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PHOTODECOMPOSITION AND REACTIONS OF HYDROXYL I10NS AND
HYDROGEN DEFECTS IN POTASSIUM CHLORIDE CRYSTALS

Sparo Penba Morato

ABSTRACT

Subitivutional DM~ defsats in elkali halide crystais cam be dissociated 'ty irrsdiation with UV light inta
oxygin — gnd various formng of hydeogin — defecte This photodissociation process was studied over & wide range of
temparetune {4-300K |, wnd the various hydrogen maction products wera identifised ty their charecteristic tlectronic
Il'-ll:lIDI'Ptim lin the UV} and Iocel mods abaorption {in the |A ranga). Besides the wall known g bet tudonel and inoeretitial
H and H datscts, 3 new hyorogen canwer was found a8 the main final reection prodect of the photo-dissociation. |t &
cheractarized by a single strong | R band at w="1112 cm _I, which: displays an |jotope sbtt GAH} = GAEN =\|'E-, indicating
& jocallzed mode af B charged hydrogan atom in a cite of high symmetry, The kinetics of formetion ang sonvasion of thia
dafect under UV and X-ray imediation wis studied in detail under a varlety of conditlons. Theos expariments pllow us 10
formulete #1 & strocwral model 8 hydrogen don (H7) in a body-centamed interstitiad position with a trapped hola
symmatrically yharad by the four nearest lattics anlan nelgh b,

If F centerp arx xiditicnally presant in the crystsl, the hydrogan prodree of the OHT photodissociation can
teasy with these F caniters (n vanious ways, Therefors the UY light indoced processes [eed to en effectiva bleaching of the
vinble F cantar absorption {eclor!, The poesible powntial of this procew for optical informetion iorsge was mewd sad
dempngtrated by tha UY light producrion of high contrmay, high rezolutipn and thermally stabls visicie |[mages in the
eryrtals,

| — INTRDDUCTION

The obisctiva of this work i 4 fomprehensive investigation of the photedissociation of
substituticnal OH~ defects in K1 over a wide range of termperatures, including the study of tha primary
and secondary reaction products af this photodissociation and their interaction ar reaction with F canters.
The used KCl host material stands as a reprasentative for the large family of cubic alkali halide crystals,
while thea OH™ jon represents other diatomic motecuiss of the type XH™ (like SHY, with supposedly
similar propertiss. The observed phenomena and procasses in KCI:0H™ may therefore be regarded L
modml case for a large group of (orystal + defect]-systems,

The essentizl motivation for this investigation can be briefly summarized in terms of savaral
interesting physical aspects of the swdiad systerns and procasses:

1 — Substitutional OH- defects are a prominent impurity in besically sll melt-grown and natural
AKali halide crystals, Their presence — even in small guentities (~ 107 — has pranounced effects on many
physical proparties of the host crystal, lika opticatl! 12! distectric'® 4! and elustic'® ® behaviar, jonict?!
and tharmat cundu::tivitw,r,m' phatechemistry'®-10! and radiation damagn” Y, Besices this, the presanca
of OH™ [mpurities can even influance the photochamical behavior of othar larilce defects
(like F-contars), as we will show in this work.

2 — Hegldes baing oftan an unwanted impurity, the OH™ jon -~ the most simple heteranuciear
diavomic Iattice defect — is a vary intaresting antity which has been axtensively studied for its own sake. As
the OH~ molsculs carrias an etactric dipole moment 120 as well as an slastic dipale moment' ' 3 idue 1o
ite nonspherical shape), it gives rise under electric field or stress application to parselectric and parasalastic
ordering phenomana''* 15! Thess and many other interesting festures havs besn studied extensively for



the defect in its electronic groumt state, i3 properties and behavior in the exgited state after
Rhoto-excitation (like the dissacistion treated here) are so far very little understobd.

3 — The photo-dissociation of OH " ions makes this defset a direct sourca of hidrogen atoms or
ians, which can occupy various substitutional or interstitial sites in the crystal, Hydrogen defects are tha
most simple and fundamentsl chemical impurities in crystals, which — due 1o their simpla structure — are
best aecassible to a ful| quantum-mechanical treatment of their properties and interaction with the
surrounding lattice. Studies of hydrogen impurities sxtend beyond slkali halides to many other sofld stats
systems  and gre particelarly important in metals. Aikali halide crystals are especially attractive and
informative for these studies, because the {substimational or interstitial} hydrogen can ba identified not only
by UV tramsitions due to electronic excitation '®! but also by infrared transitions due to the axcitation of
tha {small mass} local mades of charged hydrogen impurities' ' 7+1

4 - As in many cther solid state systams, the pracess of radiation damage — i.e., tha formation of
fattice defects by high enargy radiation — has been studied extansively in alkali halides' ' ¥, Most importent
in thess studies is the undarstanding of the elementary formetion process, the primary creation of
vacancy-interstitial pairs and their secondery reactions at low ternperatures. Hydrogen interstitigts, creatsd
by “optical radiation damage” through phota-dissociation of substitutional QM- or H- impurities, have
played and still play 3 model role in the attempt to understand both the primary process and the secandary
reactions of the formad interstitials!'8-201

& — Alkaii halides with color centers and impurities, which giva rise to photochemical reactions,
have bacame recentiy important for possible appiications as photochromic media for opticel infprmation
ltnrnnuu” (particularly far the storags of “Bragg-angla hnlugrams"uz]}. The photochemigal reactions
invelving OH™ and F centsr defects, treated in this work, allow us to fmake an {invisiblel UV light
biasching process zppear as a high cantrast bleaching process in the visible range. This feature msy make
this process attractive for information storaga or displey invalving UV light,

tn the following chapter {I)], we will give a more detailed account of the physical hmk“rﬂun_d
which is necessary for the understanding of the parformed experiments and their discussion. This wil
inciuds a survey on the dafect structures to be discusssd, & surnmary of the main physical pr'}p'dr?‘
of OH defects as well as of M~ defscts and thair reaction produets, and a briaf digest of tha man
aspects of the elementary process of defect formation by radistion damage in alkali hﬂ”'-'l‘“' erystals.
Chapter 11| ¢ontaing a description of the apparatus, crystal preparaticn and experimental Mh”'q"_'“_ used.
En Chapter IV we present the experimental material and discussicn abput the primary phatodissociation of
KCIOH™ and KCIOH™+F systemns below 100K, In this same chapter we extend our ‘“‘df" to the
photodecomposition of one of the OH™ primary products and discaver a naw and wery interesting
hydrogen center. in Chapter V and Chapter V) we trast the OH- photodecomposition in the same
systams for the 100-200K and 200-300K temperature intervats respectively, Finally, in Chaptet Vi, wa
discuss the practical aspects of aur systems for U, center formation and optical information storage.

i — PHYSICS BACKGROUND
A. NOTATION OF THE DEFECTS TREATED IN THIS WORK.

A large nurnber of intrinsic and extrinsic peint defacts, of both substitutional and interstitisl type,
will appear in the measurements and discussions of this work. Most of tham are well known species, whic.h
have been extansively studied in previows work and have been cleerly identified in terms of their
microscopic defect structures. In spite of this characterization by wel| established microscopic modals, Thﬂ
description of these defects has followed so far mustly 2 Nistorical and completely illogical and canfusing
notatien system, which is understandable enly ta the insider. We tharefore give, in Table |, 2 compilstion of
the point defects treatad in this work, listing their structural mosel, their bistoricsl name, and tha
descriptive symbols. Similarly, we iltustrate in Figure 1 these poing defects by a schematic represantation of
their microseapic steieture ing -~ 100> crystal plane,
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Survey of the treated point defects in KCI, in terms of their
structural model, their historic notation, and the
svrnbol which will be used in this work.

Structural Mode|

Anion vacancy

Electron trappsed at amon vacaney
Substitutional hydroxide ion
Substitutional hydropgen ion

Water molecule trapped inan F canter

Substitutional Hydrogen atom
Intapstitial hydrogen ion

| nterstittal hydrogen atom
Interstitial chlorine ion

Interstitial chlorine atom [in <2 1107
“erowdion” configuration)

| nterstitial chlarine molecule

+ - + =

+

Hietoric Motation Symbeol
#t Center _;-"J
F Canter ;a'_rj
OH™Center E!H “i
U Canter |!_-1_]
H, 0 Center Hy0"
I"wet F centar’’) o
U, Center H
U, Center HS
U, Center HY
1 Cemer o
H Center ct’
H* Center 1o

*+ - + + =

F o= + = + |@g
OH= + OH]+ - +

HO= + - + @+

- - -
FA-P'I"?[N—&-+

- 4+ = %
1 = cr
+ + -

H & CF c
- *

+ = 4+ - =+

+ IH|+ - + 4=

+ - 4 [H] + ey,

He *l,
H <=1,

TE- v - ¢ *H

Figure 1 — Structural rmodels of the defect centers treated in this work.



In the resction equations, when we talk about particular dafect centers, we will usa as much as
possibla the physical symbols listed in the third column of Tabis | [The square box stands for a
s:.nbﬂimtilnnal, the index i for an interstitial site). For the optical absorption bands in the UV visible
rangs, wawill, however, use the long establishad historic notations, is., U, U, and U; band,

8. THE MAIN PROPERTIES OF OH ° DEFECTS.

Early observations of alkali halides containing OM~ defects showsd that when subject ta UV or
Xirradiation the OH~ defset could ba sonverted into other defacts such as the U and the F centars
From the fact that these reectlon products are defects of zn anion lattice site, it was concluded that
the OH™ defect oceupies o substitutionsl plscae in the lattica. Mors racently, combined measuremants of
the macroscopic density and microscopic lattice paramater for the KCLOH™ systemn confirmed the
substitutional model for the OH™ defact bayand any doubt! 23

OH™ impurities incorporated substitutionally in alkali halides give rise to thres types of optical
excitation: an electronie, vibrational and hibrational sbsorption The alectronic absoption consists of @
broad, structureless end asymmetric band the UV which shows only 8 amall nerrowing effect when the
crystal is cooled to low temperatures, |t was found 219 that the pasition of the UV sbsorption maximum
af the OH~ defect in thirteen slkali halides follows an empirical ralation {first observed by [vey for
F centars) which connects tha nasrest naighbor separation {d) with the maximum of tha bend (o, ,,) in the
form of

v = g81.d° %

max

This empirical relation supports the enelogy of the OH™ UV absorption with the first “c““"'c
absorption of the host crystal. To explain tha excitonic spectra os alkali halices, Hilsch and Pohl
suggestad that the absorption of a photan would induce an alectron charge transfer from a helogen fon to a
nearest neighbor alkeli ion. This process could successfully predict the positions of the sxcitonic Bands not
only for the pure crystals but for halogen impurity ions as well'2>) The similarity of the fluoride ion F~
with ths OH™ ion suggests somehow that cne cen gualitatively explain the propertiss of
the OH™ transitions with the same type of charge transfer modal. Theoretical calculations on the
lsctronic absorption of the QH™ canter by Chas and Dick!2® followed essantially this model, treating
the ground state as that the free OH " ion and the axcited state as a charge transfer state

The A spectrum of OH" jons in alkali halides shows a vibrational absarption in the near
IR produced by thu optical excitation of a stratching vibrational mods of the OH- moleculs and @
libratione! moda'??) in the far iR due to the excitation of the angular mation of the QH™ ion. Either
the UY or the IR absorption provides a peod method for the optical de“”“"“w“"”:;f
the OH" cuncentration. From concantration measurernents by titration of KOH doped crystsist '
one can determine the oscilistar strangth for the UV end IR bends, thus establishing 2 celibration of
concantration vx, absorption gonstant.

Extensive mesasuraments have besn done in the last decade on the electric field- and strass-ordering
Iparasluctric and parselastic alignmant) of OH~ defects in vericus alkali halidas. These measurements hove
established the magnitude and symmetry of the alectric and elastic dipele moments, and hava datermined
the polarization characteristic of the UV transition of the dafect. In most alkali halide host crystals [among
them KClI}, the OH~™ defect is found to be oriented by the crystal fiald in 8 <100% direction, The UY
transition of the OH™ defect Is mainty polarized perpendicular to the dipole axis, with a small admixture
of osclllator strength £ in the dipols diraction’ 1 2} {f/f) =~ 0.3}

Two types of phenomena are so far avallable which give some information about the slectronic
excited state of the OH™ defect:



T

al A Stokes shifted smbsion of fluorescanee (in the rear UV ranga), which appears at low

temperature B8 a consequence of optical aexcitation in thg UY OH™ abserption
band!28.291

b Photedissociation of the OH™ molecule as a consequence of the UY excitation' 201,

The photodissociation process of GH- defects, which has been studied in scme aspacts previously by
soveral authers, is the subject of this work and will be treated in Chapters 1V, V and V1.

The emission spectra of the OH- center display a well resolved and aqually speced structure {the
sepwration of which corresponds to the vibrational frequency of the OH™ molescule] with peak intensity
decreasing manotonically to lower anargies. From these and othar proparties, it wes concluded that the
emigion bands are due to radiative transitions to differant vihrations! lavels of the grourd state and that
the highest entrgy band arises from a transition between the lowest viprational levels of the two electronic
fiates. The fact that the emission bands showed temperatura broadening reflacts the strong coupling of the
electronic states to lattice vibrations, as it is typical for color centers.

C, THE ELEMENTARY LOW TEMPERATUHRE RADIATION DAMAGE IN PURE KC\.

Aadiatlon demage processss in alkali halidax have, for a leng time, stirred the curiosity of many
researchars, Extanded waork in this field has brought up a large amount of background information oh the
detection, identification and properties of the defects produced by radiation. However, in spite of & {ang
and intense sxploration in this complex field, it was only very recently that tha most simpie and
fundamental questions hava raceivad mora concantrated attention and first relizbte answers.

Starting with the mest basic question tor the understanding of radlation damege in alkali halides
we should ask: What is the slementary procem of defect formetion by ionlzing radiation st low
temparstures?

Meglecting a long history of vatious modals and mechanisms, tha present picture is about like this:
lanizing radietion and light absorbed in tha fundamantal region of the crystal produces ot low temperatures
(belew 10K} Frenkel defscts in the anionic sublattice of the crystal. Twa types of anionic dafects are
tormead: 32! charged Frankal peirs, consisting of an anlon vazancy and interstitial anion {@ and | center)

M -
iCiI+ he =]+ o {10

and noutral Frenkel pairs, consisting of an anion vacancy with an elactron {F-center] and en interstitial
chlarine etom (H-centari

‘el e [ e o 2}

Maasuring the growth curves (farmation rates] under constant ircadiation, one observes that consideraily
more charged Frankel pairs are formed compared to the neutral onex {in KBr, ey, the ratio iz about
8:11'37) Racent short-time measurements with pulsed irradiation mq':J'lr'|.i|:u.ue=‘.-l:"zfﬂﬂ"'r showed however that
the neutral peirs are produced with high efficiency in a very short period (of tha arder of nanoseconds),
while the charged pairs are not ya1 obsarved during this initial fast process. This |ed 1o the conclusian that
naytral Fronkel pairs are the primary products of the radiation damage procesy, Anparently the charged
pairs arg subsequently formed dug 10 an glectronic progess that transfsrs an elestron from an F o an
H canter. This electronic process is & secondary effect which could, for instance, be produced by the
ionizing radigtion, or through axcitetion af 2 F center elactran by intrinsic eminescence radiation.



With the F and H center being ganerally accaptad as tha primary products of radiation damaga, the
naxt it&p is to understand how they ara formed, Tha presant understanding of the saguence af avents which
lesd to the formaticn of F and H center pairs can be summarized as follows' 1asl,

UV or X-rays ionize ore lattica halogen ion and Isad to the fermation of & Cl; melecular ion
occupying two adjacent anlon sites in the <1100 direction (V| cantarl, This entity ("s&|f-trapped hole or
W, centar™) is wall known and irwestigatad by optical and magnetic tachnigues. In this Y, centar
configuration, the twe 17 ions éra clossr te asch other than in a normal regular lattice. This means that
seenathing like twa ankon vacancias are formied opposita sach ather in a <2110 configuration and with the
Cl; molecule ion in between, Thesa two vacancies (each with an affective + #°f2 charge) are attractive for
aleetrons which can be bound in an excited 2p, stote of this double well potential. The axcitud electron,
which occupies the 2p, itate of tha ¥, canter whan relaxing, forces the Cl; molecule lon to mova ta one of
the normael anion sites whila the slactron will ba sntirely localized into the <1102 neighboring anian site
forming ats isinglet-triplet} state with the Cly ion. Due to the higher slactronic affinity of this vacancy
tompared to the semi-vacancies occupied by the 2p, electron, this relaxation 2p, s process will giva
away encugh enargy to force the Tl molecule ion to move [n a <1 103 sequence of replacement collisions.
Tha Cly molacyule ion will finally be stabilized in a <110 arianted crowdion configuration [H center), well
separatad from the 15 electren and anion vancancy laft behind {F center). It should ba mentioned that
alternativaly to the process, the 2p, electron can make a rediative transition to the Is state and then, from
there, recombine with the V|, center causing the emission of the so-called “intrinsic luminescence™. It has
bean found empirically that in many crystals the guantum efficiency of this luminescence behaves io (15
ternperature cepandsnce supplementary to the efficiency of the above described radiationless darl‘ur.'.t
farmation process, as it would be sxpected in this model.

No detailed explanation or mechanism is availabla so far ta account for the before mantionad fact
that, undaer further irrediation, an electron tranfer from the F to the H center takes plece; 5o, o @ net rasult,
mora chergad Frenkal pairs ate formed compared to the primary heutral palrs.

The thermal stability of the twa Kinds of Frenkel pairs shows a parsllel behav(or which reflects an
apparently very similar physital process behind the thermal destruction or recomblination of peirs. In both
cases the recombination process oocurs vie two mein distingt temperature stepe. For tha charged pairs, 8
first sharp decreasa of tha interstitial band (at ~ 12K} indicates that the more closaly spaced (“spatially
correlsted”} pairs ara annihilated. At about 20X, a broader step indicates the snnihllation of widely
soparated {“spatiaily uncorralatad’’) pairs'®®! In bath staps the tharmally mobite interstitial lons
recombine with the vacancies reconstructing tha parfect lattice.

The neutral interstitial (H center) becomes thermally annsalad in two steps st sbout 10
and 40K} Throa nossibilities for the anminilation of this interstitial are known:

8} recomblnation with the F center, rastaring the perfect |attice;

b} trapping by small substitutional defects llike Li* or Na’) which can stabilize the interstitial
les a zocalled "Hy-canter” or historically 'V, -center’} to rather high PIMpAraures
la.g. 113K for KCIN2")371,

e} trapping of the mobila [nterstitial by encther H eenter, froming an interstitial pmir
{“H center”. or historically V4 center). This psir center again has & high thermal
stabiliny' 357, '

D. THE H- DEFECT (U CENTER) AND ITS MAIN PROPERT|ES AND PHOTO-REACTIONS.
Hydrogan jors [ H™ ) can be incorporated substitutionally in alkali halides, as was first

demonstrated by Pohl!224%! Thasa socalled U certers produce a strong structureless electronic absorption
band in the UV, the maximum of which occurs for KCH ot 214 nm. These cantérs 5lso produce & NATOW



absorption {kne in tha infrered range fat 502 erm™! for KEN, due to a strongly locellzed vibration of the
hydrogen ion, well sbove the phonon frequencies of the lattice! 17!,

At lonw tarmperatures (T <2 BOK), iredistion with UV light in tha L band leads to the éxpulsian of
the H- ion from its lattica sita to an Intarstitial positian [U; center}) with an ampty anion vacehcy
{&: canter] formed at the original M~ sits, This process can bé reprasented by the following reaction.

[+ w [+ wy (3)

It is evident that this procass, produced ot low temperatures by the absorption of a UV light quantum, is a
low snergy anatog to the formation of the intrinsle charged Frenkel pair produced by high anergy radiation
in tha pura erystal (Equation 1). In the chse of tha H° defect, an “extrinsle charged Frankel pair'',
cansisting of @nion vacanty and H™ intarstitial (instéad of CI™instarstitial] is formed. The H™interstitial
defact |, center) gives rise to a vary broed structureless electronie absorption in the UV range and 3 local
mode sbsorption in tha IR region {around 12 x in KCI}. The latter disgplays, at lowest tetnparatures, a fine
structure consisting of sevaral groups of sharp fines that correspond to H™ interstitials with various spacisl
cortvelations and intérections to the anjon vecancy ("correlated extrinsic Frenkal Pﬂifﬁ"l” 8

Subsequent profonged broed band frradiation in the UV will excite the U, absorption of the H;
ion, leading 1o ts lonization and trarsfer of the electron into tha anlon vacancy:

H+ H™ + he —rl_?j+ H; {4)

Thus by this secondany progass, the axitinsic chargad Frenksl pair is corwerted Inio a nautral pair,
corsisting of an F center and hydrogen atom interstitial (U center). Tha jattar dafect is charncterized by
at slectronic absorption band in the UV lat 236 nm in K£IO, and has been extansively studied by EPR and
EMDOR tmhniquut“*u},

A fourth postible form ef hydrogen center n an alkeli halide lattice is the hydrogen atam
ocCupylryg one anion site (U, cunwl“m. Hewever, due 1o a poasaible small osclllatar strength or to vary
iow coneentrations exparimentally obtained so far, it was not possible to optically identify this centar.
Mevarthalass, EFR and ENDOR wessuramants did reveal the existance and micrpecepic structure of the
U, canter,

Tha thermal stability of the negativa interstitial hydrogen shows the tame genaral behevior as
discussed for the intrinsic chlorina interstitials: Thermal annealing curves with characteristt tamperatura
steps are obsarvad. The vatancy-H ™ interstitial pair shows a first sherp ennsaling stap at sbout 90K and a
broader one around THOK! '8! Measurements of this annaaling in the H local maods absorption show
dirsctly the annasling at low temperstures of cartaln groups of local mode lines which corraspond to
spaciatly corraiated Frankel pairs (the H|' lacal prodes are split by the interaction with the vacancy): at
highar temperaturas [ ~ 180K), tha [unsplit) loczl moda absorpticn line of the free uncorreteted H”
interstitial i« annealwd,

in the tharmal annealing of the neutral hydeogan interstitial {L); canter} only one step lat = 108K]
is observed, showlng thet apparently thers is only very little interaction with its anti-center the F cantar.
Tha intarstitial hydrogen atom, becomitg thermally mobile, should in principls be abls 1o snneal the
F cantar and restors the original U camter. This, however, 8 not observed at all mparimenully'“li From
tha thermal disappasranca of the atomic hydrogan center it must be concluded that it recombines with
gtner hydregen atoms to form stabla intarstitial hydrogen malecules’ 457,

Saveral “perturbed hydrogen cantars” with the hydrogen loceted close to other impurities heve



been studied recently. Spacially correlarsd L H center pairs were found to display 2 broadening and shilting
of the U ecenter UV absorption and a removal of the deganeracy of itz |R local mode ahmrptinn{m"wr.
Pairs of ‘mutually perturbed U canters (H™ H pairs) were also the subject of recent investigations'* 71, These
< 11{05> orianted H™H pairs produce several lines i the TR Iocal mode region that could be interprated with
coupled sseillator models,

The presence of additive imourities can produte other forms of pertuebed hydrogen cantars, For
gxarnple, & metallic impurity dike Na® in KCI situated in one of the six nearest neighbor sites of
an H" center {then a L, eentar] will cause the splitting of the triply degenerate local mode vibration of
the H~ center. This splitting 15 due to the reduction of the O, eymmetry of the perfect lattica inta C,,
Sy MmEtry,

Nl — EXPERIMENTAL PROCEDURES, APPARATUS AND SAMPLE PREPARATICN
A. CRYOBTAT AND SAMPLE HOLDER.

Most of the optical measurements, apticsl and tharmal treatments were carried put with and He'
optical cryostat made by F. X. Stihr {Garmany). This oryostat was providad with four windows which
permftted parallel and crossed optical beam exparimsnis, together with the possibility of exchanging
windows according to the specific spectral requirgments of tha experiment. & variable tempetature tail for
this cryostat was designed and built, besad an the principle of axchange gas as a thermal switch 48]
[Figure 2]. This tail consisted of a siainless stee) Wwbe of two-ingh puter diameter and about 14-inch length,
Betwaen the LHa* bath tank and sampla holder a 2-inch lang exchange pas chamber was soldered, mada

Exchange Gas Chamber ond
Sampla Holder

Figure 2 — Exchange gas camber and sample holder, {1} He exchange pas inlet; (2] LHe bath;
[3) Coneentric Cu tuting; (4] Exchange gas chamber; {5} In foils; (B)Heater block;
{7] Cu const. thermocouple; [8) Cu mask; () In pads; (100 Sample; (11} Windows;
[12] Cu black; 11.3) Tharmistor.



out of the seme stainless staal tube with 1/4-inch thick capper caps. This chambar contained four
pancentric copper tubes with one end alternatively welded to the botiom and top coppar caps, In this way
they werp placed with cut mechanizal contact at g very closa distance frem each other, thus facilitating the
thermal contact when the oparation with aschangs gas was necessary. Weep bales ware provided in these
intarnal tubes to increass the gas circulation inside the chamber, A vacuum of about 10°% Torr was
astebiishad in this shamher when he thermal contact was raguirgd batwsan tha sampla holder and
LH= bath. This was tha case whan 3 sample tamperature was estaplished with haater higher than the (LHaT
ar LNT) bath tamperature, ' '

Tha sampla holdesr was desigred to meat the mest variable requiremants such as crossed or parallel
optical haam peometries. |t consisted of an L-thaped piece of copper machined out of a solid block. !t was
pressed against the bottem plate of tha exchange gas ehamber by a sirgular brass flange, with indium folls
Interposed between the mechanical parts to increasa tha tharmal contact (Figure 2). In this way, guick
changas of geometry were possible just by releasing the flange screws and rotating the semple holder.
Soldered to the sample holdsr was a heater element which consisted of a copper block with & 9008 10 W
carbon rasistor wrapped by copper foils and tightly fitted to the cappar Block, The High power dissipation
charactaristics of this heatar were necessary in order to achieve guick temperature changes, different
heatitg rates and high temperature anneslings. The heater glement wis powered by a Variee transformer.

E. ADDITIVE COLORATION AND HYDROGENATION OF CRYSTALS.

Additive eolaration is the intraduction of 2 nonstoichiometric exoess of alkali matal inta tha alkali
halida crystal, This process is achisved by heating the crystal ¢losa to its melting point undar an alkali metal
vapor atmosphere. Mewetral vaporized metal atoms react with surfsces halogen ions and logse their electron
which 15 transferred to the conductian band, The halogen ion will teave & vacancy behind and form with the
alksli ion another layar of the crystal. The halogen vacancy will thermally diffuse through the crystal and
eventually trap an alectron to form an F canter, giving the orystal the F centar solor. A relative fast quench
to room tamperaturda will frasza in the high temperature F center equilibriom. ThHis mechanism, as proposad
by Mottt and Gurnw“m, does not ragquira the diffusion of the metel ion through the erystals comntrary to
what was thought preuiouslvtﬁm . Each absorbed alkali ion will craate a corrsspandant anion vacency as ina
Schottky defect formation process. Saversl experiments, like the edditive coloration of K] aithar in K
or Ng uapur‘ 1t condirmed this piciure,

152) with soma

To additively colar our samphes wa amployed the method deecrihad by Van Dern
modifications. |n this method the F center concentration was obtained by a controlled vapor prassura of
the metal vapor using en excess pressure of nitrogen gas. We usad 2 low fixed pressure of nitrogen gas and
varisd the Nquid potrssiurm temrperatura, thus varying its vapar pressure, Using 2n intermediate calibration
curve from Van Dorn end Rogensr’s methods'S3T, which give the F canter concentration as a functicn of
the potassium vapor pressure, we were able to ohtaln quite reproductibly F center concantrations on the

order of 10 % o 10® em 2.

Hydrogenation of additivaly colored sample cansists in the controlled diffusion of hydrogen into
the crystal under high temperature and hydrogen pressure. By heating the crystal at B60°C under
20 atmosphares of hydrogan gas, hydrogen molecules diffuse into the crystal and resct with the F canters,
praducing substitutional hydrogen ions (LU centers):

e + 2[e ] 2 {5}

GC. SAMPLE PREFARATION.

The KC| orystals ware grown from the melt by tha Kyropoulus method under 2 contrelled argon
-] atmmpharn‘s" *, in the Utah crystal growth laboratory. Tha starting crystal matarial was ultrapure grada
fram E. Marck AG Darmstadt (Garmany). Soma vitrepura meterial was subjscted to 2 pretrastment
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with HCI ar high tamperaturas 10 eliminate as much as poseibla traces of OH or exygen Impurities. In othar
crystals, KOH was intentionally added to the melt in controlled amounts in the range of 1077 to 107" mole
percant to dope the crystal with the desired OH ™ content.

The ramplas wera cleavad from the middla of the additivaly colarad or hydroganated crystels to
avoid the [possibly contaminatad] surface sactions. Sample dimensions rangad from .30 to 10.0 mm
thickness for the opticel path according to the experimantal requirements. The samples wers mounted on
tha sample hotder by compression with s spring-loadad copper frame. Indium folls ware always used to
provide a better tharmal contact batween sample and holdar and also a5 an aptical mask to avoid the bypes
ot the light bsam. Additively colored samples were hendlad undar safe red light frem tha time of thair
guenching te the mounting in the sample holder. This wat done in order to avoid any spurious
photochamical process, The eryetalz wers haated for thirty saconds st about 400°C mnd quenchad on &
copper block undar a dry nitrogen atmopsphera, then immediately transferred 1n the derk to tha sampla
haidar. With this procadure, 3 very pure snd uniform distributlan of F cantars was obtalned.

b, TEMPERATURE CONTROGL AND THEAMOMETRY

Botwesn LNT and RT termperature was automatically controllad by » Leade Northrup Milltemp
controller, the sensor of which was a copper constantan thermocoupie, also from Laeds Northrup, soldered
1o the haating elerment, With liquid nitrogan in the LHae tank and a low pressure of axchange gas (< B0ul,
any temparature betwsen LNT and AT could be obtained with a pracision of £~ 1K, 1n this rangs the
famperature was either monitored and recorded with the copper constantan therrmocouple or rmedsured
with a NTC carben vesistor from Keystone Carbon Co, Rasistance measurements were mede with 3 Lesds
Morthrup Wheatstone Bridge Model 24760,

Bslow LNT temperature masasuramants wera carrisd out with o 1W, 10047 Allan Bradisy carbon
resistors 9 placed In tha sample holdar black Iglued to the sampla holder with GE varnish #7033 or Dow
Corning silicone grease]. The tharmal contact betwesn the thetmistar and sample wes Improved by grinding
it slightly flat with fine amery pagar, inereasing in this way [ts contact area.

Tha resistance values sgalnst temperature were calibrated for different known temparature points
lika LHeT, LNT ang dry ice temperature and the sxtrzpolation from measured termparatures was made by
means of the emnpirical ralation

iﬂi'.j'lﬁ =AlagkR + B 9

where A and B ara constanes charecteristic of the individual tharmistor. A PDP-11 computer was
programmed in BASIC o produce an inmarpolated tebla of temperature values versus resistance. Deviations
smaller than 1% were detected from recalibrations of theie thermistors. Below LNT the tempsrature
control wes achieved manuaily. All tha leads going to the sample hotder were anchorad to the LHe bath
with tharmal compound {Wakefield Engineering Co.) hefars they would resch the swmple holder ta wold
haat fiony From the cutside,

E. IRRADMATION PROCEDURES.

For undispereed UV + vizibla light irradiations, we used a 1500 Xenan lamp from Henovls
#901C-11, mountad in a Bausch Lomb tamp housing and equippad with UV grade quartz conderser (ens
systam. In some cazes, whan mora intense light in tha F centar region was raquired, wae uced 4 2000V
Mercury HBO lamp from Ceram. For monochromatic irradiations in tha UV reglon we usad the Xenonh
lamp rmounting attached to a Bausch and Lomb grating monochromator #33-86-01 with 2700 grooves
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per mm. The band pass used wes approximately 20 nm. In generat, h[ﬁh&r order spectra warg not
eliminated. When it was fecetsary to obtain a fairly pure monochrometic irradietion, two monochrometars
ware coupled in 3 tandem arrangement

F. OPTICAL ABSORPTION MEASUREMENTS.

The variety ol experimantal methods reguired a grest versatility in the optical measuremsnt.
Tharefore the cryostat was mourted im a movable frame togetner with the high vacuum system,
tarnparature coatroller, racorder and optical bench. This frame could ba aasily moved from one
spectraphotometer to another ar to flxed optical benches, zccording to the experimental reguirements. The
eryostst had its optical height standardized 1o match the optical beam height of the spectrophotameters. A
set of intarchangaahle windows provided adequata transparency in all optical ranges of interest,

Optical absorption measyurements were carried out with the Cary 14 or Beckman 1R-12 recording
double-bearn spectrophotometars. The Cary 14 covered 2 range from 190 nm to 2.5 u. Infrared data
bayond 2.5 4 were taken with the Beckman 1R 12 which coversd the range from 2.5 ¢ to 50 u. Special core
had to ke taken in the far infrarad region {hydrogen local mode spectrascopyl. 1n order ta obtain a good
signal-ta-noise ratie, the noise level was reducad by constantly purging the instrument plas crynstat set-up
with dry nitrogen gas avoiding the atmospheric absgrption from water vepor. The rasclution obtained with
the Cery 14 was around 1 nm. The resalution obtained with the Beckman 1R-12 was variable, from 1 12
12 em! according to the experimental requirerments,

The determinetion of concentration for the centars involved in this work was dona by using the
well known Smakuta formula:

M: f = const “1—1'-'%?]; K ax H {7l

whare

N = concentration in cm™?

f= osecillator stremght

n = rafractive index of tha erystal at the band’s maximum
K = absarption constant

H = width at half maximum

The spectrophotomster measured optical densities which relate 1o the absorption constent in the
fallowng way ' tha decrease in intensity as the light crosses the sample is givan by

I =1, e~ Kd (8}
whera d is the thickress of the crystal,
Optical density is dafined as
0D. = log (-£) t9)
5o the abisorptien constant is given by
K = 230800 {10}
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Substituting the proper values Inte Smakula’s equation, we nbtaln simplified forms for the calculatmn of
the concentration of F and U centers at room temperature” St

Q. D,

r:l[cm} for F centers {11

Ne = 1.09 x 10" x (=i

Ny = 127 x 10" x (-2 for U certers (12

dtcml

For calculation of tha UH ° concentration we Used the calibration described by B. Fritz, et al'?). The
cancentration detarminalion af other centers studied in this work followad tha same procedure with the
Smakula’s formula described above

IV - PHOTOREACTIONS BETWEEN 0 AND 1D0K.
RESULTS AND DISCLUSSION
A INTRODUCTIGN.

As alreedy mentiened in Chapter 11, the excitation of the OH™ electronic transition can produce
the photgdissceiation af the OH™ ion. Tha primary products of this process, as first proposed by
Kerkof'? | consist of an interstitial hydrogen atam {H] center} and an oxygen ion lafy at the original OH”
lattice site. Thiz photodissociation process can be represented by the following equation:

— ——

O+ he - H] 0O 3

_ In our effort to study comprehensively the photadissaciation of the OH- defect in KCI, we
covered the whole temperature rangs from liquid helium 1o room temperature, 1n crder to give 3 reasonzhile
strycture in the presentation and discussion of the extended material we divided the tempsraturs range into
three intervals, The choice of these intervals was suggestod by tha thermal stability of the main reaction
praducts of the OH™ photodisiociation. The first and rost impartant temparagure interval was chosen to
be the one in which the H| center is thermally stable, that is, below shbout 100K. Below 2001 wa find
other canters like H or M, 0 thermally stable and this defined the upper limit of our second temperature
intarval. Above 200K, the range sround room temperature, apparently none of the products of
the OH photodissociation is stable any more, This range is of particular interest for applications of
photochromic affects.

The introduction of F centers into the KCIOH ™ erystals was done with the intsntion to extend this
swdy intw the dynamics of the OH™ photodissociation products and subproducts. F centers zte the
simpleal Jefects that can be extrinsically added in large quantities (up 10 10'* om™3) in 2lkali halldes by a
nanstaichiomatric excess of alkali metals, as explained in Chapter 11). It is an excellent probe to test the
behavior of other canters like H] through their intersctions and recombinations. Our axpﬂ"imﬂﬁ'ﬁﬂ'
procedures therefore comsisted, in each temperature range, of a study of the OH™ photodissociation IR
pure KCIOH' wrystais, followed by a subssquent study where we repeated tha same procedures with
KCI:OH " erystals containing F genters. In this way it was possibla to make a direct comparison batwestt the
two systems and analyze the role played by the F centers. |n a later stage we proceeded with the study of
the photochemistry of the OH- secondary preducts.

8. PAIMARY PRODUCTS OF THE OH- PHOTO-DISSOCIATION AND THEIR INTERACTION WITH
F CENTERS.

The electronic absorption band of the OH' defect in KC| appear at 204 nm rather close to the
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low srnergy tail of the fundamental alectronic absorption of the crystal. For KCI, like most of the alkali
halides, the OH"~ absorption is broad [hatfwidth about (05 eV), structureless and asymmetric, and has
an oscillztor strangth of about 0.1347.23), {See Tzble 2.

Table I

FPaak positions, hatfwidths snd oscillatar strengths of the
UY or IR absorption of varigus defacts in KCI.

L HeT LT
Canter Band Half- Oscillator Bang Half- Osellator
Max width Etrength Max width Strength
EH] 6.05 eV 0.60 eV 0.12 6.07 oV 0.8 eV 013
HY 5.27 eV 0.38 eV 0.32 5.27 eV 0.40 eV 0,33
1|:_H_‘1 5.04 aV .31 eV 032
clf 3.69 eV 0.66 eV 0.33
0.20°
Fm 1 2.38 0.28 0.05
WI 502 em~* Bem™! 0.50¢
”H; 1112 em ™} 12¢m™! 0.35% |

# B Fritz, F. Lity and J. Auger, Zafts. Physik 174, 240 1363,
b. E. J. Faraday and W. D. Campton, Phys. Rev. 138, ABDD [1865]-
e In Figure 27, we approximated the Hy 0" spectra inte four Gautsian bands and calculated the ostillator stréngth of the

most intanse bend {maximum gt 5§21 nm]
d 8 Fritz, v, Grow and D, Baderhs, Phys, Stat, o0, 11, 231 [19661,
&, Ta egtimate the osclllaror strength of the H;-:panm, v wiurned i Figure 11 B that tha "mgang” hydrogens wera all

convertad in M centers..

We photodissociated the 0OH™ defect in two different temperature ranges {LHaT and LNT) as
displayad in Figura 3. By irradiation into the OH™ band we obtained its decreass accompaniad by the
increase of two other bands, due to the Hf and the O~ canters. Only the long wavelength tail of
the O band could be measured dus ta the spectral restrictions of the spectrophotometar,

Hf centars produced by the photodissociation of OH™ centers should be spatially indapendant
of their anti-centars O . This means that any moiecular ian of the form XH™ (X is a mamber of
group V1), if it can be photodissociated, will produce unperturbed and isolated H'i’ cantars. This was

verifisd by analysis of the U, band shape and magnetic resonance spectra of the HY center!3.42,43,67),

Together with Prof. W. D. Dhlsen, we et up an experiment to¢ venfy the paramagmatic
resgnance characterictic of the O defect. Although wa pould detact the presence of the H:: center by
its magnetic resonanca after we did tha OH™ photodissociation, we were unable to observe any
rescnance of the O defect. A similor negative result in the artempt to detsct the O defect from
reaction of Equation 13 by EPR was obtained by Spaeth(581,
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Howsver, O~ dafects have been observed by their paramagretic resonanca {and optical
absorption) as @ resuht of photochemical processes in other systems {(KC1 + 0; + UV irradistion]). |t is not
understood at all why this same EPR O~ signhal does not appear as 3 consequance of aur photodissociation
process in Equation 13. As both the QH™ model snd the M} model are confirmed beyond any doubt, the
third necessary partner in this reaction must bea Q" defect. Even if in this process the O © would leave
the vacancy and go 10 an interstitial pface, it should produce an EFR signal,

We will assume in the fallowing that the third partner in the reection in Equation 13 is
an O~ defect, though we realize the question raised by the missing EFR signal. As all the further treated
Photoreactions at low temperatures will involve only the bydrogen and nat the oxypgen, the question sbout
the exsct structure of the oxygen defect is not 100 relevent for our further considerations.

Primary .
Photorecctions

|:|!]I.1Llll-

P N B T

500 380 20 250
Wove length [nm]

Figurs 3 — Optical absorption spectra of 2 KCIZOH™ g¢rystal showing the primary products of OH
photodecompesition under OH™ light {204 am} after different irradiation times at G.EKTA)
and 78K {B].



15

In the presence of ¥ centers, the optical photodecomposition of OH™ shows basically the same
spettral changes: a decrease of the OH™ and an incraase of the H? (s} band {Figure 4|: additianally ane
obesrves 2 decrease of the F band, In Figure 5 we plot these spectral changes versus the irradiation time,
and in Figura 5 we compare the OH- decraase with the U, band increass, all this for both KCIOH "and
KCEOH™+ F orystals and at 6K and 77K as well. The following results appear:

al In the pure KCIOM erystal, the OH™ cantar docay curve and M7 center grawth curve
shown in Figura & indicate a process which has a temperature jndependent quaniur
efficiency. {n Figure 5, we plotied the OH™ band decregse vs. the U, band increase and
abtaired a straight line which is a necassary but not sufficient candltion for the one-to-ong
process assumed in Equation 13, As we will see |ater, the assumption of a ong-{o-0ne process
will fead 1o the well known sscillator strength ratio between the two bands,

b In the KCIZOH " crystal containing F centers, the decay of the OH™ pand is not affected by
the presence of F canters (Figure 51, However, the H? cerrter growth curve incdicates a
emaller {also temperature independent] guantum efficiency compared to the
“pure” KCIH™ erystal, in Figure 6, we plotted the QH” band degrease vs. the Uy band
increase end again obtained a straight ling with a bigger slope compared to the “pure”™
ECEOH™ crystal. One may conclude from this fact that the same emount of OH"™ center
destroyad in both systems brings, in the presence of F centers, less H? centers than it did in
the “pure” KCIOH "crystal.

KCi:OH™ + F Centers |
1.2 + Primary Photoreaction -124
OD| O OH"  H° T=78K Q.D.
Lok ,‘ ¢ 420
L. i KCEQH +F
08— ! 2 15 min UV - 1.6
3 3 ED il 1] ,5
- |o v om
06 2 5 30 “wisible dip
I e
04 b 0.8
02 |- 0.4
L | 1 L1 | J. L rr
200 250 'Y 400 600

Wave length [nm|

Figurs 4 — Optical absorption spectra of a KCI:OH™ crystal containing F centers, the printary products of
OH" photodecomposition in the prazence of F centers and the F center reducuon after
different UV irradiation times at LNT. The dashed line shaws further reduction af F and U;
bands after subsequent F light Alumination.
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Figurs & — Builup and decay curves for OH-, F and U; kands involved in the prirmary OH’
photodecompaosition process &t 6K and 77K,

IO KCI:OH® Y
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Figura B — Plot of the OH™ absorption band decraase v, L; band [ncrease at LHa and LM temperature fni
bath systams KCLOH™ (salid linal and KCIOH™ + F jdashed line} obtaited during tha OH
photodissosiation procass. '
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A careful anelysis of the numbar of HT and F centers involved in this process showed that the
amaunt of F center reducad during the OH™ photedissociation process corresponded quantitatively to the
diffarence between the H? canters produced in the two crystals, namely KCI:OH and KCI:OH™+F. This
indicates that in both cases the same DHT — H’ conversion tekes place, but that in the pressnca of
F cénters part of the crasted H? cantars react with part of the available ¥ centers,

After the cbservation of these effects an immediate question arises: What is formed out of the H
and F centers which are consumed w this process? - Two evident answers may be anticlpated: aither the
craated interstitial hydrogan atem, whila moving awsy from the dissocigted OH™ stave gers amptured by a
nearky F centar, thus creating the H° center (U band): or an F center ionization takes place in the process
and the freed alectron will meat a stabilized H? center and form the Hcenter (U, band).

Tha first possiblity is clearly sucluded, bacause no trage of the {high oscillator strength) U band is
obsarvad in this process. The weak and very broad U, band from Hjinterstitials is much harder 1o detact.
We could howaver confirm the presence of the second process by illumineting lafter the UV
photadissegiation) with vigibla light into the F bend (ses Figure 4. In doing 5o, we pbtaingd a further
goncantration reduction for both F and H? canters (Figure 41 We therefore assume that alrsady, during the
UV irradiaticn, some F centers will be ignized |by irradiation inte their conductive states [ bands]} and
electrons are transferrad te mnd captured by the H{ center, forrninp HY centers. The ohserved
photechemical reactions to the KCLOH "+ F system can then be summarized by the follewing equations:

U_H_’i + hi +| n‘[+ Hy {14}
(] [ e (1)

g+ H? - Hr {16}

C. THE INTERSTITIAL HYDROGEN ATOM HT {U; CENTER} AND ITS PHOTO-REALTIONS.

1— HT photodastruction at LHeT. The electromic absarption of the Hf canter in KCJ consists of a
singla bend (U} band] peaking at 238 nm. Like the QH ™ band for KCI, this band |5 structureless and
asyrnmetris [helfwidth sbout 0.40 &V) and its oscillator strangth is of the order of 0.33, calculated from the
linear correlation of Figure B [see Table 11}, Tha photo-dissociation of the H? at LHeT i specirally shown in
Figure 7_ Simitar to the OH' photodissociation prosess wa obtain by irradlation at LHeT into the U,
band, its decrease accompanled by the appearance of two other bands, tha Uband [ H™ centar) and the H
brard IEIT crowdion).

The sirnuitaneous creation of Ll and H bands strangly indicates that the hydrogen stom otcuples
the vacancy left by the hafogen atom during the excitation. This process can be rapressnted by the

following equation:
[e]+ v ¢ me =]+ o (17)

The H). centers ganerated by the phote-dissociation of OH™ defects zre isolated and unperturbed
Interstitial hydregen atoms which bave besn extensively studied by EPR 2nd ENDOR technigues in several
alkali halides!80-61.62. 83 nuy Finure BA). HY centars can also ba produced either by irredistion into
the U, band of H; defacts’® or by the photodismociation of any molecule of the form XH - {like
EH“E"'BE'L X standing for an glement of greug ¥, in a model proposed by Karkoff, et nlﬁﬂ, the Hf
centet can be described by a tetrahedral HCI;' molecular ion in which one positive hale in its ground state
is mainly bound to the interstitial hydrogen atom {Figurs BA), This ground state hole gives rise to the spin
resanance, |nthe Uy band optical transition 1o the excited state, a charge transfer machanizm brings ohe
alectron of the four surrounding chlorine icns intg the hydrogen atem {Figura 8B). Thevefore the unrelaxed

axcited state of the H; center will correpond to a configuration whare the hole is more bound to the four
surrounding halogen ions and consequently less [ocalized (Figure BB,
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Figure 7 — Ly center photodestruction spectra &t 6.5K and subsequant pulse anneal to 77K, measured at 6.5K,
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Figura A — H:-’ canter ground state (the hole 15 bound te the H™ ion).
B-— H‘: cerier unreiaxed excited state after tha charge transfer {the hola is sharad equally by the

four CI° whsl.

£ — Lattice relaxation and the Jahn-Teller distortion {the hals bacomes mare localized st the two
€17 lans which approach each otharl, '

D~ Formstion of an H~ center with the creation of & CI? crowdion moving in a <1102
replacement sequence.
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Kurz' 29 suggested that [n this execited state the lattice will undergo a non-cubic relaxation process
(static Jahn Teller distortion, Figure BCh after the H? canter excitation takes place. This non-cubic lattice
relaxation will lower the symmetry possibly displacing the hydrogen ion in the <1002 direction and
maving chlorine ions in the <1100 directions. A polarization of the ¢charge distribution will also take place
ehanging the potential experienced by the hydrogen. The hole will tend to become more localizad at the
twe chlering ions which approach sach other. Annihilation between the transferred electron and the hole
may occur reastoring the ariginal H? center configuration. Experimentally, however, one observes tha H?
mnter phowodsetruction (with a guantum efficiency which is not yet determined quantitatively}. This fact
witl raguire some finite sscape probability for one of the C| gtoms Its vacancy will be occupied by the
hydrogen jon forming a H™ center. The balogen atom wili escape in a <J110% collision reptacement

sequence until it is well separated from the vacancy (hydrogen) laft behind and stabilized as a Ci? crowdicn
{H band), as sean in Figure 30

A more guantitative approach to the H'i: photodestrection leads us to Figure 94 where wa show
the changes in the height of the U, Hand U bands as 8 function ef tha monochromatic Uy band light
irradiation at GK. Plarting the formed reaction products { H™ and CI? centers] against the destroyed H‘i’
centers, we obtain straight lines {Figure 98). This iz consistent with the assumption that the HT centors
decomposition proceeds in a one-to-gne ratie to form both H™ and CI? centers {Equation 17}. In this
picture, the ditferences in slope are due to differences in oscillator strengths and balfwidths of the two

bands. From these slopes the relative oscill ator strangths of the Uy, U and H absorptions can be determined
(sea Table 1],

| [ 1 ] T 1
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ool KCI:OH™
' Secondary
. Phato-reactions
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05 . ___H Haps
.',..-- : F u2 -..,-—.".
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Figura 83 -~ Photodecomposition of U, centers at 6K
A — Decroame of the U;-band absorption and increase of the U and Hbend absorption as a
function of irradiation timg {monochromatic 235 nm light).

B = The U- and H-band increase plotted as 2 function of the U;-band decresse, yielding linear
Correlations
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As previously reported by Kulz”m, wi also observed that the U band produced in this way has a

larger halfwidth comparad to its nermel shape in KCE:H™ crystals. This is apparently due to a close spacing
betwean H™ centers and l.’.:l° crowdions introducing a perturbation in the H™ absorption band. The
formation of H” fl:l pairs is vary similar to the converslon of H™ defect into H and anion watancies
{ce-centars) (8) where one alsa observes diffarent separations betwesen Hrand — centers In both cases one
obsarves a stepwiseé annealing curve which indicates different thermal stabilities for the different spatial
distrlbution of peirs. A typical H-band annesling curve is shown lster in Figure 22. The first step ias
described earlier by Delberg' 18!y corresponds 1o the CI° crowdion regrisntation (around 10K). This
recrientation process apparently initiates the recombination of the¢losest saparated H- ICI? peirs. The
widaly saparated pairs will recombine at somewhat higher temperature laround 50K} throogh a broader
step as is shown in Figure 22, In both cases, these recombinetions tend to re-establish the previous H?
center which was dissociated into an interstitial halogen atom and a H~ center accupying the origlmal
halogen ion position.

After the tharmal dastructicn of all C]‘i’ crowdions (monitored by the comgplete extinction of the
H band), wa observed that the process described by Equation 17 has not been complately revarsed. This is
clearly shaown in Figure 7 which contains the final balance between U and Uy bands after the complets
H center destruction by annealing to 77K was made (Figure 7], Caonsidering the ratio between the amounts
of H™ defects consumed in this back process and the amount of H'i:' centars refurned, we et the same
value chtained in the production process described by Equation 17, This indicstes that apparantly
ng H™ ar H'i: cantars were invalved in other reaction: during the anngaling pracedure. Mevertheless, the
ratio between CI] crowdions consumed and H centers returned is much higher than inthe erowdicn
production process indicating that part of the CI? crowdione during thermal annealing did not make this
same back process but must have tean trapped and stabilized somewhnere glse-in some other Torm, Howeyer,
no new absurptions were observed 1o develop in the whole UV and visibie region of the spectrum. The
question, inte what structuras the maobile CI? crowdions become trapped and stabilized, remains open and
unanswared at this point.

2- H? Photodestruction ax LNT. Irradiation into the U, band at LNT leads o spectral changes
very similar ta the anes obtained in the above discussed case of LHaT irradiation: The U, band is reduced
and the U band is formed {Figure 10). No H band is formed as expected from the fact that the CI7
crowdions are no lenger stable gt LMT. If we plot — similarly as for the LHeT case in Figure 8 — the Uy and
L band changes against irradiation time (Figure 11A) and compare the increase of the U band with tha Us
band dacrease (Figura 11B] we find, in comparisan to the LHeT behavior, the following chenges:

aj Tha initia! quantum efficiency tor tha optical Hf' canter gdestruction is about ten times
smaller than it was at {HeT {Figure 11A).

b) Though a linear relation between LYy bend decrease and U band increase is again obtained
{Figure 118}, their ratio is different from the one ehtained at LHeT.

Paint {a) shows phenomenologically that the stability of the H? canter ageinst optical bleaching is
:nn:udarahlv higher than at LHeT, If we assume that the initia! photodestruction of the H. canter produces
the CI] crowdion center las it does st LHaTl, this thermally unstable interstitial canter may ﬂaﬂ'?
recombine back and restors the initial H canter- This would account for the low etficieney of tha H
genter photodestruction.

Still in 10% of the Uy -band excitation cases {comparsd 1o LHeT), the H:’ photodestruction works
and L) centers are formed. This means that the mobile CI} crowdion did escape without recombination and
must get trapped and stabilized at some unknown place, undetectsble with UY and visible spectroscopy.
The fagt that in this process the |AU || AU | ratio is different from the 7.1 ratio found at LHeT as
indicated in point (b} suggests that hydrogem in soma form may be involved in the stabilization and
trapping of the CI] crowdion.
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OH™ centers (122} and subsequent H. center photodestruction
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The precondition for this line of arguing is the assurnption that the photoexcitation of the H;
center st LNT leads —similar to the LHeT case — primarily and initially to the formation of a CI}
crowdion — even if it is thermally not stable and therefore not detectable by the H-band, Mow can we prove
experimentally that this assumption i true? Simply by offering tha CI? crowdion: 2 trap that wauld
tharmatly stabitize them. This can be achieved by additonally introducting Ma® impurities in KCI:OH™
systems, CI] centers trapped in the immediate vicinity of 3 singla substitutional Na' imputity are
called H, centers (ar formarly, before the elarification of their structural model, ¥V, panters) 271,

H, centers in KCI give rise to 3 strong transition at 357 nm and 3 weaker one at 580 nm. These
H, band: have a thermal decay tamperaturs of about 113K, We repeated with a KCI;Ma® + OH crystal st
77K, the zame previously describad soquence of wosachromatic irradistions starting with
the OH° photodissociation, followed by the U, band photodestruction, The results are displayed in
Figura 12. As we can se= from there, we were able 1o produce H tenters and have thsm trapped
at Nz* impuritles and stabilized at 77K, This process can be described by the fallowing equation:

lco]+ Na'| + HE ¢ me - HT[ e (O Na1 (Hg centen (18]
10 195 00, + -
L2 | 6"3 | KCI*Na+7x10" OH™ .
i =
an T=77K
LO - 4+ _
W
| background
08 - 2 6.5hrs. 204 nmi(OH Jirrad. ]
3 K04hrs.2350m(U,) "
06 —
J
04
02
1 I [ lJ'i'

200 220 240 260300 400 S00 70O
Wave length [nm

Figure 92 — H, center formaticn in 3 KCLOH™ + Na' crystal under U, light irradiation at LNT.
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These sxparimants show clsarly that photoexcitation of H? corers @t LNT laads {zimilar to the
LHeT casa) ta the production of CI? crowdions. The differenca to the low temperature case is that thase
crowdions are thermally unstable and mobila {i.e,, don't appear by the H band absorption). They aither
recornbing with the U center and restore the initial H]' dafect, or escape in the lattice looking for a different
trapping site, In = Na  dopad erystal they can be trapped by a Ng® ion, forming the thermally
stable Hy IMNa"} configuration. '

Wa can therafore assume that in our crystal with oxygen and various hydrogen defects a differant
trapping pleca is oparative, which can stabilize the mnbi[a_f.‘.l:-’ crowdien and therefors allows even at LNT
the Hf -+ H~ conversion. Thus we must have at LNT reactions of the type: :

Primary process: [cII+ HY + e —~ + CIf {mobile] (19
Back-reaction o {mobile) +[H-| = [e1] + W ' 120}
Escape-reaction:  CIF {muobilel + X,,p =+ (€] Xyppp) (21}

The same X,,,. would have besn responsitle for the unaccounted disappesrance of CI? crowdinns
in tha thermal annaaling process after their produr:tinn gt LHeT, treated before. In both cases, no UV or
visible absarptien has been found 1o identify the {CI] Xirgp! complex. As hydrogen in some form is a
candidate for the X ... we set up IR experiments with the aim to possibly identify the trappad CI||
crovecion by local mode spectroscopy .

D. THE MEW H, CENTER.

1 — Photo-production at LNT with monochromatic light. Te investigate all tha trantparent ranga
of the crystal with UV, Vis and IR spectroscopy — aspecially in the hydrogan canter local mede
reglon — we set up two experiments with the two parallsl and parpendicular geomatries (described in
Chaptsr 111) using crystals of suitable dimensions {see- Figure 13} The aim wae to produce the same
photochamical reactions in both samples in parallel so we could carsfully detect amd corcelate any IH
effacts to the already known spectral behavicr in the UY region,

As one can see in Figure 134, wa startad with the photodecomposition of the QH™ dafect by
monochromatic 204 nm irradiation As a result wa observed in the UV range the DHY = H{ conversion
as described earlier. I the IR range no significant spectral changes can be obsefved at this stags, as
expected, Tha OH™ stretching vibration absorption at 2.7 ¢ is too weak to be detectable for tha
law OH™ doping used, and tha neytral HT interstitial daes not giva rise to an optical active local mode. In
tha rext step we phetodestroved Hf centars, reproducing cur former UV spectral resuits In this
irradiation stage, pronounced effects developed in the IR range. Besides the appearance of tha M~ iocal
made transtions — as expected from the UV result — we observed the growth of a new single band so far
fot reported in the literature. This band has its maximum at 1112 em~! {at LNT], at a 30% highsr snergy
eompared to the Hi center local mode transition, Wa csll the center responsible for this new hydrogen local
made absorption tentatively H, , with the %'’ indicating its unknown structure and site, and the minus sign
indicating that this new centar should be charged to ba | R active,

Proceeding with the saries of spectral irradiations in Figurs 13, we illuminated in ths third smge
with U-band light, preducing the well known E -+ Hy canvarsion; This stap baslcally did not change the
optical dansity of this new center. Ag axpected wa obsarvad in both ranges {IR and UV] tha decrunse of
tha H™ canter {Uband) and besides tha increase of the H™ center, the Uband destruction it also
rasponsible for soma HC /F tentar pairs formation. The new Hy defact apparently does participate in all
thase transformations



25

KCI:+1.1X10" OM"Photo-recctions at 77K
204nmirrad| 235rmirrad.  2ionm| 235nm irrad.
40  (OH) Uu,) W (U} A
0] Edw
301 H'/ A Electronic—
o M) Transitions |
20} | e -
| a .h i !
OH™ I /-r‘
1.0 | .
~ .
L . HTFUI] |
|
B Locot Mode Transitions alH]
Q6 1 I
QD
Q4 - A
Q2 | —
H; |
1,0 1 . -1:
20 40 o0

Irradiation time [hrs)

Figore 93 A - Electronic absorption bhends as 4 function of irradiation time for & saguence of
monachromstic irradiations in g KCLOH™ coystal at LNT {thuckness ~ 0.5 mm].
8 — Local mode wansitions n the IR for the same sequeanca of irradiavions .as in
A (thickness ~ B.0 mm)



26

A fuither U; band irradiation was parformed in the case B, mastly to follow in tha IR the
behavior of e new H; band. The mejor effects after this irradiatlon were the increase of
the H” cemter, the increase of the H: band and a decresse of the H7 centers. A decresse of the H
certer could partially be explained by the fact that U, band irradiation also reaches the U,
glectronic absorption band which is very broad and extends from 280 to 230 nm in tha far UY.

We should point out hers that in a similar set of exparimants with a KCI'OH ™+ Na* erystal,
the monachromatic U, band irradiation only brought up H, centers as mentioned before (shown in
Figura 12} with no traces of H centar farmation in the IR region.

2 — Photoproduction at LNT - with undisparsad irradiation. Some preliminary  questions
immediately arise concerning tha H, center: How doe: tha crystal behave under a prolonged full
undisparsed UV exposure when all possible photochemical reactions were teking place simultaneously
and are performed to complete saturation? To arswar this guestion wa set wp the following
experiment: Ltilizing an irredistion system which has 2 Xenon lamp as a light scurce, we parformed
g full undispersed irredistion expariment for KOl samplas of two differant concentrations of OH™ .
Far the low OH~ concentration sample we cbserved a parallal rise of the H, HT ang Hz center
transitions (Figure 14AL. After a prolornged irradiation thesa transition bands reached soma sort of
dynamical equilibrium and satursted. In seversl attempts we disturbed this dynamical equilibrivm by
illumination with monochrometic light inte the U hand for example, producing
the {FE - HY + B conversion alresdy described in Figure 13B. Conversely we would invert this
process by illuminating intc tha U, band. While tha ralative amsunte of H™ and Hj} local mode
absorptions changad reversibly in thass tests, tha haight of the M tramsition band remained
approximately constant (as it did in the sxperiment shown in.Figure 13B], At the and we were able
W return ta the dynamica! squilibriurs relatlve haights of thass thres trarsitions as shown n
Figure 144 iust by ropeating for a few hours the full Xenon lamp irredigtion. The IR locel mode
transitions and the corrssponding UV spectral ghsorptions after ten hours of undispersed light
irradiation are shown respectively in Figures 164 and 158, From the UV spactrum we can confirm
thet no new bands wera found in the UV region. This is consistant with the fact that the H,,
apparently having no significant electronie transition in the transparemt crystal range, will be the most
praminent product of the OH- photodecomposition at LNT, a3 observed from this saturation
exXpEeriment.

We repeatad this full Xenon lamp irrediation experiment for 2 KCIOH + Na' sample (sea
Figure 14B] and cbserved the same saturstion behavior as the one obtained with a KCIOH™ sampla
{Figure 14A}. Since our irradiation also contzins the wavelangth which is absorbed by the Hy centers,
this kind of undispersed irradiation prevents their formation. {We confirmed the photodestruction
uf Hy centers in another experiment where we bleached the Hy band by irradiating monochromatic
light that is gbsorbed by the H, center.) As a result of this saturation axperiment we again anded
up with M canters as tha most prominent band.

For a higher concentrated KCLOH ™ sample, under the same initial build-up of these three
transition bands (Figure 16). The initial build-up of these transition bands {Figure 16]. The initial
formation rate of the H™ centers is low, but increases markedly under prolonged Irradletion. This
teans that under undispersed irradiation conditions tha H™ transition band is formed at the sxpense
of arother resction product which must be Initially created by the light irradiation.

3 —~Hyx locsl mode spectra angd isotope effect. Hy formation in KBr:OH™ and RbEs:OH”
erystals. A closer lopk at the Hj transition band revealed very Interesting featurss, [t did not show
any structure or splitting when cooled 1o low temperatures, displaying a single band with maximum
at 1114 cm™" and & halfwidth of 25 em™' atGK. The varlation of the band shape s a function of
tentparature ¢an be seen in Figure 17. '

Qur general observations on the H” center so far strongly indicete the preserce of 2 hydrogen. But
tuw wauld ona confirm the presence of a hydrogen in this new defact? A rather straightforward test was
o repeat the full Xanon lamp irradiation for a system such as KCEYID and search for isotope shifts in the
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obsarved trangitions. This experimant is described in Figure 18, We indeed obsarved the displscement of
tha H_transition from 1112 to 779 cm” ! an almost perfactv’fimtnpe shift (H—+D}. Parallel to this we also
ohierved the isotope shift for the local mode of the H™ center from 845 em ™! to 606 em™!,

Finaily, in a brief attempt to demonstrate the generaiity of the H defect and its photopraduction
from OH" defects, wa tock KBr:OH and RbBr:0OH “samplas and rapeated the full Xenon lamg irradiation
axperimeni, Wa indaed found in these twe systems the formation of H, and H centers a5 in the KCI:OH™
system, For KBr:OH™ the pesk positions of H%and H were 1088 em™" and 790°cm™! respectively. For
BbBrOH™ they ware 1021 em”! and 745 o respectively. These rasuits indicate the general naturs of
the H cemter excluding the possibility of its being formed only in KEIOH™ systems.

Formation of Hydrogen Local Modes at 85 K
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p ta this point we know or anticipate that bydrogen and mobile Ci'; erowdions are tha
basic candidates for tha formation of the H, band Howsver wa must remember that o far we only
dealt with ene of tha two products of the OH™ photodissociation, nemaly the H'-I1 canter. In othar
words, the 07 center wes nevar taken into congidaration slthough it wat alway: prasent and in the
same quentitles as the initaial H) center.

in the full irradiation experimants, the pressance of thea 07 center is sven more criticel since
here wa are also irradiating in the O band. This could result in photochemical reactions involving
the D center and consenguantly the production of new dafect aggregations,

Since the precise optical datection of the O~ centsr and its contribution in the various
dafect reactions exparimentally impractical, s sxclosion from the formition of the H; centar can
only be proven by indirect sxperiments. How would we then, at the samas time, create crowdions,
have hydrogen traps for thase crowdicns, and aveid the undesirable pressnce of the 07 center?

q — The formation of H™ canters In KCIEH™ erystals,
al X-irradiation of KCI:H™ at LNT.

At this point the most obwvipus sxperimant 1o answar tha praceding question was o
M-irradiate a KCI:H™ system at 77K, The reasons to do $o ars:

{it  X-rays ora well known to produce )Y crowdlons in KCI at low ternperatures' &1,

{iiy A KCHH™ system would offer hydrogen treps for the mobile crowdions.
{iii) A KCIH systemn would exclude the presense of the O~ coentars.

We X-irradiated a KCl sample containing56x=107° H™ Due to the high concentration
of H~ defects, its local mods transition was monitored by the anti-Stokes phonon side band, since
the maln local mode transition is completely off scale (by a factor of ~ 40 higher than tha phanon
side band at LNT 87}

After a prolongad X-irredietion we observe the formation of structured H' local mods
absorprions (Figure 18A). These spectral structures comespond to transitions of H™ centars that have
differamt spatial corrslations 1@ therr anti-centers — the snion vacancies — ss explained by Frit:“m.

Thi X-irradiation also produces H cantars as we had anticipated (Figura 18A).

In the next Figure Z0A we display the growth and decay curves of the centers invelved in
Figura 184. We obsarve that X |rradiation produces the following effects:

(it H- centers undergo a gradual reduction, raflecied by the decrease of its phonan
sideband.

{il H] eanters messured by the mein psak from tha spatislly uncorrelated ones are
formed with an approximately constant rate,

flil Hy centers are formed initially with a small rate which increases under further
X¥-irradiatian.

From {iiil wa recognize that H, centars are formad more efficiently with the help of some
reacticn product that iy obtained during the. initial X-irradistion exposure. This observation makae the
H[ canter the strongest candidate for & trapping site for tha CIY crowdions.
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sample under X-rays irradiation 81 77 K. .
B — The same as above but after a previous UV irradiation, producing[H™ — H[ conversion.
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B — Tha same a: above but after the previous UY frradiation. Al date are takan from The
spectral measuremants in Figure 19,
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h] X-irradiation after optical ETII-* Hi conversion.

In order 1o further verify the participation of H defects in the H, production process, we set
up ancther experiment in which wa preexposed 8 KGI:H™ sample to UV imadiation. &3 a result of
this UV irradistion we obtained, very efficiently, the |H1 -~ H, conversion process without amy trace
of H; center formation (see Figurs 19BE).

Under X-irradiation of this previgusly UV exposed sample, we observed an initial decresse
of H cantany and an increase of H, centers with an initial formation rate a factor of ~ 16 larger than
the initial Hr formation rate ohtained by a direct comparisen of Figure 204 with Figure 20B. Under
further X-ray axposure the system tend: to reach some dynamical eguilibrium. The ohserved facts
confirm again strongly the pronouncad participation of the H center g5 a trapping site for the 'l:‘-l-';j
crowdion, We cannat decide from these experimeants i H™ defects play any role as the EI? crowdian
teaps, We cen, howsver, conclude that if they partigipate in the formation process. this trapping
probability for CIY crawdion is considarably iower than that of HI defects,

& doubt that emerges after doing thase M.ray experinents may be sxpressed by the
following quastion: Could tha KCI:H™ sample cortam unwanted OH™ impurities which woold have
produced the H_ effects ynder X-irradiation? Due to tha high concentration of the H° cenmter, thair
UY ahsgrption would eompletely mask any small OH™ bend. Twe conclusive arguments can be given

against such a possibility:

{if The samae LV light exposure which formed ne H, centers in the experiment of
Figurs 1968 produced, in experiment shewn i Figure 134 an optical density of 0,15 in
the H, logal mode absorption. [f our KCIEH™ sample of experiment Figure 196 would
have a factor of six lower concentration of OPF° impurity than experiment
Figure 13A, we should have been able to produce 0.020D.cf H, local made
pbsorption (002 0.0 was the lower limit of our detection system sbility at the
signal-to-noise ratic used), We can therefgre say that i OH™ was present in
the KCEH ™ sample it should be in concentrations less than 4 x 0%,

{ii) in angther experiment we exposed a sample of lww OH™ concentration (2.6 x 1075
to X-rays 21 LNT during 16 hours and wers unable to find any trace of HL HY
o H~ centers. This shows that Xirradation at LNT does not decompose at alf
the OH- defect inte any of the hydrogen reaction products H- . Hi‘ and H a3
ohserved under UV irradiation of OH™ , The participation of any
unwanted OH™ additions Jin the experiments of Figures 19 and 20 is therefore
definitely exghrded, and so is the possible participation of any oxygen defects in
the H formation.

For a further confirmation of the nan-participation of the 07 center in the Hj center
formatlon we did another expetiment in which we used & KCISH™ crystal and repeated the full
UV irradiation treatmant as we did with the KCI:OH™ erystel We know from previous work [E4.65!
that the SH™ cemter can be decompossd inte S and HY defecis. Proceeding with this full irradiation
treatment wa cbserved exectly the same M band i the KCIESH © grystal.

The experiments gdescribed in this section, besides confirming the participation of HT and CI;
centars into the H_ center formation, ruled out campletely any passibility of the participstion of
the Q7 center in the Ho center production.

5 — Conglucions aboutH, Formetion fram LNT oxperiments. Up to this point the various
experiments at ENT allow us to draw several conclusions about the nature and farmation process of
the new Hy center:



al Under full UV light irradistion, M, cénters are tha most prominent hydrogen reaction
products of the OH™ phmodecomposition,

Bl Under ztepwise monochromatic OH™ photodecomposition, H, defects form in the
sacondary stage by photoexeitation of HE‘ cahters. Ax this process creatas mobile CII."
crowdions, the latter are very likely candidates for the H formation.

The IR absorption of the H_ certters shows, by tha H—+ D isotope shift, that it is
caused by = perfectly |ocelized wibration of a charged hydeogen ion: its single bared
structura indicates a site of high symmetry for the hydrogen, whickh deoas not split its
local rmode. ' -

Lo

d} H, centers can be formad by X-rradiation of KCUH” crystels at LNT. This excludes any
cantribution of the oxygen in the M, lormation process, and confirms the idea that H,
gertars are farmed by the reaction of mobile € crowdions with hydrogen defects.
Tha increase of the initial H, formatien rate in this experiment by a
pravious |_Ij "+ H[ conversion rnakes the intarstitial H ' defect the maost hkely candidate
far the trapping of the CI? crowdion forming the H, centar.

All the preceding experiments were done at LNT, wherg CI7 crowdions are mobile right aftar
their creation and thus form the H defscis instantannacusly,

If this picture is correct, wa should be able to produce H centers in controlled staps it
lower tempersiures where CI:' crowdinns are thermally steble. Expariments in this temperature range
should therafore provide a conclusive test on the farmation process and a definitive identification of
the hydrogen defect trapping the CIT crawdion.

E, CONTROLLED FPROTDIWCTION DF H, CENTER AT LHeT.

1 — Preduction by monochromatic UV irradiation. We initigify mede the photo-dissociation of
the OH" conier gt 77K ifor experimental conveniencel by mongchromatic 204 ren Tight (Step O in
Figure 214}, We then procesded with the further photochemical reactions at 8K, After
photadecomposing H|' centers (Step 7, Fig. 21} at 6K we observed that the H™ center local mode
was built up as expected fram previoas experiments. |n contrast to the corresponding experiment
at LNT (zee Figure 13}, we obserye at 1his step no trace of H, [and H;} formation. This confirms our
previous assumption that the photodestroyed H‘-f' certers are quantitatively converted inte H™ centers
and CIT crowdions, with the larter stabilized a3 M centers |m the lattice. [t further confirms our
assumptlon that only mohile Cfi' crowdions, reacting with bydrogen defect, are able to form the H,
canters. The “self-trapping” ot tha CI? crowdions g H centars tharefore prevents the K formation.

It our tine of arguing is right, the H, centers should be formed if we make the produced cq?
crawdions mobile in some way. One way to achieve this it the optical excitation in the electronic
tranzition |H band)] aof the CI? crowdion, which leads 1o sn optically stimulated motion of the defect.
If we shine monochramatic light into the Hband (S5tep2 in Figura 21}, we indaad observe the
appaarance of the H™ [ocaf mode hand, Simultanaouly we sg8 the reduction aof the H™ local miode
band.

As nao H dafects have been present during this reaction we must conclude that in this
step H_ defects have been farmed by the reaction of “optically mobilized™ CI? crawdions
with H™  dafects.

A further irradiation into the U; band {Step 3 in Figure 21) proceeds with
the Hin -+ HI +cI] formation as in Step 1 without further H, formation. A subm“fﬂ
mongehromatic frradiation in the L band brought up mainly the local mode of the HT/T—] close pars
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(Step 4, Figure 21Bl with the correspondent dacreese of the H™ sbsorption center. Mow that we
have twa kinds of hydrogen centers competing os trapping sites, we again optically bleach the H band
and cbsarve further incresse of the H, local mode band, Simultaneouly we see a considerable
reduction in the lecal moda absorption of the HI'.I"::] close pairs, and a very small redugtion in
the H™ local mode. Apparantly when both H™ and .H1',.f|'__f___] palrs are offered are much more
effective for the H, formation. This is exactly what we observed in the X-ray expsriment with
the KCI:H™ erystals of LNT,
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2 — Production by thermal destruction of Gi| crowdions, The second powiblity to mohilize
tha CIf crawdions sfter their optical creation st LHeT is a thermal annsaling process into the
tarnperature range of their thermal instability (T 5> 55°). This process was performed as Step 8 in
Figure 210. It leads to a further considerable increase of the Hy centers and a simultaneous
destruction of the Hr.-';'-"; close paits. As the lattor are clearly tharmally stable in the used
teimpersture range {thay are thermally ennealed only st T3> 90K'®Y), wa conclude that the H-
tncrease was achieved at the expanse of rhuH'f_:] close pairs. {The H™ centers remained
approximately  constant during the thermal annealing Step 6.} Thus again we <an concluds that
thermally mobilized CI] crowdians form H_ centers by rescting with H .{j close pairs.

The involvent of the CI) in the H formation is conclusively demonstrated in Figure 22,
which we monitor the abcmrptmn of tha Cil crowdians {H bard] and the H_ local mode ahsurptmn
during the thermal annealing process. The correspondence of the thermal destruction of the CI7
centers (around S5k} to the incresse of the H, absarption is clearly demonstrated (ths change in 'Chﬁ
H-band absorption at TOK is caused by thermal reorientetion of the CIj crowdions).
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Figure 22 — H center decay and M, buildup curves vs. temperatura, This measurement corresponds tothe
experiment shown in Figure 210.

3 — Produgtion by urdispersed optical iradiation. The two above rasults (items 1 and 2} wers
confirmed by a more general experiment where we employed undispersed broad band UV irradiatien
at 6K as we previously did gt 77K, The results of this experiment are displaved in Figures 23A
and 238, From Figure 23A, Step 1, we see thot after an exposure of undispersed LIV light we obsarve
immediate formation of gll three hydrogen defecw H,, Hy {correlated and uncorrelated)
and H~ ganters. Since our irradiation contains the wavelengths of the OH" band, of the differant
hydrogen canters involvad { H™, H;, H?L ard of the H band absorption of the Cf? canter, the
simultanecus appearances of the H_, H™ and H™ centers is expected a5 in the LNT full irradiation
case,
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After this full UV exposure we hleaghed the H band using undisparsed light but blocking any
far UV light beyond 300 nm by a cutaH filter (3ee Step 2, Figurs 23A) Az previously observed, we
again see the raise of the H_ at the expense of H; centers. The Tollowing step was to practicaily
reapeat the pravious UV trestment to re-establish the dynamical equilibrium among the three defects
I5tep 3, Figura 234} as previously dare at LNT

As a last step. we performed again the thermal annsaling to 77K procedurs to make the
crowdions thermafly unstable After this treatmeni we again observed an increase of M) centers. a
decraase of H7 centars {both corqeiated and uncor-elated) and a corresponding decrease
of H™ centers. This axperiment, although beng different 0 terms of irradiation procedures and
intermediate products obtained confirms the results of the previous monochrometic expariments.
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Figura 23 — Production of hydrogen centers in KCIOH™ a1 8K under undispersed light {broad band
imterferance hlie: + Menon lamp!
A — Step 1. Formation of H™ . H idiferent corrglationst and H centess under  full WY
wradiation Step 2 M formation and M destrucuon undes H band (€ crowdionh light.
Step 3. Repettion of Srep 1.
B — H; production afie. a tnermal annealing process to 77K, H and M~ centers decrease after
thns troatinent.
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F. THE THEAMAL DESTRUCTION OF THE H, CENTER.

To astimate the relative cscillator strength of the H center, we went back to Figure 171
where wea see that ot LNT epproximarely 50% less H- centers are formed when compared to the
LHeT experiment. We assume thet the other 50% of “missing” H~ centers are being consumed to
form H canters. Using the relative strengths of tha integrated sbsorptions in Figure 138, we obtain

fuz / fy = 07

Considering the value 0.6 for the oscillator strength of tha H™ cantarl!B), wa get approximatsly 0.35
for the oscillatar strength of the Hy center.

After we have studied the detailed kinetics of the H, center crestion and concluded that
tha H centar was the final end optically stable product of the OH”™ photo-dissociation, we annealad
a photodecomposad sample to investigats the thermal seability of the H csnter and the possible
rAacton producis of the H, thermal dastructicn,

Whan heating a sample containing H] centers and following their local mode absorption
st LNT aftar pulse annealing to various higher tsmperatures we found that the H centers decay
thermnally in the temperature range 190-210K [Figure 24B) This snnealing behavior is very close to
the HY = H7 tharmal decay process of H: interstitials described by Fritz(!8]. We indeed otsarvad,
togather with the extinction of the H, centers, this thermal resction Hi+ El—* Elj hy tha H
decreasa and M~ increase, a5 shown n Figure 24A. A simple comparative analysis of the strengths of
absotptians change: in the three IR bands involved in this process shows that the axtinction of Hy
cantars does not create H™ centars.

Taking the lows In absorption strength in tha H jocal mode (A DD =0.8) and converting it
into the corresponding gain in sbgorption strength for the M~ center, we would expect an opfical
density increase of ~ 1.7 for the H~ absorption. We instead observed z mere 0.3 increme in 0.0, of
the H™ local made, 3 fact that by itealf axcludes the possibility that the destruction of H centars
will form H~ centers. - The tmall incresse of the H™ local mode is fully accounted for by the
thermal dastruction of the H; / — extrinsic Frenksl pairs, as seen by the destruction of the H; local
mode band. Mo new Iogal mode absorptien in the IR range snd no new electronic absorption in
the UV/Vis range is observed to deveiop after the thermal destruction of the H defects.

G. FINAL CONCLUSIONS ON THEH, FORMATION PROCESS AND STHU;I:TUHAL MODEL,

The large variety of experimenis deseribed in the previous sections offered a consistent
picture about the two components which participate in the dynamic H, center formation procass,

@} Participation af a Ci} crowdion i the H; conter formation,
We proved in diffarent ways that CI] crowdions ara participating in the H center formation:

{il In the LNT range, where U, band irradiation creates the Ky defects, we showed that
competing Ni* defects can capture and stabilize CI] crowdions and suppress the H
formation. :

{ii) Creating CIS crowdions by X-rays at LNT in a KCLH™ system leads ta the formation
of H; t{excluding the contribution of oxygen in any form in this processl.
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{iii} At LHsT we wars obls to crsate H, centers stepwise in a controlled way by first
creating stsbiz cr‘l‘ crowdlors. Only when these erowdions ware made mobite by
optical ar thermal excitation, the Hy defects appear,

b Participation of hydrogen defects in the H, formation process.

Tha experimants under wvarious tsmpersture, irradiation, and defact conditiens shawed
consistantly

(i} !n a crystml containing both H; a’El pairs and H~ defects, the formation of H conters
is accompanied mostly by 3 reduction in close M) B pairs armd very little, if ary, by
@ H™ defect reduction.

{ii) If anty H™ defects are present, the H, formation procesds at the expense of
the H™ defects.

From {al and {b} sbove, we must concluds that the H; defect iz formed by the ruscton of
mobile CI° crowdians with either closa Hi‘_{_:_] painn {prefacred procom), or with H™ defscts. As
the H;!E Frenkel pair is—In terms of its net structural componants — équivalent to the
substitutional H- defect, both these hydrogen traps for the ﬂl':i crowdion an lead tp the same erdd
product.

From the H_ lgcal mode strength, spectral shapa and isotope shift we concluded that tha
defect must consist of a charged localized Mydrogen dafect in 2 site of high symmetry which doss
not split the local mode. The high frequency of the Hy lotzl mode indicates a stronger vibratlonal

potetitial of tha H, compared to the H; defect.

Frem the thermal destruction of the H, centar we know. that it s not converted back
Imo H™ centers, but disappeare Inta $ome unknown optically inaccessible strocture.

A structural modsl mugt -be able to integrate and sstisfy all thess static and dynamic
axperimental features. Wa 82 anly one pasiblity to achieve this in a single model: A hydrogan
lon H™ in a body-conterad interstitial position, with 3 trapped hole shared symmetrically by tha four
surrounding nearest neighbor anions (sea Figure 25).

This model satisfies the obsarved static features, a locelized charged hydrogen defect in a sits
high symmatry with a single unsplit thrss-fokd deganerate local made trahsitien. Aside frem the
trappad hole, it & similar to the H, defect (see Figure 28). In the latter ome, tha charged
interstitial M, defeet will have strang electrostatic interactions with tha surrounding fons, repelling ard
shifting outwards tha anions, and attrecting and pufling imwards the cations. The addition of a hole
(positive charge) ta the shall ot nasrast naighbor aniohs in the H] center will reduce the H; + CI°
rapulsion and thus produce a closse distance between tha hydregan and the chlacine ions. As the
potential for the localized vibratien of the H™ is mainly preduced by the Born-Mayer rapulsion
interaction with the llarge sizel anions, we will expsct a higher local mode freaquancy of the H,
compared to the H; defect This is in agreemant with the frequency shift to higher anergies found
experimentally.

For the dyramic formation process, we Rave to regard the two cases:
al Reactlon of a II:I':I crowdion with a close HY .I’E Pair.
If the CI crowdion {an Interstitial CI7 ion with a bound hole} approsches a H; f—] Frenkel

pair, the most natural process to assume is the recombination of the CI° interstitinl with the smpty
vecancy of tha Frenkal pair. As a result wa are left with the H interstitial snd the hola which was
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Figurs 24 A — H7 , H and H” canters local mude transitions before and after pulse ennealing to 240K,
B — H, center annealing curve at LNT taken under a pulse annealing procedure.

Figure 25 — Structural modal of the H center (A} and the H; center (Bl with indication af the shifts in
position of the surrgunding anions and catione due to electrostatic interaction with the
Interstitial hydropen ion,
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- carried pravicusly by the CIS crowdion. If this hole would just recombing with the interstitial H we
would rastora the original neutral interstitial HT center. Apparently, however, the polarization of the
surrounding ions around the H” defect (Figure 25) make it possible to trap the hole at the CI7 inns
surrourding tha H; defect in a stable way.

bl Reaction of aCl] with a H™ defect.

In order to form the same H, defect in this reaction, the approaching CI” interstitial erowdicon
will axchangs the lattice place with the H™ defect, s¢ that an interstitial H™ ion is formed. Tha hols,
carvied by the I!:I"I' crowdion then gets bound to the Hidefect in the same way as above,

In terms of its nat components {after recombination of the hole with the H defact), the Hy
defact is » neutral interstitial hydrogen atom. Thus when it gete thermally unstable ard recombines
with another H defect, it would form:a neutral interstitial H; molecule. This dafect is known to be
present in alkeli halides znd spectrally invisible in both UV and IR rangs. The “speciral
disappssrance’™ of tha H; defact after thermal annealing is therefore well understandabie with our
mcdel.

We should paint out thet the proposed model is constructed strictly from an extended static
and dynamic experimertal mateclat, which — in our opinion — 1§ concluslve and doss not jeave any
ahernative chaice for a different model, consistent with the experiments. A thogretical justificatien
far the proposed interstitial H- structure with a stabilized hale shered by the surrounding anions is
bayord the scope of this work. The thaoretics! understanding and justificstion for this peculiar
“imverted snd self-trapped exciton” at an interstitial hydrogen defect appears to be a challenging and
intarasting problam for further theoratical studies

V — PHOTOREACTIONS OF KCI:OH™ BETWEEN 120 AND 200K.

RESULTS AND DISCUSSION
A. KCI:OH™ CRYSTALS.

In the previous chapter, wa studied the OH™ photochemical reactions below 100K, whare
the most important progduct of the OH™ photodecompasition — the HY center — was thermally stable.
After this investigation was completed, the next quastion 10 be asked is: What happers 0
photodecomposed OH™ systems when one anneals it above the thermal stability of the H"i' canter?

1 — Tharmal annealings above 120K. To answer the above question, we first photo-dissocisted
» KCIOH™ crystal at LNT as usually done in the experimants of Chapter IV Is=e Figure 28], We than
pults annealed the systam to 150K, During the hesting cycle we followsd the UV shsorption vs.
temperatura of the H] center and obtained its extinction curve which is displayed in the insert of
Figure 26. After coolfng back to LNT, we observed the formation of a broad band appearing in the
F center regicn of the spectra. This band is assignad to the H; Q™ defect already reported by RAusch
and Snicdel (88}

The H,O~ defect cansists basicaly on a water molacule trapped by an F center with the
unpaired F slectron repelled from the water molecule, but still bournd to the vacanoy. The steucture
and propertiss of this centsr wera sxtersively studied by Rusch'€3) with EPR and ENDOR
techniques. The optical absorption band of the H,D~ centsr at LHeT shows a partly resohved
structure with at least four bands in the vicinity of theF band, A proposed equation for

the H;D~ center formation is:
OH7+ H] + kT = |H;07 122}




| Thermal Annealing

Figura 24 — Tharma| annealing processes to 150 and 300K of a praviously photodecomposed KCHIOH™
system at LNT. Insert: U, absorption band decrease and Hy O~ absgrption band increase vs.
temperatur e duting the pulie annealing to 160K

it ancther parailal experiment wa fallowml the risa of the H; O~ band and obtainad its
growth in optical dansity ve. temparature, This growth curve {s displayed in the insert of Figure 26. A
closer look at the H] center extinction compared to the HzO° growth shows that the maximum
rate of destruction of the H] center coincides with the maximum rate of creatiosn of
the H,0" canter. This aspect qualitativaly confirms Eguation (22] with respect to the origing of
the H;0Q" canter. However, we could not guantitativaly follow the OH™ band behavior during this
annsaling process due to the formation of & streng hackground in the U}, center region (Figurs 26). It
should be noted that tha H; O~ defect could a5 wall hava been formed by the reaction of the two
tharmally mobile interstitial Hatoms {HT canters} with the O~ defact [which should be available
from tha primary OH™ photodecomposition in large quantities) according to the following equation:

215 +[07+ kT -+ H,D] (23)

To contlnue with our annealing proceduwres { Hy O™ eenters are 1o longer stable
above 200K}, we made another pulse ennealing to 300K which is also shown in Figure 28. In the
visible we range observed the completa extinction of the H;0™ center and the formation of a small
quarttity of F centers. As we can sse from tha relative oscillator stremgths (sse Table 2}, the formed
amount of F canters do not account far the numbar of H, Q7 destroyed. We should expect a factor
of sixtesn mare F centers [f we would assume that the water molecule goes to an interstitial position
lasving the F contor behlnd as proposed by Ausch and Seidell®B) We will not try here to speculata
on the fete of the H.O~ cemer since another not onderstpod center —the 07 — may he stiil
avalleble and could participate s well in high temperature rezctions. We indeed observed a reduction
of the Ll; canter background in paralle! with a decrease of tha low energy teil at the 07 bhand, At
the sarme timm, a mixed OH™ and U cemter band appesrs which makes things more difficult for a
quantitative amalysis of tha reaction products.
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Since at high temparatures several centers becoms unstable, it is very difficult te control the
varipus reactions thet are simultanesusly taking place. Reactions invalving 07 and H™ ions are
highly probable and stable meleculss asO; or H; are likely to ba formed in substitutional or
interstitial positions snd they would not be detectabla by aptical maans. Dug to thesa reasens wa did
not treat quartitatively the high temperature annealing results.

2 — Photadecomposition of OH- canters at 160K. We next investigated the OH”
photodacampesition at termperaturss above the thermal stability of the H? center, By irradiating into
the OH™ band at 150K, we obtained its decrease mocompanied by the increase of the H, 0~ band.
This process is displayed in Figure 27, Plotting in a manner similar to the low temperatures case,
the OH” and H,0 band changes vs. irradiation time (Figure 284), and pomparing the incresss of
the H; O~ band with the OM" band decresss (Figure 2BB), we find the following results:

8} Compered 1o the LNT or LHeT OH™ photodecompesition, we obssrved that the inftial
quanturn efficiancy of OH- destruction at 150K is & factor of two higher than it was
at LNT or LHseT.

k) By plotting the OH™ absorption band decrease vs. H; 0~ absorption bend increaes, a
lingar relation between the OH~ decrease and Hy, 0™ increase is obtained
{Figure 288), indicating a direct conversion process between both centers without other
side reactions,

The factor of two cbtained between the OH™ destruction rates st LNT or LHeT and 180K
indicates that for each H 0" center farmed twe OH™ centers were consumed — ane by
photodestruction process, and the othar by trapping & mablle HT center. These ohsarvations supgested
the following s#t of egquations:

—

OH"|+ he +|o-+ H; (24

2j0H"[+ hw + KT + 0]+ [H,0] {29)

Adding these two equetions, wa obtain:

2EH‘+ he + kT —»1D'|-+ Hq O {28}

The slops taken from the straight line that correlates OH- decreass with H; O~ increase
(Figure 28B) defines the ralative oscillator strengths of these two bands {see Table 2). Unlike the low
Iamperature case, tha presence of F centers will now drastically alter the above discussed reactions.
This witl be treatad in the naxt section.

B. KCLOH™ CRYSTALS WITH F CENTERS,

1~ Tharmal srnealings above 120K. In the jow temperature photodecomposition process
of OH" centers in & KCLOH™+ F crystals we chserved an initial decrease of F cunters as reported in
Section B of the previous chapter. The primary reactions in the prasence of F centers were :le:::rihatd
by reaction-equations 14, 15 and 16, which postulste tha production of H; centers. As the electronic
a#bsorption (U, band) of these centars is hard ta detect axperimentally, wa sat up an experimant to
directly obsarve the formation of the HI center local mode in this process. The spactral changes in
the L'V and visible range during the initial OH~ phatodecomposition are shown in Figure 29. In the
insert of Figure 29, we display the rise of the H] comter lacal mods tramsition. This confirms further
the vaiidity of the equations 14, 15 and 16 describing tha primary photorsactions appearing in the
same exparimant. Adding thess equations we ghtain for the net rezction:
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F._I:i_]*-fj-‘r by —+ {E_j-l-r-:+ HY {27}

If we puite anneal this photodecomposed systam to 150K [Step 3 in Figure 20} we observe &
strang increase of the H local mode band and 2 cecrease in the Fband (besides the thermal
destruction of the LJ; band). The thermal annealing process makas tha H? mohile and possibly whean
it gets conveniently close to the F center, the F center ground state electron will tunnel to the H?
cantar which is thermaliy stable, It is interesting to rnote that in thesa reactions —and in the oned
discuszed for the KCIOH 1 F system previpusly in part 1V, section B — interstitial hydrogen atoms
nover react with F centers to form an H™ defect, a pracess which would appear to be very natural.
Apparently, whenever a mobile Hni' dafect approaches an Feentar, a transfer of the T ground  state
electron to the intarstitial hydrogen takes place at 3 certain distance {possibly by tunnelingl, forming
ard stabllizing the H defect. We naver observed the reaction:

['é""|+ H® (mobile] —rEf. (28]
but always instead the slectron transfer resction:

o }4- HY (mobile} ~[=]+ Hy (28]

As a final progedure we pulse anngaled our system from 160K to RT (Step 4 Figure 28}
Abova 200K, H- centers are no longer stable. They will become mablle and eventually be trapped by
theit anti-center — the anipn vacancy — and form tha H™ center. This process can clearly be observed
in Figure 29, We then ghtain the reaction:

H )+ kT —»E] (30}

After this last progess was completed we observed that the emoumt of F center reduction
corresgonds to tha amount of U centers created. This fact confirms the above proposed squations to
deseribe our observations. Adding all the eguations that combine the OH™  initial
photodecompositian with the final therma! processes up to AT we end up with the net reaction:

fon]+ o} hw + k7 ~[07+ 1] (31)

2 — Phaotodecomposition of OH™ centars at 150K in the pressnce of F centars. Our next
step was basically ta repeat with KCUDH 4 F systermns the experiments doescribed in Section A-2 of
thiz chapter. MNow, in the presence of F centers the OH™ photedecomposition process produces
diractly and wvery efficiently tho dastruction of F centers {see Figure 30} and the formation
of H™ end H; centers. The presence of Flight added to the UV irradiation basically daess not
infivence the F decay procass as cam be seen in the insert of Figure 30, This fagt led us to conclude
that the turneling process of the alectron to a4 passing by H':; center i the most predominant process
tather than an F center photo-ionization pracess. We should coansider here that the formwtion of
the H,0" canter is taking place simultanesusly, but dua to the relatively small oscillator strength of
the H,0" hand, only very small changes in shape of the F band tails were observed.
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Figure 27 = Optical absorption spectra of a KCIOH™  crystal, measurad at 77K, showing 1= direct
secondary product formation of the Hy O~ light irradiation.
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¥l = PHOTOREACTION DF KCI:OH- AROUND ROOM TEMPERATURE.

RESULTS AND DISCUSSION
A, KCI:OH™ CAYSTALS,

As proviously mentioned, at higher termperatures (especially at RT) it is very hard —if not
impossittla — ta control all the processes that ara taking place simueltaneously dus 1o the instability
and consequent mobility and spgregation af the different cemters involved. Processes like intarstitial
malecules end colloid formations are usually the end products of high temgperature photochemistry.

Ta get an idea of how a pure KCIOH ™ system would behave under OH™ light irrediation at
RT, we basically repeated the experiments already dore at lower termperaturss. Ax one cen see from
Figure 31, wvery littie change occured. We obtained & very small change {shiftl in the
origingl OH™ Gand in the UV region, pessibly due to o very small amount of U-band developmant,
and a smal! buildup of an F band. Thega results clearly show a high stability of the OH ™ defect
againgt gptical bleaching at these high temperatures. As none of tha primary and secondary reaction
products treated at low tempersturas {H?, H. i!:.‘l':r H; O™ | remain stmble (or stable trapping
partners] at this high tempersture, an efficiant back-process apparentty regenerates tha OH™ centar
after its photo-dissaciation.

B. KCI:OH™ CAYSTALS WITH F CENTERS.

In the presance of F centars the above situation changes somehow. Ar room temperature
special care had to be taken tao avoid anmy visible light while irradlating with
manochromatic OH™ light since even small sxposures to visible light would very efficiently aggregate
F centers inta F;, Fi,etc. To achieve this desirable spectral purity of our UV light, we used two
manochromators in tanderm with a deuterium light source (low intansity vishle light outpurt) as
describad in Chapter 111, The consequent less in intensity was compensated by a prolonged LV
expasure. The results of this sxpariment are presented in Figure 31B. We see in Steps 1 and 2 that
the pura UY exposure is directly responsible for a partial conversion of F imo U centers [ro F canter
aggregation was cbaerved at this stage}. This is the stame net process summarized by Egquation {30).

The OH~ photo-dissopiation of tha KCIOH +F spstem, thermally annealed to RT {e.g.,
curve 3 Tn Figure 29} produces a similar net result os direct photo-dissociztion at RT. A subsagquent
short time F light exposure of the orystal {Step@ in Figure 3B} produces immediatly F center
aggregation, s totally indepandent and well known prooess that did not bring any chenge te tha
UY zpectrym

The same original KCEOH +F erystal, when exposed at AT to the full undispersed
irradiation of a Xenon lamp, showsd initiafly that the process described in Equation (32} was Incesd
taking place. After an appropriate itradiation time — 4.5 hours {Step 3 in Figure 32) — ona obtains an
almest complete destruction of all F centers and visible absorption in the crystal (shown in Step 3,
Figure 32). Now if the undispersed Irradiation |5 extended further for prolenged times, new
photochemigal processes taka place: in the UV range the W-band is bleached and transformed into a
naw Unidantifisd absorption bend in higher energies, while in the visibla range, the formation af the
colloid bard!7?! is observed,

It was not our imtent to study and try to understand thess high temperature photoresctions
in any detail. They were undertaken after tha detailed and quantitetive low temperature
photochemistry study, to obtain a gualitative survey ahout the following high temperature
phatochemistry,

The rale of the F centers as extre reaction and trapping zites in the OH ™ photochamistry can
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be summarized as follows: at low temperatures, where pasically all primary and secondary resctions
products of the OH™ dissociation ara thermally oable, the extra F centars have little influence on
theep reactions. Towards highar temperatures, with increasing instability of the OH™ reaction
products, the rale of the F certer as itrapping- ar reaction sites becomes more and more decisive, At
RT, in fact, the OH™ photodecompasition (pot present in the pure crystal), becomes poasibly only
by the presence of F centars.

The cbservation and understanding ef the highly efficient F center bleaching effect by UV
bight in KCI-OH™ crystsls opens snather line of possibilities: for potential application of color certars
in optizal imformation erorage and to tha prodection of U.sggregate centers. We will briefly discuss
these possibilities in the next chapter,

Vi1 - F CENTER BLEACHING EBY LY LIGHT IN KCL:OH™ CRYSTALS AND ITS POSSIBLE
SIGNIFICANCE FOR IKFORMATION STORE AMD U, CENTER PRODUCTION.

A, OPTICAL INFORMATION STORAGE.

Pure edditively colared erystals are well known for their stability against a permanent
bleaching of their caloration. Under wisitle Tight alane, these systems show the reversibie F = F
reaction at fow temperatures'’?! and the aggregation into complexes Fp, Fj, etc, at high
temperatures'72). When irradiating with visible light inta F center systems that also contain OH”
impurities, no new effects are obsarved. We again obtain the reversible F —+ F' conversion 8t low
tempergtures and the F canter aggregation 8t kigh temperatures.

These propertias, however, change drastically in KGIXOH™ orystals if our irradiation containg
UW fight as we showed in this work., Under QH- light lrediatlon, 'we were able 1o produce in a
vory broad temperature range gn almost complete and irreversible denruction of F certers and any
vislbla absorption in the erystal under UV light irradiation. This bleaching effect was partially
reversila only after heating the samples to 850°C when wa cbserved a return of part of the
F cemers.

In Figure 23 we summarize the dacay of the F center ws. UV irradiation time for several
temperatures of study., We see that this process has a small hleaching quantum efficiensy 2t
tamperatures where H'? centers are thermally stable. The maximum bleaching occurred at 150K, At
roomm temperature, although wa had an initially high efficiency, the process saturated rejatively fast
These mixed KCI-OM ™+ F ecrystals therefore allow us to make a UV light Irradiation process visible by
the bleaching of celor {absorption band) in the visiple spectral range. It is evidert that this ability
makes this crystal System interesting as a photochromic material for the storage of aptical
information. This ganeral field has received in the |ast decade a lot of attention: three-dimensional
""Bragg-angle holograms” have, for instance, been stored in large numbers by optical alignment of Fa
cerrtars in KC:MNa' l::nrimh[m}.

To demonstrate gualitativaly in the simplest way thess photochremic properties of
the KCIOH"+F moterial under UV irradiation, we produced some images in these crystals by @
saAmpls shadow process.

The obtained contrast is remarkably high (80:1) and the images are stable at room
temparature and normel light teontaining no far UV components). in figure 34 we display ’“"f’t
different patterns obtained with these crystals under different tamparature conditions. The ﬁnest‘ arid
structure used had a dansity of 1200 “images” percm®. {The resolution of this grainless
photochramic matgrial is basically unlimired)

The reversibility of this process is only partigl. Under annealing te high
temperatures (B50°C), only part of the original F cemers are restored, This does not encourage the
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use for repeated “‘writeread-arase .."" application as required for computer marmary. Neverthieless, this
matarial appears sxcallent to optically register permanent pletar or volumetric information carried by
Uy irradlation. With the presant sdvent of UV lasers, holographic information storefie in thesa
sygtams may ba a definite possibility. '

00 KCI: OH™ + F Center
F band decay i
under UV light

— i 1 : 1

| 2 3
UV light irradiation [ws]

Figure 33 — F center dercay curves in s KCHOH™ + F erystal under OH7 light irraciation for different
termpsratures,
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B, CONTROLLED PRODUCTION OF Us CENTERS.

if ow KCI systern comtains, besikles the OH™ and F centers, metallic impurities such as
the N2’ ., we are eble to convert F cenmters almost entirely into Fp cemters, secording to the

fallowing eguation:
— e
: —'+IH * o |
;¢ +INa'[f e !Na { {Fal {33

Froceeding with the 0OH™ photedacomposition at 150K in such a crysial with Fp  centers
ard then annealing to room temperature, we were abla to and up with Us camters (8 substitutional
hydrogen ion having 8 Na® impurity as one of the nearest neighbors). Their sffective net process can
be described by the following equetion:

E“]+ Na‘]+ DH'1ll+ e+ KT @+ 1} 134)

An indication for the pressnce of this process is displayed in Figure 35, The nearest naighbos
matallic impurity reduces the O, cubic symmatry into C,, resulting in a splitting of the three-fold
degenerats L center local mode transition into a singlet and a doubleti?4), In figure 35 is displayad
the “y, ling” attributed to the Eg double degenerate mods. This first rough experiment demanstrates
the possibility to create Us centers [n a controlled way {so far, Ua centers were observed only
statigtically in hedvily doped crystzle with metallic impurities and U centars]. This method for
creating LI centars with locally reduced symmetry {even opticafly aligned ons!] appeers to be wery
promising for further local mods studies,

—

Us= Formation in KCI{Na*) from QHPhoto -dissociation

-
Y e o+ ﬂ e | e [Na'|(Fa)

EE" + |H 1Nﬂ‘JtUA]

21 L wrad 150 K 5
3 Fulse omn. RT

ast 800 550
Wave rumber]cni')

Figure 35 — Up center formation in a KCIHOH™ + Na' + F systam abtained after tne following  steps:

(s} F = £ conversion at -15°C,
(h] OH photodecompozition at 150K,
ie] Anneal to room temperature {measurements at 77 K|
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