethyl acetate from
acetyl chloride and formaldehyde is rapid and exothermic, fhe second
mechanism seems quite unlikely,

In all proportions, the reactants immediately precipitate sodium
chloride, whereas the odors of acetate ester and formaldehyde are presgnt
only after considerable refluxing, if at all, Therefore, the first
mechanism is almost certainly the correct one,

The presence of a large excess of chloromethyl acetate seems neces-
sary for the formation of formal, In equimolar guantities, the reaction
proceeds no further, With an excess of sodium (i,e. basic conditions)
the only volatile product is probably an azeotrope of methyl-acetate and
water, but no positive identification was made,

Therefore, the reaction shown in equation 3 is favored by acidic
rather than basic conditions, This is consistent with the need for acid
catalysis in the conventional synthesis of acetals,

* *x* ’ *
In all cases the formal was levorotatory (see Table I); therefore,

we may conclude that the original synthesis, from the glycol and
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formaldehyde under acidic conditions, preserves the D-configuration,

SUMMARY

2(-)-Q,5-Dimethy1o1,3—dioxolane, the formal oftg(-)-2,3-butanediol,
may be prepared in good yields from methylene chloride and the monosodium
glycblate, with excess glycol as solvent, When methylene iodide is
substituted, only a.small amount of the analogous methyl ether is formed;
‘when potassium hydroxide is substituted for the sodium, some formal is
formed,

Chloromethyl acetate will also react with the sodium.glyéolate, but
the formal is formed only when a large excess of the chloromethyl acetate
is present,

All the above products are levorotatory; therefore, the formal as

prepared with formaldehyde preserves the g-configutation.
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STUDIES OF COLOR CENTERS IN ALKALI

HALIDE CRYSTALS

PREFACE

The work reported in this section was begun in September, 1953,
énd terminated in June 1955, Prior to this time the writer had completed
a research project of six months duration under Professor Lucas and then
had worked for a vear with Mr, Floyd Humphrey constructing apparatus for
the electron spin resonance spectrograph. |

The object of the research was originally to characterize the colora-
tion of blue rocksalt in terms of the various synthetic phétoétable color
centers caused by radiation or alkali vapor treatment, These latter,
according to the best reviews then extant(a'5), were fairly well under-
stood,

The general processes of color center formation and change, as
described in the two following sections, have been known ;ong before this
work; The experimental results and all of the work in the last section

are original unless otherwise noted,

A, MECHANISMS OF RADIATION COLORING
INTRODUCTION
It was first noted over half a century ago that alkali halide
crystals subjected to ultraviolet light, x-radiation, or radiocactive
emanations develop a color characteristic for each alkali halide and
identical.to the color obtained by heating that crystal in alkali metal
vapor, These colors could be bleached by exposure to light or heat,

sometimes with the formation of secondary colors, Rates of coloration
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and bleaching were studied, together with the secondary coloration process,
photoconductivity, migration in electric field, and similar effects, By
1040 it was fairly well established that the primary color is due to an
electron trapped in a negative ion vacancy(S). .This has been called the
E band,.*

Further studies on x-ray coloration initiated by Molnar disclosed
ﬁany other bands reéulting-from x=-ray coloration and bleaching . These
were ascribed to one or more electrons trapped in an aggregéte'of ion
vacancies; for example, 1 or 2 electrons trapped in 2 adjacent negative
ion vacancies (the Ry and R centers), an electron trapped in a negative
ion vacancy attached to a vacancy pair (the M center), and a "hole™ - the
absence of an electron from a normally filled electronic s%ate - trapped
in one or more cation vacancies (V centers)(&). The characteristic absorp-
tion frequencies of these color centers for the principal alkali halides
are listed in Table III., Various theoretical calculations of the energy
and absorption band frequency of the F center have met with a good deal
of success(7).

Hitherto the optical absorption spectra were the only means of
characterizing color center bands, In the last 5 yegrs,_electron spin
resonance has been detected in crystals with additive and radiation
induced color centers, with resultant information as to the e#act state
of the electron(S).

Work in recent years has concentrated principally upon coloration

(10)

at liquid helium and liquid nitrogen temperatures , and more refined

electrical measurements, such as the Hall effect, the A. C. Hall effect,

and high frequency dielectric constant(ll).

* From PFarbzentren or color centers.
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Despite all this, the actual mechanisms involved in coloring by
radiation have received little attention. The special effects attendant
upon radiation of deformed crystals have been likewise neglected, It is
precisely these processes which are most important in understanding the
nature of the geological coloration of blue rocksalt; therefore our first

investigations centered upon these phenomena,

EXPERIMENTAL TECHNIQUES

Alkali Halide Crystals: Transparent cleavages of 00.,0% pure alkali

halide crystal, obtainable.from the Harshaw Chemical Company, are of vir-
tually standard use in this field, These were available only after the
first six months of this work., Earlier work was done on colorless rocksalt
from Utah -~ clear, cleavable and free of obvious impurities (99% NaCl),

No substantial differences were noted between the colorability of the
natural and synthetic material,

The average specimen was a rectangular cleavage, approximately 1/4"
to 1/2" square and 2 to 5 mm thick, For cleavage of large blocks of
naterial a special cleaver was designed, employing a biade of high speed
steel ground and honed to a 15° bevel edge. The cleaver blade was placed
on a diagonal edge of the (100) plane of the crystal, upon a saw or file
mark, A sharp blow with a rubber mallet was usually sufficient for a
clean cleavage, Smaller pieces, a square inch or less in cross section,
were best cleaved by snipping with an ordina;y pair of diagonal cutfing
pliers, and sections less than 5 mm thick were cleaved by steady pressure
with a new razor blade. The synthetic material, which generally gave
better cleavages, could usually be cleaved down to thicknesses of 0.1 mm,

X-Radiation: All x=rays used were from side portholes of x-ray

diffraction camera stands in this department, The earliest work was done
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with a molybdenum target Phillips tube by sticking the sample directly
over the side x-ray outlet and covering with a lead shield provided by
Dr. Sheldon Crane, This gave a small spot of intense radiation about 5 mm
in diameter, The tube was operated at 25 to 50 kilovolts with a current
of 15 milliamperes. - Samples could be changed only when the camera was not
in use; thus gxperiments were very restricted,
| Later work was done with a special sample holder, constructed by the
instrument shop (see Fig., 1) and attached to a General Electric copper
tuﬁe. This gave a uniform area of intense radiation, approximately 1 x 2
cmt, and samples could safely be put in and removed while fhe camera was in
operation, In the experiments described herein, the tube was operated at
45 to 50 kv, with a current of 15 ma, o

Just before the project was terminated an additional sample holder
was constructed for the Phillips molybdenum tube, having a similar area
of uniform radiation and the same facility for changing samples. No
qualitative differences were observed in coloration from these two sources.

Optical Bleaching: Attempts were first made to secure monochromatic

light, such as is used for bleaching color centers, by other workers in
this field, The two monochromaters available in this department were
designed especially for ultraviolet light and gave either very poor resolu-
tion in the visible region or such low intensity as to make fhem unsuit-
able, Preliminary attempts to make a monochromater using a high dispersion
liquid prism showed that, though possible, successful construction would
be too lengthy and difficult to be practical,

Since light anywhere in the F band will bleach the entire band(a),
the only essential requirement is that light absorbed by the F band be
available while light capable of bleaching other bands is excluded, A

series of simple glass filters were therefore quite satisfactorxy, PFor
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the F band in NaCl (4650 %,) a wratten filter, transmitting at 4000-5000
A, (see Fig, 2), was used with a 200 watt incandescent bulb as a standard
source of bleaching light., Ordinary cobalt blue glass was used briefly,
but was unsatisfactory since it also tramsmitted light absorbed by the M
band (7250 4.).

The only serious problem was excessive heating of the sample, both
by radiant heat from the light source and by absorption of the F light,
After several trials of glass and water filters and water cooling of the
sample, a compact and practical setup, illustrated in Fig, 3, was adopted
as a standard for quantitative work, A sample, after 48 hours continuous
exposure to this light, was at a temperature of J5°C.; this does not seem
to affect the bleaching, and therefore no additional means‘of cooling was
necessary. No attempt was made to calibrate the absolute energy of the
bleaching light absorbed.

Thermal Bleaching: A small muffle furnace was eqQuipped with a

rheostat control and thermocouple, the latter being calibrated to the
temperature of the sample holder by the melting points of various metals.
Samples were placed on a small platform in the center of the furnace,
next to the thermocouple, and observed through quartz windows at either
end,

Plastic Deformation: The sample, generally 1 cm square and 4 to 10

mm thick, was placed between two hardened and polished steel blocks and

set in a hydraulic press, and subjected to pressures of 10,000 to 40,000
1bs. per square inch, The resultant strains were between 50 and 75 percent.
Best results were obtained by spreading a drop of lubricating oil on the
surfaces of the steel blocks before deformation of the sample, Pressure
need not be applied slowly, best results having been obtained by putting

on the total force in a matter of seconds and leaving the sample at
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maximum pressure for about a minute, after which there was no appreciable
creep,

The samples, especially the synthetic ones, were quite plastic; fine
cracks formed, but the piece as a whole was coherent and transparent,
Under a polarizing microscope, birefringent bands were observed along the
(110) planes, the usual slip planes for sodium chloride, and also along
fhe (111) planes,

Absorption Spectra: Special spectrophotometer sample holders were

constructed, having a 1/4" aperture over which the sample was fastened
with wax (see Fig, 3). OCccasionally 1/8" apertures were ﬁsed. The only
effect noted was increase in the resolution of the background, i,e.,
the cells tended to exaggerate any irregularities in the straight line
spectra obtained for an air path in both sample and reference chamber.
This was compensated for by using largest slit width possible. For
absorption bands of extraordinarily high optical density, wire screens
were used as gray filters, These were quite satisfactory and gave no
distortion, |

Provision was made for using the x-ray irradiation cavity and the
optical bleaching apparatus with the sample already mounted in the

spectrophotometer cell, so as to obtain reproducible results,

RESULTS

Coloration by X~Radiation: Samples of sodium chloride irradiated

1 to 15 minutes show a moderate yellow-brown color ﬁhich, when viewed in
cross section, is strongest at the surface, diminishing continually until
it become§ negligible at a depth of 1 to 2 mm, An exposure of 24 hours
produces a deep, almost black skin coloration for 1.0-1.5 mm superimposed

upon a moderate, gradually diminishing, coloration extending 5 mm or
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or more, After a week or more of radiation, the deeply colored skin
increases to 2,0-2,5 mm including a rapidly varying transition zone of
less than 0.5 mm, while the background color is not appreciably increased
or extended, The spectra are shown in Figure /4,

The effect is generally the same for the other alkali halides except
that the depth‘of intense coloration varies; for KCl it is approximately
_i mm for long exposures, with a background color of about 3 mm; for KBr
less than 1 mm of skin depth with a background color of less than 2 mm
beyond this; for KI 0.5 mm of deep color with no appreciable color beyond.

Prolonged storage of the crystals in the dark caused.the color of
NaCl to deteriorate slightly, producing a pink or gray tint and an irregu-
lar structure of light and dark zones not found in freshlf ifradiated
material, These discolorations are probably due to gradual thermal
bleaching (gq.v.). The background color seems to bleach more rapidly than
the skin, which is virtually unchanged.

Coloration in other alkali halides varies greatly in stability. KBr
bleaches a little more rapidly than NaCl, KC1 ioses its color in a few
weeks unless heavily exposed, and KI bleaches completely, leaving behind
a pale yellowish tint possibly due to iodine,

Bleaching Effects: Upon optical bleaching, the background color

deteriorates rapidly while the deep skin at first becomes evén darker,
developing a grayish color, which gradually fades to purple, This
suggests that the secondary color centers are formed rapidly by a reaction
of some of the F centers, while others bleach more slowly, with or without
the formation of secondary centers, It has been reported that the second-
ary band grows at first rapidly and then very slowly(lz). This is also
indicated by spectra taken here (see Fig, 5),

The purple color thus formed is confined to the upper part of the
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deeply colored skin, being only 0.1 mm deep in crystals radiated 24 hours
and occupying the entire skin area in crystals exposed a week or more,

The M band, which is frequently cited as resulting exclusively from
the bleaching of P centers, is formed spontaneously upon heavy irradia-
tion (see Fig. 4)., Samples wrapped during radiation in black paper, and
later in very thin aluminum foil (,002"), show the M band undiminished,
Another experiment, described immediately below, indicates that this M
band is confined only to the dark skin area, This effect,'plus the afore-
mentioned existence of two distinct zones of coloration, has also been
reported in a recent paper by Mador, Wallis, et 35(13).

Filtered Radiation: It has been found possible to separate these two

zones completely by the use of filters, A /] mm cleavage of NéCl was radi-
ated for several days, with one half of it covered with a 0,020" aluminum
sheet, after which it was cleaved lengthwise into half a dozen thin slices,
In all but the uppermost layer (,5 mm thick) the color was identical on
the filtered and unfiltered sides; a pure F band which rapidly became
colorless upon bleaching, In the uppermost sliﬁe, the unfiltered layer
had the usual deep skin color (deeper than all the other layers combined)
and bleached to a purple color, The filtered half of this layer was only
slightly darker than the layers below it, and became colorless upon
bleaching, Hence the two types of coloration appear to have-been separa-
ted,

Plastic Deformation: Samples of NaCl 4 to 8 mm thick were deformed

to a strain of 50% in the manner described above, Upon immediate x-radia-
tion, the samples showed increased colorability, being deeply colored
after 3 to 5 minutes of radiation, After 24 hours of radiation, however,
they were not much darker than the undeformed crystal (see Fig., €). No

skin effect was observed, but rather an almost uniform coloration in
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.samples 2 mm thick, These could be rapidly bleached (completely within 15
minutes, as opposed to a day or more for undeformed heavily radiated
samples), giving a deep blue color resulting from a rather peculiarly
shaped absorption band at approximately 5900 K.* with several complex
shoulders (see Fig, 7). Several bands in the ultraviolet were also
observed,
| The effect has long been known but has received no detailed study(lz).
Some recent workers have noted an increase in the M, R, and N bands at
strains of 5-10% but have reported no new bands as above,

The processes of radiation and deformation can be reversed with no
change in effect., A sample x-rayed for 2/ hours was subjected to plastic
strain of 50% with no appreciable change in color. However, the sample
was now highly sensitive to optical bleaching, and rapidly developed a
deep blue color corresponding in intensity and depth gradient to the
original F color, The absorption spectra indicated an RX-type band (see
Fig., 7) and had a notable resemblance to the spectrum of natuial blue
rocksalt,

In some samples a structure in the color was observed, there being
bands of color along the (110) plane, This was not always the case
however, the blue being frequently quite uniform except for occasional
yellow spots which apparently indicated zones of undeformed Qaterial.

Upon storage in the dark these samples tended to bleach spontaneously
and irregularly, small zones perhaps a millimeter in diameter bleaching at
various intervals, while other areas of color, or even whole specimens,
remained deeply colored after a year, The writer has found this phenom-
enon described in detail elsewhere, under the hame of “recrystalliza-

tion"(la). It is there noted that x-ray diffraction of the blue and the

* For want of a better designation, we will refer to this as the RX band,
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white zones shows the former to have diffuse Debye-Scherrer rings
characteristic of a highly imperfect crystal structure, while the clear
areas show the usual Laue spots,

When there is an interval between deformation and subsequent x-radiae
tion the Blauumschlag* sensitivity decreases rapidly, diminishing by about
one~half in the course of a week and being almost imperceptible after a
ﬁonth. However, the effect persists qualitatively, Even a month after
deformation, a brief exposure to x-rays, followed by rapid Bleaching,
produces a pale blue color throughout the crystal, rather than the thin
skin of violet coloration characteristic of undeformed specimens,

Thermal Bleaching: When x-irradiated NaCl is heated to about 150° C,

a gradual change from brown to violet takes place, This coloration is
stable up to 200°; above this all color disappears within 5 minutes, If
the crystal is cooled before bleaching occurs, the violet color reddens
to a heliotrope or magenta, distinguishable from the bluer color of
optically bleached F centers, although occupying precisely thé same
position in the crystal (i,e,, the "skin™ area), Absorption spectra show
a single peak at 5700 R, (see Fig, 8) rather than the complex of M, R,
and F bands which result from optical bleaching, This has been occasion-
ally called the R' band in the old literature, but since this symbol is
now widely used to describe other phenomena we shall refer to-the color
developed by heat treatment as the RT band,**

The purple colored samples, produced by optical bleaching, contain-

ing the M and R centers seem to cChange over to the RT center upon heating

* The literal translation from the German is "sudden change to blue*,
in contrast to the gradual darkening of unsensitized material .

** Rates of thermal bleaching and development of the RT band have been
studied elsewhere, showing a distinction between “soft" and "hard"
centers resulting in a complex decay and growth curve 16).' Other
writers claim that no simple mechanism or rate equation can describe
this reaction(13),
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to 150° C. as shown by a slightly redder color, This has not yet been
checked by a spectrophotometric study, |

The RX band of plastically deformed material is of similar tempera-
ture stability; at 150° C. the band tends to become purple without a loss
of intensity, At 200° it is almost violet, resembling the RT band, and
when held at this temperature begins to bleach. After 10 minutes at 210°
it is about half bléached'and ultimately fades completely, There seems
to be a continuous range from 150° C, to 220° C. where the RT band, or
the RX reverting to the RT band, bleaches continuously, but with a highly

temperature dependent rate,

INTERPRETATION OF DATA

Tentative conclusions, drawn from the experimental results reported
above, are as follows:

1) That unfiltered x-radiation produced two separate effects; an
intense "skin" coloring less than 1,5 mm deep and a lighter, more diffuse,
"background™ coloration extending 5,0 mm further; It was at first assumed
that the former involved the generation of new vacancieé from dislocations
in the crystal, while the latter represented merely the formation of F
centers from existing vacancies, These effects were ascribed to the
direct action of x-rays in the "skin" area and to secondary soft x-rays
or exciton propagation through the background area,

2) That the secondary color centers - M, R, RX, RT, etc. - develop
only in the “skin' area,

3) A ,020" aluminum filter completely eliminated the skin colora-
tion while permitting all of the background color to develop.

4) Plastically deformed crystals do not color appreciably more than

undeformed ones; there is however a deeper skin area and less background
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coloring, A slightly higher proportion of M coloration is developed, but
no other bands are found prior to bleaching; there is not even a broad-
ening of the P band,
A recent paper by R. B, Gordon and A. S. Nowick reports similar but
more extensive findings(17). Their abstract reads as follows:

Room tempeérature measurements of the rate of coloring of
NaCl crystals by x-rays at different depths below the
irradiated surface and for different states of deformation
and heat treatment are reported, From the results it is
concluded that two mechanisms of coloring operate in these
crystals, The first, or “rapid-type" coloring, approaches

a saturation density of F-centers of the oxder of 10'//cm3,
and appears to result from the generation of color centers
from vacancies already present in the unirradiated crystal,
The second, or "slow-type" coloring, takes glace at a con~-
stant rate until F-centers in excess of 10! /cm3 are formed,
This type of coloring, which is usually observed only near
the irradiated surface, is due to the generation of F-centers
at dislocations, and is responsible for the hardness and
density changes produced by the X-rays. Rapid-type coloring
is found to occur at essentially the same rate in deformed
crystals and in carefully annealed crystals; recovery at low
temperatures after deformation, however, decreases the
colorability, These results indicate that the principal
effects of deformation and heat treatment on colorability
may be related to the state of dispersion of impurities,

Radiation was from a commercial copper tube opérated at 40 kvp., The two
rate effects were separated by use of thin NaCl filters, It is inferred,
but not explicitly stated in the article, that the two types'of coloration
result from the soft and hard x-rays respectively, the former being
strongly absorbed near the surface; however no explanation 15 given as to
why soft x-rays should generate F centers from dislocations, while more
energetic x-rays do not,

Last year, Professor V., Schomaker of this department expressed the
opinion that the separation of "skin" from "background" effect by the
aluminum filter indicated that the former was due to the longer wave-
length radiation, A brief qualitative check was made by taking powder

photographs of CsCl using copper radiation with and without the various
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filters in question (see Fig, O), The .001" nickel filter, aside from
screening out the K@ lines, absorbs the soft x~-rays only slightly more
than the short wave component, The ,020" aluminum filter is far more
effective in favoring the shorter wavelengths, while the ,015" NaCl
filter completely obliterates the long wave, and even the K& lines
leaving only the short wave component,
| Therefore the two coloration types seem definitely to result from
a wavelength effect, However no explanation of the resultihg qualitative
differences - formation of M centers, bleaching to secondary centers,
etc, = can be given, Experiments with monochroematic radiation should
be carried out,

It is difficult to account for the apparent limitatioh of all primary
x-ray coloration, even in plastically deformed crystals, to only F centers,
V centers, and a few M centers, If the more stable electron traps of the
secondary color centers already exist, they might be expected to trap the
electrons immediately, It is especially notable that upon comparison of
an undeformed sodium chloride crystal x-rayed 2J hours and a plastically
deformed crystal x-rayed for the same length of time, the ratio of M
centers to F centers increases in the latter case only by 70%.

An obvious explanation is that the capture cross sections of all
electron traps in the crystal are about equal, This has beeﬁ used
successfully to explain the optical bleaching of color(13). Bven in
heavily deformed material the single vacancies probably outnumber all
vacancy aggregates; thus only F centers would be observable. Excitation
of electrons by bleaching would favor the most stable traps and give rise
to secondary coclors,

A more refined approach might involve the concept of recombination

centers, The immediate cause of coloration is most likely excitons -
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electron-hole pairs travelling through the crystal together, An isoclated
anion vacancy would probably capture the electron, forming an F center,
and free the hole to wanter further, but a more complicated vacancy group,
having energy levels available for both electrons and holes, might permit
the electron-hole pair to annihilate itself, Secondary coloration would
involve independent electrons and holes no longer subject to this
festriction.

A third mechanism may be inferred from a recent paper on low frequency

dielectric loss in alkali halide crystals(18).

A small peak in dielectric
loss was noted in alkali halide crystals which had been piastically de~
formed or quenched (a process which considerably increases this x-ray
colorability), These peaks vanished if the crystals were x~rayed to form
color centers, but reappeared as soon as the coloration was bleached, The
authors suggested that dielectric loss was due to clusters of wvacancies
forming around kinks in discolorations; that the x-radiation destroyed or
scattered these clusters and the bleaching restored thenm,

Let us assume therefore that these vacancy‘clusters are present to
some extent in all crystals, or possibly are generated by the interaction
of a soft x-ray with a dislocation, Such a high energy process might well
be imagined to produce and scatter a large number of vacancies; in addition
the same process produces electron-hole pairs, the result beiﬁg a cluster
of P centers scattered about a dislocation, Presumably the V centers -
holes in positive vacancies - are also scattered about in some different
manner, One might expect the scattering to produce an occasional cluster
of 2 or 3 ions; therefore the presence of M centers. Bleaching would
constitute a migration of R centers into the range of the cluster, We
might expect that F centers would be distributed in various degrees of

proximity from each other and from hole centers, hence the phenomenon of
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(16). This coagulation would lead to

"soft" and "hard" color centers
annihilation of some color centers and to the formation of secondary
color centers by others, Optical bleaching would probably result in
very limited migration of vacancies, or perhaps only migration of
electrons to nearby vacancy clusters, hence only the simpler multiple
color centers would be formed, Thermal bleaching might result in more
éoagulation, giving either a variety of aggregates or larger aggregates,
The plastically deformed material might, because of the high density
of lattice irregularities, cause very large aggregates related to the
colloidal band (q.v.). Indeed it has been observed that intense radia-

tion and bleaching can produce the colloidal band or its color center

precursors,



B, COLOR CENTER AGGREGATES IN SODIUM CHLORIDE

ADDITIVE COLORATION - THE COLLOIDAL BAND

INTRODUCTION

F centers may also be formed by heating the alkali halide crystal
in alkali metal vapor, The spectra and electron spin resonance broper-
ties are the same as thosé- of crystals colored by radiation, There are,
however, no holes to recombine with the electrons, and expoéuré to light
préduces a broad band in the long wavelength region called the F' center,
which has been explained as two electrons trapped in a negative ion
vacancy(5). Moreover, when additively colored crystals are annealed at
high temperature, another band forms in the long wavelengtﬁ région, which
has received extensive investigation(lg).

The early German workers ascribed this band to colloidal particles
of sodium metal trapped in the crystal lattice. Siedentopf, using an
ultramicroscope, observed colloidal particles in blue, additively colored
NaCl(ZO). Gyulai examined the photoconductivit& and concluded that it
resulted from emission of electrons from metal particles into the salt(ZO).
Savostianowa, applying the Mie theory of the scattering of light by
metallic spheres, showed that the absorption frequency predicted from such
a model roughly agrees with that observed for NaCl(ZI). She éoncluded
from measurements on crystals that colloidal band coloration involves
particles of all sizes, up to perhaps 800 R. Mollwo studied the shift of
colloidal bands with temperature, and also showed that such crystals upon
plastic deformation became dichroic, which could be accounted for by the
compression of the metal spheres into ellipses(ZZ).
In recent years, Scott and his associates have carefully examined

the equilibrium between F centers, the colloidal band, and alkali metal
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vapor at various temperatures and have shown that the model of a hetero-
geneous phase (i,e,, aggregate color centers involving at least 10
electrons and ions) is necessary to account for the equilibrium data(23).
Westervelt has extended this further(za).

.The failure of several attempts to find these colloidal particles
with the electron microscope(zs) has led these workers to assign a
ﬁarticle size range of 10 to 50 R., smaller tham the word “colloidal"
usually implies, Moreover, although sodium metal in c°1loida1'disper-
sién in paraffin has a distinctive electron spin resonance, attemﬁts to
find this resonance in additively colored sodium and potaésium chloride
have failed(26).

Several workers have observed colloidal particles in ﬁatural blue
rocksalt and indeed the main absorption band in this substance is in the
same wavelength region as the colloidal band of additively colored
material, In view of the discrepancy between the large size colloidal
metal spheres of the earlier workers and the sub-colloidal models of
Scott and Westervelt, and since results obfained with thi; material vary
from author to author, it seemed necessary to make at least a cursory
examination of the colloidal band material before making any inferences
about its natural counterpart, Moreover, the tentative failu:e of electron

spin resonance and electron microscope observations seemed worthy of re-

appraisal,

EXPERIMENTAL

Treatment of NaCl with Alkali Vapor: Scott and his co-workers used

sealed glass tubes {or copper tubes crimped at both ends) partially
crimped in the middle to provide a lower compartment for the alkali metal

and an upper compartment for the alkali halide crystals., Alger, in his
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earlier work, used a stainless steel bomb sealed with a copper gasket.
It is interesting to note that despite the general reliability and
reproducibility of their results, both Scott and Alger complain about
the erratic nature of the process and occasional complete failures,

In the present work, a copper gasketed, stainless steel bomb with
a stainless steel needle valve was used so that the process could be
carried out in a vacuum or inert atmosphere, The alkali metal was placed
in a small metal capsule at the bottom of the bomb. The alkali halide
crystals, wrapped in stainless steel gauze, were placed on a wire platform
in the middle of the chamber (see Fig. 10), The bomb was'sealed, evacu-
ated, and heated in a furnace to the desired temperature for 4 hours or
more, It was then either quenched in o0il or allowed to coél slowly in
the furnace,

For the first few runs the bomb successfully held a vacuum, Subse~-
quent runs were made in a helium atmosphere,

Three sets of conditions for NaCl in alkali vapor have been tried,
In the first case, the samples were heated for 8 hours at slightly over
700° C. and then quenched in oil, Many samples were still hot when the
bomb was opened; they were quenched in oil, The samples were of a deep
blue, with some yellow and purple spots through them, as.well as halos of
darker blue around irregularities in the crystals, Cleavageé of these
pieces gave a fairly uniform blue, or blue and purple, by transmitted
light, but showed central zones or irregular areas of pink scattered
light which did not correspond with any pattern of the color in trans-
mitted light, All specimens showed a 1 mm thick surface layer of lighter
coloration, Specimens from later runs, made at the same temperature, but
with a helium atmosphere and cooled two minutes in air before-quenching,

were more uniform in appearance, The absorption spectra, however, varied
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from one experiment to another (see Fig, 11),

Another group of crystals was heated for 20 hours at 650° in sodium
vapor, and cooled slowly at the rate of 4° per minute. These were much
paler, individual crystals being on the whole uniformly colored, but
differing one from another in shades of blue or purple (the purple color
being presumably a ;ombination of the colloidal and the F bands)., Here
agaiﬁ the samples exhibited a 1 mm skin of a paler and less purple tint.
The pink scattered-light effect was slight and very uniform;

Potassium chloride crystals, colored at the same tempe:afure, but
quenched in oil, showed a very uniform purple color, with a lighter 1 mm
skin, Absorption spectra showed a pure F band with a very small colloidal
band (see Fig, 12),

Another group of sodium chloride crystals were treated with sodium
vapor at 550° for 8 hours and cooled at 4° per minute, These ciystals
were a pale, uniform blue, No light scattering effect was noticeable.
Here again a lighter colored skin of about 0,2 mm was observable in
cross section,

One striking irregularity was encountered in this run, Some of the
crystals, "randém pieces®™ from the Harshaw Chemical Company, had curved
edges, indicating that they had grown next to the crucible wa;l. These
edges were colored a clear bright yellow to a depth of 1,5 mm, in striking
contrast to the rest of the crystal, Spectrophotometric examination, after
a storage of one year, showed an F band of striking purity, together with
a small well-defined peak at 40CO R, and an intense edge at 2100 K, (see
Fig, 13), but no colloidal or M band, As a rule, the F band in addi=-
tively colored NaCl must be prepared by heating the sample to about 750°
C. and quenching as rapidly as possible, Some colloidal band is always

present and the samples are relatively unstable, turning pink in the
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course of time as the colloidal band grows,

A re-examination of the specimens colored at 650° disclosed
another specimen with a curved edge, which had a far more purple color
(i,e,, concentration of F centers) than the rest of the crystal,

Only one experiment was made with alkali halide crystals heated in
the vapor of other metals, Sodium chloride heated to 700° C, for /4 hours
with strontium metal showed a 0,2 mm skin of color with a rather unusual
spectrum (see Fig, 14).

Heat Treatment of Additively Colored Crystals: The earliest work

involved coloring crystals additively, reheating, and queﬁching them to
produce the yellow F centers, and then heating them slowly in the furnace
described in the preceding section, carefully noting the cglor changes.
uples of a mixed yellow and blue color were heated at an approximate
1 f 5° per minute, Up to a temperature of 300° C, the yellow phase
gradu changed to reddish brown, then purple, and finally to a bluish
purple, while the blue phase gradually became bluish purple, At 300° C,
the crystals were of one color, indicéting the bonversion of F center
zonés and colloidal band zones to an equilibrium mixture of the two,
From 300° to 400° the color gradually changed to a clear_cyan blue, which
remained after quenching, Upon further heating, however, to 450-500° C.,
the blue gradually changed to pink., Rapid quenching from 500° C. or
higher resulted in the yellow color of the F center, At 000° C., the
pink color gradually withdrew from the edges of the crystal into central
zones and increased in intensity, and only upon prolonged heating at
temperatures well above 600° did the color fade completely (see Fig, 15).
One crystal, cooled from 600° to room temperature at a rate of less
than 25° per hour, was almost colorless, exhibiting a very faint pink

scattering effect with no color by transmitted light, However, reheating
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and quenching gave an intense F band color, This may represent a true
colloidal dispersion,

Electron Spin Resonance of the intense blue “colloidal band"™ of

sodium chloride was searched for by Mr. Floyd Humphrey of this depart-
ment, and by Mr. Robert Levy, with the paramagnetic resonance spectro-
graph at Berkeley. 1In both cases, no absorption could be defectéd. Bince
our apparatus also failed to give absorption band for F centers in KC1,

and since Mr. levy's apparatus failed to detect the resonanf:e of V centers,
later reported elsewhere, further experiments may reveal a colloidal

sodium resonance,

Electron Microscope: An examination of potassium and sodium chloride
crystals exhibiting the colloidal band was made with an electron microscope

by Scott and by a group at Cornell(zs)

, in both cases with no success,
Attempts on sodium chloride crystals with an intense blue color and show-
ing a strong pink Tyndall effect were made here by Mr. Edward Henderson,
also with no success, thus presumably ruling out the presence.of particles
greater than 30 8, in size. Btching of the sambles with alcohol and
alcohol-water mixtures did not change the results, However, other sodium
chloride crystais known to contain colloidal copper (see next section)

also showed nothing in the electron microscope. According to Mr, Henderson,

such experiments are sensitive to the manner of preparation of the sample,

and negative results are not conclusive,
BLUE ROCKSALT

INTRODUCTION
Deposits of rocksalt in Stassfurt and Herringen, Germany, show an
intense blue coloration frequently occurring in irregular streaks or

layers, This color is not caused by any obvious impurity, since adjacent
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(15). Therefore we might expect

colorless areas give the same analysis
the color tb result from color centers,

These deposits originated as precipitates from sea water, as is
evident from the associated minerals, They were then buried under other
sediments and subjected to fairly intense heat and pressure, which
apparently caused the microcrystalline deposit to recrystallize into
large single crystals, Throughout this process the sodium chloride was
subject to emanations from radioactive impurities, the nature of which
havé long been the subject of discussion. The most recent work seems to
establish the source of radioactivity as radium D, a lead.isotope(27).

The accepted theory is that the coloration is due to colloidal, RT,
or RX ba.nds(m) , but the spectra of the natural rocksalt l'av‘e gualitative
characteristics different from those of the synthetic color centers, It

seemed worth while to compare them with the color centers produced arti-

ficially,

EXPERIMENTAL

Specimens: In the general classification of blue, violet and
vellow rocksalt, there are numerous specific types, distinguished by
their color and reaction to heat treatment, All samples used in this
work came from two locations, A series of specimens from Herringen,
Germany, obtained from various dealers, showed the same reaction to heat
treatment and the same qualitative spectral features. The color occurs
in fairly large solid zones alternating with colorless areas, Frequently
there is layering along various crystallographic planes, These features
are described in detail by Przibram(15). Another specimen from Stassfurt,
Saxony, having blue and violet mixed together in irregular zones, has

somewhat different thermal properties,
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Heating: Cleavages of blue rocksalt were placed in the furnace
described in preceding sections and observed while being slowly heated,
The Herringen material was apparently stable in intensity up to 250-300°
C., but showed a slow qualitative color change, Areas originally white
would become pale pink and the crystal as a whole deepened from a cyan
blue to a more violet tint. 1In the range around 300° this effect was
 accompanied by slow bleaching, the last traces of color being usually
violet, Upon sudden cooling during the violet phase, the sample was
partially restored to its original blue state although some of the violet
tint remained, The Stassfurt material distinguished itseif by showing a
greater tendency to become violet and even pink at high temperatures;
this color could largely be retained on cooling, For a coﬁparison with
x=-ray and additively colored crystals see Figure 15.

The spectra (see Fig. 10) of the Herringen and Stassfurt material
are quite similar, showing only slight quantitative differences in the
peaks, but after heating they changed radically (see Fig, 17).

Plastic Deformation: As has béen reported previously, samples of

blue rocksalt, when plastically deformed 50% or more, change to a pale
pink(IZ). These pink specimens were extremely photosensitive and rapidly
regenerated a blue color in patterns roughly corrésponding to the original
coloration of the material, A spectrophotometric examinatioﬁ however

(see Fig, 17) showed the bands to be very distorted and broad, with con-
siderable frequency shift,

X-Radiation: Mixed blue and white specimens were bleached by anneal-
ing, x-rayed for 2/ hours, and then subjected to optical or thermal
bleaching, In no case could differences in the original blue and white
zones be detected, This is contradictory to other reports(zs). Samples

of the blue material, x-rayed and inspected visually, seemed to show no
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irregularities in either the degree of yellow x-ray coloration or in
the background blue,

Natural Sodium Pluoride: The writer was especially fortunate in

obtaining some samples of natural sodium fluoride, called Villaumite,
These cleavages, far larger than the specks other workers have had to
deal with, are deep red in color and give a very sharp spectrum (see

fig. 18). The coloration would seem to be due solely to F and M centers,
principally the latter, The coloration is relatively stablé to heat,
remaining a pale pink after prolonged heating at 700° C, Specimens so

heated seemed to regain their color after brief x~radiation,

INTERPRETATION OF DATA

The evidence for attributing the “colloidal® absorption band to a
truly colloidal dispersion of alkali metal may be stated thus:

1) Barly workers observed colloidal particles under the ultra-
microscope, Similar particles have been more recently observed in
uncolored crystals; these are ascribed to impurities,

2) There is approximate agreement between the absorption peaks
predicted for such a dispersion by Mie and Pohl and the absorptions
observed. However, in order to account for the observed variation in
width and frequency of absorption, particles must be postulated as
occurring in all sizes up to 500 3(21).

3) Studies of the equilibrium between “collioidal" and F centers in

xcy 23

, show that the former must be equivalent to aggregates of at
least 10 F centers,
ll) Westervelt has shown the reasonableness of the colloidal model

from thermodynamic and energy considetations(za), albeit with rather

extreme postulates about the physical state of the metal particle
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(20 R or less, liquid, and under 15% strain due to surface tension').
Cn the whole, this work seems to be evidence as much against as for a
classical colloidal particle model,

There are only two pieces of evidence contrary to the colloidal
theory,

5) The failure of the electron microscope to detect any coiloidal
Iparticles has led Scott and others to assign 50 £ as a maximum size for
the particles, This contradicts arguments 1 and 2 above, .But'the me thod
has also failed in the case of sodium chloride crystals known to contain
colloidal copper (this will be discussed in a later section),

6) Efforts to detect the electron spin resonance associated with
sodium metal have failed, But both the apparatus used here and that at
Berkeley failed to detect resonances known to occur (from F centers and
V centers respectively),

An argument for a modification of the colloidal model arises from
the close resemblance of the "colloidal" absorption band to the bands
presumably caused by small aggregates of F cenfers: the RX, RT, and
“blue rocksalt™ bands, All occur between 5500 and 6500 &, all vary
erratically with slight changes in conditions of formation, and all are
to some degree unstable to heating, the colloidal band disassociating
into F centers,

The RX and RT bands are assumed to result from aggregates of F centers,
formed by the diffusion of halide ions out of an area in the crystal and
the trapping of electrons by the resultant vacancies, The extreme case of
this, in which all of the anions are replaced by electrons, would result
in a face-centered cubic lattice of neutral sodium atoms; in other words
a face-centered modification of sodium metal, Such closest-packing phase

modifications of alkali metals exist, and they seem to have physical
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properties similar to those of the usual body-centered phase, Thus, the
extreme case of F center aggregation would be equivalent to colloidal
sodivm metal,

It may therefore be suggested that the so-called colloidal band
represents a highly aggregated state of F centers, with thermodynamic
properties closely related to those of a sub-colloidal dispersion of
metal,

A method for distinguishing between these two models would be a study
of the variation of paramagnetic susceptibility with temperature, Alkali

(29). A temperature

metals have temperature-independent paramagnetism
dependent susceptibility would indicate the F center aggregation proposed
above, |

The exact absorption frequency and peak shape would depend princi-
pally upon the "purity" of the aggregate zone, i,e,, its freedom from
halide ions and other forms of disorder, The thermal stability of the
color would depend on the nearness and mobility of holes and electron
traps,

The properties of the natural material may be explained by two addi-
tional assumptions:

First, by reason of the greater time for achieving thermodynamic
equilibrium, the natural F center aggregates are expected to-be in a more
ordered condition than in any synthetic material, This would explain the
more narrow and regular bands of the former, the smaller peaks at shorter
wavelengths being ascribed to transitions to higher excited states, The
purple colors resulting from heating or plastic deformation would repre-
sent disruption of these zones to form the more disordered RT and RX
centers,

Second, as another consequence of this process of ordering and
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attaining thermodynamic equilibrium, we might suppose that the holes and
positive ion vacanéies might also coagulate at other points in the crystal
lattice, Therefore, since thermal bleaching involves a migration and
recombination of electrons and holes, a process which places the holes
further away from the free electrons - in more stable, less mobile aggre-
gates and with fewer dislocations and intervening vacancies to facilitate
.electron or hole migration - would give an appreciably greater stability,
This would account for the presence of both free sodium and free chlorine
in natural blue rocksalt and in heavily irradiated synthetic materia1(30).

In the extreme case, the aggregates of "hole centers', being equiva-
lent to free chlorine, might have a chance to migrate through the crystal
and evaporate, according to the particular conditions of formation, This

would explain the great variation in thermal stability of blue rocksalt,

some species maintaining their color almost to the melting point(31).



- 58 -
C. COLOR CENTERS IN CRYSTALS CONTAINING IMPURITIES

INTRODUCTION

The purest alkali halide crystals now obtainable contain impurities
in higher concentration than any color centers that can be formed in
them. But, as will be shown below, impurities frequently have a'profound
éffect upon color center formation, Therefore it has not yet been dis-
proved that color centers are exclusively an impurity phenoﬁendn; this
fact has been pointed out by eminent workers in this field, but with the
expressed opinion that dislocations would provide a minimﬁm color
effect(BZ).

Research on the relation of color centers to impurities has received
little attention., Color center studies have been made on crystals con-
taining alkaline earth ions, the hydride ions, and those heavy metal ions
which act as phosphor activators, A few mixed alkali halide crystals
have also been studied,

The ions that activate alkali halides as phosphors, namely copper,
lead, thallium, and silver, were observed to have absorption peaks in
the ultraviolet region, apparently due to the impurity in itself or con-
sidered as a complex ion(33). Jahoda, and later Smakula, observed that
these and other metal ions increased the colorability of thesé alkali
halide crystals by radiation and that the dependence of this effect upon
concentration in impurity showed an optimum similar to that observed for
the luminescence effect(34). These colors also bleached more readily.

It has long been known that many other salts and minerals have their
radiation colors caused, enhanced, or altered by the presence of impuri-

ties(35).

Pohl and Rupp, and later Arsenjewa, studied the influence of
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x-radiation on the absorption spectrum of alkali halide phosphors, In
addition to F band formation the original absorption bands of the phosphor
are elevated or depressed, depending upon the specific impurity(zé). Also
the formation of a broad and intense shoulder plateau in the uliraviolet
region has been observed, Slight shifts in absorption band frequency were
also noted. Later workers on phosphors have occasionally studied the F
Eand as an intermediary or energy reservoir for the luminescence effect,

Various measurements have been made on the changes in electrical
conductivity of alkali halide crystals containing impurities, notably the
alkaline earth ions, Increases are chiefly ascribed to the existence of
extra vacancies, compensating for the higher charge of the impurity ion.
Recent studies, contrasting the effects of calcium and cainum, show that
the latter has a non-linear increase of conductivity with concentration,
which suggests an association of cadmium ion with the adjacent vacancy(37).

Investigation of a new color center, the U band, formed by the addi-
tion of hydride ion, is described in a paper by R, Alger(38).

Coloration of mixed alkali halide crystalé, notably RbC1-KCl and
KCIQKBr, has produced broad absorption peaks of frequencies intermediate
to those of their end members, This effect can be satisfactorily explained
as arising from a distribution of hybrid color centers bounded by various
combinations of the component ions(39). |

Additive coloration of crystals containing alkaline earth ions as
impurities, notably strontium, produces new absorption bands, called Z
centers, These were discovered by Pick and his associates and are now

receiving extensive study by a group of Italian investigators(aO).

EXPERIMENTAL TECHNIQUES

Growth of Crystals from Solution: It is difficult to grow clear

alkali halide crystals from ageous solution, dendritic crusts being the
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usual results, Buckley reports, as a unique case of enhancement of
crystallization by impurities, that clear single crystals of sodium
chloride result from the addition of about 0,1% lead ion to a saturated
solution of Nall from which CO2 has been removed by slight acidification
and boiling, the crystals being grown at Q0 to 100° C.(al).

This method was tried out with a seed crystal of NaCl suspended in
a 1 litre beaker of the solution described above, covered by a watch
glass and placed in an oven set at 95° C. This attempt yielded several
crystals, 1 cm on edge, clear but with a pronounced mosaic structure,
The technique was improved by using a modification of the.Soxhlet
extractor apparatus, as suggested by Mr, Dale Rice of this department,
and as shown in Figure 19, The solution in the flask was Qaintained at
a tempe:ature of 05° by a heating mantle, The vapor evolved was con-
densed, passed through a paper thimble containing more powdered salt,
and returned to the flask. Thus the solution was maintained at a slight
supersaturation, favorable to the growth of large crystals, The crystals
so grown gave several cleavages 1/4-1/2" square'and 2 to A mm thick, the
central zone of which was the rod of the original seed crystal., A slight
mosaic structure was observed, but not enough to render the specimens un-
suitable for spectrophotometric work, The uncolored crystals showed twin
absorption peaks, very narrow and intense, in the ultraviolef region at
about 2800 R. and 2300 8. It has been reported that traces of lead in
sodium chloride give absorption peaks at 1930 &. and 2740 2. and since
lead is an impurity in crystals so grown, it is the probable cause of
the peaks observed here,

The cleavages showed a great capacity for coloration, Upon exposure
to x-rays for an hour followed by a few minutes bleaching they were not

only darker than the central seed crystal but of a different tint, The
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spectra showed a small, somewhat broad F band and another band at 7000 K.;
the peak at 2800 R. had all but disappeared while the one at 2300 X. re-
mained, Upon further bleaching the crystal decolorized completely, but
the ultraviolet peaks were still quite small and distorted (see Fig, 20).
Another sample, grown by the earlier method, x-rayed, and about 374
bleached, showed a single intense band at about 2000 K.

Examination of the solution-grown part of the cleavage showed an
interesting structure in coloration and bleaching, The coloration
occurred in distinct layers at (100), very pale around the seed crystal
but in alternate light and dark layers further out, Uncoiored diagonal
lines were evident, giving the crystal a sort of "hour glass” appearance
(see Fig., 19), The depth of coloration varied; 2 mm or mdre'in some of
the dark layers, and of greater intensity than that of the seed crystal,
At one or two of the lighter layers near the seed crystal a pale bluish-
green tint could be observed,

Upon nearly complete bleaching, fine lines of pale violet color re-
mained where the pale layers had been and also a few sma;l spots of pale
blué-green coloration, The central, seed crystal zone was still a pale
brown, A few crystals were subjected to several weeks of irradiation and
were then bleached; no stable violet color cduld be developed,

Growth of crystals from melt: The method developed by Professor

Kyropoulos was used, which consists of immersing, into a crucible of the
molten salt, a seed crystal attached to a cooling apparatus, As the
seed crystal grows, the apparatus is gradually raised until a large
crystal is slowly drawn from the melt, In.the first method reported,
the seed crystal was attached mechanically to the cooling device, In a
later method (preferred by Professor Kyropoulos himself) the cooling

device, a platinum tube closed at one end and cooled by means of an air
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blast, was first immersed in the melt until a hemisphere of radiating
crystals had grown on the tip of the tube. This was then raised until
only the bottom tip of the hemisphere was in contact with the melt,
This area served as the seed for growth of the main crystal(az).

Construction of apparatus was started in the fall of 195/, The
furnaces consisted of heating wire wrapped around a threaded alundum
core, insulated with several layers of asbestos paper, and fitted into
a length of transite pipe, Temperature was regulated by a Wheelco
Capacitrol, which is essentially a thermocouple operated relay switch,
The temperature fluctuation was about *10°,

A screw-driven platform was constructed for slowly raising the
crystal (see Fig, 21), At first it had to be operated maﬁuaiiy and
required constant attention; later a clock motor drive was added for
automatic operation, Following the suggestion of Mr. Richard Carrouche’
of the Physics Department, another 1ift was constructed utilizing a
hydraulic piston, This is as satisfactory as the other device and of
greater strength and versatility,

In addition to the platinum tube, several cooling devices were con-
structed for use with seed crystals, The first, consisting of a copper
tube attached to a group of copper fins cooled by air blast, grew satis-
factory crystals but tended to corrode and contaminate the mélt with
copper oxide, A silver rod, insulated by an alundum tube and attached
to a water-cooled copper block, was more satisfactory, Another device,
a small quartz cold finger condenser (see Fig. 22), was used either with
a platinum adapter for growing crystals by the seed method, or by itself
to grow chloride and bromide crystals by the second Kyropoulos method.

The pure alkali halide powder and the contaminating salt were

weighed into a large crucible (preferably of quartz, though porcelain
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was adequate for most purposes), placed in the furnace, and heated for
at least 1/2 hour at one or two hundred degrees above the melting point,
If the seed method was to be used, the melt was then cooled to a very
few degrees above the melting point., The seed crystal, attached to the
cooler, was lowered cautiously until the tip just touched the melt., It
was often necessary to readjust the temperature, The proper regﬁlation
§f furnace temperature resulted in a transparent hemisphere of crystal,
gradually growing out from the small seed., When the hemisphere was of
desired size, the raising mechanism was started and the crystal was drawn
out from the melt; this process took 1 to 2 hours to grow.a crystal of
20 to 30 grams. The apparatus had been inspected from time to time during
this process to make sure that the crystal did not grow so wide as to stick
to the sides of the crucible, nor diminish to a thin rod,

Most contemporary researchers prefer the above method to the second
Kyropoulos method, which involves the growth of the seed crystal from
the melt itself, Professor Kyropoulos himself thought that the poor
results with the second method resulted from a failure to follow directions,
as ﬁet forth in his original paper(az>, such as the directions to grow the
seed crystal and to start to grow the main crystal at 50° or more above
the melting point, also to allow the seed hemisphére to grow to 3 or J
times the diameter of the platinum tube, and very carefuliy énd quickly
to raise it so that just the tip touches the melt, Following these
directions carefully, I was able to grow fine sodium chloride crystals,
but because of the greater attention required, the other method was used
almost exclusively in the work,

Crystals so grown varied widely in size and shape, averaging 1" to
1,5" in diameter and height, More than half the attempts resulted in

excellent single crystals, and almost all were good enough to yield a
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requisite number of cleavages. There was usually a small zone of mosaic
crystals at the very top. After growing, the crystals were allowed to
cool slowly in the furnace, and examination under polarized light showed
no more strain than is usually encountered in natural or synthetic
crystals,

Treatment with Sodium Vapor: Because of the large number of

samples which had to be treated with alkali metal vapor, preliminary
tests were made using small metal pill boxes as bombs, As é rule the
"gettering" of the oxygen in the box caused it to contract enough to
insure an air-tight fit, A sample of pure alkali halide #1ways accompan-
ied the doped crystal as a check upon the reliability of the coloring
process, o

At the termination of research, one series of runs had been made
upon most of the crystals grown, using these pill boxes, Although most
of the crystals containing impurities developed various colors, many of
the control crystals were colorless,

Radiation Colors: The techniques used in x-radiation, optical, and

thermal bleaching, are the same as described previously,

EXPERIMENTAL RESULTS

About a dozen impurities were incorporated into sodium chloride,
most of these being ions of transition metals,

NaCl:Ca The melt consisted of 50 g. of NaCl to which was added
approximately 1 g, of CaCl,, The crystal weighed 30 g., was clear,
without any color or turbidity, and provided excellent large cleavages,
There were no visible or ultraviolet absorption peaks, Upon being heated
in sodium vapor, the crystal developed a pale yellow color, which resulted
from weak, broad band around 4150 R., in all probability an incipient F

band.
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NaCl:Rare Earths The anhydrous chlorides of the rare earths metals

are difficult to prepare and decompose in air at high temperatures to

form oxychlorides. This decomposition, plus the high valence state of the
rare earths, made them a very unpromising impurity for incorporation in
sodium chloride, However, a few attempts to grow such crystals were made
so as to provide Mr, Floyd Humphrey with samples for electron spin reson-
ﬁnce. The melt consisted of pure sodium chloride to which 0,2 g. of a
mixture of anhydrous rare earth chlorides was added just before crystalli-
zation started, After a few minutes a white scum of oxychloride formed on
the surface of the melt, therefore addition of the anhydrﬁus chloride was
repeated frequently during the crystallization, Crystals so grown weighed
about 25 g. and were slightly greenish, cloudy, and polycrystalline,
yielding a very few imperfect cleavages, The electron spin resonance
results were negative, implying that the rare earth nuclei were in an
unsymmetric environment, probably as oxychloride mechanically incorporated
into the crystal., There were no significant absorption spectta.

NaC1:Cd Approximately 0,5 g. CdCl; was added to 35 g. of NaCl to
form the melt, A crystal was grown weighing 20 g., showing no color or
cloudiness and yielding several clean cleavages greater than 1/2" square,
The remaining melt showed no residues or precipitétes. Absorption spectra
showed a weak, broad band at 4250 X. and a gradual absurptioﬁ edge start-
ing at 2300 R.

Treatment with sodium vapor for J hours at 750° C, yvielded a brown
coloration (by transmitted light), the spectra of which has not been
examined, A zone 1 mm wide around the edge of the crystal was of deeper
color, By reflected light (i,e, as a result of light scattering), the
crystal has zones of white, blue gray, and black, resembling an agate,

Microscopic examination reveals numerous irregular inclusions, These
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facts suggest the existence of colloidal cadmium metal, but an electron
microscope examination showed nothing. The control sample of pure sodium
chloride was almost colorless,

NaCl:Ag A crystal was grown from a melt of initially pure sodium
chloride in a silver crucible, At the onset of crystallization the melt
had a slight brownish cast and during growth the lower half of tﬁe crystal
was a distinct pale brown. The crystal weighed 30 g., was somewhat poly-
crystalline but yielded several good cleavages. The upper half of the
crystal was almost colorless and showed no light scattering, The lower
half, upon cooling, was a pale brown, and somewhat turbid, The remaining
melt was cryptocrystalline, an opaque pale brown, and obviqusly contained
silver oxide, When briefly x-rayed, the sample developed an intense long-
lived phosphorescence, giving off a violet glow reminiscent of F band
light, X-ray colorability was greatly increased over that of pure NaCl,
the crystal being deeply colored after only a few minutes exposure,

The uncolored crystals had no significant spectra in the.visual
region but a very intense peak around 2100 K., in agreement with the
literature (see Fig, 23), Treatment with sodium vapor at 750° developed
a deep brown color whose spectra showed a gradual rise in absorbence
towards shorter wavelength; the sharp ultraviolet.absorption was replaced
by a very broad weak band at 2600 1.

NaCl:Mn From a melt consisting of 0,00 g. MgCl2z in 60 G. of NaCl,
a crystal was grown weighing 23,5 g. The melt grew dark in the course
of crystallization and the crystal itself was a pale violet color during
crystallization and the first hour of cooling, The cold crystal was
colorless, It showed, especially on the bottom, a faint turbidity which
nicroscopic examination showed to be due to the presence of tiny brown

particles, probably of Mn0O,, since the melt was heavily contaminated with
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this material, The upper part of the crystal was polycrystalline but the
bottom 10 g, gave excellent cleavages 1" in diameter,

The crystal showed a strong blue phosphorescence, as is the case for
all alkali halides containing manganese, The crystal showed no absorption
bands either in the visible or ultraviolet, aside from a very weak band
at 2750 X. in specimens from the bottom of the crystal 1 cm thick, Treat-
_ﬁent with sodium vapor at 750° C, gave a deep brown color which was not
examined spectroscopically. .

Another crystal grown from a melt consisting of 0.05 g, MnCl, in
50 g, of NaCl showed no dark precipitate in the melt and gave a clear
crystal, colorless when hot or cold, which has not received further study,

NaCl:Cu The melt, consisting of 0,06 g, of CuCly in 60 g. of NaCl,
gradually developed a greenish color during crystallization, but the
‘crystal showed no color while hot, The crystal weighed 20,5 g., was a
single crystal with a very slight mosaic structure, and gave many good
cleavages, The bottom 0.1" of the crystal had a yellow turbid tint, The
residue of the melt was microcrystalline and obaque, and light brown in
color, the edges being translucent turbid yellow,

The crystal gave a distinct blue luminescence, and very narrow,
intense absorption peaks at 2550 R. and 2000 R. dnly the former peak
has been reported elsewhere (See Fig, 23), |

Treatment with sodium vapor for 8 hours at 750° developed an intense
and beautiful ruby-red color, In cross—section, this specimen showed a
transparent layer 0,5 mm thick on the surface next an opaque colloidal-like
layer 0,5 mm thick, with the inside a clear deep red, The color strikingly
resembled that of ruby-red glass, ascribed to colloidal gold or copper,

A crystal of KCl:Cu, grown from a melt containing 1% CuCl,, was

initially yellow and faintly turbid. Treatment with sodium vapor resulted
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in a clear deep red, Absorption spectra were taken of these red crystals,
of a borax glass bead containing traces of copper and tin and heated in a
reducing flame, and of a brown copper sol formed by reducing a copper sul-
fate solution with sodium hyposulfite. All showed the same peculiar peak
and inflection near 6000 X. A thin film of copper metal, evaporated on
glass by Mr. Carrouche', showed an inverse absorption peak at this fre-
qﬁency ($ee Fig. 24,

NaCl:Cx The melt contained 1% CrC13. A crystal was gtown only
part way (15 g.) when a power failure interrupted the process, so that
the crystal became stuck to the congealed melt, The salvaged crystal was
clear, gave good cleavages, and had a faint purple color while hot but
was colorless upon cooling, The congealed melt was dirty,ﬁwith a light
green precipitate,

The crystal showed no obvious luminescence when exposed to x-rays.
The absorption spectrum had an intense sharp band at 2480 R, (see Fig, 25),
Treatment with sodium vapor at 700° C, gave a pale brown color (the control
being colorless), which has received no further.study.

NaCl:Pe The melt, containing originally 1% FeC13, developed a thick
brown precipitate during crystallization and gave off a faint smell of
chlorine, The crystal, weighing 20 g., was for the most part transparent
and gave good clear cleavages. In the bottom 1/8", where it had stuck to
the melt, there were translucent brown areas, The crystal showed no
luminescence or absorption spectra., Treatment with sodium vapor at 700°
C, gave a very faint yellow (the control being colorless) which has not
been studied further,

NaCl:Ni The melt consisted of 0,5 g. NiCl, in 50 g, of NaCl and
showed no sign of decomposition during or after crystallization, The

crystal, weighing 35 g., was clear and colorless, somewhat polycrystalline,
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‘but gave large, flat cleavages. The bottom had a faint yellow turbidity,
The crystal gave a narrow intense absorption band at 2450 X. almost
identical to that of NaCl:Cr, A sample from the bottom of the crystal
gave the same band with much greater intensity than a sample of corres-
ponding thickness from the top of the crystal (see Fig. 25). Upon treat-
ment with sodium vapor at 700° C., a faint yellow color developed, which
’has reéeived no further study,

NaCl:Pt Since PtCl, decomposes at high temperature, small quanti-
ties of the salt were added during crystallization, The crystal was grown
by the second Kyropoulos method, utilizing the platinum fube. It was
colorless, although slightly turbid, and gave good cleavages. There were
no absorption peaks, either in the visible or ultraviolet; Upon treat-
ment with sodium vapor at 700°, the crystal developed a slight gray tint,
which has not been examined further,

NaCl:Au The melt consisted of 50 g. of pure NaCl to which 0.5 g.
of Au013 was added just before crystallization. The crystal itself
weighed 20 g., was quite clear and free of turbidity, and gave excellent
cleavages. During crystallization bright flakes of gold were observed
moving about rapidly through the melt., Upon cooling the residue at the
sides of the crucible was a bright pink, reminiscent of colloidal gold,
The residue at the bottom of the crucible was a single crysfal with fine
flakes of gold metal disseminated throughout.

The crystal showed no absorption spectra whatever. The pink pieces
showed a band at 5500 R. followed by a steady rise towards shorter wave-
length (see Fig, 20), The piece at the bottom of the crucible showed a
very faint band at 5750 X. Samples of the crystal gave a negative benzi-
dine test and it was feared that no Au+ ion had been incorporated in the

crystal, but treatment with sodium vapor for 4 hours at 750° rendered
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the crystal an opaque brass color, This was due to a layer 0,5 mm deep
on the surface of the crystal, apparently quite thick with fine particles
of gold, the interior of the crystal being perfectly colorless. The
control also was colorless, Another sample, treated the same way but cut
from the top of the crystal and presumably with a lower impurity concen-
tration, had streaks of dull blue mixed with the brass colorx, Tﬁis may
indicate colloidal gold. Time did not permit the growth of new crystals
with a lower concentration of gold ion, in further attempté to develop a
colloidal blue color,

NaCl:Co The melt consisted of 0.5 g. of CoCly in 50 g, of NaCl, A
large single crystal was grown, weighing 35 g., with excellent cleavages
throughout. At the time of formation, and during the first 15 minutes of
cooling, the crystal was a beautifully intense transparent blue, This
color remained down to 000°, but when the crystal was later inspected at
room temperature, it had become pale sky-blue and was opaque, Thin sec-
tions showed a few transparent pale blue zones, but were a turbid yellow,
suggestive of colloids, in the more deeply confaminated zones, Reheating
caused the transparent blue color to return, and cooling brought back the
pale blue and turbidity.

A 12 g, sample was taken from the bottom of fhe crystal and added
to three times its weight of pure NaCl to provide the melt for a second,
more dilute, crystal. This gave a transparent blue of medium intensity
at high temperatures, which cooled to pale blue showing zones of yellow
turbidity, much like the upper parts of the previous crystal, This showed
a weak broad band at about 6000 R, and a steady rise in absorption towards
shorter wavelengths (see Fig, 20), Treatment with sodium vapor at 750°
rendered the crystal somewhat less turbid and of a more greenish tint,

The absorption spectra were not studied,



- 80 -

NaCl:Pd Approximately 0,5 g. of PdCl, were added to 50 g. of
molten NaCl. The crystal grown from this weighed about 25 g., was
somewhat polycrystalline, but gave good cleavages, The crystal had
irregular brown spots, as if from colloidal metal, The uncolored parts
showed a small peak at 2600 &. and a sharp absorption plateau starting
from 2400 2. (see Fig., 27). Treatment with sodium vapor did not appear
to change the coloration.

NaCl:Ba The crystal, grown from a melt containing 1% BaCl,, had
a white and turbid appearance, although giving excellent cleavages, The
remaining melt was diluted with three times its volume of pure NaCl and
a second crystal grown, This was clear and free of turbidity but had a
faint brownish cast, A specimen’h mm thick gave 2 weak aﬁsorption lines
at 2700 and 2200 . (see Fig. 28).

NaCl:0 The crystal was grown from melt consisting of 50 g. of
NaCl to which had been added 0,5 g. of Naz0p. A cleavage 3 mm thick

showed a fairly intense absorption edge starting at 2100 X. (see Fig, 28),

X-ray Coloration: The project was terminated jusf as this work got
under way, So that only a few qualitative facts can be noted here?

NaCl:Ag has remarkably strong coloring powers, becoming a deep brown
after a few minutes of radiation, It is also difficult to bleach as
compared with pure NaCl, A sample x-rayed for 2/ hours and bleached for
several days still showed a faint yellow tint, although the spectra were
substantially the same as for the unradiated material, the chief differ-
ence being an increase in the ultraviolet edge and a new band at 2550 ﬁ.
(see Fig, 29),

NaCl:Cd, after 17 hours radiation, developed F and M bands of the

same wavelength and intensity as the pure salt, but had in addition a
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very strong band in the ultraviolet, The sample bleaches with extra-
ordinary rapidity, having after 20 minutes only an ultraviolet peak of
such intensity as to be unmeasurable, A thin section cut from the
original sample showed this band to have a rather complicated peak at
about 2500 . (see Fig. 30).

A quantitative comparison was made of the colorability of NaCl:Cu
and NaCl:Mn as compared with the pure salt (see Fig, 31). The following
table gives the optical densities of the F band for these Samples, after
a 3 minute exposure to copper radiation at 25 kv and 15 ma and after 2J
hours of radiation at 49 kv and 15 ma:

OPTICAL DENSITY

NaCl NaCli:Cu © NaCl:Mn
3 minute exposure 0.19 0,28 0,48
2/f hour exposure 4.85 5.6 8.3

Thus, for short periods of radiation copper increases colorability by
47% and manganese by 150%, But for long exposures to x-rays ‘copper gives
an increase of only 15% and manganese of 70%, ‘Therefore_enhancement of
coloration is at least partially a rate rather than an equilibrium
phenomenon,

Other qualitative features are notable for the copper activated
material, The F band seems to shift slightly towards longer.wavelengths.
The ultraviolet absorption peaks, observed in the uncolored material,
diminish upon 3 minutes of x~-radiation, and after 2/ hours exposure are
completely altered (see Fig, 32), Salt containing manganese shows no
unusual features,

Secondary Coloration: Heavily irradiated samples of NaCl:Cd develop

no secondary R centers upon optical or thermal bleaching, In the former

case an intense ultraviolet absorption arises instead, The same effect
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was observed upon plastic deformation and radiation; instead of forming

a blue color, the sample merely bleached clear,

INTERPRETATION OF DATA

The State of the Impurity Ion in the Crystal: Presumably the

impurity ion is always admitted to the crystal as a single ion, probably
replacing a sddium or chloride ion. It may not necessarily be true that
the ion remains in this position or in an isolated state in the cooled
crystal, A striking example of such a transition was the thermochromism
observed for NaCll:Co, The intense blue color was presumably the cobalt-
oué ion in sodium ion lattice positions, The sudden transition to a
pale blue colloidal state indicates that with changing temperature the
ion became less stable, presumabiy because of a tendency to change its
configuration of coordination to the chloride ions, Presumably this
instability occurred in temperatures high enough so that cobalt ions
could migrate together and coalesce into a separate phase,

We have assumed that the impurity ion could not occur as a Frenkel
defect, due to the close packing of the sodium chloride Structure at
room temperature; however, the crystal may be more capable of such dis-
order near its melting point, and the change of phase may result from
the instability of Frenkel defects at lower temperatures, A spectro-
graphic study at high temperature may settle this point, The high-
temperature violet tints in sodium chloride containing chromium or
manganese and the turbidity observed in NaCl:Ba and the bottom vellow
portions of NaCl:Cu should be considered in a similar manner,

Another difficulty arises from ions whose chlorides are unstable
at high temperatures, such as gold, paliadium and platinum. The brown
spots observed in NaCl:Pd might be colloidal metal, Such impurities

might be more easily incorporated as ions in crystals grown from
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solution, The valence state of the impurity for these and other metals
may be determinable by suitable chemical spot tests,

Identification of valence states of impurity ions might be possible
in certain cases by electron spin paramagnetic resonance, but the best
tool seems to be absorption spectra, The peaks observed in the ultra-
violet region for Cu; Cr, Ni, etc. are destroyed upon treatment ﬁith
sodium vapor and must therefore be functions of specific ionic valence
states, |

Treatment with Sodium Vapor: Several of the impurities, such as

manganese, cadmium, and silver, seem to have resulted in colloidal metal
precipitation, since they give the dirty brown colors assopiated with
colloids of these metals in solutions and give a diffuse absorption
spectra,

The red crystals of NaCl:Cu and KC1l:Cu, heated in sodium vapor,
are probably the first proved case of a metal colleid in an alkali halide
crystal, The comparison with a colloidal copper sol, with réspect to
absorption spectra (see Fig, 24) is impressive, and a theoretical argu-
ment can also be adduced, The predicted absorption coefficient for
particles of colleidal metal in a transparent dielectric is essentially
a function of the ratio of the refractive indices of the metal and
dielectric*(43). According to the Kramers-Kronig Formula, the refractive
index varies as the derivative of the absorption coefficient with respect
to wavelength, Therefore, since copper metal shows an inverse absorption
peak at 6000 R, we should expect a derivative of this, i.e., a sharp peak
and dip, to occur in all the spectra of copper colloids, which is indeed

the case,

* The shape and location of the absorption band for small spheres of
metal, of diameter much less than the wavelength of the incident
radiation and imbedded in a medium of refractive index n,, can be
calculated from the equation
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The failure of electron microscopy to detect these particles of
copper in NaCl:Cu may be due to unsatisfactory preparation of the sur-
faces examined, Mr., E. Henderson, who studied these specimens under
the electron microscope, states that such cases are common in this work,
and that a wide variety of preparative techniques might have to be fried
to attain positive results,

8ince a metal colloid of such fine dispersion is hard to obtain, the
samples seem ideal for conduction electron spin resonance. Professor E.
Purcell of Harvard has requested that samples of the copper colloid be
sent him for that purpose, |

Ultraviolet Absorption Peaks and X-ray Coloration: Hitherto, the

intense narrow absorption peaks in the ultraviolet have beén bbserved
only for impurities which serve as phosphor activators and have been
vaguely connected with this property. The writer has also found them
for other impurities, notably chromium and nickel, and has noted their
absence in such phosphors as NaCl:Mn, The absorption peaks have usually
been ascribed to the impurity ion alone or to fhe "complex molecule®,
i.e,, PbCla, etc, We have noted that these peaks occur only at two
general wavelengths; at about 2500 X. and 2000 X., which suggested they

may be due to some other phenomenon only indirectly connected with the
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where K is the extinction coefficient defined by: (path length)

K = 2,303 (optical density); N, is the number of particles per unit
volume; V is the volume of a single particle, A is the wavelength

in the air for which K is soughty n is the refractive index of the

metal; and nk is the "absorption coefficient"™ defined by

nk = K A/ @3,
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impurity ion, These peaks happen to occur only for those ions whose
salts had a tendency to decompose at high temperatures, forming the
oxide, Therefore, to eliminate the possibility that these peaks were
caused by the oxide ion, a crystal was grown with sodium peroxide as
an impurity. This showed only an absorption edge at 2000 g.; moreover,
the peaks in the vicinity of 2500 R. were destroyed by reduction with
sodium vapor, which probably would not be the case for the oxide ion,
It will be noted that the V5 band, which consists of a hole resonating
between two adjacent cation vacancies, lies at 2230 X. We may there-
fore suggest the following model, The impurity ion, if divalent, might
well have a cation vacancy adjacent, to balance the charge(aa). These
ions, having a strong electron affinity, could capture an electron from
the halide ions adjacent to the vacancy, thus causing a hole to resonate
between the vacancy and the impurity ion, This would be equivalent to
a Vp center, Upon radiation, free electrons might be captured, thus
diminishing this effect; treatment with sodium vapor would naturally
destroy it. |

Such a model might also explain the increase in coloring and
bleaching rate, It has long been known that in semiconductors a special
process involving an impurity ion is usually necéssary to account for
the creation or destruction qf an electron-hole pair, Tﬁis-is known as
the "deathnium" mechanism, A divalent ion, associate& with the vacancy,
is at once an electron trap and a hole trap, We might expect both
electrons and holes to be attracted to this point and thereto annihilate
each other, It is interesting to note that a vacancy pair - a cation
vacancy adjacent to anion vacancy - is probably present in appreciable
concentration in pure crystals., This complex might well serve the same

purpose, which would account for the fact that no color center associated
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with this vacancy pair has been found(AS).

The vacancy need not be adjacent to the divalent impurity, If
it is near enough to have any interaction at all, the electrons and
holes might tunnel from one site to the other, The critical factor
would then be the average distance between the two, These mechanisms
could account for the phenomenon of optimum concentration in the »
enhancement of coloration and bleaching.* We might for example assume
that there are two separate effects, The first is the increase in
colorability due to the presence of extra vacancies balancing the
divalent ions; this is the usual mechanism proposed, Such an effect
would increase linearly with concentration, The effect of recombina-
tion centers, enhancing bleaching, would depend upon the average distance
between color center sites and the recombination center, and would in-
crease drastically with concentration as this distance approached tunnel-
ing range,

It would be interesting to grow crystals containing equai anounts
of divalent positive and negative impurities, and to study the effect

upon coloration, There would be no tendency for excess vacancies of

* Recently, an ingenious mechanism was sug§ested for the phenomenon
of optimum concentration in phosphors(a . The decay in luminescence
with excessive activator, has been ascribed to there being sufficient
activators throughout the crystal to allow the electron to pass
rapidly from one activator site to another, until it finally hits a
trap or recombination center,

This theory might well be examined in the light of some experimental
results obtained recently by Mr, Floyd Humphrey., The well known
paramagnetic resonance of manganese ions in calcite (0,1% My) shows
an elaborate hyperfine structure., The writer suggested that runs

be made at far higher concentrations, namely on samples with suffi-
cient manganese to give a bright red fluorescence (3~4% Mn). The
results indicated a powerful electron-electron interaction,
completely destroying the resonance hyperfine structure, This would
seem to contradict the decay-by-interaction theory,
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either charge in such a crystal, demonstrated in the case of NiO:Li(47).
If coloration enhancement were less than the combined effect of the
impurities, it would suggest vacancy mechanisms; if exactly additive,
it would suggest that both ions acted as i§olated recombination centers;
if the effect were greater than additive, it would suggest that the
divalent positive and negative ions formed adjacent pairs, which served
as strong recombination centers,

The inhibition of secondary color formation, even withiplastically
deformed crystals, has received little study so far and aside from the
possibility that the impurity ions compete with the seconéary color

center traps, no explanation can be given at this time.
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III
A STRUCTURAL INVESTIGATION OF THE

STRONTIUM-ZINC SYSTEM

The work reported below was done under the immediate supervision
of Professor B, Gunnar Bergman, in connection with a long-term program
of structural determinations of intermetallic compounds,

The strontium-zinc system is of special interest in that it in-

49>

volves atoms of considerably different size, Ketelaar has reported

the existence of the compound SanlB, having the same strﬁcture as
NaZn13, the structure of which has been worked out in detai1(50’51).
Ketelaar's investigation was, however, not at all exhausti?e,'and it
was considered desirable to study the system further to establish whether
other Str-Zn intermetallic compounds exist, It was considered likely that
the corresponding crystal structures would be of new types,

The system was first explored by means of x-ray powder photographs
of Sr-Zn alloys, The number of phases and theif compositions were then
verified by x-ray investigations, density determinations, and chemical

analyses of the'pure phases, Finally the crystal structure of one of

these phases was determined,

A, PHASES OF THE Sr~Zn SBYSTEM
X-RAY POWDER PHOTOGRAPHS

Preparation of the melts: The zinc used in these experiments con-

sisted of 1/8"-1/4" pellets of reagent grade (99,9% pure), The strontium
consisted of "purified" lumps obtained from the Matheson Company, No
analyses were given,

The metals were weighed out to a precision of better than 1%, the

strontium being kept under hexane except during the weighing and sealing
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in bombs, For most melts, bombs of Shelby steel tubing were used, The
tubing was welded shut at one end; the metals were placed inside and
argon gas passed through for several minutes, The top of the tube was
then crimped shut and welded, Quartz bombs were used for a few melts of
high zinc content, These were filled, evacuated and sealed off in vacuo.
Melts were made varying in composition from pure zinc to pure strontium
at intervals of 10 wt, % Zn,

The bombs were heated to 0009 C, and held at this température for
10 minutes, Several times they were taken out of the furnace and shaken
thoroughly, The bombs were then cooled at an average rate of about 50°
per hour, broken open, and the melts removéd as quickly as possible and
placed under hexane to prevent corrosion, |

Most of the quartz bombs shattered during cooling, An examination
of the fragments showed that the inner surfaces had developed a dark brown
film as a result of reduction by strontium, Although no large amounts of
silicon were formed, the reaction presumébly weakened the quartz enough
to cause shattering, The melts from iron bombs.were tested with potassium
thiocyanate for contamination with iron, A melt of pure zinc gave a strong
positive test for iron, A powder photograph showed many lines in addition
to those of zinc, indicating alloying with the iroh of the bomb, The 90 wt,
% Zn melt gave a slight positive test for iron, but producéd 5 x=ray powder
pattern which could be explained entirely on the basis of San13. A1l
melts of higher strontium content gave a negligible or negative test for
iron, Therefore all melts of higher strontium content than San13 (01 wt,
% Zn) were made in iron bombsj all of higher zinc content in quartz bombs,

Preparation of the x-ray powder photographs: Powder samples were

prepared by grinding half a dozen small pieces, selected from various

parts of the melt, under hexane in an agate mortar., The samples were
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loaded into 1,0 mm glass capillaries, To prevent oxidation, a paste con-
sisting of the sample and some hexane was introduced into a glass Y tube,
with the capillary mounted on one end, and-through which argon gas was
passed, When the hexane evaporated, the capillary could be loaded with
powder in an inert atmosphere,

Photographs were taken with a Philips powder camera of 360 mm cire
cumference, using copper K & radiation at 40 kvp, Fluorescence from the
strontium was prevented from blackening the film by placing a nickel
filter strip immediately in front of the film, The resultant photographs
are shown in PFigure 33, Some of them show a graiminess due to large
crystallites, even after long grinding of the samples, Photographs of the
more strontium-rich alloys showed broad lines, probably dué to imperfect-
ions in the crystallites as a result of the grinding, Attempts to remove
the imperfections by annealing failed. The darkening in the region of
high angle reflections was later reduced by the use of 0,3 mm capillaries,

Interpretation of Powder Photographs: An inspection of the entire

series of powder patterns shown in Figure 33 indicated that at least four
intermetallic phases exist, The 90 wt, % Zn photograph was apparently

of a single pure phase belonging to the cubic system, A photograph of a

05 wt. % Zn melt, prepared in the manner described above, showed only

these lines and lines from zinc; therefore no phases of highei zinc content
than San13 exist, if thermodynamic equilibrium is assumed, The lines from
the Q0 wt, % Zn phase (Phase I) are present in the 80 wt. % Zn photograph
and absent for all alloys of higher strontium content, The remaining lines
of the 80 wt, % Zn photograph and the lines of the 70 and 60 wt, % Zn
photographs all formed very similar patterns, which were consequently
assumed to be due to Phase II, Another pattern, observable on the 4O and

50 wt, % Zn photographs, was assigned to Phase III, All photographs of
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- lower zinc content than 30 wt., % Zn possessed another pattern of lines
(Phase IV)’supefimposed upon the strontium'lines. fhe four intermetallic
phases can be assigned fhe following limiting compositions.

Phase I 01 wt, % Zn*

Phase 11 75 to 60 wt, % Zn

Phase III 60 to 40 wt, % Zn

Phase IV 40 to 20 wt, % Zn

These preliminary results were checked by a quantitative comparison,

The lines were measured with a photocomparator and the corresponding Q

values were calculated, The quantity Q is as usual, defined by the

equation:
Q= 1 4sin2 ]
d2 A 2

A set of Q values could in this way be assigned to each phase,

No assignment could be made which would account for all of the major
lines, although there still seemed to be a general indication of the four
phases mentioned above, A satisfactory assignment of the majority of the
lines was achieved only after powder photographs of the pure phases were

available, This assignment is tabulated in the appendix,
ISOLATION OF THE INDIVIDUAL PHASES

EXPERIMENTAL

Bxamination of the melts: A microscopic examination of the alloys

“described in the preceding section showed four distinct crystalline
species, The Q0 wt, % Zn melt seemed to consist of a single, brittle,
silvery phase, Several well~developed crystals of cubic form were ob-

served, The 80 wt, % Zn melt was similar in appearance but yielded no

* Calculated for SrZnjsz,
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- distinct crystals, The 05 wt, % Zn melt consisted of well-developed small
cubes, diséeminated in parallel orientation in a soft matrix,

The 70 wt, % Zn and 60 wt., % Zn melts contained only a few small,
well=developed, lath-shaped crystals and crystal groups,

The‘bo wt, % Zn melt poﬁtained many prismatic crystals, up to 0.2
mm in size, embedded in a dark matrix, The crystals had a habit similar
to that of the mineral stibnite (Sb253) and usually had a dull gray or
bronze tarnish, The 50 wt, % Zn melt also yielded a few of these crystals.

Another preparation of 40 wt, % Zn melt was made by cooling at a rate
of 30° per hour in a furnace with a temperature gradient of 3,3° per cm of
bomb length, From 20 grams of this melt, 100 mg of crystals a millimeter

‘or more in length were isolated, |

The 30 wt, % Zn and the 20 wt, % Zn melts contained small sheaf-like
clusters of flat crystals, but these crystals were so soft that isolation
of undeformed single crystals was not possible, The great reactivity of
these melts frustrated all attempts to separate a sufficient amount of pure
phase for a powder photograph,

The presence of these four crystalline types is in agreement with the
results of the x-ray powder photographs, The results of the microscopic
examination may be summarized as follows:

Phase 1 Cubes, occurring in 95, 90 and 80 wt, % Zn melts,

Phase II Lath-shaped crystals, occurring in 70 and 60 wt, % Zn melts.

Phase III Prisms " * 5 " 4o v "o w

Phase IV  Sheaves of flat crystals * " 30 " 20 ¢ v w

era? photographs of the pure phases: A small cluster of crystals of

phase II, which appeared to contain little or no adhering material, was
selected from the 60 wt, % 2Zn melt and pulverized, A powder photograph

obtained with this sample was quite complex and contained most of the lines
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" observed in the 60 and 70 wt. %.2Zn photographs, including many lines
assigned‘té-phase 111,

One of the crystals of phase II, 0,1 mm long, was mounted with its
largest dimension parailel to the axis of the goniometer, After align-
ment two Laue phétographs wefe taken with the azimuth angle 00° apart.

The patterns were different but each had two perpendicular, non-equivalent
mirror planes (see Fig, 34),

From the layer line spacings on a rotation photograph the unit cell
dimension a, parallel to the rotation axis was calculated to be 5,3 X.
This same photograph was superimposed upon a powder photograph of the
70 wt, % Zn melt taken with the same camera, Several of the strong spots
coincided exactly with the lines of the powder photographs, but the
matching of spots and lines was in general very difficult because of the
large number of powder lines, Moreover, the rotation photograph obviously
contained only a small proportion of all of the possible reflections, The
attempt to identify the phase II powder lines was consequently only
partially successful,

Weissenberg photographs were taken from the layers h = 1,2,3,) and
5. These were easily indexed by inspection, The remaining two cell
constants were calculated on the basis of (OkO) and (00 ) data, The
results were:

b= 6,72 %
¢ = 13,15 &
Systematic extinctions were noted, Only the following type reflections
were observed:
(hkO) present only when h + k = 2n

(hO2®) present only when £ =2n
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Attempts to prepare large amounts of the pure phase by gradient
cooling (B;idgeman technidue) failed, Since no appreciable amounts of
the pure phase could be obtained, chemical analysis and a reliable density
determination were not‘possible.' The densities of the 05 wt, % Zn and the
70 wt, % Zn ﬁelfs were deterﬁined by pycnometry and found to be 5,48 and
5.55 respectively,

The single crystals of phase III obtained from the 40 wt, % Zn melts
were used for chemical analysis and density measurements, The structure
of fhis phase was worked out in detail and is reported in the next section.
It may be mentioned here however that a powder photograph of the purs phase
was made by grinding up some of the single crystals, Every reflection of
"a single crystal rotation photograph coincided with one of these powder
lines, It is possible, however, that a few of the weaker lines were due
to small amounts of adhering matrix or to compounds formed by corrosion,

A powder photograph of the 55 wt, % Zn melts gave a pattern almost identical
to that of powdered phase III crystals, except for a few additional weak
lines,

Since no single crystals of phase IV could be isolated, an attempt
was made to determine the composition of this phase by additional powder
photography., A 35 wt, % Zn melt gave a powder pattern similar to that of
the 30 wt, % Zn melt, but with several of the weaker lines missing, None
of the lines assigned previously to phase III were visible, Therefore the

composition of phase IV was tentatively set at 35 * 3 wt. % Zn,

INTERPRETATION OF DATA
Phase I: The observed Q values for the powder lines of the G0 wt,
% Zn photographs were compared with those calculated for the San13

phase(ag). Calculated and observed Q values are shown in Table IV,



Indices

420
a22
333

440
531
h4li2, 600
620

533
622

4y
711, 551
640
624
713, 553

444, 800

733
302
660

555, 751
662
840
735

842
664

931

8hl
755, 771
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TABLE IV - COMPARISON OF PHASE I AND Sr2n13

Q A
dz

Qeailc, Qbs.
13303 13754
16072 16463
18081 -
21429 - -
23438 23801
24107 24567
26786 27255
28795 -
26465 -
32143 32577
34152 -
34822 35266
37500 37982
30509 -
42857 43348
44867 -
45536 46000
48215 48704
50224 50568
50893 -
53572 53866
55580 56012
56250 -
58929 59372
60938 61388

- 62976
64286 64708
66265 66052

Indices

10,00, ete,

10,02

10,22

935
804

10,42
775
880

955
832

866

973
10,62
884

"

14
{2 4
(13
"

"

"t
1
”
L]

"

113
43
L2

"

Q
42
Qeaic. Qobs.
66965 67404
69643 69983
71653 -
72322 -

- 7h122
77010 - 77259
77679 -
80358 80532
82367 -
85715 -
87224 87634
88364 88520
90172 -
93081 03142
93751 -
06430 06605
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+ Only one weak line cannot be accounted for and the overall agreement is
satisfactofy. Therefore phase I is identifiable wifh the San13 phase
(91 wt, % Zn), |

Phase II: The Laue photographs show a Laue symmetry‘of Doy assigning
. this phase to tﬁe orthorhqmﬁic system, The extinctions show that the unit
;ell is primitive with two glide planes, the probable space group symmetry
being Pmnb., The range of unit cell molecular weight as determined from
the unit cell dimensions and density of 05 wt, % Zn and 70 wt, % Zn melts
is from 1550 to 1590, The glide planes, inferred from the x-ray extinc-
tions, give a minimum‘multiplicity of four for the crystallagraphic
positions, The composition inferred from the powder photographs, is
" probably well within the range of 60 to 80 wt, % Zn, The only unit cell
composition which fits these requirements at all is Sraan0 with a mole-
cular weight of 1656 and a composition of 78,6 wt, % Zn.

This conclusion, however, must be accepted with reservations. The
scarcity of phase II crystals and the inconsistencies in the powder
photograph analysis suggest that phase II is either peritectic or
metastable, In the latter event, the data on density and composition would
probably be erroneous, Therefore the composition of the unit cell must be
considered as tentative pending a detailed investigation of the phase
diagram,

The estimated composition of phase IV suggests a formula of either

Sr32n2 (33,2 wt, % Zn) or
Sthn3 (36,0 wt, % Zn)
but no definite conclusion can be reached until single crystals are

available for x~ray diffraction studies,
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B, THE STRUCTURE OF PHASE III

EXPERIMENTAL

A single crystal of phase III, 0,2 mm long, was selected from the
40 wt, % Zn melt and was mounted so that the goniometer axis was para=-
1lel to the prism axis of the crystal, After alignment, two Laue
photographs were taken with azimuth angles differing by 00°, The
patterns were non-equivalent and both showed two perpendicular non-
equivalent mirror planes (see Fig, 35). A rotation photograph was taken
and from this the unit cell dimension along the rotation axis was cal-
culated to be a = 4,78 * ,05 .

A series of Weissenberg photographs was taken of the planes:
h=0,1, 2, 3 and /), the first three of which are shown in Figure 36,
The other two orthorhombic axes were chosen by noting the mirror planes
and the photographs then indexed by inspection, The b and ¢ axes were
then calculated; both were equal to 7,8 % ,1 X. On the basis of about
180 observed reflections the following extinction rules were noted:

(hk{) present only when h + k + £ = 2n,

(hkO) present only when h = 2m, k = 2n,
The intensity distribution was almost the same for layers with alternate
values of h,

The chemical composition was determined by the analysis of a 50 mg.
sample consisting of crystals picked out of a 40 wt, % Zn melt., The
‘analysis (as reported by the Smith-Emery Company) was 55.57 wt, % zinc,
No analysis was made for strontium, Prior to analysis the density of
these crystals was determined by means of a quartz micropycnometer, The
specific gravity so determined was 3,053 this value is too low as a

result of small gas bubbles being formed in the pycnometer liquid
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(toiuene), probably as a result of reaction'with the crystals,

Latef_on a density determination was made on a 55 wt, % Zn melt
giving an x-ray powder photograph‘almost identical to that of pulver=-
ized phase III crystals, A density determination on a 5 g sample of
this alioy gave>a specific gravity of 4,71. This value is far more
reliable than that obtained from the single crystals, due to the diffi-

culties mentioned above,

DETERMINATIGN OF STRUCTURE

Space group: The Laue photographs indicate a Laue symmetry of
Do, assigning the structure to the orthorhombic system, The extinction
rules indicate that the unit cell specified by the orthogonal axes
assigned above, is body centered and also that there is a glide plane
perpendicular to the ¢ axis, In the notation of the International
Crystallographic Tables(SA), the probable space groups are:

D5, (28) - Imma
C,y(22 a,b) - Ima

Layering: The periodicity of intensity distribution of reéiprocal
lattice nets perpendicular to the a axis indicates that the structure
consists.of atoms in or very nearly in planes perpendicular to the a
axis and a distance % apart, Physical Justification for assuming slight
non-planarity of these layers would be difficult to find, and it was con=-
sequently assumed that all atoms formed perfect layers, The structure

therefore has a mirror plane perpendicular to the a axis,

Composition of the unit cell: On the basis of density measure-

ments and chemical analysis, the unit cell was calculated to contain 4,14
atoms of strontium and 7.00 atoms of zinc, The body centering of the unit

cell requires that there be an even number of atoms of each species per
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. unit cell, Therefore a choice must be made between the following composi=-

tions:
Composition wt, % Zn M. W, density
SraZné V 52675 7&208 AO23
Srl‘Zns 59; 8 873- 6 LL- 98

The combination of body centering with a glide plane gives a minimum
multiplicity of four, Therefore only the composition SrAZDS is compatible
with all of the observed extinction rules, and an Sr&Zné structure would
have to have accidentally weak reflections to account for the apparent
glide plane extinctions, However, the x-ray powder photograph data and
the presence of phase II crystals in the 60 wt, % Zn alloy favor the

. SraZn6 composition., Therefore, the first attempts at abtrial structure
were based on SraZné, later attempts were based on Srbzn8-

The Packing of the Strontium Atoms: The large size of the stron-

tium atom (approx., 4.3 & in diameter for a twelve fold coordination(sz))
makes it possible to fix the approximate relative positions of the four
8r atoms in the unit cell, If one Sr atom is placed at 000 the body
centering requires another at 41}, Then the only available space for

the other two atoms is in the approximate position 0(3 + y), O and

%oYv(% + z)%,

STRUCTURES BASED ON SraZné

Previously investigated ApB3 structures: A search of analogous

structures in Wykoff's Crystal Structures(53) reveals only one compound

‘with any structural similarity, This was the mineral stibnite, $by53,
which resembles phase III in general appearance, in having an orthorhombic

unit cell with two axes almost equal, and in having its atoms arranged in

* or equivalently O,y, (3 + 2z) and ,(} +y), =z,
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~ layers perpendicular to the third, shorter axis, The unit cell composi-
tion, howéver, is SbgS;, and the space group D2h(16)-Pbmn. No modifica=-
tion of the structure cbuld be found which would give the smaller unit
cell composition and body centering necessary for phase III,

A trial stiucture for SrAZnG: An SraZné structure, based on the

assumption that the glide plane extinctions are accidental but that

the body centering and layering are real, must have the space group

Doy, (25)-Immm or Coy(20)-Imm. The arrangement of the strontium atoms,
described above, corresponds to the special position h(g) of DZh(ZS)-Immm;
(000;131) + Oy0; OyO, with ,20 € y £ ,25. The only possible position

for the zinc atoms of multiplicity two is 2(b) - (031)(300) - if accept-
able packing is to be attained, |

The remaining four zinc atoms will best fit in the position
4(j); (0003311) + 20z: 10z, Reasonable inter-atomic distances are
obtained for .15 ¥ z £ ,20, The structure is shown in Figure 37.

The first rest of this trial structure utilized the (0kO) reflections,
the intensities of which depend only on the y parameter, The estimated
intensities weres

(0200  weak
(040) medium
(060) very strong
(080)  very weak
The formuia for the structure factor of the space group Dy (25)-TImmm

iss

=
I

16 Cos?2 ’W-'!ifri& Cos2MhxCos2mkyCos2rfz

B=20



- 112 =

o
D

Q‘ 0<

:

7.8A

T\ _/
Co=

Z———%

%Q~®—O— ]
a, 184
Sr at X:0 Sral x= ¥ Znat x=0 Znatx=%

Eigure 37. Trial Structure based on Sr)Zng.
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- For the (0kO) reflections of the trial structure, this simplifies to:

Pzny = 4fzq
: 2on for odd values of k
-Zfzn for even values of k

FZHII

A plot of the calculated intensities* of these reflections for various
values of y is shown in Figure 38, At the only place where the (080)
reflection has a sufficiently small value, the (020), (040), and (060)
reflections all have about the same intensity, Therefore the observed
sequence I c.7” Io40” I020>> 1080 = O cannot be attained,

For the (hkO) reflections with k odd, F = jfg,Cos2mky + 2fz,,

Cos 2 ky is constant for all odd values of k only when y = ,25. This
would make the structure factor of these spots equal to &me- Zon
corresponding to a moderately weak but observable intensity.

An interchange of the b and ¢ axes of the trial structure would
cause the intensities of the (0kO) reflections to depend on the inter-
ference of four zinc atoms with planar layers of four strontium and two
zinc atoms, The minimum structure factor for an (0kO) reflection would
therefore be ﬁfSr - 2fzn, which is too large to account for the observed
intensity of (080).

The trial structure therefore failed to give even the roughest agree-
mnent between observed and calculated intensities and had to be rejected,
All other structures based on D,y (25)-Immm are unreasonable from a steric
viewpoint, The only other space group compatible with the composition
SraZné is CZV(ZO)-Imm. The layering requirements cause all acceptable
positions of this space group to be identical to those of DZh(ZS)—Immm.

Therefore no reasonable structure could be found for SrbZnﬁ, and phase

* Corrected for Lorentz and polarization factors but not for absorption
or temperature effect,
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. II1 must have an AﬂBS structure,

TRIAL STRUCTURE BASED ON SrAZnS

Formulation of the trial structure: As has been mentioned above,
the extinction rules for body.cenfering and glide plane show the probable
space groups to be Dpp(28)-Imma and C,,(22)-Ima. The glide plane fixes
the position of the strontium atoms at (000;311) + Ou; 0%5 which corres-
pond to the special position 4(e) of D, (28)-Imma, The only position
of eighffold multiplicity in this space group which has x-coordinates
compatible with the layering is 8(h); (000;333) + Oyz;0yz; 0,(3 + y),Z;
0,3 -y), z. If y has a negative value the zinc atoms will fit nicely
into the large holes of the strontium atom arrangement,

Estimate of parameters from inter-atomic distance: A consideration

of the Sr-Sr distances alone suggests a value of ,051 for u; this would
make all nearest Sr-Sr distances equal to 3,907 X, Assuming a normal
contact distance of 2,7 g for adjacent zinc atoms, we get an appropriate
value of ,175 for the z parameter, If the distances are the same between
a zinc atom and its four nearest neighboring strontium atoms, y will be
approximately - 0,05, The structure is illustrated in Figure 39, This
structure is closely related to the hexagonal magnesium boride structure,
the chief spatial difference being the non-zero values of u and vy,

Test of the trial structure: The general expression for the structure

factor in the space group Dy, (28)-Imma is:

A 2547 (h+k+{)

16cos cos2mhx cos2m(ky+ %) cos2m(@z- %)

B=0



Sr at X-0 Srat X=% ZnatX:0 Znat X-%

Figure 30, Trial Structure based on Sr/iano
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For the (hkQ) plane of the trial struct@re, the structure factor*

becomes Fg. = L}fsr cos2mQu - %) |
Fzn =8 P f, cos2M(y+%)cos2m(Rz- %)
Where P represents the population factor for the zinc atoms,

The population factor wés introduced because all evidence - x~-ray
powder patterns, thermal analysis and direct chemical analysis - indi-
cated that the pure phase has a composition corresponding very nearly
to Sr42n7. This would give a non-stoichiometric structure in which
about one zinc atom per unit cell is missing at randomj such an effect
is uncommon in intermetallic compounds, All of the x-ray data were
obtained from single crystals picked out of the 40 wt, % Zn alloy, a
composition highly zinc-deficient with respect to phase III, Under
these conditions the existence of a non-stoichiometric phase is somewhat
more plausible, Since the crystal from which x-ray photographs and

intensity measurements were made came from this zinc deficient phase,

6.8
8

corresponding to the chemical analysis, In the refinement of the struc-

preliminary calculations were made with a population factor P =

ture, P will be varied to see which value gives the best fit with intensity

measurements,

As for the previous trial structure, the test was made with reflec-

tions Ok0), For y = -,07, a good agreement between observed and calculated

intensities is obtained;

* jgnoring the first factor which merely gives the requisite extinction
for body centering,
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- INTENSITIES
Calculated* Observed
y=-0 -00 -,07 -.08
Reflection

(020) 1,840 121 576 3,840 weak
(040) 38,000 21,000 9,680 2,700 medium
(060) 16,200 28,500 28,500 45,000  v. strong
(0380) 169 3 9 674 v, weak

A similar series of calculations was made with the (00 ) reflections
which depend on the parameters u and z, A good fit was obtained by

using the values u = 0,05 and z = 0,33, The results were as follows:

Intensities
Reflection Calculated Observed
(002) 144 v, weak
ool) 1,680 medium
(006) 8,000 medium
(008) 12,500 nedium stréng

Calculations were made for the entire (hk(O) plane, The results
are shown in Table V, dnly five out of forty reflections were in
poor agreement; all but one of‘these were at high values of © and
sensitive %o slight variation of the positional parameters, The over-
all agreement was considered sufficiently good for the trial structure
to be accepted as corxrect, The positional parameters appeared to be

 uncertain by about 0,01 of the corresponding cell edges,

* Corrected for Lorentz and polarization factors, but not for absorption
or temperature effect.
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TABLE V - COMPARISON OF PHASE III AND TRIAL STRUCTURE Sraan

Intensities ‘ intensities
Indices. Idbs. Icalc. Indices Iobs. Icalc.
002 w 144 060 Vs 39,000
004 M 1,680 062 W 400
006 M 9,000 06/, vw 64
0038 : MS 12,500 066 MW 2,020
011 : M 4,100 071 W 000
013 MS 21,600 073 MW 3,700
015 5 23,700 075 MW 1,520
017 W 000 077 M 17,600
019 W 2,500
080 - 9

020 MW 576 082 VS 10,000
022 \& 65,600 084 MW 3,400
024 M8 17,700
026 M 11,200 091 M 6,160
028 MW 1,520 093 MW 23,100
031 Vs 67,500
033 s 86,500
035 W 0
037 8 18,500
039 W 130
040 MS 9,680 W= Weak
042 8 13,000 M = Medium
o044 W 1,600 § = Strong

) W 1,000
048 MW 4,760
051 M 4,900
053 M 6,400
055 VS 17,400

057 - 20
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APPENDIX: ASSIGNMENT OF POWDER LINES OF

STRONTIUM-ZINC ALLGYS

80% Zn - 20% Sr (a)*

Observed : ASSIGNMENT:

Q Value Phase I.,, Phase II(.y Phase III,, Unassigned
02379 ww 02870 wvw

03034 ww 03034 ww
08386 ww 08386 wvw
11345 m 11345 m

11866 nw 11866 mw

12015 ww 12836 vs

12220 ms 13220 ms

13414 ms 13401 m

13783 n 13754 m

14493 ms 14493 ns

15413 mw 15413 mw

10445 ms 16463 ms

16795 vw 16765 ms

17286 ww 13786 ww
17926 w 18001 ms

18473 ww 18473 vw
10152 ms 10202 s

20573 vww 20573 ww
22070 m 22070 m

23317 vs 23801 wvs

24574 m 24507 m :
24816 ww 24816 wvw
25654 w 25654 w
263063 w 206363 w
27223 m 27255 mw

23000 w 28000 w
208660 w 20860 w
31073 nw 21093 m

32530 mw 32577 w

35237 mns 35260 m

36117 w '

36763 wvw

37943 m 37982 m

39799 m 39799 m

41138 w 41138 w

41855 m 41855 =

43174 w 43358 mw

43817 ww

45981 ms 46000 ms

* (a) See end of Appendix for annotations,
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80% Zn - 20% Sr (Continued)

Observed ’ ASSIGNMENT ¢
Q Value Phase I(,) Phase II(.y Phase Ill 4y Unassigned

L7782 vw 477182 vw
48667 ww 2704 w
49022 m | 49022 m

506070 w 50568 ww 50510 w

51802 mw 51802 mw
53163 =n 53163 m
54166 ww 53360 w

54716 vw 54716 ww
56050 = ms 56012 ms

57252 m 57252 m

60052 nmw 60123 m
61273 61388 ms

61650

62028

mn
w 61650
w
64541 ms 64708 ms
mw
W

62028

2=

- 67217 67404 mw
68610 68610 w
70055 n 69083 mw

71117 w 71117 w
71795 w 71795 w
72425 mns 72425 =ns

77143 nms 77259 mns

79194 w

80465 mw 80532 w :
82275 w 82275 w
88001 ms 87934 ms

88580 ms 88520 ms

79104 w

00106 w 00100 w
01328 ms . 01328 ms

03231 mw 93142 w

06636 ww G6605 wvw

08370 w 098379 w

1018903 mw Remaining lines not assigned.
103806 w

100525 w

' ‘119892 nw

123407 vw
128563 w



Observed
Q Value

130506 w
133446 ns
133854 ms
135811 mw
139045 w

141142 ms
141785 m
144490 s
146607 w
147426 w
149243 w
149728 ms

151757 w
152459 m

161048 w
162417 n
165665 s

02031 ww

11235 mw
11717 w
12810 s
13281 ms
14411 ns
15301 mw
16666 mw
17835 m
19058 wvs

20509
21605
23817
24574
25479
26114
26827
28569
29568

§3§s=aa®d

30060
32801
34286
34998

€8 <3
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80% Zn - 20% Sr (Continued)

‘ ASSIGNMENT :
Phase I Phase 11y Phase III(d) Unassigned
Remaining lines not assigned,
70% Zn - 30% Sr
02879 wvw
11345 m
11866 mw
12836 vs
13229 ms 13401 m
14493 ms
15413 mw
16765 n
18001 ms
10202 s
20500 wvw
, 22070 m
22801 vs 23817 vs
24574 m 24574 m
25479 w
20007 nw
26827 ww
28569 vw
20568 ww
31003 m
32801 mw
34345 ms

34098 w



Observed
Q Value

35616 vw

37800  vw
B4 ww
39654 mw

41054
41687
43602
45328
47825
48778

50317
51667
53984
54371
57067
59535

61556
62714
64375

552552 Bgai'ﬂi

L -

Observed
Q Value

11272 ww
11816 ww
12015 vs
13414 m
14466 mw
15440 w
16882 ms
17805 ms
10339 s

22038 mw
2817 m
24643 m
25831 w
26220 mw
26035 ‘w
26000 ww
20005 w
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70% Zn - 30% Sr

Continued)

ASSIGNMENT:

Phase I(b) Phase II(C) Phase III(d) Unassigned

48704 w

53860 w

61388 ms

35016 ww
37800 wvw
38414 ww
39799 m
41138 w
41855 m
43602 w
45503 ms
47782 ww
487718 m
50317 ww
51667 ww
5384 n
54487
57067 m
60123 m
62714 w
64375 w
Remaining lines too diffuse to measure,
60% Zn - 40% Sr
ASSIGNMENT 3
Phase II(.) Phase III(4) Unassigned
11345 m
11866 mw
12836 vs
13401 m
14493 ms
15413 now
16765 ms
18001 ms
190202 s
22070 n
23817 vs
24574 m
25631 w
26007 mw
26827 wvw
28000 vww

20905 w



Observed
Q¢ Value

31187
32994
33344
34445
35957

hou67
41307
41939
42577
44118
U5677
h8268
49289

50676
52663
- 53163
54623
57299
59010

61830
62784

70394 w
72280 mw
77045 mw
78500 w

80416 m
81081 w

83
v @

=]

goeggdds

ssgsas

€ £

Observed

Q Value

08784

10313
11208
11802
12169
12836
13401
14549

=

37333%°
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60% Zn - L0% St (Continued)

ASSIGNMENT :

Phase II(C) Phase III(d) Unassigned

31003 m
32801 mw

34345 ms

41855 m

45503 ms
48170 ms

50510 w
52618 m

54487 m

70779 mw
72425 mns

77703 mw

78753 mw

80685 mw

Remaining lines too diffuse to measure,

50% Zn - 50% Sr

ASSIGNMENT &
Phase III(d) Phase Iv(e)

08731 mw

10278 s
11308 ms

12826 vs 12745 ms
13401 m
14700 mw

33344 w
35957 ww

Lol67 w
41307 ww

42577 ww
44118 ww

49289 mw

53163 w

57299 w
59910 m

61830 w
62784 w

81081 w

Unassigned

11802 ww
12169 vw



Observed
Q Value

15328
16039
16765
18001
18611
10202

“3BRPRE

22669
23852
24503
253338
26007
26827
28422
28019

§¥¥=ddig

30280
131003
32181
32801
33539
34345
35278
39197
39799

42662
43260
L4204
45503
46375
47649
48179
4ooh4

50516 m
52618 ms
53823 m
50487 m
56003 vw
58360 ww

3§§95£E§5

igavgs®

id

60122 ms
61203 vw
62100 w
63045 ww
64851 mw
66355 ww
68004 w
60838 w
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50% Zn - 50% 8r (Continued)

‘ ASSIGNMENT &
Phase III(d) Phase IV(e)

16765
18001

19202

26007
26827

31093
32801
34345

43260
45503

48179
50519
52618
54487

60123
61202

64851
68004

mns
mns

Hs

ns

mns

w

w

- 16053

10244

30204

33637

42513

54075

vs

mns

ms

ms

Unassigned

15328 ww

18611

3

22669
23852
24503
25338

$§d4

28422
28919

gs

32181 m

35278 ww
30197 ww
39799 m

44204

46375
47649

49044

=

i §3

56003 wvw
58369 vw

62100 w
63045 ww

66355 ww
60838 w
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50% Zn = 50% Sr (Continued)

Observed . ASSIGNMENT &

Q Value Phase III(QQ Phase IV(e) Unassigned
70779 mw 70779 mw

77703 w 77703 mw

78753 mw : 78753 mw

80685 ms 80685 mw

85211 w 85452 ms

86876 ms 86752 ms

30785 mw 30785 mw
01516 w 01516 w

93050 m . - 93050 m

Remaining lines too diffuse to measure,

40% Zn - 60% Sr

07976 vw 07976 vw
08731 w 08731 mw

09450 ww 09500 w

10242 ms 10278 s

11345 ms 11308 ms

11892 ww 11892 ww
12119 vw 12119 ww
12694 ms 12745 ms

12026 wvw 12836 wvs

13453 ww 13401 m ‘
13936 wvw 13936 ww
14618 ms 14700 mw

15343 ww 15343 ww
16097 ms : 16053 vs

16867 m 16765 m

17865 w 18001 ms

18480 w 18489 w
10245 s 19202 s 1924} ms

23300 ww 23300 ww
23834 mw 23834 mw
24435 ww 24435 ww
26149 mw 26007 mw

26701 m 26827 w

28305 mw 28305 mw
20011 vw 20011 ww
20494 vw 20494 ww
30261 s 30204 s

31003 w 31003 m

32181 m 32181 m

32839 ww 32301 mw
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40% Zn = 60% Sr (Continued)

Observed S ASSIGNMENT 3

Q Value Phase III(d) Phase Iv(e) Unassigned
33530 m 33637 ms

24286 w 34286 w
30281 w 30218 w

40405 ms 40405 ms
41645 ww 41645 ww
42641 m 42513 mw

43346 mn 43404 w

44308 w 44398 w
46637 ww h6528 w

47671 ms 47671 ms
48002 mw 47958 ms

40000 w ' 49200 mw

50541 m 50519 w

52527 mw 52618 m

52867 w 52867 w
53870 ms 54075 ms

54854 w 54854 w
58275 w 58275 w
59724 w 59724 w
60840 mw 60840 mw
64114 ww 04114 ww
66402 w 66402 w
682342 ww 08342 ww
70032 w 70032 w
73104 vw 73104 ww
74415 mw 74415 mw
75583 ww 75583 ww
78802 w 78753 mw

85306 ww 85452 ms

86825 ms 86752 ms

80862 wvw 80862 ww
01475 w v 01475 w
04839 mw 04839 mw

Remaining lines too diffuse to measure,
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30% 2n - 70% Sr

Observed ASSIGNMENT :

Q Value ' Phase III 4y Phase IV(,) Sr(s) Unassigned
08376 =n 08175 vs

08731 mw ’ - 08731 mw

00506 w. _ . 09506 w

10278 s 10278 s

11308 ms 11308 ms

11666 wvw 11666 ww
12745 ms 12836 vs 12745 ns

14700 mw 14700 mw

15427 w 15427 w
16053 vs 16053 vs

13688 vww 13688 ww
19244 ms 10202 s 19244 ms

219030 w 21774 m

23938 w 23938 w
26862 w 26827 wvw

28385 w 28385 w
30204 s 30204 s

31434 ww 31434 ww
31683 ms 31683 ms
33637 ms 33637 ms

30218 w 30218 w

40676 w 40676 w
41875 w 41875 w
42513 mw 42513 mw .
h3404 w 434094 w

45567 w 45567 w
46528 w 46528

47958 ms 47958 ms

49200 mw 40200 mw

50587 mw 50519 w

52730 w 52618 mw

54075 ms 54075 ms

58159 ns 58159 ms

62406 mw 62406 mw
63163 w 63163 w
04208 w 04208 w
05327 w 65327 w
66665 w 66665 w

60862 w 60862 w
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30% Zn - 70% Sr (Continued)

Observed o - ASSIGNMENT &

Q’ Value Phase III(d) Phase IV(e) Sr(f) Unassigned
74T W | | 7T W
72011 w : : 42011 w
74828 wvw ‘ 74828 ww
75852 m 75852 m
85452 ms 85452 ms

36752 ms 80752 ms

01014 w 01014 w
104949 mw ' 104049 mw

Remaining lines too diffuse to measure,

20% Zn =« 30% Sr

Observed ASSIGNMENT 3

Q Value Phase Iv(e) Sreg)y Unassigned
08365 ms 08175 vs

00506 ms 09506 w

10360 mw 10278 s

11272 w 11308 ms

12026 vw 12926 ww
14631 ww 14631 ww
16053 s 16053 vs

10277 m 19244 ms

22137 ms 22137 ms
25037 ww 25937 ww
30354 vs 30204 s

31453 mw 31453 mw
32220 w 32473 w

34169 ww 34169 ww
37433 w 37433 w
48002 ms 47958 ns

49557 w 49557 w
54440 mw 54235 w

Remaining lines too diffuse to measure.
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10% Zn = Q0% Sr

Observed ASSIGNMENT :

Q_Value Phase IV(,) Sr(g) Unassigned
006593 vw 06593 vw
07384 w 07384 w

07996 ms 07996 ms
08202 s 08175 wvs

00193 m 00193 m

00474 s 00500 w

10056 w 10278 s

11150 mw 11308 ms

15511 mw 15511 mw
15082 m ‘ 16053 wvs

18908 ww 19244 ms

20541 ww 20541 ww
22005 ms 21774 m

25584 mw 25584 mw
30129 s 30204 s 20820 m

31187 mw 31187 mw
32473 ww 32473 w

33405 ww 33405 ww
37250 w 37250 w

43153 ww 43153 ww
43688 ww 43688 ww
47605 mw 47958 ms

49633 ww 49633 ww
52704 m 52764 m

54259 ms 54235 w

57856 w 57856 w

61368 ww 61368 wvw
65231 w 65231 w

68995 w 68995 ww

71311 w 71311 w

73202 mw 73202 mw

Remaining lines too diffuse to measure,

ANNOTATIONS
(a) The 90% Zn -~ 10% Sr data is reported in Table IV,
(b) Observed values from 90% Zn - 10% Sr alloy.

(c) Observed values from 80% Zn - 20% Sr alloy; selected

from major lines remaining after assignments to phase I
and phase III,



 ANNOTATIONS (Continued)

(d) Observed values from 50% Zn - 50% Sr alloy; selection
made by comparison with photograph from powdered crystals
of phase III; intensities from latter photograph.

(e) From 30% Zn - 70% Sr alloy; excluding a few lines
assigned to phase III and Sr,

(f) Observed values from Sr powder photograph,

INTENSITIES -

vs = very strong
5 = strong
ms - medium strong
m - medium
nw - medium weak
w - weak
vw - very weak
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PROPOSITIONS,

1, In order to account for the effect of abrasion, moisture, and
hydrofluoric acid on the strength of glass, E, U, Condon and others have
postulated the existence of surface "crevices". ZElectron microscope
studies of glass have failed to reveal any such surface irregularities,
It is proposed that all of these observed phenomena can be satisfactorily
explained in terms of strained bonds, making the crevice assumption

. unnecessarya

2.  VWhen an ionic crystal (e.,g. sodium chloride) is grown slowly from
its melt, the partition of an impurity between the melt and the growing
crystal may be expressed by the equation

daI = kI k=1
P O (M=X)
ME

when M is the original weight of the melt, I, the total weight of impurity,
x the weight of the growing crystal, I the total impurity in the crystal,
and k the partition coefficient. This equation presupposes equilibrium
conditions, which are not valid for the growth of a covalent crystal, such
as germanium,

3. a) Although the digitalis-like drugs have two apparently different
effects on the mammalian heart, it is proposed that both are caused by

the same features of the drug molecule; the unsaturated lactone plus the
configuration of the steroid nucleus are proposed as "foxiphores", the
various OH and aldehyde groups as "auxitoxins", Despite opinions to the
contrary (of. Fieser), the 1l/j~hydroxyl group has not been shown to be
necessarye.

b) Using an "inverted saucepan™ model for the drug molecule, it is
suggested that the initial reaction involves a steric fit of the molecule
onto a reactive site of the heart cell membrane, involving no subsequent
penetration into the cell, The glycoside chain would seem to have no
other role besides aiding this fit,

4. The iron atoms in the mineral Vivianite (Fe,(P0,)., 8H,0) have the
. : 3(POy) 5 8Hy
following arrangements (LC axis):
POA PO 4
Hy0 OH, and H0 OH,
Fe Fe~ Fe
Hy0 OH,
PQA Hy0 P04 ‘ QHZ

It is proposed that the blue pleochroic color found in some specimens
is caused by a +1 oxidation of the two contiguous ferrous ions, ie.ce,
(Fe=Fe) +5, :
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. PROPOSITIONS (continued)

5 The mineral cuprite is occasionally found in a hair-like modi~-
fication known as chalcotrichite, It is proposed that the chalcotrichite
corresponds to *'whiskers* of the normal form of cuprite, i,e,, crystals
so perfect that they are capable only of one-dimensional growth,

6. With the sole exception of the M center, no alkali halide color
centers have been shown to involve anion-cation vacancy groups. This
can be explained in terms of recombination centers,

7o The observed secular variations and inclination of the earth's
magnetic field can be satisfactorily explained only if it is assumed

that the heat transfer from the core to the mantle is sufficient to cause
a gradual change in the dimensions of the liquid-solid boundary within
the core,

8. The mineral kunzite develops a pink color upon exposure to long-
wave ultraviolet light and turns green when subjected to more energetic
radiation, It is proposed that these colors are due to excited states
of manganese ions present as impurities,

14 A continuous flow process for gas chromatography is impossible
unless the liquid phase is in motion with respect to the point of
injection, The weaknesses of such a process are discussed and it is
proposed that the vortex tube would be a more successful means of large
scale separations of vapor mixtures,

10, Tetramethyl dioxane can exist in seven isomeric forms including
two pairs of enantiomorphs, It is proposed that all of these isomers
can be synthesized in pure and unambiguous configurations from the
various isomers of 2,3-butanediol,

11, It is proposed that the laws of nature are invariant with respect
to the gender of the observer, and that the observed discrepancies are
caused by masculine and feminine observers using different systems of
units,



