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PHOTOCHEMISTRY ANO REACTIONS OF OH" DEFECTS AND

F CENTERS IN ALKALI HALIDES1

Sparc Penha Morato* and Frit» I t t ty1

ABSTRACT

Adiinety colored KCI OM" n y i u l i ihowad under • oombinad UV and VIS Irritation. • nearly nuniplaia and
erevarttjAa dncTruciKm of ell F cantert end vttihto ebenrption in tha cryitel. Only upon heetlna the erytiBl above
H O C iha F center coloration fcunia» partially reitored Tha ptwtodiraoclaiion of tha OH "(under UV Itgm) together
with iha ptmtnajniration ol ih . F cant» lunrier VIS light) produce» a nat eflMi where all tha f center» ara wtitmwt
Into U renter» Thaw pnotoraanKxn producat high oooiraii vit>Ma inuan that tr* compt*tt<v naNa undar liani at RT.
•aixHt tha opixai infoimatx>n itoiaga amact ol ihit atfact inaw pnntoraactiont can alto ba mad for eantrolM
pronuction ol U . cantan rf lha cryitai alio contsim a foft^n mataKK tmpurlty men • Na ton.

1 - INTRODUCTION

Sotaiitunonal OH" Kint in alkali halktef uncirr optical txciltlion of thair UV abiotpiion
a phoioduMKiation which laadi to wv«f»l primary and «roondary photoproducn at alraady
in our praviotn Mnrki '1 '2 ' (part I and II). Color cantar and imputitiei in ioni cryjtil» that gi«*

ri*> to r^iotochemical raaciiont hav* bacoma ractmly important pottiblc applicationt as photochromle
mad>a 'o» optical information itoraga. Tha photochemical nactioni involving OH" and f ccntart that
will ba tiaitad in thu work mika thit prooni vary attractiva for optical information itoraga tinea ft
allow» our linvmbla) UV light bleaching proccu appnar at • light oontratt blaaching affact in iha vitibl*
range

1 - EXPERIMENTAL PROCEDURE

Tha introduction of F caniart into tha KClOH'oytta l i wtt dont with tha intention to extend
thit ttudy into tha dynamics of the OH" pnotoditwciation product! and tubproductt. F center» ara tha
umptan defacit that can ba axtrintically added In larga quantities (up to 10 ' * cm"') In alkali halid»! by
• morwoichiometrtc excew of alkali metalt. It it an excellent proba Io tart tha behavior of other cantar»
like H*[ through their interaction! and recombination». Our experimental procedural therefore contiited.
in each temperature range, of a itudy of the OH ' phoiodiuocietton in pure KOOHcryrtalt , followed
by a wbtaquant itudy wtiere we rtpaatad tha tame procedural with KCI O H ' cryitatt containing F
eantari In thti way it wat pottible lo make a direct compariean between tha two lyttemi and analyie
iha role pltyad by the F cantari. The tame prevloutly experimental technique»"l3 were mad In tha
preeam work.
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3 - RESULTS ANO DISCUSSION

X I - tow Temperature Proceai

In «ha presence of F centers, the optical photodecompotition of OH* at low temperatures shown
basically «he following spectral changes: a decrease ol the OH* and an increase of the H° (U,) benct
(Figura 1): additionally one observes a decrease of the F band. In Figure 2 we plot these spectr»!
changes versus the irradiation time, and in Figure 3 wa compare tht OH~ decrease with the U, bai-.l
increase, all this for both KCIOH "and KCIOH"* F crystals and at 6K and 77K at well. In the KQ OH
crystal containing F centers, the decay ol the OH* band it m i affected by the pretence of F centers
IFigure 2). However, the H° center growth curve indicates a smaller (also temperature independent)
quantum efficiency compared to the "pure" KCIOH" crystal. In Figure 3. we plotted «he OH" band
decrease vs. «he Uj band increase and again obtained a tlraight line with e bigger slope compared to tha
'pure" KCIOH' crystal. One may conclude from this fact that Iht same amount of O H ' cantar
destroyed \n both systems brings, in the presence of F centers, leu H° centers than it did in the "pure"
KCIOH' crystal A careful analysis of the number of H° and F centers involved in thii process showed
that the amount of F center reduced during the OH" photodissociation process correspond quantitatively
to tht diligence between the H° centers produced in tht two crystals, namely KCIOH' and
K O O H ' F. This indicates that in both caul the tame OH"-» H° conversion lakes place, but that in
the pretence of F centers part of the created H*| centers react with part of «ha available F centers.

After the olrtrrvatmn of these effects en immediate question arises: What it formed out tht H*|
end F nrnrrrs wtxch «re consumed >n this process? Two evident answers may be anticipated: either the
creat'v* mtr-rit.hal hydrogen atom, while moving away from the dissociated OH"slate gets captured by a
nearby F center, tliut «rating tht H ' canter IU band); or an F center ionization takes place in the ,
process and the freed tiecuon will meet a stabilized H° center and from the H"center (U, band). Tha
f»st possibility is clearly enciuded. because no trace o! the (high oscillator strength) U band is observed
in this process The weak and very broad U t band from H(~ interstitial! it much harder to detect. Hit
could however confirm the presence ol the second process by illuminating (after the UV
photodissociation) with visible l<ght into lhe F band (tee Figure 1). In doing to, wa obtained • further
concentration reduction for both F and H° canters (Figure 1). We therefore assume that already, during
lha UV «radiation, toma F centers will be ionized (by irradiation into their conductive states |L
bands)) and electrons art transferred to and captured by tha H*[ canter, forming H* centers The
observed photochemical reactions to the KCIOH"* F lyttem can then be summarized by tha following
equation*

(1)

(2)

(3)

12 - Thermal Annealing Above 1MK

Tha primary ieact«oni In iht presence of F centers described by the above equal ions, postulara
«he production of H ' canters. At «he electronic absorption ( U , band I of that* centers it hard to dtftct
e«per<menfellr. m i n up i n eaparimant to dtrecily observe the formation of the H" center local moda
in «hit procetl . The «pectral rfienget in «he UV and visible range during «ha initial OH*
photodecompotrtion aft shown In Figura 4 In the Irwert of Figura 4. we display the rise of «ha H~
rvnler local -norte tramitlon. Thtt further conlirmt «he validity of lhe equations 1, 2 and 3 describing



tha nhmary pholornactiorn eppering in tha tame experiment. Adding these equations wa obtain for
the n«t ruction:

. H, (41

I» we pulM K i m l this pholodecompoted system to 150K IStcp 3 in Figura 4) we observe a
strong incrMw of th« H(' local mod* band and • decrease in tha F band (besides tha tharmal destruction
Of tht Uj band). Tha thacmal enneeiing process make* th» H*j mobila and possibly when it gatt
conveniently close to tha F center, tha F canter ground Mala alactron will tunnal to tha H° center
which it thermally stabla. It is inter«sting Io nota that in that* reactions - and in tha ones previously
ditcuited for tha KCIOH" • F system - interstitial hydrcjen atoms navar nuct with F canters to form
•n H deferi, a proceu which would appear to ba «ary natural. Apparently, whancvar • mobila H°
dvfact approaches an F center, a trarnlcr of tha F ground state electron to tne interstitial hydrogen
takes place at a certain dutjnc* Ipossibly by tunneling), forming and stabilizing the H~defect. We i
observed the reaction:

• H° (mobile) - I H I (6)

but always in Head the electron transfer reaction:

[ e"J • H*[ (mobile) -* I I • H'

At a final procedure we pulse annealed o i * system from 160K to rIT (Step4. Figura4). Above
WOK. H~ centers are no longer stabla. They will become mobile and eventually ba trapped by their
anticenter - the enion vauncy - ar<J form the H" center. This process can dearly be observed m
Fqure4. We then obtain the reaction

• • • " - H 17»

After this last process was completed we observa thai the amount of F center reduction
corr«ponds to the amount of U center» 'eited. This fact confirmr tha above proposed aquations to
describe our observations. Adding all the equations that reoombine tha OH* initial pbotodecompoution
with the firv*l thermal processes up to NT wa and up with the net reaction:

• h* • KT - 0 " • H- ' «KT - f0] • [ i f ]

X* - r V a i i a i M at 150K

To ftudy the photodecompoiitton of OH* canter» at ISOK In the presence of F cantar»
M ba^ally repealed with K C I O H ' + F -\ftem» the e«perimenis date-feed In the previous pap»' 3 1

•art I I . Now. in the pieeanca of F center» tha OH* photodecomposrtion proceu produces directly
and vary efficiently tha destruction of F centers (tee Figure 6) and the formation of H" and H("
center». The pretence of F light added to tha UV Irradiation be»»celry doe» not influence the F
deary procee» H can o* aten In th» insert of Figure». This fact led us to conclude rhat tha
tunrwNftff procee» of tha electron to a pawing by H*| emtim k the most predominam proem



rather than an F cantar photoioniution process. Wt thould oontidar hart that th» formation of
lha HjO" cantar it taking placa timultanaouily, but dut to lha rtlativtly imall oscillator strength
of tha H,O" band'*', only vary «mall changai in shape of th* F bind tail! ware observar!.

3.4 - Room Tampai atura Protasaas

At room temperature special cara had to be taken to avoid any visible light while irradiating
•nth monochromatic OH" light since even «mall exposures to visible light would very efficiently
aggregate F centers mio F,. F,, etc. To achieve this desirable spectral purity of our UV light, we mad
two monochiomators in tandem H U N a deuterium light source (low intensity visible light output).

Th* consequent loss m iiitirisity was compensated by a prolonged UV exposure The results of
this experiment •'<* p iwn!«1 in FiguirBH Vv> we in Steps 1 and 2 that the pure UV exposure n
dirertly re-.iioruil>'r !<« a p.v h.il wn»»nnn ol F into U centers (no F center aggregation was observed at
Ihrs st.jtjr1 This is thr urn» net process summai/nt by Eq. 7. The OH" photodisweiation of tha
KCl OH • F sy i fm. tfi-mvilly an v.ilinl to RT (eq , curve 3 in Figure 4) produces a similar net result at
d"n t (I''I'IX!,5MVM.i!«m at RT A suhtorjiirrit short time F light exposure of the crystal (Step 3 in
fiijn1» 0F< ;•»•>•! iri-s ii'imM)..itely F crntrr «iqrmiatiim, a totally independent and well known process
•h»' ilrt r-'! ' > vj a"w c' irwic to tlv UV spnrtriiin. Th* sjmr original K C I O H + F crystal, whan
exi«"«-l at í'T n> t'w fiiil IIIKII-.I itsrri ifr.nliation ol a Xervjn lamp, showod initially that the process
<1'*>> i -ifM >n t q R w.n rrMtt>>-<1 t.ihing pl.Ke Altrr an .tp^vofviate irrjriiation time — 4.5 hours (Step 3 in
F",.«' /I nnf (rf t.i i an almost complete ileMruction ol all F centers and visible absorption in tha
a y i u 1 iv'>f'«^ a "ii-p 3 Fnjure3?) Now il tin» urxlispwsiil irradiation n extended lurther for
prrji.iri.,^,) \ i7>n, new (limMt hirn" j l ptocrivi ukp fil.ire. in the UV range the U band is bleached and
tramf>>im«d into a new urmWitificd a'i«irption bantl in higher energies, while in the visible range, tha*
'orrrutmn of a culluxt tmrKl1 is ohsnvirl It was not our intent to study and try to understand thesa
hxjh trmp«K.iture photoirinii>r., in any detail They were undertaken after the detailed and quantitairva
low trnio*rature pnutochprnntry study, to obtain i r|ualitative survey about the following high
lempwalurf photochemistry.

The rol« of th» F crnirrs as extra reaction anrl trappinq sites in the OH" photochemistry can bt
•uminari/ivl as luliows at low temperatures, wrvrre (Mtically all primary and lecondory reaction!
prixlucit of th* 0M dissociation are thermally stihio, the extra F centers have little influence on the**
react.om Towards h»jh>* lempMaiures, with increasing instability of the OH" reaction products, the rol*
of tha F L-:nt»r n trapping or rextion s.tei becomet mail and mora decisive. At RT, in fact, the OH"
prtotcxVcomtxmiion (not pri>sent in lhe pura crystal), becomet possibly only by the preserve* of F
centers Th* observation and understanding of lhe highly aflicient F center bleaching ef fact by UV light
m KCl OH' crystals opens another line of possibilities: for potential ipplicanons of Color centers in
optKji information storaga and to the production of U aggregate centers. We will now briefly discus*
rheta possibilities.

1 » - Optical Information Storage

Pura artriitively colored crystals m* well known for their stability against a permanent bleaching
of Iheir coloration Under visible light alone, these systems, shows the revurnbl» F •* f («action «1 low
temper at ureVai and lha «ogragalion into complrxes F, . F, etc., l l high imnperaiures1". When
«radiating with visible light into f center systems that also contain OH* impurities, no new affects are
obaenreu. We few obtain the reversible F • F' conversion «I low temperatures and th* F center
aggregation at high temperature*. These properties, however, change drastically in KCI:OH'crystals if our
irradiation comam» UV Irght a* we showed in this work. Under OH" light Irradiations, we were able to
produce in • very broad temperature rang* an •Inv.rt complete and «reversible destruction of F carriers
and any vtsibl* absorption in the crystal under UV light irradiation. This bleaching affect was partially

i only after heating the samples to Of>0"C when we observed * return of part of th* F centers.



In Figura 6 mmmarira th* dtcay of th» F centers vt. UV inadittion time foi several temperatures of
itudy. Wa Ma that this proem hat a small bleaching quantum «fliciancy at temperatures where Hf
centers ara thermally «table. The maximum bleaching occurred at 160K. At room temperature, although
«M had an initially high efficiency, the process saturad relatively fast. These mixed K C I O H ' * F crystals
therefore allow us to make a UV light irradiation process visible by the bleaching of color (absorption
band) m the visible spectral range. It is evident that this ability makes this crystal system interesting as a
photochromte material for the storage of optical information. This general field has received in the last
decade a lot of attention: three-dimensional "Braggangle holograms" have, for instance, been stored in
large numbers by optical alignment of F A centers in KCIfta' crystals181.

To demonstrate qualitatively in the simplest way these photochrornic properties of the
KCIOH"«F material under UV irradiation, we produced some images in these crystals by a simpta
shadow process. The obtained contrast is remarkably high (60.1) and the images are stable at room
temperature and normal light (containing no far components). In Figura 9 we display several different
patterns obtained with these crystals under different temperature conditions. The finnan grid structure
used a density of 1200 "images" per cm1 , (the resolution of this grainiest photochromic material it
basically unlimited). However the reversibility of this croons it only partial. Under annealing to higji
temperatures (660°). only part of the original F centers are restored. This does not encourage the me
for repeated write read erase..." application at required for computer memory. Nevertheless, this
material appears excellent to optically register pemanem planar or volumatric information carried by UV
irradiation. With the present advent of UV lasers, holographic information storage in these systems may
be a definite possibility.

I t - Controlled Production of U A Center*

If our KCI systems contains, besides the OM'and F centers, metallic impurities such H the N a \
we are able to convert F centers almost entirely into FA centers, according to the following equation:

0 ~l'"l N'*
ftocaading with the OH' photodeoompoiition at 1S0K in such a crystal with F A canters and

then annealing to room temperature, we war* able to end up with U A (a subttitdtional hydrogen ion
having a H$' impurity as on* of the net/art netghboril. Their *f factrv* net process can be described by
lha following aquation:

• hv • KT - Na* 110)

An indication for the presence of this proem it display*! in Figura 10. Tha nearest neighbor
metallic Impurity raducw tha Oh cubic symmetry into C 4 resulting in • splitting of the three-fold
dfjnarata U cantar tocai moda transition Into a singlet and a doublet"1. In Figure 10 It displayed the
"71 line" attributed to tha E double degenerate mod*. This tint rough experiment demonstrates th*
poawbiirty to cratu >' camart In a controlled way (to far, U A canters ware observed only statistically
in haavily doped cr>>ult with mettalic impurities and U canters). Thtt method for crtaiing U centers
wrth locally reduced tymmavy <*v»n optically aligned on*tt> appear* to b* vary promising for further
local moda«Mtte«.
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RESUMO

Crirtait da KCKJH" colorido» aditWamaitt* submatkk» a radtacio combinada UV » vWvat mcmraram uma

daitnjiçfc auaaa oompltia a irravar»lval da todoi oi cantroí F a da abaorcab vuíval do crltial. Somanta apo* o

aquacimanto do criital acima da 650°C a coloração F foi ranaurada pardainwnia. A fotodattruiçfo de to» OH'lagb

lut UVI juntamanta com a foioionliacão do cantro F (iob lux viifval) produi um «falto final onda todo* o» cantroí F

•ao conwnido! am cantroí U Eitat raaçõat foiotromèca» ptodutam imajan* vHlvata da oontratta lona qua ate

coniolatonania «itavati » b lui a tamparatura ambiatna. Alam do aapaeto da armannamantb óptico da InforniaçaVi

aitat raaçõat fciocromicat podam lambam H > utllltada» para a producio controlada da cantroí U . caao o crtatal

contonh* impuraiai mattlica* como Na .
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