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PHOTOCHEMISTRY AND REACTIONS OF OH- DEFECTS AND
F CENTERS IN ALKALI HALIDES'

Spwo Penha Morsto’ and Frin Lity?

ABSTRACT

Adrtresly colored XCI O™ crystaly sh d under & bined UV snd VIS lrrad . 8 ngerly D ond
brevenbie dexciructron of oll F canters snd vishie sheorption in the crystal. Only upon hesmting the crysml sbove
S50 °C the F contes coloraton tecomes partiaity testored. The photodmsociation of the OH ™ (under UV lighn) 10gethes
wnh the photownrstion of 1he F center {untier VIS light) produces 8 net ettect wherd 9l the £ conten e converted
o U contery Thess photorssctsony produces high contrast va:hie images that arg compietely stable under light st AT,
Bos:onr the optical nformaton 10rage asect Of Thre effect 1Nees photorasctions con sleo be usad for controlled
oronuction of uA comters i the crystal el contains 8 foregn metaitc impurity such a No' on.

1 = INTROOUCTION

Substituttonal OH™ 1ons in slkali helides under opticel excitation of their UV absorption
urdergo 8 photodisocution which lesds 10 several primary and secondary photoproducts s siresdy
reviewed 1N OW previous worky'!-2! {part | and 11). Color center and impurities in ions crystals thet give
e to photochemical reactions have become recemiy important possible spplications as photochromic
medw for optical information storage. The photochemicst resctions involving OH”™ and F centers thet
will be treated in this work make this process very sttractive for optical information storege since It
sliows owr (invisibie) UV light bleaching process eppeer a3 8 light contrast blesching effect in the visible
range.

2 - EXPER'MENTAL PROCEDURE

The introduction of F centers into the KCIOH™ crystals was done with the intention to extend
thes study into the dynamics of the OH™ photodissociation products snd subproducts. F centers are the
simplest defects that can be extrimicaily sdded in largs quantities (up 1o 10'® cm™) in slkati helides by
8 monstoichiometric excess of alkali metals. 1t is an excelient probe to test the behevior of other centers
like H': through their irteractions and recombinations. Owr experimetnal procedures therefore consisted,
in sech tempevatwe range, of ¢ study of the OH" photodissocistion in pwe KCI:OH™ crystals, foliowed
by & subsequent study where we repested the same procedwres with KCI:OM™ crystels containing F
conters. In this wey ii was posiible to make 8 direct comperison between the two |‘m«m and snalyre
the role played by the F centers. The same previously expeiments! -chnimm"" were wsed in the
present work.
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3 — RESULTS AND DISCUSSION

31 - Low Tempersture Procen

in the gresence of F centers, the opticsl photod position of OH™ st low temperatures shows
besically the following spectral changes: a (hcnm of the OH snd an increase of the H° (U;) band
{Figure 1). edditionaily ons observes » decresss of the F band. In Figure 2 we plot Ihm spectral
changey versus the irradistion time, and in Figure 3 we compare the OH™ decesse with the U, bard
ncreasa, all this for both KCI:OH end KCI:OH "+ F crystals end et 8K and 77K as well. in the KC1:0H™
orystal contamning F centers, the decay of the OH™ band is not sffected by the presence of F centers
{Figuse 2). Howeves, The H‘: center growth curve mdicates 8 smaller {slso temperatwe independent)
quentum ethiciency compared to the “pure’ KCI:OH™ crystal. in Fiqure 3. we plotted the OH™ band
decresse vs. the U; band increase and again obtained 8 straght ine with 8 bigges slope compared to the
“pure” KCIOM~ aystal. One may conclude from this fact that the same amount of OH™ center
destroyed 10 both systems heings. in the prasence of F centers, less Y centers than it did in the “pure™
KCIOH" crystal. A careful analyms of the number of HS and F centers invalved in this process showed
thet the armount of F center reduced during the OH™ photodissociation process correspond quantitatively
to the diffrience between the H‘: centers produced in the two aystals, namely KCI:OM~ snd
KC:OH + F. This indicates that in both cases the same OH ™~ H‘} converson takes place, but thet in
the presence of F centers part of the crested H‘: cnters resct with pert of the availshle F cemers.

Atter the olnervation of these effects an immediste question arises: What is formed out the H':
ond F centers which sre consumed in this process? Two evident snswers may be antecipated: either the
creats! interstiial hyrdrogen atom, while moving sway from the dissociated OH ™ state gets captured by »
nearby F center, thus ceating the H™ center (U band); or an F center ionization takes place in the
process and the fresd electron will meet & stabilized H‘: center and rom the H, center {U,; band). The
fust possbibty s clearly exciuded, becaune no trace 07 the (high oscillator strangth) U band is observed
in this process. The weak and very broad U, bend from H; interstitials is much harder to detect. We
could however confum the presence of the second grocess by illuminsting (sfter the UV
photodissociation) with visle hght into the F band (see Figure 1). In doing 0. we obtsined 8 furthe
concentration reduction for both F end N" omters {Figure 1). We therefore sssume thet alvesdy, during
the UV wradunion, some F centers will be ionized (by imadiation into their conductive wstes'? L
bends |} and electrons e usnsterred to and ceptured Dy the HO canter, forming M) centers. The
observed photochemics! fesctions 10 the KCI:OH"+ F system con then be summarized by tha following
squations:

[o?“]c w*@o HY m
EJ...,‘[:]..- @
mou‘:*ﬂ.‘om {3)

3.2 — Thermul Annmling Abowe 120K

The primary reactions In the presence of F canters described by the sbove equations, postulste
the production of M~ canters. As the elecironic absorption (U, bend) of these centers is hard to defect
oxpeimentslly, we m up an expwiment 10 directly observe the Tormation of the H, conter locsl mode
in this process. The wectral chenges in the UV and visible renge during the initisl OH”
phatodscomposition we shown in Figure 4. In the insert of Figare 4, we display the rise of the H/
ronter local node tremition. This fwther confirms the velidity of the equations 1, 2 and 3 describing



the mimary photoresciions sppeting in tha same expsriment. Adding these equations we obtain for
the net resction:

R i S U R B R “'

It we pulse snnesl this pholodecomposed system to 150K (Step 3 in Figure 4) we observe a
Suong increass of the H, local mode band and » decrsase in the F band (besides the tharmal destruction
of the U, band). The thermal snnesiing process makes the H‘: mobile and possibly when it gets
convenumtly close to the F center, the F center ground state slectron will tunnel to the HY center
whach 13 thermaily stable. It is interesting to note thet in these reactions — and in the ones previously
dincursed for the KCIOH™ + F system - interstitisl hydregen atoms never react with F centers to form
 H defect, 8 process which would sppesr 10 bs vary nstursl. Apperently, whenever 8 mobile H
defect approaches an F center, 8 ansier of the F ground state electron 1o the interstitial hydrogen
takes place at s certain distance (posuibly by tunneling), forming and stabilizing the M/ defect. We nver
observed the reaction;

| c'l . H': [motnie) *l H'l (6)

but always instead the electron transfer reaction:

[{J ¢+ H) (mobile) [:lo H; ©

As # inal procedure we pule annesaled owr system from 150K to RT {Step 4, Figure 4). Above
200K, H' centers me no longer stsble. They will become mobile and eventually be trapped by theiwr
snti center — the snwn vacancy - ard form the H™ center. This process can clesrly be observed n
Figure 4. Wa then obtsin the reaction.

Hjo[joﬂ»‘wl (4]

Atter this last process wes compisted we observe thet the smount of F center reduction
covseponds 10 the smount of U centers ~ested. This fact confirme the sbove proposed equstions to
describe owr observetions. Adding sl the equations that recombine the OH” initis! photodecomposition
with the fingl thermal processes up to AT we end up with the net resction:

B[~ o+ (51 )

33 ~ Procemses st 150K

To study the photodecomposition of OH™ conmters ot 150K in the presance of F centers
we basically repested with KCIOH ¢ F systems the experiments descrited in the previous peper'?’
Pwt il. Now, in the presence of F conters the OM"~ photodecomposition process produces directly
ond vwy efficiently the destruction of F centers (se Figure B) ond the fosmation of H™ end H;
conters. The presence of F light sdded o the UV irradistion besicslly doss not influence the F
decey procewm s cen 09 wen in the inswt of Figure 8. This fact led us to conclude Thet the

of

tunneling process of the electron 1 & pessing by H{ center i the most predominsnt process



rasther then sn F center photoionization (xocets. We should consider here that the tormation of
the H, 0" center Qs taking place simultaneously, but dus to the relstively small oscillator strength
of the H,0 band'*’, only very small changes in shape of the F Lind tails ware observed.

3.4 - Room Tempersture Processss

At room temperature special care had to be taken to svoid any visible light while irradiating
wath monochromatic OH™ light since even small exposures to visible light would very efficiently
sgyregate F centers into Fy, F,, etc. To aciveve this desirable spectral purity of our UV light, we used
two monochiomators in tandem with a deuterium hght source {low intensity visible light output).

The conseqquent loss i intensity was compensated by & prolonged UV exposure. The results of
this expeynent are persanted n Figure 68. We we in Steps ¥ and 2 that the pure UV exposure is
directly reponsihile for 3 par bl conversion of F into U centers (no F center agqregation was observed at
ths stage’  Thit s the sama net pwocess summanized by Eq. 7. The OH” photodissociation of ths
KCIOM ¢ F system. theomally anwalmd to RT (e g, curve 3 in Figure 4) produces a similar net result as
derect provodissocaton at RT. A subsrGuent short time F hight exposure of the aystal (Step 3 in
Fors G0 st ey iminmdoately Focenter appegation, 3 totally independent and well known process
that ded ret Yo @y ctange 1o the UV spectrum. The same oniqinal KCHOH™ + F crystal, when
expont gt 2T 1o the full undisy rvsed wrahiation ot 3 Xenon tamp, showed initially vhat the process
descictent 0 Eq B was crubeedd taking place After an apmopniate uratiation time — 45 howrs {Step 3 in
Faura 7l one of1a s an atmost complete destruction of all F centers and vinible absorption in the
ayita' (shean n S5tep 30 Figure 321 Now of the undispersad areadsation 15 extended further for
protongmt tmes, new phutochemral processes take place: in the UV range the U-band s bleached and
transformed nto 2 new uneientified ahsorption band in higher energies, while in the visible range, the'
Tormution of a cullowd band'®! 15 observd §t was not our intent to study and try to understand these
hgh temperature phatoreaction. 1n any detail. They were undestaken after the detarled and Quantitative
low temperature phatochemntry study, to oblain 3 quahtative sutvey about the following high
tempe ature photochemistry. '

The role of the F centers a1 extra reaction and trapping sites in the OM ™ photochemistry can be
suminpuzad s {ollows: at low temperatures, wiwre basically all primary and secondary reactions
prowtucts of the OH dissociatinn are thermally stabie, the extra F centers have little infiuence on these
react.ons. Towards hejham temparatres, with increasing instablity of the OH” resction products, the role
of the F anter as trapping or reaction s.4es becomes mote and more decisive. At RT, in fact, the OM™
photodecompouition (not presant 1n the pure Crystal), becomes possibly only by the presence of F
centary Tha observalion and understand:ing of the highly efficient F center bleaching effect by UV light
n KCIOH’ crystals opers gnother line ot possibilities: for potentisl applications of color centers in
opteal miormatiun storage and 1o the production of U-agpegste centers. We will now brietiy discuss
these possdihities

38 - Optical information Storsge

Pwa arditively colorsd crysials sra well known for their stability against 3 permanent blesching
of thewr colorstion. Under wisible Ight alone. these systems, shows the reversible F =+ F* reaction st low
mpwstwres'®’ snd 1he sgegation into complenes Fy, Fy etc., at high temperatures'’’. When
wradwtirg with visble hight into F center systems that also contsin OH” impurities, no new sffects are
observen. We again obtain the revevuible F + F' conversion #t low temperatures and the F center
sgyegation 8t hgh temperatives. Theve properties, howsver, change drastically in KCLOM ™ crystals if our
kradistion contsim UV Iight as we showed in this work. Under OH" light irradiations, we were able to
produce in » very brosd tempwsture range sn simast complete and irreversible destruction of F centers
nd sny vishle sbsorption in the crystal under UV light irradistion. This bleaching stfect was partislly
roversible only efter hesting the ssmples 10 G50°C when we observed » return of pert of the F canters.
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In Figure 8 summarize the decay of the F canters vs. UV irradistion time for severs! temperatures of
study. We see that this process has & small blesching quantum efficiency st temperatures where HY
centers are thermaily stable. The maximum blesching occurred at 160K. At room temperature, although
we had an initially high efficiency, the process satured relatively fast. These mixed KCI:OH ¢ F crystals
therefore sllow us to make 8 UV light irradiation process visible by the blesching of color {absorption
band) in the vinible spectrai range. It is evident that this ability makes this crystal system interesting as a
photochromic material for the storage of optical information. This genersl field has received in the tast
decade 3 ot of sttention: three-dimensional “Bragg-sngle holograms’” have, for instance, been stored in
lerge numbers by optical alignment of F a centers in KCl:Ne' crymls"'

To demonstrate qualitatively in the simplest way these photoctwomic properties of the
KCI:OH™ ¢ F material under UV irradiation, we produced some images in these crystals by a simple
shadow process. The obtained contrast is remeckably high (60:1) and the images wre stable at room
temperature and normal Iight (contaning no f&r components). In Figure 9 we display several different
patterns obtained with these avmu under ditferent tempersture conditions. The finnest grid structure
usd a demsity of 1200 “images” per cm?. {the resolution of this grainless photochsomic material is
benically unhmited). However the reversibility of this process is only pertial. Under annesling to high
temparatures (650°), only pert of the origina! F centers are restored. This does not encourage the ume
for repeated writeread-er3se..” application 88 required for computer memory. Nevertheless, this
materia! appasrs excellent to optically register pemanent planar or volumetric information carried by UV
wradiation. With the presemt sdvent of UV lasers, holographic information storsge in these tystems mey
be a definite possbihty.

3.6 - Comyolied Production of U, Cemsns

It owr KCI! systems contains, besides the OM " and F centers, metallic impurities such ss the Na’,
we sre sble to convert F centers gimost entirely into FA centers, according to the following squastion:

(<] @ -E‘ Ne' (F,) ®

troceeding with the OH " photodecompotition st 150K in such » crysisl with F, centers and
then 3nneahing 10 room temperature, we were sble to end up with U, (s substitutionsl hydrogen on
hoving 8 Na° impurity o3 one of the nes.est neighbors). Their effective net process can be described by
the following equetion:

EO@O@OIuvoKT*Do W | e (10)

An indication for the presence of this process is displayed in Figure 10. The nesrest neghbor
meustiic impurity reduces the 0 cubic symmetry into c. resulting in 8 splitting of the three-foid

degenarste U canter lncal mode transition inta o singlet ord's doubet'®! . In Figure 10 is displayed the
‘yy tine” etwibuted to the E. double degenevete mode. This first rough experimenm demonstiates the
pomitrlity 10 creste ! camers in » controlled way (%0 fer, U, canters were observed only statistically
In hesvily doped crysals with mettalic impurities and U centers). This method for cresting U centers
with looelly reduced symmetry {even optically sligned onest) appesrs to be very promising for further
focel mode studies.
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Figure 1 — Optical sbnorption spectra of 8 KCI O’ crystal containing F centers, the primary products
of OH phatadrcnmposition in the presence of F centers and tha F center reducthion after
different UV rradation mes a1 LNT  The deshed line shows further reduction of F and
U; bands alter subiequent b oigh umination
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Figure 2 - Buid up s decay curwes for OH F and U, bands involvad 10 the primary OH-
photodecompontion {rocess st 6K amwd /7K
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Figuwre 3 - Plot of the OH" sbsorption band decrease vs. U, bend incresse st LHe and LN temperatves
fos both systems KCI-OH ™ (solud fine) and KCI:OH™ ¢ | (dashed line) obtmne during the

OH " photo dissociation procass.
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Figure 4 - Thermal snnealing processes ol s previous OH™ photo dissociated KCIOH" + F system &t
77K, Insart. Hydrogen cente: (K anvt H) local mode transitions.
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Figwe 8 —~ Optical sbsorption spectrs of 8 KCIOH™ ¢+ F crystal messwred at 77K after OH - M_gm
Wradistion st 150K insert: F center decay curves for different temperature and irradiation
conditiom
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Figure @ A - UV irradistion of a KCIOH system st room iampersture.

® - 204 nm (tandem monochramei~3) UV irradistion of @ KCI:OH + F system st room
tempmrsture (messured 81 77K)
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Figure 7 — KCIOH + F gystem under full Xenon lsmp irradistion at room temperature (measured at
T7K).



100 KCI: OH™+ ¥ Center
F band decay j
- g 4K 1
i \ 77K
o \. T
RN -
I i
&v—aoox
. s
\«200!_(_
-
i & 150K
1 1 N
| 2 3

Figure® - F center decey curves in & KCIOH + F crystal under OH™ light irredistion for ditferent
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Fipwe 8§ — Photograph of an srray of six KCIOH ¢ F sampim in which we produced different forms
of high contrast visible images. Clockwise from the upper left: | 1| High contrast (60:1)
produced by full Xenon lsmp irradiation and annseled to RT. |2 | Same as [ 11]. 131, | 41,
161, and | 8| were produced a1t RT under full Xenon lemp irradiation



Ua- Formation in KCI(Na*) from OH"Photo-dissociation
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Figure 10 - U, center formption in 3 KCi-OM ¢ Na' + F systam obtained sfter the following steps:

o) F +F, conversion at 15°C.
b) OH photodecomposition at 150K,
t) Anneal 10 100m temperpiure {meastramonts st 77K).
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RESUND

Cristais de KCI-OM™ ooloridos adi ne idos » redisch binads UV 5 visivel mostreram ume
destruico quasw complets s irreversivel de todos os centros F o da sbeorclio visivel do crintsl. Somemts spds ©
squecimento do aristal acima de 650°C @ coloragéo F foi resteurads percisiments. A fotodestruiclo do fon OH ™ (sob
e UV) jumamente com @ totnionizecso do centro F (sob fuz visfvel} produz um efsito finsl onde todos os cantros F
ko convertidos em centros U. Estas reacses fotocromicss produzern imagens visivels de contrasste forts que slio
comoigtamentas extévels s0b luz & temperstura ambients. Além do sspecto de srmarenamento dptico de informacha
ostas rescoes fctocromicss podemn tambdm ser utilizadass pers a produclio controlads de centros U, cs0 o cristsl
contenha impurezes metdlicas como Na'.
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