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A NEW FUNDAMENTAL HYDROGEN DEFECT IN ALKAL! HALIDES'

Spero Penda Morato? snd Frir Loty®

ABSTRACT

Atom hydrogen in neutrsl (M%) end negerive (M) form on nd it levtice sirem
PV 0 W well characterized model defects i eikslihelides (U, U;. Uj;. Uy centens), which heve heew
menevely iwestigsred in the pest. When studying the photo-decomposition of OH™ defects. & new confguretion
of stomic cherged hydvog wes o , which ¢can be praduced in large o W w the crynial and In
Sawently not connected to sy ovhw impunity This new hyzvogen defect doss not show smy pPronounced
sleriromc seorption. but deplsys o single sharp locsl mode band (s, 1114 em™! in KO with o pertect /2
H-D owps sl The defect canlte produced by vanous UV or X-rey techniques in crystals doped with O,
SH or M deterrs A detmied study Of its formennn Rinetct ot lOw temperatures shows thet it i primenty
formed by ™e reaction of 8 mobile Cly cromrtnn [Hconter) gnth hydropen detecrs

1 - INTRODUCTION

Hydrogen impurnities sikaht halide crystals sre well studied entities in thew configuration
snd piopesties. So i there me Only four known basic forms of hydrogen centers in them
fsttices. Outupym? one sMon si1e we can oither have an hydrogen ion (H™ or U center g3 mowe
gommonty known '2') or 8 hydrogen stom (H® or U, centes'3'). In interstitial posinons we can have
sgen a0 hydrogen ron (H or U, cnqm“') or an hydrogen stom (H". or U, conuv"”). All these forme
of hytrogen centers are vevy sccestible 10 8 tull study with optical end magnetic techniques that detect
ther slectronic 0r vibrational transihions or even s poisibie peramagnetic character as shown by the U,
center for example. Hydrogen intersutisls ceated by “optical radiation damage” through
photodissociation of substrtutionsl OM™ or H, impurities have played and stiil play a model rule in the
sttempt to understand both the primary process snd secondsry resctiom of the formed interstitisls. In
the caw of the H™ defect, an “extnnuic changed Frenkel peir” consisting of anion vacancy and Hl'
(imtesd of the Ci,)is formed. The K defect gives rise 10 & very brosd siructureless electronic absorption
in the UV and 1o » locsl mada abrorprion in the IR (sround 12 for KCi). This iatter displays st lowest
tompwrstures, 8 Iine structure consisting of several groups of sharp lines thet correspond o H.’ with
vaous special correlstions end interactions tn the mnion vacency, or '‘correlstad extrinsic Frenkel peirs”
(the H; loce) moces sre spiit by the imeractions with tha enion-vacancy). The thermal stability of the H”
center thows 1he teme behaviour of the intrimsic chiorine intevstitials: thermsl snnesling curves with
charactovntic 410ps are Observed. A finst sharp snnealing step corresponds 1o the extintion of thy
speccislly correiated extrinmic Frenkel pairs. A higher tempersture snmealing s1ep corresponds to the
extinction of the free uncorreleted N.’ delect.

Seversl “perturbed hydrogen ceniers”” with the hydrogen locsted cose to other impurities have
bwen studied recently, Spacislly correisted U-H center peirs weve found 10 displsy 8 broadening end
shifting of the U cemer UV absorption snd & remo )} of the degenerscy of its IR locsl mode
Mmbn"'. Pors of mutuaily pertuibed U conters (H M~ pairs] were aiso the subject of reoent
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wvestigavons!”!. These < 110> oriented H™H" peirs produce several lines in the IR local mode region
that could be interpreted with coupled oscillstor madels. The presence of sdditive mettalic impurities
en aho produce other forms of perturbed hydrogen m the U, (Ne' ) canter'®)_ For example, a metaltic
mpurity ke N& mKCDumndinmlo-mmmmdnu'mihnnu
center) will cause the splitting of the triply degenerate locsl made vibsation of the H™ center. Thll
wphitting is due 10 the reduction of the 0 symmetry of the perfect lattice into C“ symmetry.

2 ~ EXPERIMENTAL PROCEDURES

The KCI single crysiat preperation and the experiments! opticsl techniques have sireedy beer
dencribed in detail in the preceding work'® To additively color owr samples we employed the method
described by Van Dom''® with some modifications. In this method the F center concentration wes
obtained by o controlied vapor pressre of the metal vapor using sn excess prassure of nitrogen ges. We
used » low fixed pretsure of nitrogen gas and varied the liquid potassium temperature, thus varying its
vapor pressure. Using an intermediate calitvation curve from Van Dorn and Rogener's mhoﬁ'" »
which gives the F center concentration ss » funciion of the potassium vapor pressure, wa were able 0
obtair. quite reproductible F center concentrations on the order of 10°* to 10'® on™?. Hydrogenstion
of an additively colored sample conusts in the controlied ditfution of hydrogen into the aysial under
Nigh temperature and hydrogen pressure. By hestirg the aysisl st 650°C under 20 stmospheves of
hydisgen gas, hydrogen molecules diffuse imto the crystal snd react with the F centers, producing
wsomtitutionsl hydrogen ons (U centers).

To irradiate our samples wth X-Rays at fow temperaturey the cryosted head was provided with
# fitth window made of 8 1 mm thick aluminium foil st 45° bimecting the pavpendicular optical paths.
The X-Ray source was a8 Horelco with 8 W targrt. The unhiltered axit window placed st approximamely
§ om of the sample. The X-Ray exponss wes siways 21 0 KV and 20 mA.

To investigate 8l the tranperent renge of the arvital with UV, V is end IR spectroscopy —
®pecisity in the hydrogen canter local mode region wa 81 UP TwO expevimenty with the two parsilel
and perpendicular geometries using crystals of suitable dimensions. The sim wes to preduce the same
photochemnxcal reactions in both samples in paralisl 50 we could cavefully detect and correlate any IR
effects 10 the siready known speciial behavior in the UV region.

3 ~ RESULTS AND DISCUSSIONS

At it win shown in the previows work'®', 5 squence of UV iradistions st LNT in KCIOH™
fystem sugwsted thst o missing CI° crowdion was being trapped st some unknown form of hydrogen
defect undetectsble by UV or m:m spactroscopy. With the changss in geometry previowsly described
We 30T up 8N expeniment thet would show 8] the effects of this UV lersdistion sequence st LNT by
momtoring sH the changes in the opticsl sbsorption of the KCi band gep.

= Phowproductions of » New Hydrogen Comw

As shown in tigure TA we sterted with the phatodissocistion of the ON™ defect by inadisting
monochrcmatic UV light st 204 nm (O sbeorption bend). As 8 rmsult we observed in the UV range the
ON"~ HS convension = previously described. In the IR range no significent spectral chenges can be
abesrved n this sage, ss sxpected. The OH" streiching vibrstion sbsorption et 2.7 &8 00 week 10 be
detectable for the low OH” doping wed, and the neutrsl H imtenstitiel doss not give rise 1o an opticel
sctive (ocal mode. In the mcnqnmwu‘m reproducing our former UV spectrel
results. In this irredistion stage, new pronounced omw developed In the IR renge. Besides the
sppewence of the H” loce) mode irenitions ~ s expected from the UV resudt -- we ohserved the
wowth of o new single bend 0 far MOt reported in the Itersture. This bami My its masmom A



1M12cm™" {ast LNT). st a 30% higher energy comparsd to the H, canter local mode tiansition. Wa calt
the conter reponsidie for this new hydrogen loca) mode sbsorption temtatively H_. with the “x”
indhcating it unknown structure end site, ond the minus sign indicating thay this new center should be
cherged by being IR sctive.

Proceeding with the ssvies of spectral irradistions showed in Figure 1, we illuminated in the
third stage with U-band light, producing the welt known H™ - H conversion. This step basically did not
change the opticsl demsity of this new center. As expected we obeerved in both ranges (IR and UV) the
decrease of the H” center (U band) and besides the increese of the M, canter, the U band destruction is
sho rerpomible for some HY/F center Peirs formation. The new H_ defect spparently does not participe
n all these transformations. A further U, bend issadiation was performed in case B, mostly 10 *iow in
the IR the behavior of the new M; bered. The major effects sftes this irradistion were the increase of
the K™ canter, the incr=ase of the H_ band send & decrense cf the H centers. A decrems of the H; center
could patially be explaned by the fact that U, bend ivadistion sho reaches the U, slectronic
sbsorption band whisch is very broad and extends from 280 to 230 v in the far UV. We shoulo poimt
Out here that i 3 sumiiar st OF experiments with 8 KCI-OM™ ¢ N&* crystel, the monochromatic U, bend
uradiation only brought up H, canters s mentionsd befors with no traces of H_ centey formation
whatsoever in the IR region.

ANl the sbove described effects can happen simuitansously if we innadiste the crystsl with
undispersed UV light. This wes indesd observed by wredisting two KC! samples of ditferent OM™
concentrations. For the low OM ™ concentration sampls we observed a paraliel rise of the H, H;und w
center transitions (Figurs 2A). After » prolonged iradistion thess tramsition bends resched some sort of
dynamcsl squstirum snd saturnted. (n several sttampts we distutbed this dynamical squitibrivm by
iumination with monochromatic light into the U bend for example, producing the B~ H +D
converson already described in Figure 28. Corwersely we would invert thit process by ilumminating into
the U, band. Winle the reletive smounts of W~ snd H;WMMMWMth
thew tests, the height of the M trensition bend remained spproximately constant {as it did in the
expyriment) shown in Figure 18). At the end we were able 10 returmn 10 the dynamicsl equilibrium
misuve howghts of thew three tremsitions as hown in Figure 1A just by repeating for 8 few hours the
full Xenon lamp wisdistion. The IR focal mode tranations and the corresponding UV spectral
sbearprons after 1en hours of undinpersed light irvadistions sre shown respectively in Figures ZA and J38.
From the UV spectrum we can confwm thet 10 new bends were found in (he UV region. This is
omestent with the fact that the M., spperemtly .awing nO sgnificont electronic transinon in the
tranmsparent crystsl rangs, will be the most prominent product of the OH ™ photodecompotition st LNT,
8 observed from this ssturstion experiment.

We repested this full Xenon lern Wradigtion expwiment for a KCION™¢ NJ semple (e
Figure 28) and obwerved the seme setwation behavior a8 the one obtsined with » KCION™ sample
{Figure 2A). Since our irradistion siso comsing the wavsiength which is sbeorved by the B, conters, this
kind of undispesed irradietion provents theis formetion. (We confirmed the photodesctruction of M,
anunhmnw-mMnmmnnwnhﬂnNMMklmuM!
® sbeorbed by the M, conter). As 8 result of this Seturation experiment we sgein ended up with H
comers 88 the most prominent bend. For o higher conrentrated KCION” semple, under the same
ragistion conditions, we were sble 10 080 in some more detsil the Initisl build+p of these theee
vmm(ﬂ'nﬂ.mmulwmmmﬁchﬂ;mnln.mmmww
mmmnummummmwwmwmmu;nﬂm
bend is formed st the experse of enother resction product which must b initislly crested by the UV
Hg™ wradistion component.

u-n;wumummu;muw-umm-m

Aa-uuuu;-mmmmmmmu«mmm
strucewre or @iitting when cooled to low tempwense, displeying o single bend with mesimum st
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M14cm™' and a hattwidth of 2.5cm™' av 6K. The variation of the band shape as & function of
tempetature con be seen in Friquue 5. Ouwr geneal observations of the H_ canter 30 far strongly indicate
the presence of a hydiogen. But how id one firm the pe e of » hydrogen in this new
defect? A rather straighforward test was to repeat the full Xenon lamp wradistion for & system such &
KC1:0D and search for 1sotope shifts in the observed trensitions. This experiment is described in
Fwure 6. We indeedt Observed the displacement of the H_ transition from 1112 10 779 cm™?, an simost
perfect £/ 2 isotope shilt (H + 0). Pacallel to this we nlm observed the isotope shift for the locsl mode
of the 4" center from 845cm™ 10 60b cm™*. Finally, in 8 briet sttempt 10 demonstrate the generality
of ths H_ defect anvt s photoproduction from OH™ defects, we took KBs OH™ and RbBr-OH ™ samples
and repeatad the full Xenan lamp wradhation experinent. We indeed found in these two systems the
formation of H_ and H" centers a3 in the KCHOH system. For KBr:OH" the pesk positions of H™ and
H wee at 1095 em ' and 790 cm™' sesprctively. For RbBsOM™ they were at 102t cm™' and
785 cm " rrspectively. These results indicate the genersl nature of the H_ center excluding the
possitniity 1f 113 benwy formed only 1in KCHOM ™ systems.

Hp 1o this point we know or anticipate thet hydrogen and mobile Cl‘: crowdions are the basie
canautates tar the tormaton of ths H_ hand. However we must remember that 50 far we only  desit
with one of the two prixtucts of the OH” photodissocistion, ngmely the H‘: center. In otney words, the
Q7 center s fevir taken into consuderation although it was siways present and in the same quantities
n the inmnal N‘: center. In the full wradsnion experiments, the presence of the O~ center is even more
aitscal nce here we are aiso wradisting in the O band. This could result in photochemical reaction of
new Ue!ect agireqations Since the precine optical detection of the O center and this contribution of the
various delect reartion wat enperimentally impracticel, its excluvon from the formation of the H;
center can only be pioven hy indirect expenments.

3.3 — The Formation of N_ Centers in KCI:H"

To smwer ail the pending guesnions that remaned open up 10 this poimt we X-irradisted 8
XCI-H system ot 77. The reatons 10 this ase. 8) X<ays are well known to produce CI° gowdions in KCI
a tow temperatres’ ' 2); b) 8 KCIH™ system would offer hydrogen traps for the mobile oowdons; ¢) 8
KCi 4 systermn would exclude the presence of the O centers. We X-irradiated 8 KCI sample containing
568 x 10 ° H. Dus 0 the high concentration of H° defects, its local mode trar.sition was monitored by
the ant: Siokes phonon side band, sincs the main local mode tranition is completely off scale (by »
tacior of ~ a0 higher than the phonon side bend st LNT!'?') Atier 8 prolonged X-irradistion we
obterve the formation of structures correspond (0 transitions of N, centers thet have different spatial
Conrelatsons 10 thest ante centevs — the anion vacancies — s explained by Frit'®' The X-irradistion aiso
produces H_ centers ;m we had sntecipeted {Figure TA).

In Figure BA we dnplsy the growth and decay curves of the centers nwvolwed in Fiqure 7A. We
observa that X itradiation produces the followmng effects: s) H™ centers undergo » gradusl reduction,
reflected by the decssse of its phoson sidebend; b) H.' centers messwrad by the mein pesk from the
10etilly uncorrsiated ones ae formed with sppromimstely comtant rate; c} M, centers wre formed
inialty with o small rate which incresses under further X-irradistion. From C we recognire that N
contes are formed more sfhiciently with the help of some resction product that is obtained during the
mtisl M.irnngdigtion exposure. This obsarvation makes the H.‘ tenter the strongest cendidate for »
repping wte for the CF crowdions.

1n order 10 further venly the perticipstion of M, defects in the H_ production process, we st

up snother enperiment i, which pre-exposed 8 KCI:H~ semple 10 UV ratistion. As 8 result of this UV
irradistion we obrened. vy eflicienily, the H™~ M, conversion process wthout any trace of B, conter
formation (we Figurs 78). Under Xirraiistion of this previously UV exposed sample, we observed an
witisl decreese of H ceniws snd an incresse of Mo cmnters with an intial formetion rate 8 factor of
¥ 18 lerger then m imtisl H- formstion rate omma by o direct compenison of Figure 20A with
fmre 208. Onder furiher xuv e«poune the system tendds tv resch some dynamical equilitrium.  The



obesrvad facts confirmn agein stronply the pronounced perticipstion of the N oRNier 83 a trapping site
for the Cl" cowdion. We cannot decide from thew experiments if M. dnhcn play sny role s the ct"
crowdion |up; We can however, conclude that if they perticipe in thn formation process, this tnnpmg
probebility for CIS crowdion is coniderably lower then that of H; defects.

A doubt thet emerges after doing these X-ray experiments may be expressed by the following
question: Could the KC!:H™ sample contain unwanted OM ~ impurities which would heve produced the o
effects under X-irradiation? Due to the high concentration of the H™ center, their UV absorption would
comple®ly matk sny imall OH™ bend. Two conclusive srguments can be given sgainst such a possibility:

8) The same UV light exposure which formed no H_ centers in the experiment of Figure 78
produced, in sxperiment shown in Figure 1. A an optical density of 0.15 in the H; locsl
mode absorption. i our KCIH™ sample of experiment Figuwe 78 would have a factor of
sin lower concentration of OH ™ impurity than experiment Figwe 1A, we should have been
able to produce 002 0.D. of H_ local mode absorption {0.02 0.0. was the lower limit of
our detection systern sinlity ot the »qnal-10-noise ratio used). We can therefore say that
OH” was presant in the KCI:H™ sample it should be in concentrations less than 4 x 10°%;

In snother experiment we expoted 8 sample of low O™ concentration (25 x 10°°) to
X<sys st LNT durng 16 hours and were unabia to tind any trace of H_, H ar H”
centers. This shows that X irradiation 8t LNT does not decompose at all the OH ™ defect
into any of the hydrogen reaction products H, H and H_ 83 observed under UV
wradwtion of OH". The perticipation of sny unwanted O additions in the experiments
of Figures 19 and 20 is therefore defimtely encluded, and 10 it the possible participation
of any oxygen defects in the H_ formation.

For g furthes confirmstion of the non-perticipation of the O~ center in the H; formation we
dd snothar experrment in which we used 8 KCISH™ crystal and repested the full UV irrsdistion
eatment as we dd with the KCI.OH crystal. We know from previous work? 4750 1pat the SH™ conter
con be sho decomposed into S™ end H defects. Proceeding with this tull wradistion trestment we
observed exactly the same H_ bend in Ih. KCISH™ crystal. The experiments described in this sectiom,
besdes contwming the m-c-p.uon of H and CI5 centers into the H_ center formation, ruled out
completely snd posubihity of the pmmunon of lho O’ conier in the M' cmm production.

3.4 - Priiminery Conclusions Abowt H_ Formation from LNT Experimants

Up 1o this point the various experiments st LNT sllow us to draw seversl conclusions sbout the
nature and formation process of the new M center: a) under full UV light irradistion, H_ centers sre
the most promnem hydiogen rsaction products of the DH” photodecomposition; b) under stepwise
monochrometic OH™ photodecompotition, B~ defects from in the sscondary stsge by photcexcitation of
H°, centers. As this process crestes mobile C! X csowdions, the lstter ere very likely candidetes for the M
formation; ¢) The IR sbsorption of the H_ centers shows, by the H -+ D isotope shift, that it is caused
by 8 perfactly locahized vibration of 8 cherged hydrogen ion; its single band structure indicates 8 sits of
high symmetry for the hydrogen, which does not spht its Jocsl mode; d} H_ centers can be formed by
X.irsgution of XCI:H™ crystals st LNT. This excludes sny contribution of m onygen in the H formation
process, and confirms the ides thet M conters are formed by the reaction of mobile CI cowdions with
hydrogen defects. The incresse of "- initisl H_ formation rate in this experiment by » prmoul L and
conversion makes the interstitial H; detect 1he most liksly candidate for the trapping of the cc° crowdm
forming the H_ center.

Al the preceding experiments were done st LNT, where CI) crowdions are mobile right
ofter thew creshon end thus form the N‘ defects instantaneously. " this picture is correct, we
thould be sble o poduce W, cemers ‘n controtied feps a1 lower tempwatures where CIf
rrowdions 8re thermaity stabile. F-m.mmu in this tempersture rengs should therefors provide c



conclusive test on the lormation process end o definitive idemification of the hydrogen defect
trapping the CI crowrtion.

3.5 — Controliad Production of H_ Center st LHeT

We initially made the photodissocistion of the OH™ canter at 77K {for  experiments)
convenience) by monochromatic 204 nm hght (Step 0 in Figure 9A). We then procreded with the
turther photochemical reactions at 6 K. Atter photodecomposing H‘. centers (Step 1, Figuwe 9A) ot BK
we obiervad 1hat the H™ center focal mode was built up 83 expected from previous experiments. In
contrast 1o the corresponding expeniment st LNT (see Figure 1), we observe st this step no trace of M‘
{and H } torrinon. This confirms our previous sssumption that the photodestroyed H° centers ln
quanmanvplv converted into H cemers and Cl° crowdions, with the latter stabilired ;s H cemeu n the
lartice. it further confirms our assumplion lhﬂ only mobile Cl" crowdions, feacting with hydrogen
defects, are able to form the H_ centers. The “sel-trapping” of the Cr} crowdions as H centers
therefore prevents the M- !o:mat-on 11 our line of arguing 13 right, the H cmnn shoukd be formed if
we make the produced le’ crowdions mobile in some way. One way lo achieve this is the opticel
excianon i the electronic transition (H band} of the CIY crowdion, which leads 10 an optically
stimulated motion of the defect. H we shine monochromatic light into the ¢ band (Step2 in
Fiqure QA), we nlee] abserve the spprarance of the H_ local mode band. Simultaneously we see the
reduation of the H' local mode band. As no H, defects have been present during this reaction we must
conciude that n this step H_ defects have been formed by the reaction of “optically mobilized™ Cl‘:
ctowdions with H ™ defects. A turther yradsation into the U; band (Step 3 in Figure 9B) proceeds with
the H *H + Ci° tormation as in Step 1 without further M, formstion. A subsequent monochromatic
wrad-ation in the U band braught up manly the local mode of the H 70 close paws (Step 4, Figure 88)
with the correspondent decrease of the H™ absorption center. Now that we have two kinds of hydrogen
centers competing as trapping sites, we 89sin optically blesch the M band and observe further incresse of
the H_ iocal mode band. Simultanecusly we tee 8 considerable reduction in the local mode absorption
of the H /(] clore pairs. and 8 very small reduction in the H™ local mode. Apparently when both H™ and
H;;’U pairs offererd are much more effective for the H_ formation. This is exactly what we observed in
the X-ray experiment with the XCI H crysials of LNT,

The second posutniity to mohilize the Cl" crowdions after their optical crestion at LHeT is e
thermp! anneating process 1Mo the tempersture ungn of their therma) instability (T > 65°). This process
was performmd 34 Step 6 1n Figure 9D. It leads 10 8 further consederable incresse of the H_ centers snd o
smultaneous destruction of the H./[] close peirs. As the iatter nrc clearly thermally sublo in Iht used
temperature range {they are mumollv snnealed only ot T>NK ) we conclude that the H NCT o0
wat schieved ot the expense of the H7 (] clote pans. (The H™ centers remainad nppvommmlv eonmm
dunng the theimal snrealing Step 6) Thus sgain we can conclude thet thermsily mobilized CIS
crowdions form M centers by reacting with H./ (] close pairs. The involvement of the Cl° in the H’
formation s mncluunlv demonstreted in anuu 10, in wiwch we monitor the lbsotphc'! during lh
thermal anneating process. The correspondence of the thermal destruction of the CIS centers laround
55 K) 10 the incresss of the H_ absorplion is clearly demonstrated (the change in the M-band absorption
at 10K is cauned by thesmat reorientation of the Ci% crowdions).

A more general experiment confimed the two sbowe described results. We employed
wndispersed broad band UV ireadistion st 6K a1 we previoudly did ot 77K. The results of this
experiment e displayed in Figures 11A and 118, From Figure 11A, Step 1, we me thet after an
exposure of undipmied UV light we oteerve immaediste formstion of all theee hydrogen defects N_. H;
{covrelated and uncnrielstad) snd M- centers. Since our irradistion containg the wavelenghts of the OH”
bend, of the diffsent hyidrogen conters involved tH, MW, H°) and of the H band shsorption of the Cl°
conter, the simuttanenus spesances nf the B H/ nnd H conters is expecte) & in the LNT !ull
iradialion casw

Afrer the, 104 (JV peponire wa Waxhad the N band pung siispecsmt Tmht but Hlocking ooy
Car VIV Lt D grenl U Pt it A et 00 8 ey Game Seeps 2 bogoen 120 A piewe sty Dhivervidd we



again see the raise of the H; st the expense of H.‘ centers. The following step was 10 practically repest
previous UV treatment to re establish the dynsmical equilibrium among the three detects (Step 3,
Figure 11A) as previously done st LNT. As o last step, we performed again the thermal annealing 10
77K procedure 1o make the crowdions thermally unstable. After this treatment we again observed an
increase of H_ centers, » decrease of H; centers (both correlated and uncorretated) and a corresponcing
decrease of H ™ centers. This expertment, sithough being different in terms of irradiation procedures snd
intermedhate products oblained, confirms the results of the previous monochromatic experiments.

168 -- The Thermel Destruction of the H; Contery

To estimate the refative oscillator strength of the H_ center, we report 1o the previous work
(Part 1) where we learned that at LNT spproximately SC% les: H ™ centers are formed when compared to
the LHeT experiment. We assume that the nther 50% of “mussing’’ H™ centers are being consumed to
form H_ centers Uwing the relative strengths of the integrated shsosptions in Figure 1B, we obtain
fyy- ity -7 0.7. Consdering the value 0.5 for the oscillator strength of the H_ center. After we have

m;!.ed the detaiind kinetics Of the H; center crestion and concluded that the H; center was the final
and optically stable products of the H; thermal desctruction. When heating a tample containing H;
centers and following ther local mode sbsorprion st LNT after pulse annealing to various higher
ternjwratures we found that the H- centers decay thermally n the temperature range 180-210K
{Figure 12} This anm-alul; hehavior u very closa to the H '+ M~ thermal decay process of H interstitials
dewe bed Dy Fr'®’ We indeed observed, together with lhe extinct.on of the Hll centers, thu thermel
reaction M +{] *H by the H.‘ decrease and H ™ increase, as shown in Figure 12A. A simple comparative
anatyts of the strengths ot absorption changes in the three IR bands involved in this process shows thet
the extinction af H_ centers does not create H ™ centers. Taking the loss in absorption strength in the H™
local mode (A OD -0 B) and converting it into the corresponding gain 1n absor,tion strength for the H”
center, we wouki expect an optical density increase of ~ 1.7 for the H™ absorption. We instead observed
a mere 03 incease in 0O.D. of the H™ local mode, 8 fact that by itself excludes the possibiflity that the
destruction of H_ centers will form H™ centers. The small increase of the H” local mode is fully
sccounted for by the thermasl destruction of the W7 {Jextrinsic Frenke! pairs, 31 seen by the destruction
of the H' local mode band. No new local mods sbiorption in the IR range and no new electronic
atmorpuion in the UV/Vis range is obisrved to develop after the thermal destruction of the H; defects.

37 - Finsl Conclusions on the N; Formation Process and Structursl Modet

The large vaniety of experiments described in the previous sections offered a conwistent piciwe
shout the two components which perticipate in the dynamic H_ center formation grocess. We proved in
ditferent wavs that Cl° Gowdions are participsting in the H_ center formastion: 8) in the LNT rangs,
where U, band uudwhon cestes the H_ defects, we lhowed that competing Nd defects can capture
and stabiiire (‘l° crowdions and suppress thc H' formation; b) crasting Cl° crowdions by X+vavs ot LNT
in 8 KCIH~ wnam leais to the formetion of H. {excluding the conlnbunon of oxygen in anv form in
this process), ¢) ot LHeT we were able 10 create H o centers stepwise in 8 controlled way by fim
ceating stable Cl"‘: crowdions. Only when these crowdions were made mobile by opt:cal or therma!
excitation, the H_ defects sppeer.

The expeciments under varous temperetwe, irradiation, snd defect conditions showed
consitently the participation of hydrogen defects in the H_ formation process: 8) in 8 crystal containing
both M/ [.] pairs and M~ defects, the formation of H_ centers is sccompanied mostly by a reduction in
close H.'/D pawy srvd very little, if eny, by a8 M~ delect reduction; bl If only H™ defects are present, the
H_ formstion procesds st the expense of the H defects. We thevefore conclude that the H; defzt iy
formed by the resction of mobile CI' crowdions with either close H'IU pairs (preforred process;, or
with M~ defects As the H /) Frenkae) pars is — in terms of its net mucwul components - eguivalent
o the sulatitytional H dc'ed both thete hydeogen teags for the Cl° craowadion can lead to the sane
arnd produxt, From the M local maode ttrength, spectial shape and uompo shift we cancluded that the



defect must consist of a cherged locslized hydrogen defect in ¢ site of high symmetry which doss not
plit the locsl mode. The high hmdlhu;buluubim.m'hum;mmﬂ
of the H_ compered 10 the H. detect. From the thermal destruction of the H_ canter we hnow thet it is
"ot converted back into H_ centers. but disappesrs into some unknown optically insccessible structure,

A structuwral model must be sbis to integrate and satisfy all thewe ststic snd dynemic
sxperimental features. We see only one possibility to achieve this in 8 single model: A hydrogan ion H-
in 8 body-centered interstitisl position, with & trapped hole shared symmewically by the fowr
surounding nesrert neighbor anions (see Figure 13). This model fisst satisfies the observed static
features, 8 locahzed charged hydrogen defect i1 g site of high symmetry with 8 single uniplit three-fold
degenerate ioral mode tranution. A side from the trapped hole, it is similer 10 the H_ defect (w0
Figure 13). !In the latter ane. the charged interstitial H; defect will have sirong electrosatic interactions
with the surrounding sons, repelling and ststting outwards, the anions, snd attracting and pulling inwards
the catons. The addition of & hole (positive charge) 1o the shell of nearest neighbor anions in the H_
center wiil redduce the H <> C1"repulnion and thus produce 8 closer distance between the hydrogen and
the chiorine wns. As the potentwl for the locahized vibration of the H™ is mainly produced by the
Born Mayer reputsion interaction wath the (lrge sizel snions, we will expect » higher focal mode
frequency of the H' compared to the H_ defect. This i1t in agreement with the frequency shift to highs
energies found expenimentally.

For the dynsmic formation rocers. we have 10 regard the two cases: a) reaction of a Cf}
Gowd.on lan interstitiat Cl.' won wath » bound hole) spproaches » H.'IU Frenkel pair, the most natural
proces lo assume 13 the recombunation of the Ci intersutial with the empty »acancy of the Frenkel
pair Ay 3 result we are left with the H interstitial and the hole which wes cariied previously by the CI':
aowion 1t ths hole just recomienes with the interstitisl M we would restore the original neutral
nterntngl H": center. Apparently, however, the polsrizanon of the msrounding ions sround the H.’
detfect (Figure 13) make it possbie 10 ap 1he hole at the C)” ions surrounding the H. defect in o stable
wey, b)reaction af Cl‘: with a H™ defect in grder 10 form the wsme H; defect in this resction, the
approaching C17 interstitial crowdion wnll exchenge the lattice place with the H™ defect, 0 that an
sterstitial H™1on 1 formed. The hole, carried by the CIY crowdion then gets bound to the M- defect in
the .ame way #3 above. In terms of its net components {after recombination of the hole with the H
defecti. the H_ 13 » neutral nterstitial hydrogen atom. Thus when it gets thermally unstable and
tecombines w *h another H_ defect, 1t would form & nevtral interstitisl H; molecule. This defect &
known 0 be present in stkah halides and spectrally invisible in both UV and IR range. The ‘‘spectral
dnippesrance” of the H_ defect after thesmal snnealing is therefore will understandable with ow
mode!

wWe should point out thet the proposed model is consiructed strictly from an extended static
and dynanmic experimental materisl, which is conclusive and does not lesve any slternative choice for 8
ditferemt model, conyistem with the experiments. A theoretical justification for the proposed interstitis!
H ™ structure with a stabilized hole shared by the surrounding snions is beyond the scope of this work,
The theoretical understanding snd justification for this peculiss “inverted end sell-trapped exciton’ st an
inMerstitial hydrogen defect sppeers 10 be 8 chalienging and ntevesting problem for further theoretical
studies.
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Figure 1 A Elactronic shsorption barxis 85 & function of [rrsdistion time for 8 sequence of
monochromatic irradigtiong 1 8 KCHOM crvenl st UNT (thickness ~ 0.5 mm).

8 - Local mode trensitiont i the iR {ir the same wequence of irrahiations as in A (thickness
- A0 mm)
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Formation of Hvdrogen Local Modes ot 85 K
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Figure 2 - Plot of the local mode tranuton of H, H; and H_ centers a3 8 function «f irradiation time
under (Uil Xenon lemp wradiation a1 ASK {messured ot 77K).

A - KCIOM" system.
B - KCIOH + No' system
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Figure 3 A - Hydrogen centers locsl morde 1ransitions sfter 10 hours of full Xenon lamp irradistion at
85K (massured ot 77K},

B8 - Tha respective UV specire
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Figwre 4 ~ Plot of the local mode transitions of H', H and M~ centers es a function of irrediation time
under {1l Xenon lamp irradistion fur a KCI:OH™ ¢ ystal with higher OH~ concentration.
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Figure 8 - Temperatina deperwience ol the speciral shape and ha!lwxith of the H_ local mode
X
franstion
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KCI:OD™ Locai Mode Spectra 77K
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Pipse§ — lowpe shift sftects of the H_ and Hins KC1:00" evyetal after full Xenon lamp krradistion
ot 86K (messured ot 77K].
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Fiowe7 A - Formation of W, snd M, (ot ditierent spetis) correlations) certers in & KCI + 5.6 x
10°* M sample under Xsays irradiation st 77K,

8 ~ The same ss shove but sfter » pravious UV irradistion, producing N~ < H, convarsion.
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Figure8 A - incresse of H. snd H {uncorrelated ones) a3 2 function of X irradiation time. The
conumption of H™ centers is monitored by the phonon sideband of the H” local mode.

B - The ssme s sbove but sfter the previous UV irradistion. All data are taken from the
spectral massurements in Figure 19
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KC1+2.5%1G OH Hydrogeniood modes of 6K
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Pigpwre® — Locsl mode trarsitions of M', K end M under six different subrequant monochromatic
wradistions st 8K (s1epe O = 6], ord » hm' thermal anneeling to 80K (step 6).
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the expariment shown in Figure 21D,
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e 11 — Production of hydrogen centers in KCHOH~ ot 8K under undispersed fight {broad bend
intevierence filter + Xenon lamp).
A ~ Step 1. Formation of H", H (diffsrent correletions) and H_ centers under full UV
irvadiation. Step 2. H; fTormation and M, destruction uncer H band {CI{ crowdion)
light. Step 3. Repetition of Step 1.
@ - H production sfter a (harmal annealing process to 77K, K. and M’ centers decresse
sften this trestment.
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Figure 12 A - H_, H, snd H centers incal mode transitions before and stier pulse annesting to 240K.
B - H_ conter annesling curva st LNT taken under s puise snnwaling procedure.
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Pigure 13 ~ Swructursl model of the M- center (A) and the H; center (8) with indication of the shifts
In position of the surrounding anions and cations due 10 electrostatic intersction with the
intersutial hydrogen ion.
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