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ABSTRACT

The object of this work was to produce and identify
reaction intermediates in systems containing group I
and group II halides treated with fluorine. The
systems which are studies in detail are the NaCl and
KC_l/F2 and SrC.12/F2 systems.

In accordance with predictions from kinetic
studies, ESR has shown that treatment of vacuum-
sublimed NaCl with F2 at room temperature produces
a defect containing an unpaired electron, and that
the decay of this defect is retarded by Clzo The
ESR spectrum indicates an anisotropic g-factor and
unresolved hyperfine structure. In KClL a spectrum
is obtained which is closely similar except that the
hyperfine structure is partly resolved. The spectra
appear consistent with interactions of the unpaired
electron with Cl atoms, rather than with F or such
impurities as 0 or Br, and can be accounted for ade-
quately by a model of the defect as linear Cli_, i.e.
an H-center or something very similar, For NaCl, the
spectra indicate that the vacuum-sublimed material is
sometimes partly oriented. v

It is suggested that centers with one-electron
deficiency are observable at such high temperatures
in vacuum-sublimed material because this consists of

essentially perfect crystals devoid of sites which



could accept a second electron from the centers.,

The reaction of SrCl2 powder or single crystal
with fluorine at room temperature produces a defect,
stable after removal of fluorine but located close
to the reaction interface only, which has an elec-
tron spin resonance absorption. The ESR spectrum
is consistent with a model of the defect as a
chlorine atom desplaced from an anion site towards
a neighbouring anion vacancy. The principal direc-
tions of the hyperfine tensor and g-tensor are two
two-fold axes and a four-fold axis of the SrCl2
lattice. The tensor components indicate that the
unpaired electron is localized on the Cl atom, and
suggest that the atom is subject to a strong cf&s-
tal field determined chiefly by two néarest-neighbour
cations which define a two-fold axisbof the crystal.
The unpaired electron is in an orbital mainly of
p-character and aligned along a two-fold axis which
is probably the one perpendicular to the line of the
cations.

The single crystal spectrum, although having
orientation-dependent line positions, has line shapes
and intensities resembling those of a powder spec-
trum. This suggests a range of relative displace-
ment of>Cl atoms and neighbouring cations along a
"reaction coordinate" which is probably a four-fold,

axis of the crystal.
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ABSTRACT

- The object of this work was to produce and 1dentify reaction
. intermediates in systems containing group I and group II halides treated
with fluorine. The systems which are studied in detail are the NaCl and

KC1 / F, and Srcl2 / F eystems.‘ '

In accordance with predictions from kinetic studies, ESR has
shown that treatment of vacuum-gublimed NaCl with F, at room temperature
prodnces a defect containing an unpaired‘electroh, and that the decay of
this defect is reterded by 012. The ESR~spectrum indicates an anisotropic
g-factor and unresolved hyperfine structure, In KCl, a spectrum is obteined"
thch 1s,closely.similar except that the h&perfine structure is partly re-
solved. The spectra appear coneisteat-ﬁith interactions of the unpaired
electron with C1 atoﬁs, rather than with fcor'auch impurities as O or Br,
and can be accounted.for adequtely by a model of the defect as linear 013',
i.e., an H center or something very similsr, For NaCl, the spectra indi-
cate that the vacuun-sublimed materisl is sometimes partly oriented.

‘It is suggested that centers with one-electron deficiency are 1
observable at euch high temperatures in vacunm-sublimed materisl because
this consists of essentially perfeet crystals devoid of sites uhich could
accept a second electron from the centere.'

The reaction of SrCl2 powder or single crystal with fluorine
at room temperatqre produces a defect, stable after removal of fluorine
but located cloee to the reaction interface only, which has an electron
spin reeonanoe_abaorption. The ESR spectrum is consistent with a model of
the defect as a chlorine atom displaced frod an snion site towards a neigh-
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bouring aﬁi&ﬁ vacancy. The principal directions of the hyperfine tensor
and g-tensor are two two-fold exes and a four-fold axis of the SrCl2 lat-

~ tice. The tensor components indicate that the unpaired electron is local-
- ized on the C1 atom, and suggests that the atom is subject to a strong cry-
stal'field determind cuiefly by two nearest~neighbour cations which define
a tuo-fbld‘exis‘of the erystal. The unpeired electron is in an orbital.main-
ly of'p-characuer and aligned along a tuoéfold axis which is probably the
Ione perpendicular to the line of the cations. |
The single-crystal spectrum, although having orientation-dep—
" endent line positions, has line shapes and 1ntensities resembling those of
a powder spectrum. This suggests a range of relative dieplecement of C1
atoms and neighbouring cations along a ”reaction co-ordinate” which 1s

probably a four-fold axis of the cryetal.
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A; Kinetics and Méc sms_of Reactions of Alkal lide
‘ Reaction,mechaﬁisms in solids, like those in the much more
widely studigd fluid phases, are.likely to involve intermediates with un-
paired electrons. Such free radicals have nof doﬁinated the field of solid
stgte’kinet;ca és'fhey have that 6f gas phase kiﬁétiés because'fransport -
énd nucleation, which are specific to the solid phasé, have required prior
attention. Neverthelese,‘such defects have been @iscussed in é nunber of
studies (1-5), although the anﬁlogy to gas-phaée mechﬁnismé is cbmﬁonly
obscured by'the:conientional use of the terms "tfapped'electron" and

"trapped hole", rather thapr"free radical", in the éqlid phase.

;:. ong

.Alkali halides-were chosen for‘hechahigfic studies of exchange
reactions (1n Dr. J.A. Horriaon's laboratory at.ﬁ.R C. Ottawa and later in
Dr. L.G. Harrison's laboratory here) since more is known about the struc-
tures of their ionic and‘eiectronic defects than‘is‘the case fqr'any other
class 6f'solids; Thus thefe is some hope of‘obtaining frecise inforhation f'
on the role of these defects in reaction mechanisms. ‘

The first aodium chloride particles used in the study of the
exchange reaction, Na0136/ 012, were made by evaporating sodium chloride
in dry nitrogen at atmospher;c pressure (6) The e;periments (7) showed
that there was a rapid surface exchange at room temperature (1ixe that
found in oxygen-metallic oxide systems (8)), foliowed.by a slower exten-
sion of the process into the bulk.(which has beeﬁ followea for a périod of
days). This indicated (9) that structural irregulgrities must be presegt
at least in the surfacg Igyer itself and possibly over a larger ;egions

In order to avoid surfacé'disordering,by adsorption of atmospheric gases -
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sodium chloride particleﬁ were later made by evaporation 1n:vacuo (10-7
to 10" %m Hg ). It was eipected that the avoidance of surface contamina=
tion by vacuum evapofatioh would greatly.reduce tﬁé rate df'thé éthange
Oor even suppress it‘altogether; However, the exchange_(lO)'wae-found to
be much morevrapid thaﬁiin previous experiments and to involve the bulk
of‘the‘solid in a procegs not kinetically seperabié from surfacévexéhange.
Harrisbn, Hoodlése; and Morrison (16) found that the rate of exchange
obeys a power law of thé'form Ca= atn in which.c.is iﬁdependent ofispeci-
fic,surface.'They postﬁlated that the unusual rate ldw.pfobably-indicatea
the feaction is selféinhibited by the blocking of~vaéancies by chlorine
atoms or molecules taken up from the gas phase. Théjdeféct structufes
thus formed should be similar to some of the trapped-hole defects which
have been atudiedbin X;ifradiated alkali hﬁlidea,‘Known‘asvV—Qenters, al-
though other letters are used for some of fhem;f | ‘ '
Harrison (11) devised a tentative mechanism of this type. The

mechénism was very specﬁlétive since 1t was baséa on iiﬁited experimental
evidence and since it is known to be difficult to produce V-cénte:a in
alkali chlorides by additive coloration (12). |

| Adams>ahd Hﬁirison-(lB). aéain usiné.ﬁaouum-sﬁblimed sodium
chloride, confirmed fhé,tn rate law‘and‘the lack of'depéndence of the
rate of éxchange'on épé;ifiﬁ surface. They atteﬁptéd.tp elucidate fhe
role of defeots. in the feaot1on mechanism from the pressure ﬁnd tempera=-
ture dependence of the éxchange rate, and fromvthe‘exchange kinetics of
so&ium chloride‘samples‘intb whidh eleotronic‘defééta'had béen delibera-
tely introduced by X-irradiation and fluorination. 'l?hel kinetics of exchan-

ge were oompletély changed from a power law to a second order.raté<1aw of



the form:

[1/(Ce-¢] - [3/6d =kt

In the light of this more extensiQe,évidenée, mechanisms in--
volving electronic defécts were pbstulatéd to account for both observed
rate laws. In both cases, the proposed kinetic scheﬁes‘involved'g "mol=-
ecular" trapped hole deféct and an "atomio" trapped defect. It was pro-
posed that pretreatment, with.fluorine orAx-irradiation, produces an
"atomic"defect (a sinéle trapped hole, probably ésociated'with‘vacan-
cies and henﬁe mobile)-vhich decays bimoleculari&; rapidly in vacuo and
more slowly after intrbducing.chlorine;'fo explain,the probabie cbmpoéi-
tion of the defect and its decay by the desorption of chlorine in terms
of a chemical equation, Harrison 8 (14) chemical notation for V-centers
was used. In thia'notqtiong the ‘customary ion sign is omitted for an ion
on its proper site. If these signs are replaoed'by suffixes (a) anﬁ (0) 
for dn;dn and cation sites respectively, the V-centefe acquire superscri-
pts which represent the number of trapped positive holes. The  untrapped
hole is designated x(a)"; x(a) is the halide 1on, a' is an anion vacancy,
‘¢ a cation vacancy, eand ac a vacancy pair.

The fostulatéd second order decay of the "atomic" defect can

now be written (13):
201(a)+(acé)f——f——-> 012(5) + 4ac

It was proposed that the decay of the defects isﬁfetarded in the pres-

ence of chlorine by a reversible absorption of chlorine molecules which
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" also serves as a step in the exchange:

R 2c1(a)*(ac,)” + 012(8).;5[ Cvl(a)?(cé)" 1

| - Harrison suggested fhat the possible presence of "atomic" de-
fects merits further study by electron spin résbnance (13).

Following thése proposéls, Adams and Catton using vacuum sub-
limed sodium chloride, treated with fluorine in gitu in an electron spin
resonance spectrometer, detected unpaired spins., A peak at g= 2.017+0.005
was found but was not intense enoﬁgh for any weaker hypeffine lines to be
fisible. The éeak grewiﬁftervthe fluorine was removed, reached a maximum,
and then.decayed‘rapidly. When chlorine was iﬁtrdducéd the decay slowed
down and a reasonable second-order plot was;indicated in agreement with
'Harrison 8 prediction (13) | ' |

( Tnis work, which was eventually published, together with
the later studies reported in this thesis, under ‘the ‘names of Harrison,
Adams and Catton (15), 1s glven here as introductory material because it
‘wae principally the work of Adams as a brief postdoctoral project. The
present author aasisted.in'the eiperimenta but.was not yet registefgd as

a graduafe atudent.)

If a solid alkaliihalide'is éxposed to a more.electronegatiie
halogen, one.expects'tﬁat eleétrons will be‘removed ffom the anion band'to
leave positivé holes. These positive holes may be trapped in various
‘ways: (1) by electrostatic attraction to point imperfections (e.g. cation
vacancies in the bulk); (ii) by covalent bond formation in a small group

of halogeh atoms to form trapped hole centers which can usually be'detec-'
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ted by U.V..spectroscopy.(e.g. V-centers or H—centere); (iii) at growing
halogen nuclei, leading to completion of the'simple halogen displacement
reaction. The following discussion wili deal maiely with oiidetion reac-
tions which prodﬁce-v—eeetere ae.a product. .

Spectreecoﬁie work, using single cr§etale of alkali halides,
on the systems xx/cl' (16);-Nacl/r (17), and KBr/Cl (18)-in all caseae
gave U,V, absorption bands which appeared to oorrespond to known bands o
produced in the same alkali ‘halides by x-irradiation or treatment vith
the parent halogen. _

In the case of the NaCl/F reaction (Adams (17)), pOIiehed
cryetale gave a large v band at 2150 g which 1nd1catee aV

-3
posed by Seitz to contain one trapped hole, (and which therfore should

eenter, sup~-

have an unpaired electron) and very little chlorine was produced. For a
similar ocrystal with a seratch across it the reaction took pleee to a

- greater extent with the’formation of a lef of chlorine (both in the gas
phase and treppeﬁ in the cryetal) and a small V band at 2270 x,'indicat-
ing a V, center which Seitz postulated to contain two tfapped_holee. In

2
the polished orystal, the growth of the V, center followed a sigmoid rate

3
curve and the accelerating region of the sigmoid cﬁtve wae;ueuelly para-
bolic (16). | , |
The KBr/Clé reaction, studied by Catton (lé),'vas analogous

to the latter type of behaviour observed in the NaCl/F2 system. The pro=-
duction of V-centers in this system occured only after nucleation had
taken place. The V~band observed at_2700 2 wae-suégeeted as representing
a "molecular center", This band.wae.comparablelvith the known (19,20,21)

at high tempera-

2

V, band observed in U.V. studies of KBr doped with Br,



tures. '

The Kx/oi2 system studied by:Bird (is) produced little I,;
the princinal nroducte were V-centers which'were;regarded as.various
forms of molecn;ar.on,atomic iodine dissolved in'the lattices The absorp-.
tion peaks were at‘2800 2, whioh was believed to be an "atomic“ center,
and at 3600 g,_ascribed.to a "molecular" center. These two‘peaks.were

' also observed by Mollwo (19), and Hersh (20) in KI doped with I_ . The

2
that both peaks may arise from'I; (a linear triatomic molecule-ion) which

2
2800 % band was associated by Seitz with his v3 model and the 3600 &
band with his model of a V. center (22). Hersh, however, suggested (20)

is in disagreement with Bird who said they arise from different centers
(23). It should be noted that an electrically neutral structure of I;
would contain two oation vacancies and, except for the covalent bonds of"

3. would correepond to Seitz s model of a "V2 ‘center” (24).

Baijal (24), doing electrical conductivity work on pressed
vpellets of KI during reaction with chlorine, found that after an initial
increase in conductance two types of reactions;were observed. '

For initially low resistance pellets (high initial cation
vacancy concentration). a mechanism involving the'trapping-of positive
holes at isolated cation vacancies was postuiated..After‘the'initial
rise of conductivityd(due to an excess of cation caused by.the formation
of I(a)gf(c)-‘),ythere'is a decay of the conductivity which is either
first or second order. The firat order decay was explained by the recom=-
'bination of vacanciesswith the grain boundaries or dislocations yielding
iodine. The second order decay, which occurs‘in unusually low resistance

'pellets, was explained by the Joining together of the two defecta of eq-
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- ual concentration. Baijal also found that with high resistance pellets
21(a)" + 2(6)” ——> 1{a) ()
I(a) (c) +c —————+>I(a) (e);”

(rarely the case) sigmoid rate curves were obtained. These curveé weré
explained in terms of the formation and érowth of nuclei of the reaction
products. Sigmoid rate curves of thia type were also found by Morrison
(25) for the KBr/Cl systenm.

Production of l ur centers by irradiation at _temp=

eratures, and subseggegg gntergctigng

F-genterg and'V-centera'are produceé simultaneously in the
same crysfal by irradiation (26). This is the chief way of producing V-.'
. ceﬁters in alkali halideé'at low temperafures (mdst commonly liquid N2 '
temperature) The type of mechanism involved in the production of these
centers was first envisaged (27) as follows.

" Initially in ionic crystals therovare anion and cation vacan-
cies. When these orystals are irradigted. there is excitation across the :'
band gap gn&'electréns are moved from‘the;valenoe band to the conduction
band leaving holes in the valence band. The processes which may then occur'
are that electrpnsffrom the coﬁduction band may be trapped at anion racan-
cies forming F-centers. while poéitive holes in the valence band may‘bé
trapped at ration vacancies forming V-centers. |

Such a mechanism is an oversimplification. It has been reco- -
gnized thgf the concentrations of colour centers formed are usually
greatly in excess of'the:initial vacancy concentrations. Thus in the for-

mation of F-centers there must be a vacancy-creating step. For the trap--
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ped-hole centers,,struetural studies in the_lest.twelte years have shown
that the trapping process may often involve covalent bonding without re-
quiring the assistance of a vacancy. | ) - |

The following account is not 1ntended to be a comprehensive
survey of the extensive'literature on formation and destruction of colour
centers, but ratherito focus attention on a few aspects relevant to the
present work. - |

A great deal of work has been done on the bleaching proper-
ties of the colour centers (28 29,30, 31) but much less on the kinetics
of their'chemical interactions. It was shown (31;32,33) that at room
' temperature in KBr, KCl, and NaCl, of the known V¥bands. the V. and the

2
V., bands only were observed and that they have different bleaching char-

3
acteristics (32). |
_.The work done by Kinzig (34,35,36), Wilkins (37). Cohen (38)'

and others on electron eeficient or trapped hoie”defects,;proonced at
low temperatures by irradiation,‘hss mainly dealt with the structural
deternination of these centers but mot with the’kinetlcs or mechanisms
of their chemical interactions.

Some general trends of reactivity have been published by
Kinzig (39) on the produotion of F, VK end H centers at 20.3 %% in KCl by
irradiation. K&nzig found thet' | | | |

i) The F—center and V-center conoentrstion groe rapidl& at
first which was attributed to the trapping of electrone at already exist-
ing traps (halide vacancies) while holes are "self-trapped"” (by covalent

bond formation:to‘form Cl;, the VK center)o When the electron traps are

full the rate of groith then becomes smaller for it now depends on the
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defects produced by X-irradiation.

i1) The H=-centers grow slowly at the begining and faster as
radiation damage ﬁroceeds which shows that they are not dependent on al~-
ready existing traps. |

Since the three centers were observed simultaneousl& étl20.3°
K a mechanism for their producfion vas proposed which agreed with their
appearance and disappearance at varioué temperatures. The proposed mech-
anism (39) is like that of Varley (40) and was explained as followse |

An halide ion is multiply ioniged by the X-irradiation and

hence takes on a poaitive charge. This positive charge moves freeiy in

| the crystal but finally becomes neutralized and settles in an intersti-
tial position forming an H-center. The electron remaining is trapped at
tha halide vacancy forming an F—ceﬁter. In terms of avchemiéal equation |

using Harrison's (14) notation (see section A(a)).

x(a) irradiatiog;x9+ + (n+l)e +a'
Bt & ne” + X(a) -————e>x2(a) (B-center)

e +a ———> a (P-center)
The overall :eaction is

2x(a) ~————~¥+> Xz(a) + a
(anions on lattice sites) (H-center) (P-center)

with ot and conduction e as mobile intermediates. (Note that for an
interstitiél species like Xn+, Just as for a'gas-phase species, effec-
tive charge and ordinary ionic chafge are identical; but because they

are different in the orystal, (n+l) electrons are produced with xn*. The
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symbol a+.necessitates (n+1)e- for charge-conservation. Thus there is no
| difficulty in using interstitials or gas molecules in Harrison's notat—
ion.) Another possible mechanism assumes that interstifial ions are al~-
ready present. These becomé'unstable at higher temperatures (about 42°K)
gnd release eléctrona forming H-centers. The released electron was explQ
ained away by having it annihilate a VK center. Annealing experiments
support this mechanism only ip KCi and NaCl. This is gifected since ‘the
interstitial halide ions would be less stable in bromidee.and iodides
because of their relativelyvlarge size., The chemical eﬁﬁat;oné_of this

mechanism are:

X (interstitial) ——> X + o

X + Xx(a) +9x2(a) (H=center)

o + 'X(a); — > 2x(a) (anions on lattice sites)
'(VK center)

The equation showing the production of the Vy center would be

X(a) irradiation y()* + o

x(a)t + x(a) — x(a);

Experiments (41,42) have shown that the optical H band and

the optical Vl band are closely related. Thermal bleaéhing of the H band

is connected with the growth of the Vl band. Teegarden and Maurer (41)

discovered that the optical H band can be generated in a KCl crystal con-

| centers by light absorbed in the v, band at 35%K, Kiinzig (39)

found that H centers could also be produced by this méthod. Experiments

taining V

;
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in KCl1 and KBr indicated that the H center on warmzng is tranaformed
1nto a non-paramagnetic center which is presumably a Vl center since

through optical-excitation in the V, band it can be changed back into

1
the H center at 20°K. The proposed mechanism envisages the Vl center as .

a halogen molecule in a single anion site: .

xz(a) —_—> e o+ xz(a)+ '(Vl center)

e + a "‘—-""—98
(P center) (F center)

 The H center releases an electron to form a X, molecule, the e is trap-

2

R
ped nearby an F center to form an F center which is neutral. On excit-

ation with V., light the H éentér was reproducéd; but the F center conc-

1
entration did not 1ncrea$e;

More recently (1960) Kdnzig (43) found in studying low temp- -
erature (77 °k) irradiated LiF that four main trapped hole centers were
produced (the Vio Hy Vg, and V. centers; see figure 1). The Vg center
is a self-trapped hole (F-) localized on two fluoride ions; the H center
is chemzcally equivalent to an interstitial F atom; the VF center is a
hole trapped at a Ll vacancy but the hole is localized on two fluoride
ions so that the F; molecule~ion has a bent bopd; and the Vt center is a
hole localized on three fluofide ions which form an isosceles triangle

(Fg-) .

Seitz proposed that the optical absorption band \s in'NaCI,

1
KC1 and KBr might be due to a hole trapped at an alkali vacancy (44). The
VF center is a center of this type: but its optical-absorption band has

not been identified. Kinzig (39) pictures the Vl center in KCl and KBr



as a non-paramagnetic center such as a X, molecule inAa negative-ion

2

vacancy (unless the absorption band of the center postulated as X,

overlaps the Vi band and is obscurred by it). The model of the Vt center

‘(45) corresponds in a generalfway to Seitz's (26) model of the center

that gives rise to the opfical V# band in KCl and KBr-but none of the

. absorption bands in x-irradiated LiF have been egtablished to be the ana-

"logue of the V@ band in KC1 and KBr. Kingsley (46) studying the bleach—

ing and symmetry properties of the V4 center in X-irradiated KBr came to

the conclusion that the'V4vcenter is a single hole trapped at a sinéle

alkali vacancy. He cencluded that the V4 center may be the entimorph;of

the F center whose paramagnetic resonance Kinzig found in LiF (47).

Therefore the Seitz's model for the V. center and Kingeley 8 model for

1l
the V4 center are the same but the centers have different optical absor—
.ption bands 80 they cennot be the same center. .

An investigation (47) was made of the generation and decay
of the Vk, H, V, and Vg eegtere found in irradiated LiF at 77°K as af
function of the annealing tempereture (see}figure 2). The annealing
experiments showed} ' | : |

1) from 95-100°K the H centers are the most unstable and in
decaying they emit eleotrone which annihilate Vk centers eausing their

concentration to drop.

Ple) ——> o + Fa),

e + F(&); ———> 2F(a)

ii) from 110-130°K, neglecting Vk centers destroyed by H cen-
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'Figure 1 - Trapped hole. éénters
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Figure 2 - Conc. of V-centers in LiF vs annealing temperature
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ters'decaying; the decéy of_VK centers is second order. This decay is
associated with the increase_df Vt and VF centers which suggests that
éome of the migrating holes are trapped at vécancy aggregates and at Li.
vaéancies. . | |

iii) from 175-185°K the V,_ and VF centers decay together for

t
a time which suggests that the Vt centers release holes which recombiné
with trapﬁed electrons or tfgnéform F; molecule-ions of Vo centers into
R, molecules.
4) Summary of & n-deficient colour centers in

halides relevant to the present work:

The objectiveiéfbthe presént wdrk is to uée electron spin
resonanée as a means of obtaining information on colour centers acting
as reaction intermediates. ﬁence the following table is intended prim-
arily to summarizé the situations in which unpaired electrons have been
detected (by ESR)dr postulated (on‘the basis of kinetic evidence).‘There
are somébunresdlved c&ﬁflicts; in which unpaired electrons are postulat-‘
ed but have not been observed:by ESR. These are noted in the table.-Iﬁ
general, it should be noted that no structure-is yet definitely estab-.
lished for any of the V centers with the numerical subscripts (Vl. V25
VS, V4) which produce the strongest U.v. ébsorptiona in X-irradiafed
alkali halides, and that hdvESR gsignal has been detected for any of |
these centers, although structures including dnpaired electrohs.have been

postulated for some of them on the basis of less direct evidence.
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Iable T

Electron~deficient centers

Method of detected by U.V. spectroscopji Centers detected or
: production or postulated from indirect postulated as having
Sample of defects evidenc ’ e unpaired electrons
NaCl crystal irradiated vl’AVZ' V3, V4, VK, H N VK,-H (structures
-KC1 crystal (10w temp) ' ‘ . * determind by E3R )
KBr crystal S ‘
LiF crystal . irradiated. VK’ H VK' VF' Vt, H
(1ow temp) o . (structures
o determined by ESR )
NaCl crystal F2 Vé; V3 VB according to
oxidation : Seitz's model; but
" no ESR absorption is
known correlated with
the'V3 optical absor-
. ption
“KI  crystal 012 VZ, V3 ’ Assignments of
oxidation - structures very
. ~ uncertain
KI  powder ~ Cl, i(a)§+(c)- and I(a)g+(c2)2- None
oxidation postulated to explain obser-
vations on conductivity
KBr crystal 012 . V2 Assignments of
structures very
uncertain ‘
. - - : L
NaCl vacuun F, Cl(a)+(acz) and Cl(a)§+(c2)2 Seitz's V5 model
:postulated to account for postulated; detected

KCl sublimed pxidation

particles kinetic results; the former is H-center ( by ESR;

Seitz's V_ model this thesis )

3
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B. Basic Theory of Electron Spin Resonance

al Rgsonance cond;tlon

An unpaired electron in a paramagnetic epecies can exist in
tﬁo spin etates, ma= 11/2, which form a doubly degenerate state since -
'“they have the same energy. When the species is put into a magnetic field.
the degeneracy is lifted (i.e. the two states have different'energies)-
and interaction with electromagnetic radiation of energj hv equai to the
gap between the two levels causes both absorption (|—1/é\‘ ‘4+1/2\\) and
emission (|+1/2>-—>|-1/2>) to ocecur at the same time. Since an excess.
of the molecules are in the 1ower energy state ('-l/é\\) the net reeult

is absorption.
The potential energy of a magnetic dipole (of the electron)

with a magnetic moment /2 in a magnetic field H is expressed as:

E=oft+ B (where 4 and E are vectors) .
‘with the direction of the magnetic field H taken to be along the z axis

" the expreeeion becomee

= AR,
The spin operator in the magnetic field can therefore be ex= -

-pressed as

A
34’3=-/l«_"°3 |
but since the magnetic moment .is proportional to the spin quantum number

one can write

M= (eonstant) _S_. |
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=¥h § (where ¥ is the gyromagnetic ratio)
=g B, 8
Therefore

ﬁ's=+sﬂ§°3

where g is the spectroscopic splitting factor; p,is the Bohr magnetron
(= éﬁ / 2mo ), § is the spin operator and B is the magnetic field. The

eigen vy values giving the energy levels for this system can be expressed as

E = 8ﬁon ms

where L is the electron spin quantum number. The transitions. between
pairs of these energy levels are allowed only if they obey the selection
rule Amsﬂ‘i 1 and the resonance condition which has to be satisfied for

these transitions is
hv = gﬁ,Hz

where V is the Larmor frequenoy.

. It was assumed above for simplicity the g-factor is isotrop-'
ic but this is not generally the casejin solids as we uill see later in |
section B(c).

rfin teract
There can also be further.inferactioné between the electron

spin and internal magnetic fields, particularly those due to the magne-
tism of nuclei in the ‘same molecule. These magnetic interactions between
electron gpiné and nuclear spins are known as hyperfine interactions be-

cause they are responsible for the very small splittings known as hypér-
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fine étructure in atomic spectroacopy. In ESR spectra, these interactioné
sometimeé prdduce very large splittings bﬁt,they are still known as hyp~
érfine structure. .

The spin angular momentum'of a nucleus is described by a
quantum number, I;'and its magnetic‘moment;/un, is given by the expres- :

sion‘/ZN= gNBN L where ey is the nuclear g-factor and BN is the nuclear

magneton (= eh /2mc) where m is the mass:of'the’proton.
Now if a mucleus with a magnetic momenty Lty interacts with
an electronic magnetio moment , A4, the interaction energy can be expres-

sed quantitatively as (48)
EN aa/u,/a,N r-3 a2 A § . l

vhere é is a constant depending on the grbﬁnd state wave function, r is
the.radius of the electron orbit and A is the hyperfine interaction ten-
sor which wili bé assumed isotropic for simplicity (see section B(e) ).
In a magnetic field the spins are uncoupled and hence the
nuclear spinvaﬂgular momentum is quantized separate1y from the spin aﬁg-

ular momentum. The spin hamiltonian is given as

M, =epES, +a5-1

The energy levels arising from this hamiltonian canbe expressed as
E(_zqs mI) =ghHn, + Am m

The selection rules governing the allowed electron magnetic dipole tran-

.sitions are given by Ams=|i 1l and AmI= O. These transitions take place
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at the following frequencies
hy= ghH + Am

where m, can have‘the values I, I-l, . ._J « =I. The magnetic field at

resonapoe iB.
melnd /o) - [Wetlny

The hyperfine term causes splitting of each electronic level into 2I+]
components which results in 2I+l hyperfine lines with the spacing be—_
 tween éach line (for constant V) equal to A/gf.gauss.

Nﬁcl@gr electfic quadrupole interactions can break down the-»
selection rule AmI==ip, leading to tﬁe apﬁearance of extra lines in thé'
spectrum, for Aﬁ1= Xl or AmIé +2, This effect is a possibility for Cl.
nuclei, which have a.quadrup§le moﬁent, ang‘extra lines have been obser-
ved in the ESR spectrum of C10, (49); but since such lines would not be
.resolvable in'our<speCtra, and since they need not be observed for a
-complete structure determination, I do not discuss quadrupole effects in
this-thesis; .

~Inm '*?hé- previous two sections déaling with the zeeman spiit-
.. ting and hypeffiﬁé splitting, the g-factqr gnd 4, thé hyperfine coupling
constant, were*aséﬁmad to be isotropic;but this is not generally. the case,
especially in solids. | |

A and'g ére usually fo some extent anisotropic and éan be

. represented by symmetric second-rank tensors which can be diagonalized
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" by a suitable chdice of co-ordinate system x} ¥y, 2 to give three prin-
cipal components &yr &y €, and A_, Ay, A,. The principal axes of g and
- A usually, though not necessarily, coincide. If H has direction cosines

- £, m, n to the principal axes x, ¥, % then for this orientation (50)

s=(£ € +mzs§ 23‘:)1/2
and

2

p= (P2 +n® a2 2A§)1/2

y
A common caéé is that of axial symmetry in which if the axis

of symmetry is the z axis

&, =g g, =& =&
A=A A=A =

and if © is the angle between the axis of symmetry and the magnetic
field, H, then the hyperfine coupling constant and the g-factor can be
expressed as a function of @ (51).

e=[&f+ (- sﬁ)sinze.]l/z

and |
| a=[ a5+ (48- 22) ewn 2

E ) pectum f red elec r.n t

S f r& nuclei in g solid medjium
1) Structure of the ESR spectrum

The h&perfine coupling constant and the g-factor are usually‘
tbveéme extent énisotropic as stated in section B(o). The haﬁiltonian for

the zeeman eplitting is expressed as (52)



H,-8(s-g-u)=8(gSH +eSE +gs5H) ..Q1)

.: yheié Si, Sy; Sz gré the spin angular moméntum_operators along the three'
) axeé;vﬂx, ﬁ&, Héigfe thevcomponénte of the'g;fernal magneticAfield; and
; 8y gy, g, are fhé‘spectroscopic splitting factors alone the three axes.
The spin hamiltonian which is used in first order pertﬁba-
Ation theory to deaoribe the hyperfine interaction in a system of more

than one nuolei can be written as (53)

nyperfine” So §( IS+ IyA;;Sy + IAlS ) o (2)
“where &, is the speotroecopio splitting factor of the free electron and
l.g when it 15 used is that of the speoias for that particular orientationi.'
of the magnetic field, Bo 1s‘a Bohr magnetron. S is the spin ope:ator_of”

~ the electron and Ii that of the nucleus i and Ai's are the hyperfine
- coupling tensors in gauss. ‘ '

' COmﬁining equation 1 and 2 into a more oompact form the |

total epin hamiltonian of the system can be writtens
' = ' . i. 1 ., . 4
% -9 8-g+8 + b fac AL HONS

Now if the direotion of the magnetie field H is taken to be

along the z axia then
4 . o a . gl oL
1 . =ap, SH, + g B F5, 4L o (4)
The energy for a given spin state

E [msmxlmiz. . .J) = msm11m12. o j:” mamllm'.[?_' oo >
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where o is the spin quantum number of electrons and ny is the nuclear.
' ) i
magnetic quantum number (Ii-...... ’-Ii) of nucleus i,is generally writ-

ten for a first-order approximation as:
B=[ eB, + 6.8, & & (ay)y Im, | ..(5)

" With the selection rule for transition fm = 1 and (AmI)i= 0 the reson-

ance condition is given by
. . | ,
by = gBf, + g8, E A (ny)y .+(6)
The field for any particular orientation is given by
B, = (nV/g8,)) - (g/e) LA (mI)le | (1)

and the hyperfine splitting by

BE -H = -.(go/g). £ A"(mI)1 ) | | .4(8)‘

R ns mponents of Y I
state of the unpaired electron . _
In the oentefa being gtﬁdied the sfate §f the unpaired elec-
tron c#n’be.deeoribed as a linear combinatiqn of hydrogen-like s and p
state functions, therefore the following discussion will only include
these state functions. | , Al o
- The hyperfine 1nteract_io§co_nsiét_s éf two parts (54) which
‘are: an isotropic part which depends only on the nbn vanishing ooﬁponeht
of the wave function at the nucleue;_ang'an aniadtropic part which de-

pends only on the non spherically symmetric components distant-from the
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nucieus. Therefore if the eiectronic wave funotions are expanded in terms
of atomic functions only s components contribute to the isotropic¢ inter-
;action and non svcomponents to the anisotropic interaction.

Many different terminologies havevbeen used in relating
‘ hyperfine interaction to fractional s and p character. The letters A, B,
va and b are used by different authors for different quantities. In this
'account, I attempt to avoid this confusion by introducing symbols ,8 and

OD as defined below.

'The isotropic terms, orlthe Fermi-contact hyperfine splitting ?
is proportionalto the electron density at the nucleus. The contact of
;the nucleus and the electron is not.direotional-dependent and hence thiei
‘interaction is not a function of the angle between the crystal or molec—
uler axis and the magnetic field (55).

The Fermi-contact term is expressed for an s state as (56)
-5»(8«/3)(#1/1)%(0) o | .+(9)

where ,5 is in gauss,/u,and I are the magnetic moment and the spin of
the nucleus respectively, and 4’(0) is the amplitude of the s function
at the nucleus. o

‘The dipolar or anisotropic hyperfine interaction is the in=-
teraction due to the magnetic field at the eieotron caused by the pree-
ence'of a nucleus'neer the electron but nct right at the’electron. This '
term averages out to zero in systems whioh bave random tumbling of the
‘ species present. This term is very: important in solids for it depends on

the angles between the principal'axes and the magnetio field. The dipolar
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hamiltonian is (55)

By porer™ L8, 816 . By/™ 1@ - 8 .- 3(L . :.)(§ r)/rz)
‘ ...(10)»
where &y = nuolear'g-'faétor'

8, * & value of unbound electron
/PN = nuclear magneton
/f3° = Bohr magneton

L = radius vector from nucleus to the electron
"X = nuclear epip operator

S = eiectron spin oﬁerator

is expanded out the first.term‘ié’
| H & (3c08% - 1)/r3] goqwﬁﬁN(I s,) - ee(a1)

which is generally used to compute the anisotropic (55) hyperfine tensorei
A A A o
y’ | A .
For a p, state using equation 11"

A /lI/I J“%’i(scos e - 1)/r2] r“sing dr de d§
| ..(12)

.=4b(ﬂyn<r?> "'_ .o(13)

where<<:r.3:>’1s an average value oyer the radial part'of ths'p function,

also

. . ' . ) B .
A= s = 2/5( py/n <57 .+(14)
Fof conveniénce I define a quantity

(P = 2/5( /u1/1)<<:r'§:> | - | ..(15)
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Thus for a single p orbital, deeignated Px’ 7 "v

A;azoa
' -—-’A;;-'QD-

y

For an electron whose state can be described as a linear
combination of s end p states, two possible cases arise: |

(1) axial symmetry, which.cen be described by a combination -
of 8 with a eingle p orbital (designated px). The components of the hyp~-
erfine tensor A are them 4y (i.e. A ) and Aio(i.e. A’ = A ). If‘ai

the amount of p character ”1 is the amount of 8 character in the ground

is

state atomic wave functions centered on nuclei i, and if E(a + ﬂz) = 1
then the components of the hyperfine tensors would be-(using equations
9, 13, 14, and 15)

g =823 + 222 (P ..(16)
A =28 - PP ' | ~ee(17)

(2) the three principal components all. different (i.e. A #
A # A ). The description of this situaticn requiree that there should
bs a spin density in an 8 state-end two separate mutually perpendicular
p states (eg. p, end pz) in the amounts B2, ai, and ci'where B +a2+a2 =lo
Thie situation will only eriee in a crysfal field which 1lifts the degen=
eracy of p; and P,e (A-combined:state clpx + czpz represents merely a
p state 1dent1ca1 to‘px'or p; but with a'differently oriented principal
axie. This is'not the eituation'diecuesed here.) The components of the

hyperfine teneor then become (ueing equations 9, 13, 14, and 15)

A =p2,8 + (2a -az)@ | | ..(18)
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A& =‘32A8 - ( ai + ai)GD ..(19)_
A;4= . (2a5 - a:)oa ..(20)’

Now if the experimehtal values for the.hyperfine tensore are put into
equatien 16 to 20 they can be solved for the ameunf of s and P charac- ‘
ter in the bonde formed, provided that the numerical valus of the ratio
,28 /(ﬁ) is kmown. » |

(3) The above treatment auggests, as is usually assumed, that
an anisotropic hyperfine tensor with A = -2A -='-2A indicates spin _
density in P, only. ‘It has been pointed out by Tinkham (57) that this is

not neoesearily the case, Suppose that fraotions az, aﬁ. ai of the un-
paired eleotron are in Py» py’ and P,e Then:-v :
= (242 - ;‘; - az)UD ‘ " .. (21)
'= 2.2 "
. (2¢:zy s - ..(22)
, 2 .2 2 ‘ -
b= (22 < - D) | | .o(23)
If we now represent axial symmetry by writing u: - ui and introducing
the symbol SZF- ai_- a2. the components of A' are functions of <§2 only.
]
J:===[26>“°']0’ ~ | .. (24)
]
y [-6§21 (P vs(25)
| . ) .
A = [ s3 P | | .s(26)

. . ]
Thus when the anisotropic hyperfine tensor satisfies the condition A =

9 ]
-uy = -24_, this means only that as = ai, not that both quantities are

zero. The quantity obtainable from é is not actually a2 ut 2= i ai.
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This.in fact-repiesents the minimum value oftai consistant with experi-
mental results, since ai must be positive or zero. Thus the usual anal-
ysie given in the preceding section eeeuming thst a hyperfine tensor :
.exially symmetric about the x axis can be interpreted in terms of spin
density in p_ only actually gives a minimum value for the p character of
the state of the unpaired electron. , |
'Similarly, for the case without'exial symmetry, the quanti-
'ties which cen‘be determined from the compoments of g'ere the differences
in spin density between the leaet-occupied p state and the other two. .
Assuming; that the py is least occupied, we define the two quantities
| 512[ and 52 bys- '

X - 2 = 62
and i y 8 .‘(27)
as- usé 52 .
JThen

p=(282-65p ..(28)
A, A =( 52 gi)@ .(29)
¢ Y :
A = (267- 68D , .“(30)

The'magnetic intereotions inVoIving the orbital angular mom¥
entum of the unpaired electron are the sole cause for the deviation of
- the g values from 2.0023 (the free eleotron value) (55) The part of the
' magnetic momemt arising from the orbital motion of the electrons is mod-

ified by the chemical environment in an atom, molecule or crystal, there-
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fore the g value likewise depends ufon fhevchémicél énvironment (48). In

. a'solid, since the'orbital-part of the maénetic moment depends on the
- crystél field, ifs hagnitudevis.uaually different for different direc-

- tions of H and shows an angulaf variation which follows the symmetry of_
the crystel field. The total g value (spin + orbit) may be anisotropic
.by an amount vhich depends on the magnitude of the orbital contribution
to the moment‘énd on the asymmetry in the orystal field. | |

The theory of the g-shifts is described in mumerous books
~.such as those written by s11ohter‘(5e),'Pake'(59); and Carrington and
McLaohian~(60). The foilbwing account folldwg painly that of Carrington
and McLachlan which gives the most precise definitions of the "ficticious
apiﬁ" and the "anisotropic g;facfor".l .' |

| lThe g-shift which is observed in solids is reléted to the )
spin-orbit coupling which mixés the ground and excited states thereby
introducing a small cohtriﬁution of the otherwise quenched angular
momentum to the électronic magnetic mqment (58). The g-shift can be ex-
enplified quantitatively by considering the‘case of an atom-with one p

electron which is described by the hamiltonian
_-ﬁTaﬁl-&-vl_-o-)\L._s_q- pog.g._g . «.(31)

where :k#l contains the p;incipal eneféy.terms (the kinetic energy and
free atom potential), Vl is the poteptial due'to the charge around the
atom, A\ L » S is the spin-orbit interaction and ﬁog - § is the elec-
'tronic zeemén interaction.'In.this qxpféesiOn, g represents fhe experi-
mental observation that the interactip# of H with the electron spin is

often apparently anisotropic. This could not be so if‘§ represented the
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' trﬁe spin S bécause the interaction of S with H is necessarily isotropic
with the constayt of proportionality €y The."fictitious spin",§ actual-
ly fepresents the true spin of S modified to allow for small residual
"effects of the orbital angular momentum, éﬁd the significance of,ﬁ is
found by compa?ing the " effective spin hamiltonian" as written above

| with‘the true hamiltonian written in terﬁ; of L, S, and ge; In the pres-
ence of a magnetic field H there will be an interaction between'g and the
.orbital anguiar‘momentum'g and therefore tﬁe "true hamiltonian" for the

magnetic interaction is now written as

..(32)

HagEeL + gBE-s

wvhere 8 is the true spin.

o Lét us now consider a potential Vl-of such a nature that it
1lifts the orbital degeneracy of the once degenerate p states of the atém.
F.IFor example, a sﬁitable potential would be provided by the following

arrangement of charges around the atom X: -

+

.T.

o8

The resultént‘energy levels shown below are all two fold degeneratébe-
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" cause of the electron spin.

-yt (r) b

zf(r)/(z,m
el

_(the spacings are eque.l if aﬂb; 8eo0 referenoe (58), two orbitals remain

degenerate 1£ b=0, the defect in SrCl studied in this thesis corresponds

2
to an 1ntermed.tate case, bs‘a). The wave tunct:l.on such as xf(r) /"’m con= |
~ %ain aen orbital function xf(r) and a spin function Ay ( g™ «,B).

A qu Iooking at the effect of N\J » § on the p states it is
found that the matrix elements of the forﬁ <zt(r)| L, |x£(z)>, repre=

senting the expectat:lon value of L 2’ vanish. This shows that the angular

. momentum is quonched and has no first order effeots on the states. How=

ever, it is found in terms of pertubdation theory that the ap:l.n-orb:l.t

coupling ()\L §) m:l.xea very small proportions of various exc:l.ted atatea
| into the ground state. The type of modi.f:l.ed vavo function \’/ calop-‘
lated by first order pert‘ubation is '

‘V -5 3 (<5 i :> padae o)

- where \P :l.a spin degenerate. The perturbed statee are no longer eigen- .
astates of the true spin S. . |
In an extemal magnetic f:l.eld ﬁg g § of equation 31

becomes

jdf = Bl (ngx,c.+ g SyH' g Si‘-‘) .+(34)
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For. the hamiltonian ji'of equations 32 and 34 to mean any-
thing the corresponding matrix elements of gp(gxs + gys + g, S ) and
those of qg(y! ﬁy +L + gas + g5, + &, S ) formed by these hamilton= -
: ians acting on the perturbed states must be identical. By equating these
matrix elements the principal components of the g-tensor can be expreee-

ed in a generalized way using only first order terms in X as

8" 3@,' 2T QAL H{;><%ll’p o>/ B, ++(35)
The g;shifte obtained for an urpaired‘electron in a p_

‘orbital ave therefore

g -8 %0

g - €, = =2 N/(E,E,) - . (36)
g, = &, = =2 N(E;E) | |

In these expreesions only first-order energy terms have been considered.

Others such as Inui, Harasawa, and Obata (62) have taken into account

the change of the wave function due to spin-orbit interaction which re-

2

sults in the addition of (negative) 1/energy terms in the above expres=

sions for the»gfshifte.

C,‘Previone Structural Determinations of Defeets in Alkalj Halides by ESR

The use of electron spin reeonance has made it poeeible to ‘
determine the struotures of a variety of defects in alkali halides (main- |
1y X-irradiated aingle crystals at low temperatures) Models for the el~
ectron deficient or trapped hele type defecte_peve.been'proposed by
Seitz (26), Varley (63), Nagameya (64) eri;'i‘ethers but the structures of

theee.defects first observed using U.V.fand Vieitle epectroecopy were
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uncertain and mahy of them still remain so. The structures of the defects

now known include; the V, center (36), or X, ion(Xis a halogen atom); the

K 2
H center (35), an X; "orowdion" on a single site, so that it could be
designated XZ_; the Vt center (45), an §f‘ion distorted from linearity

by a neighbouring group of vacancies (see figure 1);'& mixed halogen

structure FC1~ in KC1 ¢ KF mixed crystal (37)3 and the superoxide

ion O, as an impurity in KC1l (65,66).

' al The E-cgnter

The F~center was the first colour center to have its struc—

2

tufe détermined‘unequivocally. The structure, determined by electron spin
'resénance, was‘found to agree with the model proposed by deBoer (67)
.whichvdepicts an F-center as an electron trapped at a halide ion vacancy.
The paramagnetic resonance of the F-center (68) in KC1 was found to con-
aist of a single line of #early gaussian shape with a width of 56 gauss
and a g value of 1.995 . Kehn and Kittel (69) seid that the g-shift show-
ed that the electron spends a large portion of its time near the ionsg
surrounding the trapping site. Kip, Kittel, Levy andPortis (70) theoret-
ically determined the line shape and width of the resonance line in KCl
using‘deBéer's model'aﬁd found that they were in good agreement with eip-
. erimental values. Also using k3901 and K311, they showed that the hyper-
fine intefaétidn,bf the F-center electron Qith the nuclear spins of its .
six'neighbouring-cations_was mainly responsible for the broadening of the
resbpance ﬁeak; The line width change due‘éﬁ the different isotopes of

-pbtaaaium wasinot exactly in the ratio of ﬁagnetic moments. This was

attributed to a weaker interaction of the:F-center with the twelve next
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nearest neighbour halide ions.ﬁLinewidths in NaCl and KBr calcnlated :
from KC1 results using the ratio of hyperfine coupling constants also
gave remarknble agreement with experimental line widths. Feherv(7l)
vusing‘electron spin doubie resonence'technique. which gave better reso-
lution, experimentally determined the h&perfine interaction of the F-
center electron in KC1 with its neighbours (k%) and its next nearest
neighbours (Cl )e Also the hyperfine interactions in LiF and NaF were
observed direetly (72,73). |

With the structural determinatipn of the F-center showing
that it consists of an electron trapped at a hnlide vacancy, the search
for an equally fundamental imperfection'cdneistiné of a hole'(eiectron
'deficiency) trapped at an alkali vacency. which Seitz (22) called fhe
"antimorph of the F-center" (26), was initiated. Seitz speculated that
the antimprph of the F-center might be the cenfer responsibie for the
V., absorption band (74) but this has never been pfoved. Indeed no ESR

1

signal has yet been found which can be correlated with the Vl, V2, V.,

or V4 ebsorption bands; but the search for such signals has brought about

tne:strnctural determ;natione of the following trapped hole center.
b) The V. -center | o
The'firet analysis of_the.electron spin resonance of a V cene
ter was reported by Kinzig (75) who obtained an ESR spectrum from sing-
le crystals of KCl, NaCl, KBr and LiF irradiated at -180°C. The center
observed was thought to be associated‘with the optical v band since it
‘bleeched at about the same temperature. Later Delbecq, Smaller and Yuster

(76) and Lambe and West (77), working independently, showed that the
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halogen; center which Kinzig had discovered was a new center ( now usual-

1y called the Vk center)

- The ESR spectrum obtained for the Vk center in alkali chlor-
.ides (KCl)'is composed of sets of seven almost equally spaced lines which _
have an intensity ratio of 1:2:3:4:3:2;1 « These were recognized as aris-
ing from the‘interaction of an electron or hole equally with two_équiv?

alent chlorine nuclei of spin 3/2. In the case of an equal interaction

with two nﬁolei‘(subscripta 1 and 2), equation 8 of section B(d) becomes
B, - 8, = ~(e,/e) & [(ay), + (ap),] )

and for two nuclei of spin 3/2.for vhich each m; can assume the values
-3/2, -1/2, +1/2, +3/2, eqpation'l indicates seven equally-spaced lineé.
The relativé'intgnsities of these ﬁre given by the number of different -
| combinations of (m;), and (m;), giving rise to the ssme line and this
.'giyes intensities in the ratio 1:2:3:4:3:2:1 .

- Chlorine, however; has two isotbpes: 0135;'which is 75% abun~"
dant and 6137, 25% abundant. Therefore thr;e types of molecule-ions are

possible: €19-C172, ¢17°-€1>7, and €101-C12"

which are 9/16, 6/16, and
‘ 1/16 abundant respectively and allecan give rise to an electron spin res-.
onance spectrum.

c1>?

and 01°7 have slightly different magnetic moments (L/237
/235] -083) and since the hyperfine coupling is proportional to the nue-

loar magnetic moments.,Ab, the following relation holds.

[/ Aé7] = L/ trgq]
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35 35

where A”° and A37 are the hyperfine splittings of C1”” and 0137 respec=

‘ tivel_y ®

35 37

The molecule-ions Cl --Cl35 and 0137~Cl both give rise to

seven—~line spectra with line intensity in‘the ratio 1:2:3:4:3:2:1 but the

316177 spectrum will be 1/16 that of the €17°-C1%°

spectrum, The hyperfine splitting for the C1°1—C17'

intensity of the C1
molecule-ion will be

less than that of the C17°-C1°° molecule-ion as shown by

| 7 = .83 a2

Thetspectrum of the 0137-0135 molecule-ion will be different

from the other.two spéctra gince there are»nowvtwo non-equivalent nuclei |
~ and hence the degéneracies of the lines in the previous seven line.Spec;lt
‘tra are removed;‘The.configuration (3/2,1/2) and (1/2;3/2) no longer aﬁ-_ 
pear at the samevfield.and therfore theline for like nuclei of degener-

acy two will split into two lines of equal inténsity and so on;'fhe inten-

sity of each €27'=C17? 1ine is 6/9 that of the outermost line of the

35_¢135 37_cy 5

C1""=C1 'spectrums The position of the lines in the C1° "= spectrum

are displaced from the 0135—0135 lines;,this displacement can be expressed

as equal to . o
‘ ' 37
0.17 A?s me
vhere m¥7 is‘the nuclear magnetic quantum number of the Cl35

35 35

nucleus

A7 is the hyperfine splitting of the 0135=Cl spectrum, and Q.17 is
the value of (A;5=A37)/A35 (see figure 3).
Kanzig (36) found that there was more than one set of lines

for a particular oriehtation>of_the'crystalo This was explained by the



Figure 3 - Isotope effects in KC1 of a VK-oénter (schematic)
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existence of more than one orientation of the centers within the crystal,
together with the anisotropy of the hype;fine‘splitting and the g-factor,
which causes the seven line spectrum to haie a different spacing and a
different Qenter éf each orientation. The'spectra were consistent with
fandbm orientation of centers along directipns of the type (100), with
approximate_axial symmetry about the molecular axis, the hyperfine tensor
having its larggst principal component Az albng the molecular axis,and
sﬁaller qomponehts in the perpendicular directions, with Ax=Ay although
‘the x and y‘diréctions are not crystallographically equivalent. |

'The unpaired electron giving rise to the spin is a p electron
in a'crf3plantibonding orbital (with some s-admixture). Therefore the mol-
ecuiar orbital of'fhe molecule ion is made up‘essentially of a combination
of 3p functions, one centered on each halogenﬁnuclei which have their ro-
‘tational symmetr& along the line joining the nuclei, which is a (110) |
direction. The principal axes of the g-tenéor.(x, ¥, z) with respect to
the molecule are shown in the following diagrém in which the y axis
points out of the page. -

x ' g

N /

— + —_ + (100)direction

(llo)direction/// | ' \\\\
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Now if thé éngle‘eAbétween the molecular_axis and the d.c. magnetic field
1sfchangaa there will be two effects: |

- (1) there will be a g-shift diaplacing the center of the
hyperfine patterns,

and(z) there will be a change in the magnitude of the hyperfine |

splitting. | | |

For any orientation of the'cfystal in the magnetic field at
léast two spectravwill be observed simultaneously. When the magnetic field
is paiallel to the (100) axis of the crystal the apectrum 6btained (see
bfigure 4) is a combination of the 90 spectrum (1/3 of the molecule-ions)
and the 45° spectrum (the remaining 2/3).

‘Table II below indicates the spectra expected for certain

special directions'of the magnetic field. Oné can readily see from figure

Table II

Direction of field 'Agg;e 91. Abundance
(100) 45° 4
- 90° 2
(110) 0° 1
60° 4
_ 90° 1
(111) 35,26° 3
90° 3

4 that the hyperfine splitting decreases as the angle ©, between the

bond axis and the magnetic field,increases.



6=90°

Figure 4 - Spectrun of a C13°-C17° molecule ion with H Il [100],#* ( Vy~center, in KC1 )

:,,- 6g =~
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Numerical data on the g tensér ahd_hyperfine tensors are giv-.

en later in this thesis in table IV, page 69. |
A The,VK‘center in alkali fluorides‘waé first discovered by
Knzig (34) in LAF and later studied by Bailey (77) in LiF, NaF, KF, Rbr,"
and CsF, Bailey found that the VK center was stable in all the alkali
~f1u6rides at'liquid nitrogen temperature but unstable at room temperature.
The results for LiF aéreed with Kinzig's results (36). ﬁe also found in |
stﬁd&ing the series of fluorides that the linq width of the VK spectrum
depends rather heavil& on the magnetic moment of the nearest neighbour
atoms (the alkalies)o
¢) The H-center

After Compton and Klick (78) ehbyed'that the H center must
be different from any of the models previously suggested by Seitz (26)
and Varley (63), KAnzig and Woodruff studied fhe parsmegnetic resonance
of the H center’inxci (35) and then in KBr and LiF (39) and derived a
" detailed model 6f the H center. The H centers were produced by irradiat-
ing single crystQIS'at 20°K and were studied at low temperatures, In de-~
termining the sfgpcture'of the H center Kinzig used similar arguments to
those he used ;n dgtefmining the structure of'the VK center (see previous
séétion).‘ln order to study the H center,'the derivative of the disper-
sion signal waé-uséd since if the spectrometg&_was tuned to measure pure
abasorption, thé'H éenter resbﬁance, the VK.cénter resonance and the F
center resonance, which appear together in these épectra, were completely

saturated af 209K bj a very low microwave power.

The H center spectrum taken at the same orientation as the
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Vg center spectrum is very similar to the Vk resonance. In the H center
- spectrum, however, there is a group of lines (with the main seven lines
of the VK center split in a ratio of 1#2:3:4:3:2:1) corresponding to

each line in'the Vk spectrum. The prinery eplitting (between the centen‘
lines of adjacent groups) for the H center was about‘lo% larger than the
splitting in the VK center and showed the same orientation dependence. The
complete.analogy‘of the orientation effects for the H‘centervepectra to
"those of the VK center spectra indicated that the axis of the major hy-

' perfine interaction was the same for both typee of centers namely the
(110) azes of the cryetal.

‘The secondary splitting (between adjacent lines within a
group) in the H center epectrum caueee_each.line of the basic halogen2
epeotrum-tovbe split into a miniature spectrum of the same kind (see fig-
ure 5'for the primary and seconda:y hyperfineieplitting of the 0135-0135
molecule-ion in the E center). : | “ |

The complex spectrum can be interpreted as arising from 1den-
tical strong interactions of the unpaired spin with two equivalent chlor=- i
ine nuclei (1 and 2) as in the Vk spectrum and identical~weak interactione i
of the unpaired spin with two other equivalent chlorine nuclei (3 and 4).

For this caee, equation 8 of eection B(d) becomes
H -H =-(g /g)ulz((ml) +(mI))+A34((mI)3+(mI) 1 (@)

The first term in equation 2 as in‘equation 1 of section C(c)'gives rise
to seven equally spaced lines: of 1ntenszty l 2:3:43%:2:1 « The second

term gives rise to seven equally epaced lines for each of the first part
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Vhich have an intensity ratio of 1:2:3:4:3:2:1v(see figure 5)e

The unpaired electron was found to spend.4-lq% of its time
on ions 3 and 4, The four halide ions invol#ed in the H center were
.found to be in a‘sfraight line aiohg the (100) direction ih the crystal
(see figure 1). |

" A similar type of center was found in KBr but it was hard to
determine the eecondary splitting becauee of the exiastence of two equal-
1y abundant isotopes of bromine (Br7 and Br 1) and also additional
splitting due . to aecend order hyperfine and quadrupole effects which
arise beoause of the high magnetie moment of bromine.

In LiF a center with the same etruoture ae an H center was -
found and since there is only one isotope of fluorine (Flg) with a nuc-
lear spin 6} 1/2'the hyperfine spectrum of the H center is rather eimple.
The strong 1nteraotioﬁvof the unpaired electron with two equivalent'flu-
orine nuclei (like the VK center F; (34)) gives rise to three lines with
‘an intensity ratio of 1:2:1, The weak.interection with the next two flu=-
orine nuolei, which are also equivalent, splits the firet lines into a
miniature (secondary) pattern of three lines with the inteneity ratio
1:2:1., This experiment was done using the derivative of abeqrption 80

that the F center resonance waevcompletely.eatureted. The H center and Yk

center'epeotrum, howe#er, appeared together.

| The g—ehiff found for the H oenter, previously discussed,. -
was about half the g-shift found.for the Vk center.nThis difference can
be expiained using the general discussion in the last part'of section

B(d) for the specific case of a Cl.

2 molecule ion, Figure 6 below tepre-



Figure 5 = H-center (hyperfine interactions) in KCl
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'~ sents the orbital energy levels (79) of the X, molecule-ion for both

2
the V. and the H center (36,38) as a function of internuclear distance
Figure 6
Ve , B
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decrease internuclear distance in C;; molecule-ion >

2

] ]
bidden transitions Ey and Ex shown in figure 6 which arise from the ad-

‘mixture of orbitally excited states with the groundstate of the molecule-

in the Cl, molecule-ion. The g~shifts are produced by the optically for-

ion (36)0 .
The g-shifts using a modified form of equations 36 of section
B(d) are (62,80):

. 2'_
8; ~ &, a 2ha /Ey

&, = & = ZX'G?/E; o ++(3)

- - )
gz‘go 0

where a2 is the fraction of p character in the bond joining the two

chlorines in the Clg molecule-ion.

For axial symmetry, the degeneracy of the m levels is not
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lifted by the crystalline field (the difference between E; and E; vanish= -
es) and therefore E;'= E; which can now be called Eg. Equatiohs'3 show |
that the g~shift is inversely proportional to the forbidden transitioh
: ehergy Eg and aihce-Eg for the H center is about‘twice aa large as E’ fcrwf'
the Vk center, the g=shift for the H center is about half that of the VK
vcenter. The difference in g-shifts between the two centers alsc indicates_
 that the 1nternuclear distance of the two nuclei in the halogen2 molecule_,
-ion is less in the H center than in the Vk center (see figure 6). This T
led Kﬁnzig to a model for the H center which is shown in figure 1 along

with the model of the v center. The H center can be described (39) as-'t

& halogen_-molecule ion located in a halide vacancy. The resulting crowd-

2
' ing accounts not only for‘the reduced internuclear distance as compared:;
- to the V. center, but also for the additional interactionsof the Junp'air-"'
ed electron with two more halide ions. Thia‘confiéuration may be characc'
terized as a "crowdioa"'(81)»atabilized'by a hole. (The term "crowdion"
ras coined by ?aneth as a descriptive designation for a short linear
region of compreseion.) |

The paramagnetic center previously discussed was called
the H center since it had the production and bleaching characteristics
of the optical H band (39) The antimorph of this center, an interstitial
Li, has been found in irradiated LiF (82) |

d) Other electron-deficient centers

Although most attention has been focussed on the V¢ and H

centers, other electroh'deficient centers have since been discovered and

their structures have-been determined bj electron spin resonance. Most
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of these centers have been found in irradiated LiF at low femperatures.
Two of these are the V, (Fg-)-and the Vg (vent F;) centers, The other
‘centers found in LiF (excluding the Vk and H centers) were of such weak
intensity that they could not be identified. Also in a mixed crystai of'
KC1-KF, an FC1~ center has been identified. More research is being!done
using fiuorides than other halides since the spectra obtained are simple
and are interpretable even for rather complex éenters. This is because
flﬁorine has only omne isotope, F19, with a nuclear spin of 1/2 and a
large nuclear magnetic momenf vhich gives large hypprfine splittings.
The Vj center found by Kénzig (83) in irradiated LiF at 77°K
was found to be the closeat approach yet known to the antimorph of the F
cgnter although the similarities with Seitz's " Vl" model are limited.
The V., center is a hole trapped at an Li vacancy but the hole is lécal-

F
ized on two fluoride ions so that an P

2
bond(see figure 1). The hyperfine,epectrum of the VF center is closely

moleculefion results, with a bent

related to that of the self-trapped hole or VK center in LiF (84). The
spreed and anisotropy of the hyperfine spectrum are about the same as

that of the Vk cenfer indicating that the electron is localized almost
full time on the fluoride ions. The basic spectra, however, consist of
four lines of roughly equal intensity which shows that the two fluoride
ions are nbn—equivalent with respect to the magnetic field. There are

special orientations of the molecule where there is still the familiar
three-~line pattern of intensity 1:2:1 which shows that the two fluoride
ions are equivalent in these instances. The main difference between the

VF and the VK'center in LiF is that in the latter case the two fluorine
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nuclei are equivalent for every direction of the magnetic field so that
the 1:2:1 pattern always results (see reference 36), This center has not
yet been observed in KCl, KBr, or NaCl.

The V, center (FZ;) vhich is also produced by irradiating LiF

t
at 20%°K was found by Cohen, Kinzig and Woodruff (33,45). This center re=~

sembles Seitz's model of the V4'center but optical studies have not yet

been carried out on the Vt center so that a_definite asgignment of the

Vt center to the V4 band is not ﬁarranted; The model proposed for the Vt
center (supported by ESR studies (33)) cohsisfa of an electron deficiency
localized on three fluoride ions which form an isosceles triangle (see

figure 1). ESR studies showed (33) that the lines in the V, center split

t
in a.way similar in detail to the VF center except, that since there are

three nuclei of spin 1/2 in the V, center, there are twice as many lines.

t
The basic spectrg mainly consist of eight lines of equal intensity which
are accounted for by threé non-equivalent fluoride ions. There are also
cases vwhere the magnetic field is in such a position that the two outer
fluorine ions become equivalent thus producing basic spectra of six lines
with the intensity sequence 1:2:1:1:2:1 wheré th lines are degenerate.
This center has not yet been identified in other aikali halides.

Since mixed halogen molecules such as FC1l, BrCl and ICl are

well known and since stable F;? 012 and Br2 species_have been observed

in crystals, it seemed reasonable to Wilkins (37) that stable FCl-, BrCl ™
and IC1- ions might be produced in mixed alkali halide crystals. Wilkins
and Gabriel (37) produced an FC1~ ion in a mixed KC1-KF crystal at 114-

uid nitrogen temperature by irradiation. The FC1~ ion produced was
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found to be oriented along the (111) direction unlike the Ve (Cl; and

F;) centers which are oriented along the (110) direction. The FC1™ ion
can be described as an interstitial fluorine atom or an‘(FCl-)‘ion
trapped at aﬁ anion vacancy. The main feature of the spectra is the double
set of four equally spaced lines of equal intensity. These lines are pro-
duced by the unpaired electron interacting more or less eQually with an
F ion of spin 1/2 and a €1~ ion of spin 3/2. The resonance absorption
line is split by the F into‘two lines which in turn are both split by
€1~ into fouf lines of equal intensity. The more intense lines in the
spectra were fdund to be due to the (F19-0135)- ion‘and intensity mea-
surements enabled the lines due to the (F19-0137)-“ion also to be iden-~

" tified. The ratio of the two sets of lines was in accordance with their
relative isotropic abundance. The separation of the two séts of lines was
found to be conaistent with the relative magnetic moments of fhe chlorine
isotopes.

From the viewpoint of studying chemical reactivity,; it is a
little unfortunate that the most extensive information on electron de-
ficient defects is for the fluorides, which are the most resistant to loss
of electrons by chemical attack. If fluorine is being used as an oxidiz-
ing agent, however, it is important to know the ESR spectroscopic charac-
teristice of fluorine-containing centers, asince these are very likely to

appear as intermediatess



APPARATUS AND PROCEDURE
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' A.-Electron‘s ‘ Resonance S‘ tromete
Two X;band»epectrometers were used in the course of the work.
lOne was equioped with a varian 6 inch magnet while the other instrument,
| a varian E3 bench model, had a 4 inch magnet.

‘The speotrometer with the 6 inch magnet, which is eimiliar
to the varian V=4500 ESR epeetrometer, was built in the Ghemistry Depart=
ment with modifications to give more seneitivity and stebility. A block
. diagram of this spectrometer 15'shown in figure 7. The microwave power
is provided by a mater cooled klystron ogeillator whichvdelivers'about

300 millivatis over its tuning’ranée,v8,6 %0 10 Ge./sec, The klystron
| frequenoy is stabilized by an automatic frequency control (AFC) system
which 1ocke the klystron on the resonant frequency of the cavity. The
klystron is coupled to a wave guide which transfers the microwave out-
pux via a magic - T bridge and accessory equipment to a8 rectangular ro~-
flector type cavity that resonates in the TE 102 ‘Mode, The microwave |
cavity is situated in the 2. 5 inch gap between the polee of a 6 inch water
cooled electromagnet that euppliee the variahle field. A 100 Keo./sec, ‘
modulating magnetic field is superimpoaed on the changing magnetic fieldl
by a pair of auxiliary coils mounted one on each side of the cavity. The
resonance absgorption eignalvie deteeﬁodvbyla microwave crystal detector
using a silicon diode which is situated in one of the arms of the magic -
T bridge. The signal 1is passed througn an amplifying ejetem to a phaee
sensitive detector and thence to‘a'recorder which graphically records the
first derivative abaorption signael, The sensitivity of the spectrometer is
approximately 3x10°3aH moles of electron spins whereAH is the peak
width in gauss at half‘height.vThe magnetic field was measured using a
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Pigure 7 - Block diagram of a 100 Ko, ( 6 inch ) ESR spectrometer
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- proton resonance magnetometer. The magnetometer consists of a probe coil
containing glycerol which is inserted in the magnet gap beside the cavity;
The‘coil is connected to a marginsl oscillator which is frequency modulated
at 20 c./se0. Tne proton resonance aignal is dieplayed on an oscilloscope -
and a signal generator is tuned‘to z6ero beat..The frequency of the signal
generator is measured by an electronic counter.

The varien E3 bench model is nearly completely a solid state
unit, The block diagram is shown in figure 8. The spectrometer consists
of three main parts: (1) a console system which contains the console
power supply, the 100 Kc;/eeo. modulation wnit, the magnetic field regu-
lator, and a recorder; (11) a 9.5 Ge./sec. microwave bridge which con-
sists of a mioroweve sjstem for excitation and observation of the ESR
signal, an AFC which stabilizes the klystron, a klystron'd.o. power supply
and a preamplifier for signal amplification; (ii1) a 4 inch water cooled =
» megnet system which has an accessible air gap of 1.2 inches in ohich the
cavity sits. The spectrometer has a sensitivity of .1011 AH spins,

The advantages of this spectrometer ares frequency can be
read off tne frequency disl on ﬁhe microwave bridge; the magnetic fieid can
be read off the console penel; and the reoording system (fixed chart and
moving -pen with adjustable zero for the vertical axia) is more convenient
than a oontinuoua strip ohart when oomparison of sucoeeeive ecans is
needed to confirm faint details, to fbllow kinetic effeota, or to observe
changee in epectrum with orientation of a crystal.

B, Vgguum Sublimgtion of Iogig Solidg
Solid samples of various typee were used, including analyﬁical

reagent grade powders withoutifurther treetment; and singie crystals from
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various sources. Each type of sample is described in detail later, Only the
preparation of vacuum;sublimed material is given here, because it requires
an extensive description of appafatus and procedure.

The vacuum-gublimed particles were made in an apparatus
designéd by Adams (85) which is shown in figure 9. |

' The apparatus consists of the main vessel B, side arm A,
water cooled condenser C and the scraper G. 4,B, and C are}made of quartz,
The scraper G consists of a tungsten rod H sealed into a pyrex B-10 cone
at J and K; the scraper blade is made of platinum and is spot welded to H
at I, The side arm A is heated by three heaters L, M, N yhich are made of
chromel-A and are encased in Alumina and glass wool. The rheostat was set
to éllov a current of about 4 ambs to flow into tﬁe heater system L, M,
and N. This setting was used for KI, KBr, KCl, and NaCl which have melting
points around 800°C and sublime rapidly close to their melting points,

The sample to be evaporated (KQl, NaCl, KBr, or KI) is placed
in side arm A:'The apparatus is connected at O to the collector (ususlly
an ESR semple tube - figure 12) and to a vacuum system, and is evacuated
by a mercury-diffusion pump to 10'5 mm Hg. The sample 1s outgassed by héa-
ting it to a £emperature below ﬁhe évaporation temperature (current of
about 2.5 amps) whiie'the sample is connected to the. pumps. Outgassing
is discontinued when thé pressure measured by a Veeco ionization gauge
remains constant after disconnecting the system from the pumps. Cooling
water and heatersv(current of 4 amps) are turned on after completion of
outgassing. The sample evaporates and condenses out on the water cooled
quartz surface of C. When a thin layer of £i1m has been formed‘the heaters

and water are turned off. The film is scraped off and allowedvtb'fall down
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past D into the collector. The procedure is repeated until there is about
.5 mm of sample'in the sample tube, The sample is then sealed off under
vacuum at C in the reaction apparatus (figure 12)

The B.29 and B.10 joints at the top and ‘bottom of vessel B
are lubricated with high temperature grease, aplezon T, and are cooled by
a stream of eir while the heaters are operatlng.

Cc, H of Haloge

The transfer of chlorine and flﬁerine from high-pressure
cylinders to pyrex storage bulbs, together with dfying in the case of
chlorine and removal of HF from fluorine, has been confined to a single
extensive vacuum system which is shared by everyone in the laboratory.
Since halogens are used in this system, mercury-diffusion pumps are not
suitable. A three stage Balzer diffusion pump eontaining silicone oil
is used, The advantage of silicone o1l over mercury is that if by acci-
dent halogens are passed through the pump only volatile products are
formed which do not clog the pﬁmp.

© The stopoocks are lubricated with Kel-F grease with which the
halogens do not react. Since this grease is more likely to streak than
hydro-carbon types all taps are of the right-angled pattern which is lees-
likely to develop leaks from atreaking.>Fbrepreeeure measurements of 012
sulfuric acid manometers are'empleyed whichioperate non;linearly with some
air in the closed limb (see'figure 10). The vapor pressure of the edlfuric

‘acld is about 7 x 1074 mm Hg.
" A chlorine and fluorine disposal line is connected to all parts

of the system. It 1s separated from the main vacuum line, but served by

the same pump. Chlorine is trapped out by liquid nitrogen in removable
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traps and diéposed of in agueous sodium hydroxide. Fluorine is directly
abgsorbed into soda lime,

The pressure in the vacuum system is determined using a
Veeco-R.G. 75P ionization gauge with a 'non-burn-out' iridium filament,
Care must be taken when using this gauge, fﬁr the filament is damaged
by contact with any hélogen (gven 12). The pressuré obtained using liquid

nitrogen traps in front of the gauges is about 1 x 10'6 mm Hg.

a) Chlorine dryving system

The chlorine obtained from Matheson Company was quoted as
99.5% pure. Uncondensable gases and water vapor were removed in the puri-
fication system shown in figure 10, The procedure is ﬁs follows.

Chlorine from the stock cylinder is admitted to the 2 liter
bulb A with stopbbcks 2, L, and 5 closed. The chlorine 1s allowed to flow
into the gystem until a pressuré of one atmosphere is reached as shown on
the sulfuric acid manometer F., The non-condensable gases are removed by
opening tap 4 and allowing the chlorine to condense into two liquid nitro-
gen cooled traps (not shown) while fhe non-condensable gases are pumped
away. The chlorine is transferred back into bulb A'by condensing it in K;
Tap 4 1s then closed. :

Water vapor is removed from the chlorine by the sulfuric acid
bulbs D and E. These, as well as the storage bulb B,are evacuated along
with connecting systems back to stopcock 5. Then stopcocks 6, 7, 8, 9, and
12 are closed and 10, 11, 13, and 14 are left open. Stoﬁcock 5 is opened
slowly, allowing the chlorine to bubble through the drying traps D and E
via C to the storage bulb B, When half the chlorine has bubbled through,

the remainder is pulled through by putting a liquid nitrogen dewar at



Figure 10 - V - |
Chlorine purification system
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finger L. Stopcock 14 is closed and the dewar is removed. The chlorine is
taken from storage bulb B, as required for use in different systems; via
M or N, The pressure of the gas canbbe measured by the sulfuric acid
maﬁometer G. |
b uorine h i te

Fluorine was handled in pyrex and quartsz éystems vhich were
not affected by the fluorine so long as it was dry. |

Matheson Company fiuorine which was quoted as 93% pure was
_ used. The main impurity is hydrogen fluoride which is removed by passing
the fluofine through a sodium fluoride trap (éee C, figure 11).

The fluorine (cylinder pressure 300 p.s.i.) 1s admitted to the
gystem via a series of expansion voluméa between monel needle valves (86)
connected to the pyrex system by copper tubing and a kovar seal at D. The

3 m Hg by a rotary pump, flushed with

system is initially evacuated to 10~
fluorine and then re-evacuated through the disposal line. Fluorine is then
allowed to enter the system (see figure 11) (taps 2, 4, and 5 closed and

1, 3, and 6 open) and its pressure is measured by a spiral gauge A. This
conglsts of a mirror on a hollow pyrex spring which is free to rotate when
there are pressure differences between outside and inside surfaces of the
spiral. The gauge 1s used as a null meter., A known pressure of éarbon di-
oxide is admitted (tap 7) and fluorine is admitted through tap 6 to bring
the scale indicator back to its initial position. The valves at the fluo-
rine cylinder and tap 3 are closed. Tap S'is.opened and the system is
~evacuated except for the fluorine in the storagetbulb B. The B.10 socket

at tap 2 is the point of attachment for reactionbsystams to be charged with
fluorine. The pressufe of fluorine usually used is approximately 29 cm of
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- Figure 1ll= Fluorine handling system
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Hg which is obtained by putting liquid nitrogen at finger E.
D. Reaction A tu

The reaction apparatus shbwn in figure 12 and figure 13 are
both constructed with quartz and pyfex in a design which enables the 6 mm
quartz tube to be inserted into an ESR spectrometer.

Apparatus 1 in figure 12 has a circulation system which enablea
the chlorine and fluorine to be circulated over the solid by convection,
Apparatus 1 has a glass bead at B which breaks up the sample to allow it
to pass down the 3 mm inner tube of the circulation system; a cénstriction
at C to permit flame sealing under vacuum; two quartz-pyrex graded seals
F and G; and a Kel-F greased right-angled tap at D which allows the at-
taching of the reaction apparatus at E to other systems (usually a port-
able vacuum system) without breaking vacuum.

Apparatus 2 in figure 13 1is é self gufficient reaction vessel
for it has its own storage bulb B for fluorine or chlorine., Kel~F grease
is used on all joints and the quartz-pyrex junction is the B.1l0 joint
below stopcock 1.

E, Regetio ocedur

The reaction apparatus was evacuated to a pressure of 10"5
mm Hg as measured by a Veeco-R.G. 75P lonization gauge. The samples were
transferred into the apparatus by‘several methods. Single crystals and
_powders direct from the storage bottle were transferred in a dry box and
the sample tube was afterwards evacuated. Vacuum-gublimed particles were
transferrgd under vacuun,

The apparatus was mounted securely in the cavity of the ESR

spectrometer. The procedure was then usually as follows: a blank run was
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'~ Pigure 12 - Reaction apparatus 1
’ B1O
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Figure 13 - Reaction apparatus 2
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taken of the sample (after the spectrometer was tuned) to check if any sig-
nals were initially present. Fluorine was then added. The time was noted.
If a signal appeared its growth was followed by scanning through it at
known times., If no peak appeared within 5-30 minutes the fluorine was re-
moved and any peak which appeared thereafter was studied both in its
growth and its decay. When a peak appeafed after the removal of the fluo-
rine, chlorine was sometimes added to determine its effect on the growth
and decay of the ESR signal. In order to confirm faiﬁt details of the
spectra obtained, many succeésive scans wefe done,

The procedure described above was used for both powders
and crystals. The crystals which‘produced stable paramagnetic species
were carefully removed from the reaction apparatus and mounted with pli-
bond glue in a crystal holder. The exposure of these crystals to air did
not affect the paramagnetic species - even thevpartly reacted SrCl2 wasg
no longer deliquescent., The holder consisted of three sides p, q, r which
are mutually perpendicular to each other (i.e. one=half of a cubiéal box).
A polystyrene rod was in turn attached perpendicularly to each of the sides
and the crystal was rotated about the vertical axis which was perpen-
dicular to the magnetic field. Spectra were obtained at 5 to 15 degree in-

tervals with an accuracy of :20.
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S o temg_Invegtigated for ESR Sirnals

b II
' Solid _Tyve of solid sample _ Treatment = ESR gignalg
NaCl vacuum=-gublimed powder F2 . 8ignal associated with
& ' ' Cl atoms and assigned as
KC1 ' | an H-center
reagent grade powder; ’ F2 no signal
untreated '
single crystal Fé & no signal
(Harshaw) ' irradiation = =
(room temp.)
KBr vacuum=~gubl imed powder 012 & signal unidentifiable
' F, for lack of observable
hyperfine structure
gingle crystal . 612 & no signal
(Harshaw) - irradiation -

(room temp.)

KI  vacuum-sublimed powder Cl2 vno signal
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B, Reactiong of NaCl and KC1 with F2
The vacuum sublimed particles of KCl and NaCl were
prepared by the proceduré described in section B of the Apparatus
- and Procedure section of this thesis; The surface area of these
particles as measured (86) by the B.E.T. method using krypton
adsorption at 77bK was found to be in the range of 20 to 36 mz/g.

Morrison and Harrison (87) using an electron microscope found that the

~ ‘particles appear as well formed cubes with sides of about 0.1 mieron.

a) Analveis of the gpectra |

Figure 14 shows a number of spectra obtained in NaCl and
KCl by treatment with fluorine and development in vacuo as described
in detail in the kinetics section (¢). Of the NaCl samples (a) and
(b) contained the greatest ahounts of coherent materisl and (d) appeared
to be entirely randomly orientated., The KC1 films broke up readily
to give fairly well powdergd samples. The fiwe spectra in figure 14
are all adjusted to a standard microwave frequency V = 9.4679 Gec/sec.
and the scales at the bottom of the diasgram indicate the positioﬁ at
various orientations of the gentér line and the line at nuclear magnetic
number m, = +]1, for the H- center model.

The most conspicuous part of all the spectra isiABCD,
which is qualitatively of the form to be expecﬁed (88) for a single
line, the position of which is fixed by an anisotropic but axially
symmetric g-factor. Tﬁe known centres in single crystais with which wili
be compared with the present results are all close to axial symmetry;
the conventional terminology, © for the anglelbetween the magnetic
field and the molecular axis of the defegt with subscripts 1 and Il to

signify 0 = 0% and 0 = 90° respectively will be used. On this basis,
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g ; should be very.close to A and g, fairly close to D; the latter
position is somewhat uncertain, especially for NaCl, in which the

‘region around D shows no resolved structure and it is not clear

‘whether the peak corresponds to D or D' in the KC1 gspectrum. The g-
values calculated from A and D (table IV) are consistent with the
interpretation that ABCD is generated by a line without hyperfine
mtefactiona. Such structures as FC1~, F;, Glg (V) and Clz-(H) all

have such a ling; with g-valués comparable to those calculated from the
present spectra, except in.the case of 0;. (In table IV the features
indicated are peaks and troughs (single letter in first column) and |
spacings between them (two letters in the first column), the latter

being expressed in gauss. Comparison with computed spectra (see section b )
indicates that the values marked with = should be amended to & é¢_= 2,0231,
g/ = 1,995, and A% = 4.)

Further elucidation of the structure of the defect depends
on‘the information which thelspectra will yield on hyperfine interactions,
- The existence of these is most clearly seen in the KCl spectrum, Fig. l4e.
I distinguish a "primary splitting", giving.rise to the features marked

F and G, This T call AL?

» anticipating that I attribute the splitting
to interaction with two Cl nuclei designated 1 and 2. All the features
marked by letters with prime or double prime superscripts I consider to
arise from "secondary splitting", which I attribute to interaction with

two more distant nuclei 3 and 4, hence designate ABA.

Tbe‘primary splitting at 8 = O°, A12, calculated as FD, DG
. 1 ) "
or $FG, is of the same order a3 A|f in the VK and H-centres in alkali

chlorides, especially that for the gH-centre in KCl. This value is on
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g | should be very.close to A and g fairly close to D; the latter
position is somewhat uncertain, especlally for NaCl, in which the
region around D shows no resolved structure and it is not clear
whether the peak corresponds to D or D' in the KC1 spectrum. The g~
values calculated from A and D (table IV) are consistent with the
interpretation that ABCD is generated by a line without hyperfine
intefactions. Such structures as FC1~, F;, Clg (V) and ClZ-(H) all
have such a ling, with g-valués comparable to those calculated from the
present_spect¥a, except in the case of 05. (In table IV the features
indicated are peaks and troughs (single Ietter in first column) and
spacings between them (two letters in the first colum), the latter
being expressed in gaués. Comparison with computed spectra (see section b )
indicates that the values marked with * should be amended to : g, = 2.0231,
g = 1.9995, and A% = 4.)

Further elucidation of the structure of the defect dependg
on the information which the‘spectra will yleld on hyﬁerfine interactions.
The existence of these 1s most clearly seen in the KCl spectrum, Fig. lie,
I distinguish a "primary splitting", giving rise to the features marked

12

Fand Go This I call A™", anticipating that I attribute the splitting

to interaction with two Cl nuclei designated 1 and 2., All the features
marked by letters with prime or double prime superscripts I consider to

arise from "secondary splitting", which I attribute to interaction with
23k,

two more distant nuclei 3 and 4, hence designate

12

The primary splitting at © = O°, A", calculated as FD, DG

1
or $7G, 1s of the same order &% A > in the V. and H-centres in alkall

K
chlorides, especially that for the H~centre in KCl, This value is on
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the one hand much too large to represent the interaction of an O; ion
with neighbouring ions of the host lattice, and on the other hand
much too small to fepresent hyperfine interaction with‘a fluorine nucleus
(tablelIV). The evidence is thus strong that the signal here described
arises from a defect structure of chlorine atoms aﬁd is therefore
relevant to our predictions from kinetics of chlorine exchange, (In a
number of runs on both NaCl and KCl, a signal which is probably caused
by an oxygen-containing impurity was obtained. This 1s a single narrow
line; about 5 gauss wide, at g = 2,007, it appeared to be unéffected
by fluorine and had no influence on the signalvunder discussion other
than to sbscure part of the spectrum around the point C,)

 The secondary splitting is indicated as about 20 gauss at
® = 0° by the distances from the points D, F and G to their "satellites"
with prime superscripts. There is a possibility of confusion between
splittings arising from more distant ions, as in the H-centre, and those
arising from isotope effects within the Cl; ion, particularly the species
(61%56137)7 Ssince the nuclear spin of C1%7is 17% less than that of ¢1°°
the degeneracics of the nuclear spin levels are lifted in the mixed-
isotopic lon to giﬁe a splitting 17% of Alz’ which at 0° is very close to
the 20 gauss here observed. However, the lines for the mixed isotopic
species are displaced from the corresponding (Clgs)- line by half-integral,
not integral, multiples of the isotopic splitting (36). This is not what
is here observed. These lines probably represent a secondary splitting
like that of the H-centre rather than an isotope effect both for this
reagon and because, as discussed in detail below under "“Computations",

the 1nténsity ratio of peaks F and A 18 wrong for the VK centre and
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Table IV

Important Features of Spectra and proposed assignments for H-center model.

Assignment

Tensor

Data for KC1 Kn
H=-cent

valu

er V, -center Fz(Vk) 0

k

in single

gstals

2

B2 "4 o Component (NaCl in brackets) (KC1,20°k) (kc1)  (14F)  (xc1)

0

1, 0

o 90°

0""1 0

"1,"2 0

0,1 0° -

1,0 O
O’-l‘ 0

i

»*
g 2,0251 2.0223
+ (2,0256) '
 [g” © 2,0015 ' 2,0023
(>1.9962) |
a2 107.5 }
o . - 109
A1H2 112.5 |
ot 8.00 2.9
~ (not (15.0)
- resolved) R
at 14.5
534 18.0
o (1/2 o = 18.5_)> 7.3
A%4 2245 |
A?f 20.0
ot 20,0

2.0438

2,000

- 101

2.013 1,953

2.003. 2,436
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‘lrequires a strongly anisotrooic secondary»Splitting to account for it.
The proposed value A34 = 20 gauss is to be compared with the
known value'for the H-centre in KC1 at'voryblow temperatures, 7.3 gauss.

The featores'representing secondary splittiogs and linewidths which
£émain to be disougsed in the NaCl and KCl. spectra likewise show marked
.broadening relative to low~-temperature values. ‘The region AB of the spectra,
together with the partly-fesolvedlpeak.A"in KCI; represents essentially
‘the 90°'spectrom,,and the overall exteot of this region is too large to be
" accounted for by the combined effect of primary splitting, secondary
splitting and linewidth, if the 20°K"ﬁ-oentre vélues are used, i.e.

12, 0 (degree of approximation not, however, specified), A34 = 2.9 gauss,
‘linewidth = 0.8 gauss in KCl. The H-centre spectrum has not been studied
1n'N501 sing1e crystalé, oresumably because the linewidth would be
» centre valoe ofv4.5'gaués and hence the secondary splitting

K
would not be resolved. ' In the spectra, if the region aB in NaCl and the

cloge to the V

rogion pD' D ianGIAis to:be interpreted as arising from a secondary
. 8plitting of about 20 gauss abscured by the linewidth, a linewidth of
~about 10 gauss in KC1 or 20 gauss in NaCl seems to be indicated.

Although one cannot unequivocally assign the defect under
study as an H -centre (the close-similarity of Vi and H spectra, which
: arise from rather different ‘variants of Cl ’ 1svenough to invite
caution), the above comparisons of parameters at 20° K and room temperature
agree very well with that assignment,‘ The g-values and the primary
splitting are essentidliy molecular properties of‘Clg s and hence likely
to remain unchanged from 209K to room temperﬁturo; but secondary splittingv

énd linewidth involve coupling,with.nuclei outside the molecule-ion,
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and are hence likely to be broadened by increasing thermal motion of the
lattice. The broadening should be less for the secondary splitting than

for the linewidth, since atoms 3 and 4 are weakly bonded to the Cl_ ion,

2
b) Computationg
Most of the above argument does not depend on the results
of a preclise computation of the powder spectrum from the proposed
parameters; but there are several considerations which make it desirable
to attempt guch comﬁutations. The degree of accuracy to thch the .
g=-values are given by points A and D should be determained. The extent to
which the region A'AB can be analyzed into A'2, A% and linewidth should
be established. The possibility of accounting for the part of the NaCl
spectrﬁm downfield ef A ie-terms of partly;oriented material should be
- studied. ‘Finally, the intensity rations of the various features of the
spectrum are of some interest. For exemple, the type of specfrum shown
in Fig. l4a or b, in which the negative peaks at B and D are of comparable
size, 1s not uncommon; the spectrum of adsorbed 05 is another example (89).
Yet the shape geﬁerated by a line narrew in comparison to the gap AD
sﬁould have the peak at D markedly smaller than that at A; a large D peak
is reslly an anomaly;
| In a siﬁuation with as many variables es‘the present one, the
establishment of the dependence of the powder spectrum on each requires
many computations'with trial values., For this purpose it was found
necessary to use pregrammes.séverely restricted in their scope (i.e.

written for the V_, and H situations only) but using very little computer

K

'vtime, rather than to rely on comprehensive but time-consuming programmes,

one of which (90) was available and was used in one or two computations.
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No programme was devised’which was both eufficiently rapld and adequate
in integrating over O smoothly, but a programme which required about two
minutes in an IBM 7040 computer. was found useful especially for the KCl1
spectrum. The featurea essential to the characterization of the defect
~ are given here. . ,
Computations. have been made for the (0135) or (0135)3'
ion only; and in the.expreesion for the magnetnetic field at resonance
H o O0LY terms linear in the magnetic quantum numbere,mlé (sum of.
magnetic quantumvnumoers for nuclei 1 and 2) and My, (the same, for

nuclei 3 and 4) are retaimedx

H = (hv/gn) - (g /o)t mlé (g,/e)my, ()
where g = g“ +‘(gl g”)sin o ' (2)
ad 2= (A% (R (A12)2 Jeos?e - (3)

" and a similiar expression gives the engular dependence of ABL. In tabledIV,

- and throughout the preceding gection, I have written Al

or A34 for
quantities which should strictly have the factor (g /g) attached to them;
but for the present work it is permiseible,to ignore this factor, since
the error'thus_introduced is never greater than ebout one gauss, and is
‘comparable to other-approximatione in the treatment such as the neglect -
of terms in m2 and.the lifting of degeneracies in m 5 bf second-order
‘effects which become noticeable (36) in eingle-crystal spectra close to

: 90°. v _ .

At any fixed orientation 9, the epectrum of a VK center con=

12

‘sists of seven lines, with the epacing A7 and imtensitieslin the ratio

1:2:3:413:2:1, corresponding to values of m, from +3 to =3; i.e. the
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degeneracy associated with m s is (4 - miZ)' In the H-genter, each
line is split into a similar group of seven‘described by the quantum
number my,s and the lines having Gaussian shape (36), with half-width
o~ at the point of maximum slope, “the intensity of micromave absorption

at magnetic field H 1s given by

Co -3 - , ; i -
)= £ L (4-mp)( - my,) exp( (A, (n),,my) )7/207)
M2™ "y 7 )

If in a powdered sample of n.particles, a number dn have
orientations between © and 6+d9, the probability P(0) is defined by
dn= nP(0)do. In a random powder, P(G) = 8ind. The problem of computing

a powder spectrum is then the evaluation of the intergral
x/2 : .
1=.J 1e)Ple)ae )
0 ' '

~ and the observed derivative-of-absorption spectrum isldI/dH as a function
 of H, In the programmes which have been used most extensively} 1(9) is
calculated according to eduations (1) to (4) for a number of #alues of @
_ spaced at equal intervals, usually 1° ’ and the resulte are summed in a
histogram of I against H, _ ‘ .

The effects of preferential orientation on the powder spec-
trum may be computed by including in P(0) a suiteble'function to describe
the preference.vThus; for exaﬂple; Ilhave considered.the possibility that ;
the defecte in each crystal are oriented at randonm in all possible direc-
tions of the type (110), like the VK and H centers, but that the coherent ma-
" terial in the solid samples might have & tendency for (110) to be alligned |
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:parallel to the field'H; In this circumstance, a function showing a
preference for the angles 0° ’ 60° » and 90 y in the ratios of 1 421 is
needed. Accordingly I have written ,

P(6) = sind + £(10%% + 0. 4(2 /2. <L/4) ) ()
wherep " x = cos® (1 - cosd). The parameter f increases with the
fraction of oriented material in the sampie. the function multiplied
by f has fairly sharp maxims at 0°, 60°, and 90°, the ‘last-mentioned
being somewhat underweighted. A similar‘fUnction could be devised to
represent any desired orientation. - | |

In considering in qualltative terms the features of a powder
spectrum, it is perhaps best to think in the first instance of one line
(with small lineuidth) and the intensity I contributed to the spectrum
by .this line at any value H of the magnetic field. Im is proportional to .
P(B)de/dﬁres, i.e. a line gives the largest contribution where it is mov-
" ing most slowly as © changes. Thus, for example, every line in the
spectrum, with or without hyperfine interaction, produces’a noticeable
feature in its 0° position, because although P(0) is zero at 0° in &
random sample, dH /d9 is also zero; but at 90 s the center line of the.
spectrum is stationary and gives a prominent peak, while the hyperfine
lines are moving rapidly and contribute very little. In my example,
computations showed that the shape of the region A'AB of the spectrum is
very insen31tive to Ai?, which consequently cannot be found with any
accuracy from my results and was taken as zero (H—center value at 20 K).
The splitting ABA, on the other hand, changes gsufficiently slowly with.
8 to produce marked effects in this region of the spectrum.

Conclusions from computed spectra are as follows:-
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K center should give a powder spectrum with two prominent lines

each like AB, of roughly equal intensity. The reason for this is that

the line at m. = 1 is subject to two motions as © changes, the downfield

12

27
motion of the center of the spectrum Opposed by the diminuation of A

and in consequence is almost stationary over a wide range of 6, Thus it
becomes as prominent in the oowder spectrum as the center-line m 5= 0.
(b) The H-center model, with strongly anisotropic secondary splitting,
gives a spectrum eimilar to that,observed in KCl'(fiéurellae), in'which
the region A'AB is the most prominent feeture of the spectrum; and the
_features F, F', A', 4 B, D, D', D'', G'', G, and G' are all present in

the computed spectrum although‘the relative intensities of the experimental
:.epectrum are not-precisely reproduced, ehd the'integretiOn over 0 is not
~ smooth enough for the identification of the smalleSt'featuree, G'', G, G';‘
to oe absolutely certein. The features which are‘most importaht in |
establishing the values of the components of the é'amd A tensors, A, D, F,y
| G, F'y G', and G;'.are uniformly about 3;5'gauss downfield of the expected
| position, so that in the experimental spectrum g, s for example, is to be.
located 3.5 gauss upfield of A. This means that ‘the g-Values in table I
should all be corrected downwards by O, 0020, but the splittinps are
estimated correctly. There is one exceptionz_ computation shows that the
gap A'A is not, as anticipated,teQual to Ai%,_but,haS‘about twice that
value, so that the valus given for 224 1n table T must be halved. The final
'vvalues for the parameters. of the defect in: KCl are:~ |
o1

g = 1.9995

Ai? “uncertain

= 2,0231 2 o, 001

+

0.001
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(¢) Apart from the prominent feature D, which 1s fortunately the
importaht feature in the determination of g);» the shape of the spectrum
in that region is vefy sengitive to tﬁe precise values of the parameters,
and g, cannot be determined very precisely from the spectra like those
bbtained'for NaGi,'iﬁ which this region is completely‘unresolved.
(dj.’The intensity rétios, especially of A, B, and D, are roughly correct
fof completely random orientation in spectra (c) and (d) for NaCl. Even
} in the KCl spectrum, D is proportionately somewhat too large, and in the
NaCl spectra (a) and (b) it is very much too large. Thé dependence of the
shape of the spectrum on orientation distribution is not simple. Thus it
might be thought that the most prcbabie angle could be deduced from the

~ positions of C (generated prineipally by the lines m, ,= 0) and E (figure
14b from m),= 1); but the scales at the*bottom of rigﬁre 1/ indicate
that these two positions do ﬁot give a consistent result for the most
probable angle, which 1is indicated by C as less than 45° and by E as
about 75°,However, computations using the function of equation (6), with
60° as the most probéble angle, reproduced: the section BCD of spectra
(a) and (b) very well, The part of the spectrum downfield ova is very
gsengitive to the values taken for secondary splitting and linewidth, and
many reasonablé valuéévgive a pronounced dip, instead of a rise, in the re-
gion of E. To reproduce the observed spactra; it is necessgary that the
. lines m12='l,vm34= —1, -2 shoqld lie inxthe région of E and that the

linewidth should be sufficient to destroy the resolution of the hyperfine
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splitting even at 6 = 00; For a full study of this point it is necessary
to carry out an extensive get of comeutations ﬁith a wide range of values
of 1&2, s34, 424, and o, which would be a project in itself.

| ¢) Kinetics ’

Contrary to expectation, the ESR signal did not eppear

during the exposure of the slkali chloride to F,, but shortly after
the fluorine was pumped out. The growth of the signal sometimes started
immediately after removal of fluorine and sometimes after an induction |
period of a few minutes, Eigure 15a shows two separate rﬁns, ene () in
which a small signal appeared during contact with fluorine and started
to grow immediately upon eVacuation, and one (B) with an induction period.
Run A 1is from the work of Adams referred to iﬁ the introduction to this
Vthesia (section A(c) ):end run B is from my work. The two growth curves
arersuperimposable from‘the start of the fise up to the point of inflect~
ion, Figure 15b shows pidts of log(peak height) against tihe for one
of ihese curves (B) and another similar reaction (C), suggesting that the
peek height varies as exp(+kt), which woﬁld indicate that the defect 1is
formed auto-catalytically. Since the growth period is short, quantitative
results to establish the rate law unequivocally gre difficult to obtain,
The'reaction does not appear to be'markedly affected by F pressure
(betueen 14 and 40 cm Hg) or time of contact (from 3 to 30 minutes) The
entire experimental procedure could be repeated several times with gimilar
resglts, except that the rate of growth_of the peak and its maximum size
wefe not reproducible. The best specﬂra for study of both spectroscopic
deteiis and kinetics were obtained sometimes on the first fluorination,

sometimes on the second or third. The reaction of the solid with flﬁorine
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Figure 15 - Growth and decay of the ESR signal after F2 treatment

T

T

T T

60 80

100

120 140
Time from Removal of F, , Minutes

160 180

(b)

GROWTH

o
®
T

(Peak Height)™'
o
[+
T

1
"o
a
Y

0.2

oL

)

DECAY

2nd Order

ht)
N
o

Log,, (Peak Heig
o

(d)
DECAY
Ist Order

L 05 i
20 ‘40 60 80 100120 165 170

Time from Removal of F2 ,» Minutes

I75 180 185




- 79 - ‘
was remarkab;y siow. In the preliminary wofk of Adams,‘twolsamples were’
analyzed gravimétrically for fluoride'after the expériment. One, after a
singlé_- fluorinatidﬁ, was found unreacted within the limits of error
(about 2#) and andther; after severalifluorinations of several minutes
each at 40 cm Hg,‘waé 25% converted to.NaF.(As was previously (16) re-
ﬁorted,remarkably low reactivity with Fz'was noted for samples of
- powdered NaCl of a'differenﬁ type). o
The‘grqwth of the signal was usually fdliowed by the predicted
decay, which was usually very rapid and, as prediéfed, was slowed down or
- even arrested altbgether by the presence of Cl2 gas. This is to be inter-
preted in terms of blocking By 612 ofvsites,at which twb defects could
combine to desofb.a-Clz-molecule.'In the previous detailed analysis of
exchangze kinetiqs#(l?) these sites were considered to be anion vacanciles
forming part of the structure of the defect with the unpaired spin., This
was postulated és‘énalogous to the F%‘ ion (Vt centér) known (38) in LiF,
Since the presenf study seems to rule out this structure for the defect,
indicating instead an H-center structure, which should not be associated
with anion vacancies, the previous kinetic schemes may require some am-
mendment, with less emphasis placed on,ﬁacancies as a means of migration
at room temperature. It has been suggested speculatively (39) that
positively charged halogen atoms maj be mobile‘even af extremely low
temperatures in the KCl lattice, and thét these may be resvonsible for the
formation of H-centeré.
WhateVefiameﬁdments fo’the mechanistic schemes in the bulk

of the solid may be necessary, it is still reasonable that desorption of

Cl, from pairs of defects combining at the surface may be prevented by

2
preadsorption of Clzlin surface vacancies; and the prediction that the



- 80 -
decay of the defect Should exhibitAsecond-order kinetics is still valid.
The experimentéi results, however,bshow that, as exemplified by figure 154,
‘the decay is.first;order when it occurs in the absence of chlorine, Decay
'in the presence of chlorine was more difficult'to study, since it required
- the introductioﬁ of chlorine at precisely the righﬁ stage in the decay
~ for the subsequent decay to procégd at a convenient rate. Figure 150‘
gshows that the deca& represented in curve A of figure 15a follows a
' gecond-order law.
The growth and deéay procésées, and the blockiﬁg of the
- former in the presence of F2 and tﬁe latter in the presence of 012, are
both explicable in terms of mechénismé involving surface defects. For the
autocatalytic'groﬁtﬁb it 1s suégested”that fluorine enters into some state
of combination with surface C1~, but that the oxidation of C1~ with re-
| lease of the Cl atom (probably positively charged) into the bulk cannot
be completed untii-a surface vacancy is available to receive F~, During
contact with the gas, these vacancies may be blocked by molecularly-
adsorbed F,. On pumping out, they aré made available, and the reaction of
" chlorine-fluorine complexes commences, pfoducing surface F, positive
. holes in the bulk, possibly gaseous molecules, and further anion vacan-
cies in the surface, ieading to.the autocatalytic effecf.

For the decay processes, the first-order law suggests that the
arrival of a 8ingle‘deféct at the surface is the rate-determining step. This
mey indicate rapid'surface migration by way of éurface vacancies. When many
of these are blocked by the presence of chlorine, the decay requires the
simultaneous presencé-of two electronic défects_at an immobile surface site,

giving rise to the second-order law.
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By contrast, my results suggést an almost complete absence of
vacancies in the bulk of the facuum—sublimed érystals, if the assignmént
of the electronic defect under gtudy as an H-centef.be accepted. (There
is actually no known ESR signal in an alkell halide single crystal asso-
clated with the anions of the pure crystél andvrépresenting a defect
with high-temperature stability). There is no obvious reason why this
center should be iﬁtrinsically unstable at high temperatures in the per-
fect lattice; and the meéhanism broposéa (7) for its destruction on
‘warming above 20°K involves transfgr of an electroﬂ‘to another defect,
an F-center, My maﬁerial does not‘cpntain F-centers, because the elec-
tronic damage was carrieq out oxidatively, and #ot by X-irradiation.
This in itself might be sufficlent to expléin the possibility of ob-
serving the H-center in this material; but I have not been able to
obtain any corresponding signal from single crystals or ordinary coarse-
~ ly-powdered NaCl, which suggests that I am concerned with a special
property of the ﬁachum—sublimed mﬁterial; This préperty may be a very
iow vacancy concentration, caused by efficient equilibration of the
crystals at room temperature as they grow on the water-cooled quartz -
condenser. A conspicuous féatﬁre of the earlier kinetic worklo’17 Qas
that particles of similar size (about 1000 %) pfepared by sublimation
into a stream of nitrogen were éctive.for chlorine exéhange at room
temperature only on the éurface, not iﬁ the bulk., Since the nitrogen
vgas was probably'at a fairly high température in the region of
condensation, these particles might readily be formed with higher

"defect concentrations.

The mebhanistic schemes proposed previously also indicated
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the removal of vacancies from the bulk by adsorption of Clzlat the
- surface, For 012, this would be reversible on pumping out; but for
F2 gas, the sequence of steps suggested above locks the vacancies in
1 the surface as they become occupied by F on pumping out. It is possiblé
that this process will effectively dispose of a low vacancy concentration
in the Eulk, bub will not remove the vacancles completely if the initlal
'frozen equilibriuﬁ state is much above_room temperature, |
These considerations indicate that the relationship between - N
vacancies, electronic defects and chemical reactivity’may'not be a éimpié
’one. I suggest that electronic defécts'wiﬁh unpaired spins are readily
formed in vacuum-sublimed material becﬁuse 1t consists of essentially
‘perfect crystals devoid of trapping sites; and that the formation of |
:electrpnicbdefects'1eads to a high rgactivity for chlorine exchange., Yet
1t 1s unusual to conclude that the more perfect the crystal, the higher
its reactivity; and for the chemical reaétion with Fz, this material -

was noticeably‘unreactivé.
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A, Summa;x of Sistems Investigated for ESR Signals

| Table V

ESR gignals

§glig gxgé of solid sample Treatment
SrCl, reagent gfade-powder} F2
‘ single crystal
single crystal =~ irradiation

| MgClz' reagent grade powder

reagent grﬁdé powder

BaCl, reagent grade powder

 (1ow temp.)

"irradiationl

(room temp.)
¥,

thermal

decomp.

thermal

decomp.

signal associated with
Cl atoms and assigned as
an interstitial Cl atom.

~F-center-like spectrum

observed, but signal not
yet identified.

:nb signal,

‘no signal.

signal, basically of_six
lines,believed. to arise
from an impurity such as

Manganese.

six line spectrumvattri-

"buted to Manganese im-
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B, Reaction of SrC), with F

Both powders and single'crystals of SrCl2 were used in the

reactlons with fluorine. The powder samples were made by heating the
hydrated SrCl (Mallinekrodt analytical reagent grade SrCl . 6H 0) at
about 120°C in'a quartz tube while pumping the water off with a rotary
vacuum pump. The samples were heated for about 16 to 20 hours and then
sealed off in storage bottles until used. |

The single crystals were made by two methods:

(1) vy heating the»samplebuncer vacuun at a temperature
(120°C) which is sufficient to remove the waters of hydration. The
sample was then melted and cooled very slowly over a period of about
- two days. The corystal formed by cooling the melt slowly was cleaved
along rather ill-defined cleavage planes.

(2) by the Bridgman-Stockbarger technique (91). The cryst=
als grown by this method were generously ‘donated by Dr. J. A. Morrison
of the National Research Council. The starting material was Sr012°6H20

which was melted with.PbCl, in a graphite crucible. The PbCl, was used

2

to react with the water and prevent the formation of Sr oxide and

hydroxide. The excess PbCl, and the Pb oxide and hydroxide formed are

2

more volatile the Srdl ana therefore evaporated off. The melt in the

2
graphite crucible was thenlowered through a sharp temperature gradient.
A crjstal nucleus formed first at the tip (bottom of the crucible) and
continued to grow as the crucible was lowersd until the entire melt
solidified. - | |

The main precaution in haudling thekSrCl2

samples was to
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keep them out of contact with moist air for Sr012"is deiiqueacent.
Therefore, the transferriﬁg of the samples'was carried out in a dry

box or in vacuo.

Resu
Figure 17 shows the ESR spectra obtained in SrCl, by treat-
ment with F . The spectra are adjusted to a common microwave frequency

2
\>= 9.2442 Gc./seco

The room temperature reaction of SrCl with fluorine pro-

2
cucee a paramagnetic species in powder samples as well as single crys-
tals. The signal due to this center was found to grow ‘in the presence
of fluorine; and when the fluorine was removed the growth of the gig-
- nal stopped. In reactions with powdered.samples as wellas single crys-
tals there was—an initial rapid growth of the signal (in aome'cases
~after an inductiop pericd varying from_é to‘15 minutee) followed by a
slow growth which continued for as long'aa four hours (reaction was not
followed for a loager time). The fluorine pressure usually used was

29 cm of Hg since it was found that when higher pressures were used the
reaction proceeded ‘to ‘such an extent that the single crystal spectra
looked exactly like the powder spectra (Fig. 17a ).
| The reaction of F with the s1ngle crystals of SrCl in-
itially starts with the appearance of nuclei (presumably of SrF2 ) on
.'}the surface of the crystal which spread out quickly covering the whole
surface of the crystal. After the'reactioh?had been stopped by removal :
of F., there was usually a sharply defined 1nterface between the re-

2
. acted region (whlch is pale yellow, probably on account of the pres-

ence of 012 or C1F ) and the remaining unreacted;crystal. The center
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giving rise to the ESR spectrum was found by{sectioning thé soiid to
be present in the reaction interfacé and not in the deeper. layers of
the unreacted orystal. A weak sigﬁal was also fbund in the outer re-
acted layers, but it did not appear to havé strongly~developed oiien-
tation-dependent structure. The species formed was found to be very
stable even when the cfystal was eipoSed to air for periods up to even
& month. Evidently the reacted layer of SrF2 protects the inner material
from moist air. ‘

The spectra ih figure 17 can be interpreted in terms of a
.model in which the resolved hyperfine interaction of the unpaired "el-
ectron is with a Cl atom with a nuclear sﬁin of 3/2 (a more detailed
. explanation of the’model is given in the discussion section (b))._The
apectra are based‘pn_sets of fdur almost equally'apaced linés of equal
intensity; but suéh a set of lines is not seen undisturbed in any
spectrum which seeﬁs to indicate that the centers exist in a rgnge‘of
situations in the crystal lattice (as‘discussed below, the varigble
" displacement seems to be translational rather than orientational ) The_
nearest approach to a simple four line spectrum is seen in the lines
EFGH in figure 17b, in which H is parallel to a four-fold axis of the
crystal. . | ,
| A rough'computation showed ( see figure 16 ) that the‘main
: featﬁres of the powder spectrum of figure 17a can be aqgouﬁted for by a
hyperfine tensor and a g—tenéor which are both axiﬁlly_symmetric about
the x-axis. This sort of model reproduced thevseemingly extra peak E as
'éell as the peaks ABC and D. The splitting of}the foq:.linestBCDvin the

* powder were found to be about 80 gauss.
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The single éryéfﬁi spectra showed, however, that the de-
. fect was not axiall& gymmetrid abé@t any axis of rotation of the sin-
gle crystal. This iﬁdicateé that the hyperfine tensor has different
components (Ax, Ay, Az)'in thxee matually ﬁerpéndicularvprincipal direc~
tions, whichare identified by the changes in the specfrum on rotation of
fhe crystal as a four-fold éxia (z)_aﬁd two two-fold éxes (xand y) of -
the crystal. : a |
The directions and valﬁes of Ax‘and Az.were found by rot-
ating the crystal to ldcatevspeoial orientations in which maximum and
minimun splittings were observed ( refer to Fig. 17b and ¢ ). When H
v'.vas parallel to ﬁ fdﬁ:éfold axis (Fig.'i7b ) A, was found ( spectrum
EFGH ) to be 16 gauss and with H parallel to a two-fold axis A_ vas
found ( Fig. 17c, ABCD ) to be 92 gauss .( which is thevlaréesf comp-
onent of the'hypeffine tensor,). This épectrum also should shéw Ay
directly butvdue to the c&mplexityvof the'specfrum the'vélue of Ay had -
to be confirmed by a more détailed'andlysis of the spectra of Figs. 17b
- and 17c . If.one assumes that the defects in a single crystal afe ran-
domly orientated in the sense that}the x-axis can be any two-fold axis,
 any one orientatiqn of thevcrystal bre#ents the defeqt to the magnetic
field in two or three distinct orientations, so that the overéll spec-
'tfum is composed of two or three qfoups of four lines. Table VI shows |
for the special orientations of fig. 17b and 17c , the hyperfine split-
ting which should be observed and the relative abundance of the defects
oriented to give each splitting. The table also gives the direction
cosines (£,m,n) of the magneﬁic field with respect to the x, y, 2 '

axes of the defect. . . ‘ -



Figure 16 = Computed spectrum of the defect in SrCl
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Table VI

Direction of Direction cosines Hyperfine splitting  Peaks Abundance

‘magnetic field (£, m, n ) A=(£ AL +m2A2+n A2)1 2

H parallel to (0,0 ,1) Y  EFGH 1
(tigure 170 ) (142,145, 0 ) (1/24 +1/2Az)1/2 ABCD 2
Hparallal to (1,0,0) . & a1
c, |
(figure 17¢ ) (0,1,0) - A, ~ EFGE 1

(1/2,1/2,142) '(1/4A +1/4A +1/2A2)1/2 KL 4

It ;s now possiele to evaluate the component Ay from three
separate four-line-spectre. The'agreement befween these three spectra of
| the Ay-value makee it poasibdble fb datepmine that the spectrum in figﬁre
" 17c which displays A, ddrectly is EFGH . The value of A = 40gauss was
given by all three sets of lines.

| Since the g-factor tensor ( g ) and the chlorine hyperfine
: splitting tensor ( A ) are assumed to have the same principal axes, the
principal components of the g-tensor can’ be obtained from finding the
d-points of the foer-line spectre:cqrresponding te Ak’ Ay, and Az .
'The g values and A values oﬁtained for the defect are tabulated below in
“table VII with the limits of their accuracy. |
' Gardner (92) studying c1 etoms produced by irradiating Cl,

* adsorbed on silica gel obtained valuee'for the components of the g-

tensor, 8, = 2.003x: 0.001 and gyflgz~42.012 are similar to my values
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Table VII

Parameters of thé

defect

g, = 2,0028 + 0.,0010
g& = 2.,0194 £,0.0020
&, = 2.0162 £ 0.0010
.A¥l= 92 *1 gauss
Ay. = 40 + 2 gauss
Aé =16 +1 gauss

for a C1 atom in a SrCl2 lattice, My single crystgl results permit a
more precise anglysis_of the defect and its effect on the chlorine 3s
and 3p orbitals than wasvpossible in Gaidnqr's wqu on randomly-oriented
C1 atpms s (A closefianalyéisAof the g values gnd A values will be giv-
en in the next section (b)‘under Discussion; and comparative values of
parameters for Cl atoms in three differeﬁt situations are given in table
x ). | o

As previously meﬁtioned the lines obtained even in the single
crystal have powder like shape. This is illustrated in figure 17b and 1l7¢
by the spectra havihg apparentiy the foéitive'halffof the normal deriva-
tiv'e.peak at low field and the negative half of the peak at high field.
A complete analysis of the linewidth is not poséible both because of this
"powder" character and because of incomplete resolution of some of the
lines in the spectra.(Fig. 17c ). The linewidth, however, is clearly

anisotropic and there is a strong indication that the minimum linewidth
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is seen along thefz axis (figure 17b, spectrum EFGH) while the maximum
linewidth is seen along the four-fold axes | to z which will be called
xy. The linewidth 2(; =7 + 2 gauss is estimated as,‘for example, the
interval GG' and the linewidth 20iy as AA' or DD' (all on figure 17b ).
Sihce the lines are not normal derivative peaks the values

obtained fqr the hyperfine componenté will depend on where measurements
~ are taken on the "powder-like" peaké. In measuring the hyperfine compo-
nent.Ax using the (powder type) peaks ABCD in figure 17c one gets a max-
imum value of 92 gauss when measuring from the tops of the low field
peaks to the bottom of the high fieid,peaks. in figure 17b the peaks ap-
pear to be an intermediate between "powder peaks" and "single crystal
peaks" in characterf The value of‘Ay, héwever, shows that the peaks are
. close to "powder" peaks since a rqasonable value of A& was obtained by
y faking the hyperfine lines as the toﬁs of A and B and the bottoms of C and
D but not by téking those linés to be ét the points where the spectrum
‘returns to the béseline'(or'half-way 5etween, €.8« A and A' ). The compo-
nent of the g-tensor gy does not change, within experimental error, using
any of the above methods for determinipg Ay. _ |

| The relative intensities of the lines also indicate powder
character. The intensities of thé lines in a single crystal should be equal
but this is not the cdée; The inﬁef yihes in each.of the four-line groups
are generally more intense than the outer ones. The intensity ratio of
the different grouﬁs of lines was found to be roughly cdnsistenf with the
expected abundancessshown in table VI, For example, in figure 17b peak D
should be twice asintense as peak H, the ratio calculéted from (peak
height times linewidth) is 2.3 tovl{ and in figure 176 the prominence of

the peaks IJKL is roughly consistent with the abundance of four times
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greater than that of ABCD or EFGE.
b) Discussion .' .

| It is necessary to know the crystal structure of the lattice
one is dealing with when ettempting’to construct a model of the defect
under study. Strontium chloride has a fluorite lattice. with a lattice
constant of 6. 977 R at 26°C. Each anion is surrounded tetrahedrally by
four cations at a distance of'3.021 R asd octehedrally by six anions at
a distance only 16% greeter. 3.488 . The enisotrOpy as shown by the
epectra in figure 17 shos‘cleerlj that the chlorine atom responSible for
" the ESR signal cannot be in the highly symmetrical environment of a nor-
mal anion site i.e. a tetrahedral hole of the cation sub-lattice. Neither
can it be in an octehedral hole, which would otherwiee be an obvious
place for an interetitiaimetom; Both of these positions wohld give iso-
tropic interaction with the‘neighbourihg anions and catiens. Any dis-
plecement whatever of the Cl atom from en anion site must bring it within f
a distance less than 3 488 2 of at least one Cl ion, It is thus surprie-
ing that the ESR spectre show no evidence of a strong covelent interaction
with one or more neightoﬁring,anions leediné to the formation of such .
structures as 01; whics ere'well-knowsein:alkeli chlorides (36,39) i.e.
there is no indication‘that'the'epectra might be basiceily 7-line like
the V. -cehter. Estimates of the protable’bonc length‘in avfree Cl; ion
range (93 94,95) from 2,16 to 2,70 £ and the molecule-ion forms readily in
KC1 in which the seperation of enion sites is 4.450 2.

One is therefore led to propose the presence of an anion

vecancy adjacent to the neutral Cl atom. This would permit the atom to
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ﬁSve from an anion site.in a direcfion wﬁich increases its distance from
‘'all other anions i.e. towards the vacancy along a four-fold axis. This |
direction.is identified as the z axis, along which both the hyperfine in-
feraction and the linewidth have their minimum valﬁes.

The linewidth in colour centérs hgs‘been attributed mainly to
unresolved hyperfine iﬁteraction between the center‘#nd its nearest neigh;'

bours (36,39,70). In the SrCl, defect the nearest neighbours to the Cl aton

2
are two Sr atoms which have no nuclear spin (there is a 7% abundance of

Sr87

with I= 5/2 but it is of such low concentration that its effect may
not bekseen). The next pearest neighbbu:s,'the Cl-'ions. must therefore
by their interaction with the Cl atom cause the observable linewidths. It
is known that the closer the ions are to the defect the stronger is the
interaction and‘iherefore the larger thé‘linewidth;‘on this basis it is
possible to correl&te the linewidth with,the distance between the defect_.
e énd thé surrounding neighbouring anions. The ciééesf anions to the defect
iié, relative to the anion site from which fhe Cl atom is displaced, aiong .:
the four-fold aies.pérpendicular t6 z which may be designated (x i,y)
“gince they bisect the angles between fhe two-fold axés x and y. The max;
v'imum linewidth , as seen in figure 17b designated AﬁCD, was observed withl
the magnetic field oriented along the direction (x y) ‘The minimum line-.
width observed with H parallel to the z axis is of course consistent with
the absence of an anion neighbour in that direction. On this basis the
linewidth of ABCD in figure 17c which is due to the anions should be equal
to some value between 2c>;y and 2<r since the anions are closer than for the‘.

interaction causing 2cr but farther away from the Cl atom than the inter-

actlng C1~ ions causing the linewidth 2oiy.
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i) Model of the defect

‘ We must now consider two possibilifies, both illustrated in
figure 18. (‘In the figure the solid ecircles repreéent species lying in
that plane. For each dotted circle tﬁere are two ions, in planes lying
+ ab/2[§'abqve and.bQIOW'fhe plane of the diagram; X marks vacant anion
sites.) The Cl atom mayllie e;adtly half-way beéwgéﬁ two anion sites and
hence at the mid-point of the line between two neighbouring cations (fig-
ure lab ). or it mAy lie in an intermediafe positioﬁ as shown in figure
18a, In either case, the 3p orbital of the Cl atom oriented glong the cat~-
1on-catibﬁ line should be sfrqngly stabilized el§ctrostatica11y and hence
doubly océupied in the ground state. Thus the two;foldléxes x and ¥y are
not equivalent in respect of the environment of the displaced atom. Since
the high value of Ax-and the close correspoﬁdéhce of €, to the free-elec~
tron value (g=2.0023) indicate that the half-filled state is p_, the line
of the two nearest-neighbour catioﬁs is identified as the y axis.

The relative stabilization of p-states in the other two prin—‘
cipal diretctions is most easily visualized first in the situation of fig=
ure lef Pz is oriented towards fwo tetrahedral holes of the cation sub-
lattice, marked X in the diagfam, which are‘thé normal anion sites of the
. SrCl2 lattice. Px is oriented towards the norﬁally,unoccupied octahedral |
holes, and should be somewhat lesé stabilized_than pz in. conformity with
the experimental indicatioh that'px is thevhalf-filled state. The crystal
field.eplitting of the p-orbitals is prgéente&'below, Figuie 19 giveé an

5

energy level diagram for the 3p” case (it also includes the 3s orbital

- the position of which is uncertain).
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Figure 18 - Models of the defect in SrCl2
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Figure 19
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It is ugeful to think of the defect as a molecule composed
of fhe Cl‘atOm and two néighbouring cations, with'its'symmetry modified
by-thé remainder of the environhent, particularly the cations which de-
termine the positions of the octahedral and tetrahedral holes referred to
above. (Evidence on the invélvement of orbitals on the nearest cations is‘
assessed in detail below.) On this basis, the arrangement of figure 18a

may be thought of as a €, molecule, and it is usefﬁl to compare my re=

v

'su;ts with, for exaﬁple, the study by Cole (96) of (10, molecule produced

2

as a defect in K0104. The coordinate system I use corresponds to that

used by Morton (97) and later by Carrington andMclLachlan (60) in discuss-
'ing ESR spectra of C2v molecules; Morton changed the assignmént of coordi-

nates used by Cole for €10, on the basis that the unpaired electrdn was

2
probably in an orbital of by symmetry rather than a, as assumed by Cole.

My assignment of the unpéired electron to the Py orbital, perpendicular

to the plane of figure 18a, likewise represents b1 symmetry.
If the geometry of the defect is as shown in figure 18b, its
symmetry is nominally higher: goh if one thinks of three atoms only, mod-

ified to D,, by the rest of the environment., This symmetry has three two=-

2h

fold axes, while C v'has only one; but the properties of a D, molecule

2 2h
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may be very different in these three directions, while for 02v the orbital
electronic properties often approximate to axial symmetry about the X axis.
as implied by the suggestion of sp2 hybridization in the yz plane in fig-
ure 18a. '- o |

My results thus seem most consisteht with the model of fig-
18b, with the degeneracy of the 3pvorbitalé comﬁietély liffed (energy in-
creasing in‘the order py, pz, p, a8 shown in figure 19 ). the 3s and 3py
doubly occupied, and the spin density mostly J'.n’px but part1y in P, This
‘model is developed quantitatively below in téfms of the components of the
g and A tensors. |

=shifts

The observed spectroscopic splittingvfactors were found to
deviate from the ffee»electron value. Table VII gives the measureé compo-
nents of the g-tensor referred to the x, y, 2 axes of the defect , see
figure 18a and 18b, The 8y component is very c;ose to the free electfonv
value‘ge= 2.0023. Thg domponents gy and g, show a'rather large positive -
deviation from 8y? indicating that the resonance arises from an électron
deficiency in the halide ion.noble éas cbnfiguration.

The calculation by first-order perturbatidn of the g-shifts
brought about b& spin-orbif.coupling between p-orbitals whose degeneracy
" has been lifted by a érystal field is well kﬁown (58,60,92) and is discus=
sed briefly in section B(d)(ii) of the intrqduétidﬂ of this thesis. ﬁsing'
the model of the defect previously d%scﬁssed; fhe'p orbitals split'byjthe

crystal field for the 3p5

5

configufation of the Cl atom are shown in fig-
ure'19. The 3p” configuration can also be expressed as a hole in the 3p6

complete shell and henoe'it‘can be treated as a ﬁositively'chargéd electron

[
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in a 3p1 configuration. Using this terminology the energy level diagram

~ of figure 19 would have to be inverted, as shown in figure 20 below. .

Figure 20
? 3Py
r 3Pz
| |2
9
3Px
The relative energies indicated for the px.'py and pz orbitals correspond

" to the experimentally determined g-shifts, agvdiscussed below. The tran-
sitions shown in figure 20 are respansible for the g-shifts since the
ground state pi is mixed with the upper states P, and py by the Ly oper=-
ator and the Lt 6perator reapectively; If the energy differences betweeh
the states connected by the spin-orbit interaction are Axy and sz as |
shown in figure 20 and the spin-orbit coupling constant is )\, the re-
| sulting shifts from the free electron g value>go are (from equations:
36 6f the introduction):
Agx 20
Agy = -2X aijbxz .
| Agz = 2N az;?;/Aw
where ai is the amount of p -character of'theAunpaired electron.The
values of the g-shifts were found experimenfally to be 0.0, 0.0171 and
0.0139 for Agx. Agy ahdvAgg respectively. The g-shifts are inversely
proportional tq the energybof the transition_from the'ground state to
the higher energy stateé. The vélues of the g-shifts thus'indicate that

the p orbitals are in the order shown in»figﬁre 20, Using the experi=-
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mental values for the g-shifts, with X\ = =586 em L (which is 2/3 of

the doublet sepafation of the (né)?(np)5 state and has a negative sign
for the positive hole_situation), and using a2 = 1.0, the maximum upperi
limit of the transition energies is calculated. The calculations show
that A&y = 10.5 eV, and that P, lies 2 eV be;ow py, i.e, sz = 8,5 eV,
The following section on the interpretation of the hyperfine tensor shows
that the state of the'dnpaired electron (6; hole) has nearly completely
p-character of which at least 80% is due to fhe px orbital, Theréfbre_
the value of a2 has a minimum value of 0.8 which gives a minimum value
for Axy and 1) 'z of 8.4 eV and 6.8 eV reapectively. The true energy values }
of the transitions are somewhere between these valuee for ai = 1, These
figures may be compared with a crystal field aplitting of about 15 eV
found in Gardner's work,(gz). Although :the splitting is somewhat smaller

(7“10 eV) in the SrCl, defect it is still larger than the familiar range

2
of d-o:bital splittings.
| Interpretati f the rfine ten
The.terminology used below to‘felate the hyperfine inter-

action to the fractional s and p character has been explained in section
B(d)(ii) of the introduction of this thésis. A#; Ay’ and.Az are used.for‘
the principal components of the hyperfine'tgnsor;_and Aiso and A;, etc..
for the same data analyzed into isotropic and anisotropic Qontributions..
The symbols‘ig and OD were introduced in_equations 9 and 15 of the introd-

- uction of this thesis to relate these to properties of atomic 6rbitals 

and are ¢efined as

3=, /1)(8«/3%#2(0)

38 or. 4s

P = (/uI/I)(-2/5)<;~;3>_'
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in which for a Cl}l5 nucleus (4%1/1) = 2,76 x 10-24gauss cm3.

The s character of the state of. the uupaired electron is

. probably chiefly 3s, and for this Whiffen's value (98) of qu(o) for 01:5>
- which is 10.64 a.u. or 71.8 x 10%4en™> is used. This is slightly higher
24 |

than the value of 69 x 10 cm-3 uged by Kinzig and woodruff (39). and
gives a maximum valve.for AS « To determino'tue greatest possible effect
of any 48 admixture, I have also made some calculations using a minimum |
~ value of _8 calculated from Kinzig and Woodruff's value H’/2(0)4s =5.72 x
10%4en™>, For <:?§3:>>I'followed Kdnzig et al. (36,39,) and Gardner (92)

| iu using Sternheimer'svvaluc (99) of 55.6 x 10%%en™>, Wniffen (98) and

~ Morton (97) (who I will call W and M ) give a soméewhat gmallor value of
6.71 s.u. which is 45.3 x 10°%m™>, Adoption of this value would not sig-
nifigantly alter any conclusions.which were drawn fiom the calculations, -
Houever both values were used for comparison in table VIII(a) and (b).

With the above selection of numericai‘values one'hgs:

&

1662 gauss ( 3s, Whiffen )

&o

132 gauss ( 4s, Kénzig )

<
N

61.5 gauss ( Sternheimer ) .

® n = 50.0 gauss (w and M ) .

Using the resulfs of the discuosion on the occupancy of the
p orbitals in section B(d)(ii) of the introduction, I assume that the
state of the unpaired electron can be represented by contributions from
an s-orbital, Py py, and P, the fraction of the spin density in the
- four states being ﬁ in 8, a2 in p ’ a§ in py, and a2 in P,e However.
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Table VIII

Character of the state of the unpaired electron.
a) Using s, 3p_, and 3p_-orditals

3s orbital 4g;gzh$£el

‘ Az pasitive ngggjixg | pbagggvg "neggggvg
82 (%) 1.3 L1 .8 T L4 12,0 o1 8.0
82 (#® 693 69.4 B3.9 84,0 60.1 618 Te.t T8
52 (# 29.4 ‘29;5 15.3 15.3  25.5 ,:26,2 ' 13.9 142

(P/3 assumed .037 4030 .037 .030 o464 .378 .464 378

@ ‘from expt'l 6305 6304 ) 5204 5204 73.2 7102 57.6 v 56.5
results ' S ‘ '

b) Using e, 3p,, and 3p, orbitals
3s_orbital ‘ 4s orbital

A, positive ngg;t;vg ‘jggggg#g '._ negative
 9? (%) 5.1 462 . 2.5 2.1 40.8 >.35.5-“'24.é 21.1
52 #7120 728 ;64.é. 64.5 45.0 49.0 49.5 52,0
| 63 (%) | 22,8 23.0 33.3 33.4 14,é' 15.5" gs.v 26.9

03/28 assumed <037 .030 .037 o030 o464 . .378  .464 .378

(P from expt'l 35.1 34.8 56.1° 55.8 56.2 . 517 2.7 69.3
results S - .
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as pointed out in the introduction oné éan only determine experimentally
the difference of the occupation of two of the p-orbitals frop that of
the third orthogonal one. Therefore assuming that py is least occupied
and using equations 27, 28, 29 and 30 of sectioan(d) of the introduc-

tion the eipressions.fqr the components of the hyperfine tensor are:
ey 2 _ 2
A p._3+ (26, -6, ) GO
r = RP -2 <2
a=Fd sl DB
A = A2 2 _ 2
a, = B3 + @ -6 O

from which the quantities relating to orb;tal occupancy are calculated as

23 = (1/5)(a +a +4,)
§2P = /e -a )
G2P =), =)

The above exprgssidns may be counverted tovthe'cgrresponding expressions v
for P, (ir pz»is the 1§ast oocupied étate‘)vby interchanging subscripts
y and z on both the A's and the {'s. | | | |

| | Since each of the above expressiona reppresents a positivg
quantity using ﬁhe experimentally determiﬁed falues of Ax; Ay.'and Az'  
from table VII of the résults sectio#, oné §an readily see that Ax mﬁst'
be positive,vAy must be gegative and-Az is indeterminate. I full genéral-'
ity, A..y is glsO'indetérminate because if the eipressions are set up with
p, as the least occupied state instead of Py then Ay must be positive.

Table VIII.(a) and (b) give calculated values of 62. 6i, and
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;i or y for the 33.and'4s cages. The evaluation of these parametérs

requires a value for ”»/ 8) . The value of 03/2% varies. with the s orbi-
tal; for e 3s orbital it is (1 x/ 5mx = 0.037 and 0o/ \0 mx‘ = 0, 030
and for a 4s oriital' méx/ *égmin 0.464 and (f) /“)min ='04378.

Table VIII(a) shows the calcoulated results assuming that Py
is the least occupied p orbital and using A poaitiVG, Ay negative, and
A, both as positive and negative ( which I will call case 1 ).

Table VIII(b) has p, 28 the-leaét_occupied orbital and A_
positive, Ay positive, and A positive and negative ( case 2 ). Both
tables show that s character is much increased if it is assumed to be 48,

especially in case 2, The two possible;values for the s character as seen

from table VIII(b) are then 24.8% and 40.6%. I consider these to be the

- least likely of all possible values and therefore_indicate with some res=-

ervations that the 3s orbitals are mainlyﬁinvo1ved. Table IX summarizes
the results obtained by using the 3s and 3p orﬁitals and indicates that
the'unpaired'electron is of almost pure picharactef. The value of 62'and”
62 or 62 are the minimum value of the amount of p-character since (using

y
equations 27 of section B(d)(ii) of the 1ntroduction ) for case 1:

2,2 _ 42
sx ax ay
and
2 o2 o 42
‘ 62 az ay
2

Since'ay is either positive:§r Zero 5§‘anp.5§ are é.minimnm yalﬁe of the
p-character. It is‘diffidﬁit to choose be#weeﬁ fhe values obtained usiﬁg :
3s orbitals with Az‘eithér positive or ﬁegative‘just from the numericgl

data, I chose, as the most likely set, the values given in the right hand

column of table IX, which snpport the model of figure 18b and the 1ndica4 
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tions from the g—-shifts fhat py lies lowest of the p-orbitals in a posi-
tion closest to the 3s orbital ( as shown in figure 19). It is reasonable
- that the py orbital is least occupiqd by the unpgired electron and it is
_possible that the 3s_and'the'3py forn a pair of sp hybrid orbitals.

It should be noted, however, that the célculation using 4s
'.'give & very much lowér value of 52/32, the two possible values being
1.78 and l1.43. Thué the ﬁoSsibility that the orﬁitals'in the yz plane are
épz hybrids, in conférmity with figure 18a,'cannotvbe entirely ruled out,
although a large contributioh from the 4s orbital seems unlikely.

It is not possible to determine unequivocally from the avail

" able data whether there is subsgstantial délocalization>on-the two nearest .

.cations, The values of OD from the experimentel results ( bottom of table
IX ) are for qoet calculations within the range of fheoreticél estimates
"( 61.5 to 50000 gauss ) suggesting localization of the electroh; but -

~ table X shows that our ﬁalues for thevcomppﬁénts of the A ténsor‘résem-‘
ble those found in €10, '
atom adsorbed on 8102. Those latter values seem a little high,'bothvrel-

.more closely than those found by Gardner for-a Cl

ati%e to theoretical values and relative to. the double valueas of the hyp- |

erfine constants found 1n the work of Klnzig et al on 012

' as Gardner points out, should be comparable. Evidently the range of un-

ions (39),which |

ce:tainty in these comparigons‘is such that-no definite conclusion cqn be

drewn on this point. In genéral, however,-fhe-éimilﬁrity betwegn theAvalq
ues of g and A gomﬁonénfé for‘the‘defedt'studiqd here and for 0102 is |
gtriking. : | »
| ‘In table X the subseripts a, b, ¢ and d are defined as

followsé
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Table IX

Character of the state of the unpaired electron

from hyperfine splittihg and known constantg of 3s and 3p orbitals

Range in the = Values considered
calculations - most likely (p_ ,
, | | ‘with A negative)
s-character, 10262 " 0.8% to 5.1% ; 1 0.8% ‘
2,2 , 2 .
p-character, 10°(67 + 6. o ;) | 94.9% to 99.2% 99.2%
10%2 69.3% to 83.9% 83.9%
10255 or 10%2 15.3% to 33.3% o 15.3%
(53 o 62)/6% - 4.5 to 226 19.1
g G’=(/u1/1)(2/5)<r;3> 35.1 to 63.5 G 52.4 G
Table X
£ and A'tensor components for Cl atqﬁs in various environments
' Component " €1 defect in src1, Cl0, in KC10 . C1 adsorbed on
_(thig work) (Cole?®, Morton ) S10, (Gardner??)
g, 2.0028 .~ 2.00% 2,003 ° |
g 2,0194 '2,0183 '
y - | - 2,012 + 0,004
g, | 2.0162 - B ' 2.0088 -
Ao 825 - (o) S’ o1
!''m A = a ‘ ’ b l ctd
AL = A=A () C 58 184 )
' = - o 8 . b - Cy
Ay = A=Ay (¢) 52~ 31 92
) = - o 8 —on b . Cpd
A=A = A (¢) _28 _ 27 -92
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a Negative sign assumed for Ay and Az.

b Assignment of co-ordinate system is that of Morton, not
that first suggested by Cole.

© I have changed the designation of the axis of symmetry

from z in Gardner's paper to x here, to facilitate comparison with the

other data.

d 1

Calculated from Gardner'é B = 2,58 x 10-2cm- = 276 gauss,

agsuming axial symmetry.
iv) Reaction pechanism
It should be fecalled that the;defacts giving rise to the
ESR signal are known to lie Qlose to the reaction interface; thoﬁgh evi-
dently not near'enough to allow any interaction‘with fhe large magnetic‘ ‘
moments of the fluorine nuciei. One may enviéagé the reaction as invol~
ving the successive removal of cations ( to_fhe growing SrF, crystals )
and discharged anions ( to the gas phase as C1, or CIF ). The removal of
each anion provides the neceésary situation for diéplacement of an anion
in the immediately subjacent iayer. | ' | | |
While the pogifion indicated in_figure 185 has been identi=- |
fied as the most probable one to which my quantitative data refefs, if
should be recalled those data refer to the maximum value of the hyperfiné
interaction, and that the "powder" charactér‘of‘the lines in the single :,'
crystal spectra suggested the existence éf-a contiﬁﬁoﬁs range of vaiues -
below this meximum, The reaction mentionéd abdvé must ococur by the f&l-l
lowing reaction mechanism to-éssqre tpe production of the defecti the -
oxidized anions are removed to the.gas,phase somewhat ahead of the migr-

ation of the cations tovthe growing SrF2 cryétals. Thus anion facanciésv
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are created near to the reaction interface which enables the defect to

be formed. The displacement of the underlying anions towards the vacancy
is aided by the discharge of the anion which provides the unpaired elec-
tron. In turn, the neutralization of the anions loosens the attachment of
surrounding cations sd that they can start tq move towards their ultimate

positions in the SrF, lattice.

2
The Cl1 Atom approaches the reaction interface ( 1.e. the an?
ion vacancy ) along the z axis, which may tﬁus bevthought of as a "reacti-
on coordinate" and may pass through a range‘of.ﬁositions of the.type
illustrated in figure 18a, exhibiting its maximum hyperfine splitting
when it passes betﬁeen two cations in the speci&l position of figure 18b.
It is possible that in this condition.thQ»Cl atom is at the top of an
energy,barrief for migration; and in that case the defect I have studied

~ in this work may be called & transition complex.

The spectra are thus consistent with the reaction scheme:

1/2F2(g) + C1 (subsurface) ‘1 > F-(Ser) + Cl(subsurface)

C1(subsurface) =——————> Cl(intérstitiél) (defect under study)

sr? (aurface) _— 5p? (SrF ) (disorientation of 2-fold )
axes

1/201 (2) (determines 4-fold axis
- for next layer of defects)

01 (interstitial) -
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A, Computationg
a) Fortran 4 computer programme

c THE DEFECT IN F, TREATED KCl AND NaCl

DIMENSION ANS(5000),Y(100)
DIMENSION HS(20), DER(lOOO) ZN(lOOO)
LOGICAL ITR,JTR -
EQUIVALENCE(NII NI)
CALL PLOTS
FORMATS
- FORMAT (8F10.0)
FORMAT (1X,3HI=I3, 6HIHI-14,6HH(I) F10. 3,12HARRAY(IHI)-F6 2)
FORMAT(1X, 13F10,2)
FORMAT (1X,2110)
FORMAT (16,F10,3 )
FORMAT(16IS)
INPUT STATEMENTS

Ao WO

IMAX: THE OVERALL HISTOGRAM SUBDIVISION -

NI : NUMBER OF ANGLE CALCULATIONS

*d

DIVISIONS OF 4 NORMAL CURVE

P

go
(4122
(a2 (12)?

B
c
D gﬁ
B 1gi- 3,2,
F :(A%f)z
6 (-2
CAT(K): WO B
SIG : O ON NORMAL CURVE
DXX & DIVISION OF NORMAL CURVE AS A FRACTION OF o~

2095 WRITE(6,2096)
2096 FORMAT (1H1)
READ(5,6) IMAX, NI, NP
IF(IMAX.EQ.O) G0 TO 2005
WRITE(6,7) IMAX,NI,NP ' B}
7 FORMAT (35H NUMBER OF HISTOGRAM SUBDIVISIONS = ,15,5X,31H NUMBER OF
1ANGLE CALCULATIONS -,15,5x,/413 NUMBER OF SUBDIVISIONS OF NORMAL
1CURVE =-,I5)
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READ(5, 1)4,B,C,D,E,F,G,CAY
WRITE (6, S)A B c D E F G CAY
8 FORMAT(BH A—,mz 5 5X,3H B=,F12.5,5X,34 C=,F12,5,5X,3H D=,Fl2, 5,/
15X,3H E=,T12, 5,5X,3H F=,Fl2, 595xn3ﬂ G—,HZ.S,SX,BH K-,FlZ 5) :
READ(5 1$sm, DXX
_ . WRITE(6,9)SIG,DKX
9 FORMAT (8H smm_ F12,5,5X,5H DX-,F12.5)
- PII=3, 11.159265/(2 O*FLOAT(NI)) ,
c INITIALIZE ARRAY
DO 11 I=1,5000 ‘ :
11 ANS(I)=0.,
THE =0.
DX=0. 5*DXX##2
Y(l)"l. )
: DO 210 I=1,NP
210 Y(I+1)-EXP(-DX*FLOAT(I*I))
WRITE(6,3) (Y(I),I=1,NP)
WRITE(6, 3)
Hcc=cu/scm(n)
22=3,0%* (A*SQRT( (B+C)/D)+3QRT(F+G)+1 5*31@)
2=2,0%22
FACT‘FLOAT(IMAX)/Z
HM=HCC=-2Z2
HMAX=HCC+2Z2
DS=DXX#SIG*FACT
WRITE(6,12) HM ncc,mx
12 FORMAT(IBH H MINIMUM= F12.5,5x,12H H cmm—,mz 5,5X,120 H
1MAXIMUM=, F12.5/) , ~
WRITE(6,13) :
13 . FORMAT(68H CENTER (H) DPRIM(H) DSECND(H) cmmn(m) DPRIM(MOD) _
~ 1DSN(MOD) . DX(MOD))
DO 1000 IT=1,NII
THE= THE + PI1
SN=SIN(THE)
SINTHE=SN##2
COSTHE= 1, - SINTHE.
UU=SQRT (F+G#*COSTHE)
TX=1./SQRT (D+E*SINTHE) .
TT=A%SQRT (B+C#COSTHE) #TX
HH=CAY*TX
HV=HH - HM -
T=TT#FACT
U=UU*FACT
HC=HV#FACT . S '
WRITE(6,3) }mr'ruuncruns
ITR=.TRUE,
DO 20 I=0,3
AA=T ‘
HT1=(4.0 - AA)#(SN) -
DHP=AA®T - .
HP1=HC+DHP
HP2=HC-DHP
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JTR=.TRUE.
DO 30 J=0,3
IMAX=4
Jp=1
BB=J
HTZ-HTI*(L.-BB)
DHS=BB*U
HS (1)=HP1+DHS
HS(2)=HP2+DHS
HS(3)=HP1-DHS
IF (ITR) GO TO 38
IF (JTR) GO TO 39
HS (4 )=HP2-DHS '
37  TDS=0. ,
DO 40 K=0,NP
DO 50 JJ= l,JMAX, JD
L=(HS(JJ)+TDS) -
=HT2#Y (K+1)
IF(L.LE.IMAX) GO TO 400
WRITE(6,4) L
L=IMAX
400  CONTINUE
ANS (L)=ANS (L) +HH
IF(K) 44y 50,44
44,  CONTINUE
1=(HS(3J)-TDS)
IF(L.GT.0) GO. TO 403
* WRITE(6,4)L
=1
403 CONTINUE .
ANS(L)=ANS(L)+HH
50 CONTINUE
49  TDS=TDS+DS
40  CONTINUE
: JTR=.FALSE.
30 CONTINUE
~ ITR=.FALSE.
20 CONTINUE
1000 CONTINUE
" FACT1=1./FACT
DO 203 :I=1,IMAX
ZN(I)= (FLOAT(I)*O 5)~FAcT1+HM
203 CONTINUE . -
© IML = IMAX - 2 :
DO 206 i1 = 2,IM
DER(I) = 6. O*ANS(I+1) - ANS(I+2) -2, O*ANS(I-l) -‘3 O*ANS(I)
206 CONTINUE
WRITE(6,130) (I,2ZN(I) ANS(I) DER(I) I—1,IMAX)
130  FORMAT(3(5X,15,3F10,2))
' CALL ALPLOT(ZN ANS, IMAX,7H Y AXIS, 7 ’ 8 0,7H X AXIS, 7, 10, o)
CALL PLOT(12.,0.,-3) '
CALL ALPLOT (2N, DER, IMAX, 7H Y AXIS, 7, 8.0,7H.x AXIS, 7., 10.,0)
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CALL PLOT(12,,0.,~3)
GO TO 2095 .

39 JMAX=2
GO TO 37

38 JMAX=1
IF(JTR) GO TO 37
JD=2
JMAX=3

. GO TO 37

2005 CALL PLOTND
END

b)_Computed gpectrum obtained for defoct .n KCl
The spectrum obtained, using the Fortran 4 computer pro-
gramme found in (a) of this Appendix, for the defect in KCl is shown

in figure 21,
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Figure 21 - Computed spectrum obtained for defect in KCl
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