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ABSTHTiCT

Ultravj-o}et tnduced lunlnescence has been observed 1n a single

crystal of rubidiur¡ chloride doped r"ith a concentratron of hydro>qyl l-onso

The energres of the three enì.ssion bands found were shor','n to a.gree 'nrith

previcus results reported on the uv luninescence of sirilar crystals.

Since the excitatron spectra for the three emission bands rvere similar,

the emission bands h'ere anterpreted as berng due to tr¿.nsittons frorn

the fir.st electronic excited stal,e to the first and second ¡¡ibratronal-

states of the {round electronic state.

The rd{th cf the inai:r s:rission band as a function of temperature

was investi.gated. thrs shorved a,3ree:rent '.'rith the functional varlatron

predicted by the configuratronal- coordinate r,odel, yielding the phcnon

o
frequency and width at 0 ii. "

The difference of 0,0à ev between the first vibrational energ¡'

and the infrareC OH st,retching ener.qJr suggests that the vibrational

states of the ground electromc state are descrrbed rn the confrguratronal

coordinate ,'iodel by parabolas ln'ith different parabolic constants than the

ground electronlc state.

1r-1



CH¡''?T:'Ji I

I\TI¿ODUCTTOÌJ

r\s early as IÇlç0, a:r unidenbified ullraviolet abso:'ptÍon band in
I

KC.I r+as ol¡served by.Aksinar aL 203.4 nm. IL r.¡asntL un+.il rnuch later that

thÍs ba¡rrl r¡,as i.dentified as the absorplion'cand. due to Oil centres. In

L958, tvro papers reporLed that Lhe bands at 185 nm in iVatl-, 20À. nn in i(Cl

and 2IÀ n-n in KBr v¡ere riue to the OI{ centre.2-Ot2L In acd.it,io:r, Fritz
22

et. aJ. produceC i(Cl crystals r,¡ith varyirrg 0l{ concen|ral,ions as deter-

r¡ined by the infrared banC at 2.8 / and shor.ed that Ll'Le 2Ol+ nn absorpticn

banri correl-ated wilh the Oil concentration,

The hyclro4r'l ion is â ver,rr persistant impurity in air-groun alkêl-t
2

haJ-ides. Klein et al showeC. that noninally p'..rre alkali halide crystals

bought fron crystal nanufacturers corrta-ined 1.À. par't,s per nillíon niole

fraction of 0H . He shor.¡ed thaL even vrhen crystaÌs r*ere .gror^'r'l fron rea.,gent

grade KCI after 12 hours of treatment hrith CI- gas i,he rnole fraction of

0ll vras 0.1 ppn. This was also found by other researchers in conjunctlon
'), r Ln

rt'ith other studies ot tut )taY I

It has been shovrn by various methcCs that the OH <lipcle j-s substitu-

tional and aligneC v¡ilh its axis along tne IfOO] direction in alkali halide

crystal-s. Kuhn anC Liity stuCa'i¡g the paraelectri-c behavior of K01 concluC.ed thai

the OH: Cipole has a potentia-l minimun for orj-entations in the tfOO] Cirection.9

Paus and Lüly fron rneesrrenenls of the denslty and lattice oarameter chan3e due

to OH* in äCl estìmate<l r;hat the potential bar.::ier preveirLin,q the C,{- crienta-
-2 ]ntion j-n oLher thên []OOj direclions is less than å X l-O'evn" This neans',hat,l



at r,oorn Lempera.t,ure Lhe C'il ion 
"¡ould 

be ili a st¿te of free rota^i;icn.

Siress Ci.chrois:r. sluciies in iiCI h¿r,.e ef-so siro','m that the orie:riatio:r in

IfOO] direct,ron causes lhe e>çecteC. splitlin3 of the dirol-e d.egeneraf;e

grcund. s+.ate to be narilir¡r for unia.xial- stress in LI00] Cirection reC,uced

by a factor of I/ /T for [lfOl stress and zero îor [fff] .ltu"u.ll i;ed-

-L2cìing and l,l-ein-- have deter:rinei the cìepi,h of the poten'r,iaÌ wel-ls in the

IfOO] Cirection for severa]- alkali-halide lattices b¡r nea.surinq vib::a-

ti.anal end librational ;:odes of a-r OÌi d.oi,le,:l clîrstel-.

Because of the orientation along Itoo] cirections üuhn and Lüt¡'

concluded tha,t it shoulC'ce possibl-e to proC.uce pera.electric heati:rg and.

a l-3
ccolinq of a crXr5LeI.' This was obserr,'ed experlnenta]-].;r bi'i'.änzig et al -

1¿r
and later by Kuhn ar:d Lüty. Shepherd- reporteC that the electro-ceforic

o o,. ?6effect can be':seC to cccl a KCI crysla.l d.or^,n r'o C.]5 fro'.r I,J'.'."
l_l-.16

Slress on 0H iopeC crystals i-" a'Lso reoort.ed to ceuse coolinl.
'. Bron and Ürel¡fus used nicror¿a.ve absorption and infrared a'nsorpti-on

measureirients to shor+ that the Oi"i centre of nass in i(CI r.usl be CispLaced b¡¡
1n

0.34 fron the halogen ion lattice site.-' This a,3rees quite well rdth a
I6

displacenent of O.25A recorLed by Larrùess. fiöstlin found that after lenglir¡'

irradiation of Kbr:Crii rnrith uv at 8ooii, U^ centres (interstitial- H atons) i+ere

rg¿
fornied. By taki:rg l-inear wanî up runs he establisheC th¿.t the thernolu:rines-

cence v¿as strj-ctl;'pro'.:ortional- to the U, centre densit;r. Thus he conclucieC

that the OIì centres are converted to C and inLerst,itial H atons b;.r' uv ira-

ciiation.

A great Ceal- of v;ork has been ,f,one on the uv and infra-reC absorption

spectra of Ofi ions in ef kali hatide lattices. Ì,iany researchers have re-

ported that the Cii concentration ir alkal-i ha-l-ide crystals is <lirect1y pro-

portional to the infra.red p,ncl uv absorËtion band stren,gths in the varlous
'2 

'1 
o 

'l-¿l ' 
19

aJ-kali hal-ides"" Kl-ein eL a-t coruel-ated the area unr-]er the uv ab-



sorpii-on banC anj the CH concenLraLion as Celernined b;r pli +"j-trati.on llea-
-/,

su.rea.rnts. lli:e co:\'ersion factors so cal-culalei tvere a-¡J',] iecl to uv nea-

sur€r:ents fcr noni-nal-1-;; rrure al-kali ha]-ice cr¡rstals to;rielrl the approri-

ïial,e hlrÕro¡;¡l ion concentrations. liecidirrg and Klein us'ed inîra:red. absorption
I

to investigate the nain OH stretching band and its im¡ieCiate sid.e bands"*

Liltle v¡ork has 'ceen done on Lhe

taining hydrox.vl i-np'.:riLies. In Lj6i,

of i'lBr:Cl-j . ile found an eru'j-ssion peak

lu-ninescence of al-kali hal-id.es con-
}B

Iíösllin reporteC on the l-ur"liinescence

broadenin,q teäiperature depenCerce of

-2"
(coth ¡_¿)', Ät the sane time, Patter-son end. Iiabler"' ccrrel.ated. the uv

zkT
enission i,¡ith t,he IR absorption peak in KBr:Cil . In l9ó7 Köstlin founC

that at low t*rperaLures the enj-sslon spectra, fron Î.b CI:CLi , KI:Ûli ,
2L

KBr:Ci-i and. ICI:CFI ee.ch resolved. into a series of bands" lie ncted tha'u

the energ;,r separation betv,'een these b¿nds corresponCed to the vibrational

energies reported in infrared absorptrcn e;çerinents. He found three such

bands in lil eno ltbCl, four in KBr and seve:l in i{Cf.

The puraose of the pre-"ent invesLigation j-s to dnrllic"te Nhe work

<[

of i,östtin - by neasuring the energies of the three uv erission bancls he

reported fcr P"tÇl-:CìH: and extend this to deterrine the na-ture of '¿he te,-l¡era.-

lure dep.en,lence of the l.ÌJtÍllnesce:ce.

ior later co:ir:erison it i,'ould be rsorthrt'hile to sunut¿.rize the ore'¡i.ous

results obtai.neC. for RbCl:0H. i'lein found fron infrareri. absorpl,ion ihat the

-lÊmain vibrational enerry was J6)2.5 co'- or .450 ev." The uv absorption peak

and hp-'ì f rqidlh t\rere ne: sureC. at roorn tennerature to be 5"78 ev or 2LJ mi: exd

2
.6ó ev or 2!a.5 nn respectively. Köstlin founC three erússion peaks for

- 2t,
3l:C.l-:C: ',.¡ilh energies of L"09, j"6E z-:å ]"28 e.r.'- ile fo'.tnC thaL ihe uv

absorpLion peaJ< enerÆf he neesured a3reed r,'ìlh the vafue reported b;r i{Iein.



CHITPTER II

F;{.? JTF. II{II,üT AL }.,iiT iicÐ

Ino

. Li.ght intensity neasurenent utilizing a photomul'ciplier ca¡ be

acccnnplished with one of t'"'o neLhods:

1. By integrating the anode pulses which are generaLed. from the

photoelectrons created for each photon uhich strikes the cat'hode. The

integration is done by shunting a high impedence voltrneüer rnrith a. large

resistor (between IOO KQ anC tO Ì'ÍQ ) anC a capacitc:: (approxinately

LFt). The measureaent of the f.iqht intensity is then taken from the

voltage measured on the voltneter.

2. By countl,l.q the anocl.e pulses r.rith a sceJ,er or nul-tichannel

analyser, (i¡C¿) . The pulses fronn the anode are first ar'plified and then

analysed in a single channel analyser (sCl) which emits a logÍc pulse lf

the anode pulse height is betr'een the upper and lower discrimination setting.

The anode signal measured for no incident liqht on the photomulti-

^plier is called the dark current. The dark current rnus| be taken into

account in an intensity measurement. liihen the ancde pulses are integrat,ed

the dark current ca:t only be reduced by cooling the photomultiplier since

this reduces the nunber of therrnal electrons.

Some sources of dark eurrent generate small puì-ses. these are ohmic

leakage between the a¡rocie and adjacent elements, cold enission from the elec-

trocìes, ancì secondar,l, elecli'ons releaseC b;'ionic bc:r,bardnent of the dynodes.



lonic i¡¡nbarclr.c;nt o1' t,he cathoce anr.l resicluaL radioacti-vity whi-ch

proCuce phoi,oeì-ectron are sotìrces ol dark cui'rent r,¡hich proCu-ce large

pulses. Thus it is possible to re<ìuce the dark current rith ohoto-

electron counLing by usr.nc the SC,å, to renove the pulses with l-ower

or hi-glier pulse hej-qhts than the pulses produce,J b.y a ì.iqht siqnal.

The dark current pr:lse hei¡ht spectyum of the photomultiplier. used for

al-I nreasurements in thi-s inr¡esti,gation (¡l,U 62565) is shown in figure 1,

as measured by the ilC.{. This figure eJ-so shor,¡s the pulse heiøjrt spectru,n

with a s,nal-ì- Iieht leak, ancl lhe pulse height spectrum rlue to onJ-,r' the

IiEht leak (i,e. wilh t,he dark current spectrun subtacted). Settin3 the

SCA to triq:1er only for puJ-ses v¡ith heiqhts above channel 3l (.75tf) re-

duces lhe Cark currenL by a factor of 2.4" ¡úit,h ohotoelectr.on pulse count-

ing the fracLicnal slatisticel error associ-aied with an inùensiLy measure-

nent c¿n be reduceC b¡' srr.ii.nq for a lonqer tine, since ihe absol-ute sta-

tistlcal- error is the square root of the number of counts. Thus more accut-

at'e intensily measwenents can be rnaCe by countlnq for a lon;3er period of

tirne, provideC that there is sufficient temperature and. Iight intensity

stabilit;r. The error in int,eqrating lhe photoelectron oulses is also

Iinited by si"atistics. Increasing the resistance anC cacacitance increases

the integraling NÍne const,a:rt and thus the statistical error is decreased.

However an ap-oroxinate up-,;er linit to the sizes of the resistance and capaci-
7

tance is 10 ohns and I¡f v,àich gives a tirle constant of 10 seconds.

Ficure 2 shol+s the integraled pulse measurement versus the ¡hoLoelec-

tron counting neasui'ernent for a range of incident inLensities. This Íigur.e

shorvs thaL for j.ntensities beLow the j-nLensity corresconding to 6.! volts

6v 51200 cou¡:ls cer secon:l the tro nethods are linearly relat,eC" Ibove this

intensity the greatest d:"av¡'oack of t,he phoLoeiectron countin - nethod shov;s



Fi.gure 1

Pulse height speetrun of the pÌrotceJ-ectric
anocLe p'.rl-ses from an i:.':I 62565 photonultiplier

( a) Dart< current
(b) SrnaIL lieht Leak ,¡',i|h d¿.rk cur:'enl subtracted
(c) Snall lisht leak
(a) Large li-qht leak'*¡iLh dark curreni subtractecì
( e) Large light, leak
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Flgure 2

Photoelectron pulse counting measurement
connpared rrith the anode puÌse integration
measurement



¿çAt

3ô0

= 200

t
I

t
I

I

I

r

rc)0

ü7

10 c/síc.
V

voL'r¡,cE 0t.j Fr¡lr¡cí"¡lLD ?siü{r:rcrucs5 fû, t"j.fl}



ó

i t se-l-f . l-o:" these hì-3ir j-nterisi tres., lhe CeaciLr:res of the SC l. e^nd

scs.Ier cåttse ihe neasurecl j-ntensi!;r ¡3 be lol.¡. lher.efore , :i.n f.Ìre cor-Ìt se

of takin3 'iàe spectra-r daia¡ ille j-n+,en::j.t-./ l,¡es lxerh ..e)'L bel-or+ Lhe

above-rnenLioneri inlensit;t to arisii lhe necessii¡. of coryectinl Íor the

clearjtire of the coìlntinq s¡:steir"



Condue.ti.o;': C r:¡ slaL

The heliu_n cryostat, used in this investigation is shor'¡r in

fi-gitre ). The tenceratwe of the cr1;'sta1- in the cryostat wa-s var'led

oo
fr'on ?.8 K to l+O'K b¡' changinq the pressure cf the heliun gas in the

conduction cell. At lor'¡er pressures, the heliun gas conducts less heat

away fron the crystal. Thus r".'hen therrnaJ- equilibriurn is estabiished a

few rninutes after a pressure rcd.uction, there is a higher cr)'staf len-

perature. Once filleC r^ri'Lh liquid heliu¡r, Nhe cryostat coulC be expected

to keep the cr¡r5f¡J at a constant ier,perature for l+ Lo 6 hours, after v'ùich

the crystal te:nperatwe sie.rt,eC to clrift slo'nù;r upt'ra'rd"

The lenoeraLrire rneasurerients were made with two thernistors (i(ey-

stone Type LO gC4 - 160ä - H *'i2 and LO 9Ci+ - 3 ì.LìG - ir\ - T2) 1^'hich

rvere glued r.ath epo4¡ resin tc the tc: of the cr:rstal- holCer. 'lhe t'her-

mislor resis+*arces tlere ineasured ,r¡iLh a Fluke 7050 dj-gital nuliirnefer

and the Lenperat¡re',,aken lrotr' a ca]:-bration curve suo,;lied by lieys'''one"

'fhe crystal- rvas nounLed in Lhe cryostat in such a v¡alr that the

exciting raùiation t¡as lncident nor:r'aliy orrtc one face of the :'ectangu-

lar crystal and the emitted radiation r'¡as observed in the plane of the

illuminated f ace, a*,, ri.3ht angÌes to lhe incident radiatron"

Soectral. l'ie asur er-ents

The equipnent used to neasure the luninesceni spectra is shov¡n

in figure /a.

The excitaticn nonochromator usecl vlas a Bausch and Lomb high

intensity .25 mmoncchrornator containing a 2?OO groove,,/nr-Tr Erating' r'rith

a 250 nm blaze. Tite band pass of the nonochronator was set at 13 "2 r¡n"

A /o)ri cleuterir-m l-ainc s.rpplred by Sarrsch and Lonib for use "rilh the rnono-

chro¡nator was useri as lhe tight so'rrce. The light output íron the excit-

ing monochromatoywas focuseC at nornel- incirience onto the crystaÌ by the
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Figure 3

Conduction cryostaù
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Figure l¡

Experinental arrangement of optlcal
and electronic eqr.ij-pment
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cclh:¿ator l-ens at,lached to the monochromator a¡':i the lens on the cz'yostat.

The 1iehl, ernitted fn¡n the cr;,rstal- face k'as focussed onto the input slit

of the e:t:-lsston monochrornator by the trvo lenses sho',^'n rn figure 4"

The e¡dssion monochroroaùor useC tlas a f700 IIl Spex "?5 m mono-

chrornator i.¡ith a 600 grooves/nn grating blazed for 300 nm. The photonul-

tipl-ier used at the output of the Spex monochromator vras an y¡r:-I 62565 rùrich

was operated at 1?OO volts giving a sensltivity of 5rOO0 anps/lumen.

The ernission spectra were t¿ken by couni:ing the anoCe pulses fron

the photomultiplier anode on the muitichannel analyser (l':Cf)(Victoreen i'lodel

ST4.OO1.:). the chan:rel advance pulse used to initiate the photoelectron

count1ng in the next chani-rel of the l'iCA was supplied by a circuit in the

Spex rnonochronlator. Thus the coun'Uing channel was aCva.nced every 1"0 nn'

The Spex monochromator v¡as set for a band pass of 1.1 run" However, due Lo

the scanning process takÍng place v,hile the I'-CA r^¡as counti.ng in each channel,

the effect,ive band pass iS increaseci to 2.1 nm.

The excitation spectra. rvere taken b¡r scanning the Bausch and Lonb

nonochronâtor and ad.vancing bhe Ì'iCt with an external scaler eL 3"a,2 seconds

per channel r"hich is 0.77 rn per channel"

C al ibra Li on

*tt the Spex and the Bausch and Lornb, monochronlators were calibre.ted.

in rvavelength by rneasuring the line spectrum of a mercury lrght source. The

Spex rnonochrr¡nator u'as calibrated v¡ith the light source ill.rrcinatin'q the in-

put slit throul,h the cryostat optics systern. The Bausch and Lornb rnonochronator

was fitted with a 1,?28 photomultiplier anC the riìercury sotlrce v¡as set so lhai

it ill.uninated Lhe Ínput slit. Át a laLer stage it was founcl necessary to

check the cal-il-.ration of the drive on the exciting rnonochronator thus cal-j-bra-

tion of the I;ausch ancl Lorr,b rnonochrornator was additionally perforrneC by rnea-



.'. )

surinfj Lhe continucus spectrr;.m of aCeui,er'Íu,n liqht soìjrce wiih an inter-

ference filier j-n front of the inpul slit.

The inLensj-iy cal-ibra.t,ions r{ere perforrned previotisly, as des-

cribed by Paleer (iHn Thesj-s L969, Universit¡r of Ì.larritoba). The cornpu-

ter programs useC to correct lhe data and conr¡ert the spectra froni a Lin-

ear r'¡avelength scale to a linear enerqy scale r.rere suppl-ied by R,. Palser.

The rar¡ spectral data for ihese proqraJ{ìs r',rere linear j-n vravelength. These

prcgrans converted this to a h-near enerqy scale anci corrected the enris-

sion spectre.I data for the sensitlvity of the sysLen at, different wave-

lengths anC the excitation spectral clata for the:-ntensiiy output as a

function of l'¡avelength. In the course of the conversion +"o a linear v,,ave-

length scale, sone snoothing of the speclral data. was necessar)r.
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TIiE GOì\T.IGIJRÍ,?IOI{ CCOF.DI].I;\TE IiODEL

the colrfigurational coordina"e diagran is essentialiy a dia'3ra;rt

of '.,otaJ- energy of Lhe }uminescent centre versus lhe configu'rational

coordlnate. This coord.inale is based on the assunptj-on that centres

are sensitive to some single vj-bra-tional- rnode. lypicaliy this is the

rrbreathlng nodetr, whÍch is the notion of nearesL nei-ghbours torvard and

ahray fron the luminescent impurity centre. Thus the configurational co-

ordina.te is norrilaliy the distance frcn the centre atoro to the ne¿'rest

neighbour, The total energy in the confiqural,ion coorclinaie cliagrara

figur.e f, represents Lhe lonic anci electronic en€r,4-i of the ground and

excited. s|aLes of the l-uminescent centre"

The l,:nrinescent centre obe;ys lhe Frank-Condon principle v¡hich

states ùhat a:r electronic tra.nsition ta]çes olace i n a short time con-

pared. io the vibraLional mcCe tÍ-ne period of the ions. For this reaèon,

r+hen a photon of energy ts* is absorbed rdnile the centre is in the equili-

briu¡n position of Lhe ground state at A, the tre.nsition is a vertica] one

to B as shown. The centre lhen rnves to its new equilibripn enerry at C,

the enerryr Eo, beì-ng,given off as lattlce vibrations or phonons' The ex-

cited centre may then unOergo a lr¿.nsition t¡ack to the 3 round state, going

from c vertically dorvn to D, er.iùting a photon of enerSx Eao. Then the

centre returns io its eouilibriun posi.tion A, givinq up nore energy to the

la¡tice. Thus one can see inn,ediaNely that this noCel explains the Stokes
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l'lgure 5

Configurational co orciinate diagrarn

U- First exclted electroni-c state
e

U-, Ground electronic statego

U First vibr.ational state of thegI ground electronic state

U _ Second vibrationaL state of the82 ground electroni.c state

(a) TR absorpÈion trensitíon

(b) UV e¡nission trensitions

(") W abscrption transitions
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shift exh:-t¡:.ted by lu:ninescent centres" The Stokes shift is lhe energy

decrease of lhe e:litted Iight co:npared to lhe ener,qJ of Lhe ¿ibsc,r-beC

liqht due tc the energy given up to Lhe Ìat,tice.

if lhe excited centre has enough lhernel- enerSy at, C to reach E,

then it can irn-nediateil¡' go Lo the ground staLe without enii.tting a

photon, and eJ-l- of the enersJ of the absorbed photon goes into the

Iattice. This accounts for the suCden decrease in luminescent efficiency

at high ter'-.ceratu:'e. This is thernal que::ching of lunúnescence.

The probability of this ther:"nal process leading to a non-rad.i-ative

transition is:
p = s exp (- Eq/xr),T

i"lhere Eo is the energy fror,r the equilibrium position of the excited sta.+"e

to ùhe transirion point tr in the configuratt-on coordÍnate Cia.gram, fi-gr-rre J"

lf the probabihty oÍ luninescence of ¿. centre is qiven by F,, ùhe effi-c-

iency of lui'inescence is then

N=Pr./(P,+ Pt)þL

æC,
I l-IN = | r+ (s/r, ) exp (-Eo /icr) .| 

- (A)
JJ

This equation r.¡ill be useful in thapter iV,

the shape of the er¿ission peak n,ust be analysed quantu,n mechanical-ly

in orCer to denve a theoreticaJ- expressicn for the tenperature variation

of the full r.¡idth at half maxinun"

The liqht intensity for electric dJ-pole raciiation is given by

6t* nL V.,*r ( hY ) =njlì. 
3"3 l, (1)

for a iransition fron thu.rth r¡ibratioilal st,ate of the exciteC stale to

the ittth vibrational state of the ground elLctronic state" 'víhere /r^ ,t

the matriX el ement for this transition, and c is the velocity of lighl,
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Nhe phoion frequency a:rd ir is plankts consta:it,

If x is the electronic cocrdinaie and r the confiquratlcrr cool-Cilrate

ions anC the r.,¡ave fu.ncLi-ons are seÐaraterl into electronrc and. vibra*

part,s Ø (*) rtra 1iz (r) 7¡srr usi.nz, Q for electronic cha::qe,

Ii -\¿: ló (x)
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(r-r)e-ð (;,) l,-' ,t dx dr
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tor J1^- is defj.ned as/ ez 

/"' = f ó"'

rvliere e and ,g refer to excited and ground. sLat,es. Then the sepa:"abie fac-

(r.) ( x ( x) cjx

stat,es e and g, it is considered
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(r-ro) 
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dr.

coordina.l e diarira'r: fiqure

Thus this ls a classical
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V" (r - ro)

are hernite poll'nonials

are norrnalizatrcn f aclors

are classrcal amclitucles of

Sínce/|, depends only on the electro

consLant and then, 
I _x_

,/*n= / "rl!'^,'
.)

Referring to the confiqurational

U and U are para'oohc j-s used.e8
monic oscillators:

Then

monic

Lhe

rhere H

L\ì¡

and e
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and H

and ì'l

a;rd a

^+ k (r - r^)-
eu

eigenfunctions

r,l\ exo l-i r - r_n-l laLg

t,', ( 'r-- ""\, *e

J, the fact that

picture o-f ha.r-

zero-point, vibra l,lon
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The first six hernlte pol¡rnonials ere qiv

H=l-ií_ Io,
H- : l+y -2 H23

t)H. : I6yu - /,8y' + 12 ill+5

en belor+

=2Y
A)öy - L¿y

E?: 32y' - L'Oy', + L2Oy

)
r - 

I are gaussj-a¡ about.l
""d ]r; are producLs of qaus-

a. harnonic osciliator

F1exp l -å r - rol and eleL 'J
r I 0 respectively so that

hernite pol;'norrials. lùor,¡

åt a* = + úrrJ-ges

i+
,e

!^
for

Note that

r=r and
o

si ans r.rith

and

Therefore

Simì-l"arily G)

However, Ì{ is actual-}¡r an elfective inasso

In genera-l, the vibratlonal quantur",r nunber, m, reached after em-ission is

high. This is true'¡hen the excited s'uate equilibriua posllion is apì)re-

ci-ab1y diff erent .fron that in the g round st,ate. It is not Lrue for snall

to. Thus for high m oae uses the approxiination th.t l1l*= {t)l tends to lhe

classical density distribuLj-ou '¡l'lich has a naxi¡nurn around rr. ,,here *,n tu

given by
ç2u=(r) - ik r-- = (*+ =)t'r V_ (6)

m3r.í,
Hoi.rever, the initial staie r.tusi be trea+,ed qua:ttur niecha.nicall¡r.

For lo'.ç f erperaLures, the eriission begins frc¡il n = or 
"'¡hich 

is

the only sta"e occutrled., so that
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and thus
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o

is

J
U5

| /"^ l'oc e>ç

(r) u8(.) =¿rlaug Im Ldt I r=r

=kr
oaf

o

(r -romo
ïn addition

Oou' (rr) u. (ro) : ¡ Vo h %,n

CornbinÍng the above t-no eouations

(.*- 
"o) = hVo -_hUo,

kz ro

This linear relationship bet¡n'een the energy difference ancì the configura-

tion coordinate difference imäl_ies that lhe ground. state parabola 1s a

straiqht line arcund r r roo

Substítuting equation ( 8) into

L

î¿̂-¿
krgo

2
d

ã

fJr,,, " /. 
(r. - ro)

fto,,,

-t

a pure

Thus the Cistribut,ion Censi+,y in

gaussian. Differentiating U8(")

Q) resul-ts i¡r

(r' Yo,n - j, yo 

_ 
)2

(z)

vibrational

r=r
o

(6)

(s)
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definj-+"l on of a gaussian

, can b,e eryr'essed as

Ci-si.ribution¡ Lhe stancìard

I ì-.' "ø
Õ

¿ rÕô

<.

ô
c

)l.i G) *
ç-
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for ausing equation ( 5)
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e
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for eni-"si-on

for absorciion

and
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ore
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0-
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e

The probabiliti'thal

perature To p._, is given by' 'n'

¿
tug\t_t\.. I(re

+h
the n vibrational l-e.¡el

the boltzrnan factor" This

( r0)

(n)

is occuc'Íed at te¡n-

assumes that ther-

-t
_e
eJ^

hv
o

..4
I Vq\
\%)

l\hen V" i= kncwn, it is possible to deter:rire lhe narabolic const,:nt
)

ks = l{ U:, although Lhere is so::e uncertainty about the velue of }'i that

should be useC. äcwever, this value of li is the sarne for excited ancÌ

ground states ¿nd
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nal. eourlibrrum has becn established. Evidence exists for i',Cl- (Ti) t'r.o;r,

Louchtchik ei; a.l su.qqesting that equilibriun is established- ve:"rr quicÌ<J¡r,

si-nce the Iu:rj-nescence q.lantun )'ield is indepen,lent of the e:icitin¿3 ì/,reve

26leriqth, so l-o:ig as il is within the absorption band. Thu.s

e>.'.Ð ( -nh )o/*t)
(re)

*0" 
I

and tp-ki::q the sum over n

n

lhus equation (1)

r (n v,.,*)

r (h Y ) oc r
n

Al-so tlre sun

fin al ste.tes

r (hy)

f exp
n=o

is rcdified by

(-nh \)u/*r¡

rP ancl
n

(r* - ro)

lv;

v; I,
arC rn

\*
Lin
IN

_g
:J

m.
'n

iriow it is assuned that the tr¿nsition taJ<es;oJ-ace too fast for.,,he ions io
change positions (¡'ra.rk - Condon principle), anC Lh¿.t the cosiLion of the

transition to m corresponds to the position oÍ ihe classicai anplitucl.e i'
É

as before (ie for Ìarge value of S). Thus I f ai - :ì3 hV)cen ne reptacec

by

,'2 ^ êr)lò(.r--
o'n h) (r-3)

inteqral since the

- u" (r¡) - hY

over tÌre

co:p]'1s e

cc ft+

[ [u" ,r ) - us ('t - r'vl
nnJ

final st¿Le can be replaced. by a:i

a quasi-continuu"n. Then

'" l"rJ,: (,- - ,o) : t[uu i*,) l]",
(14)

Tc soive (14) the ilehler for¡:ula for Lhe SJater stxirltatlons or

c:lla.lcr 1s us ecl:

the har¡conic os-
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hlcv,, ¡ t)r \ rs the lnver5s ¡ale of dÍvergence of the par:rLrcl-as I.l3

\ 'ly ) y=nt)

and Ue as a funclron c¡f Nhe ccnfrguration coordinate. If dr is linear,
dy

the banC shape is irure gaussian, otherwrse :-l is asy,rraelrrcal-.

Åt high tennperalures,

nh (n vu\ 
--. 

h )¿

zkr \ 2kTl 2w

Thus
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EXF :RI].:,I.üT.AI, R'ìSUIT S

;l typica.l e:iLissicn spectrun at l-io''.lid helir,ur ternperalure is

shov¡n j-n fie.ure 6. The fi::sl band at l+.067 ev. is i"nterpreted as

a transilion frorn the first excited electronic staLe'r,o the ground

el ectronrc staie. The second banC at 3"55C eu, is due tc a tr.ansi-tron

fi¡o:: the first el.eclronic exciteC state to the first vi-brational ex-

cited state cf ihe grcunrì eleci,ronic slate. The lhird banC at j.Zl¡

ev. is Cu.e tc a tra.nsition to ti:e seconcl...'it,ra'uiona-'l- state of tlre

gror-:nd eleclronic st,ate. These sle.fss are shcwn i:l fi,i,ure 5 of the

conii,lulrationa] co ordina.L e moCel.

Tabl-e I shorvs the full- width al half na>:inu:n at vericus te.rpera-

tures. :iach r+-idth neasrlremen+. is ar averaqe oí f¡'oir one to four specbral-

neasrlrea.ents. The errors in ei-ch ob-eervation of the l,¡id.th of the nain peak

et 4.07 ev., firs*. vj.braLronai peak a+.3,66 ev., a.i.C. the second vibr.ational

peak aL 3.2'o ev. ere O.OO{. ev., O.OCó ev., and 0,015 ev. res-oectivel¡'.

These errors vre:"e arrived at by using the error in estrnatin.q the hei¡1ht

of íhe peak fron a g::aph to ccn:cuie the error in esti-nating the half na>i-

nun posi-tj-on. Frr::r. this, the err"or in.neasurin3 the full rt'ilth at ha'l.f

na:cj-¡¡.un on the 3raph was calcrtlateC, accor:nt:-nq for the nr"ecisio;r of the

len3th ä.eas'rrenent. ?he errors in ihe averaled r¡dues in table I'..,'e:-e cef--
t.1

culì-ale''i as rlescribed by R. T. Rir¡e.^'' i{e su3gests that the ¡robaìcle errcr,

r, in a:r averaie of a series of n neesurements is cal-c1]ated r,,ith the foil-ow-

inx fonr.ula:
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Ernission Spectrun of RbCl:0:J at l-Oo¡;
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Pv

]=
o.67L5l

(n-I) ( Itl
'vJhere P j-s the weiqht of an observation calculated by taking the in-

verse of the error i-n that observation and v is the difference betr^¡een

that observaLion and the average.

The peak intensity of the third band is 6,"í tnat of the main band.

Thus the fractional statistical error in this band is inuch larger than that

for the other trvo bands. This statislical error leads to a large error in

¿eternin1ng the peak height. Since the half ma:clnun positions t+ere found

from the peak height, they have a prol,,ortionately ] arge error associated

with then, In add.ition, the second peak o,¡erlaps enough so that it nakes

a large contribution to the intensity of the higher energy half narimurn

position. This contribution cannot be estimateC very accure.tely since these

emission peaks are too asyrl'retrical. It was found that for spectra' taken

under sinúlar conditions Lhe full rvidth at half na;<inu,*n of the third band

varied fron. O,lÇ ev to 0.250 ev althcugh in all other respects they rvere

in agreement. The overlap of the main with the second peak was used for the

second peak lridths.

The peak widths of the main ørission bancl fron table I were fitted

by applying nonlinear weighted lea.st squares techriques (a progran fron the

I{atfiv scientific subroutine pack) to the forrnula
\rå

"u 
(T) : Le (o) (coth h '9 )'

KT

which was clerived in chapter III frorn the configurational coordinate raodel.

The val-ues of L"(O) and U" fro^ the fit are O "238 x ,OO2 ev and (7"6 ! '2)
11 _r

x lO 
* 

sec.-- respectively. Figure 7 sho',¡s the widths of the first and se-

cond. snission peak fron table I and the values of the rry-idths at various tem-

peratures. The wid.ths of the second emission band at 3.66 ev have the sane

functicnal depend.ence on terperature as the rnain ernission band within ex-neri-

mentaJ- accuracy,
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T'he errors in each o¡5s¡rra+,ion of ll:e nain, l-he seconC a¡{ tnird dnis-

sion pedr enr:r-gies r,.hicir were calculated in a sirnilar fashion to the e:':or

in the ',,¡idths and are t .OO2 ev, t .OC3 ev and t.OOB ev" The vibr¿-

tional ener¡S¡ level-s were ca'ì crrlated fro:l the energy d'ifference betv¿een

ihe peak ener4les of the three enission ba:r'is. Thus the absoluie errors

associateC'ith each observation of the enerSl¡ of the first and seconC

vibratÍona1 eleclronic states above the ¡round electronic staLe are

t "OC5 ev anrL * O.O1l. ev. ÀLthough vibratlonal etrer,qies reporteC in

table 2 for 1,râricus tenperalures seen to har¡e a d.efinite shift to lo'*er

energies r^i-th hi3her te:.rperature, lhe cu-'nulative erroÏ's fron the tt*o

e,nisslon peek positions for e¿.ch nake thi-s variation difficult to analyse

accuraLely "

The ;:nost crobable peak ener.gies of lhe einrssion banCs ca'iculated

by avera3i:r'q lhe observalj-ons of the enerqies of each band' fron al-l s?ec-

tra are L+.O73 t .OC2 ev, 3.66L t .OO5 ev and 3 "?'63 t.026 ev" These va-

lues for Lhe ba:d energies in RbCl:CH of l*.O9r 3.68 and j.?-8 ev reported
Õl
<LL

b;r Köstlin" It, 1s assureC that liöstlj-nrs ïleasurerl"nts for RbCl-:0ll âre

olty rrithin O.O1 ev since he reports results v¡ith iou.r significant fiÎures

for ill, KBrr, and iiCl anrl orly Lhree siqnificant fi¿ures fo:'RbC1" The

most probable va].ues of the energ;, d.ifference betl.;een the íirsl and seconc,

anC second a:id. thirC enission bands, c al-cu'lated b¡r averaqin,3 each observa-

tion f¡oin eech spectrum are ,/+10 r .OO3 ev and ./+0 É.02 ev. These energies

corresj.,ond to lhe energies of the fj-rst and seconC vibratj-onal staies above

the grounC elect:-cnic state. These values are essenti-all;r the sane as those

2L
recorted by äösi:lin. * The energr of the first vibrational state should cor'-

responC to the.¡al-rre reported for the Cä- siretchirq bend in ¡he IF. of "/r50

ev repcrted by l,lein and iredCing,B The C.ifference 1n energr betlveen this



a^

ã.nd the fi.rsl .¡i-brationel slaLe e,¿erZ:J'r.eagured b;'r uv oJ:issl-on sr-i,3.-

qesls lhat fhe parabola used. Lo C.escr-ibe this ener8lt leve]. in t,he

confi.qrrr'aLi-onaf coordinale roCei should have a iiiferent 'p"*rabolic

ccnsfant ihar the parabola clescrrbint, Lhe qrcrrnC electronic staie.

Thus the confisrz'ationel coorâinale diaaran figure 5 has 'oeen Cravrn

accor dJ. ngl¡r.
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Figure J

Functlonal vari-ation of the nain eniis_qlon
band r,ridth r,¡it,h lenneraùrrre

' l,larn ernì ssion bend

x First vibrational band
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The areas of the eli'issio:'l leal<s are troporlione-I to lhe respect,i,;e

probabiì.it;r of lire Lra:rsiiion.irol the excited electroric st,a.le i;o one of
the vibra'r,iorlal lel'els of the,3i'ourc electronic st,at,e. The averâee râLio
of the pea-k areas, a::d thus the e;iission pro'oabilÍt,ies are rooo: 2?az 60.
This ratio showed no i-:eesura'cle ie:perature variation v¡ilhin e4eri;:renta-l

error. This suggesLs L}:at these erission teaks are Cue to the sa;i:e elec_

tronic trenslticn. iÌov.,e1,err the absolute arees of the e,rission peaks Co

have a ielrperature decencìence as shc¡,.n in fi3ure g. This figur.e is a

.gra'ph of the logarithn of the ceak area versìls the inverse of the tenpera-
iure for the emission peaks col'respondinq to transitions fr.oir the excited
electroni c stale to rhe .3rounc anc first r,,ibre.Licner lever s of the .{r.ounc

electrcnic st¿.Le. The te:n;cera.ture cecendence shor.,tl. in fiaure B has the

s¿¡le forn as that for Lhe rr¡:inescelt efficJ.ency, j{, at hiEh tenper.atures

as &ven in e:uet:_on (A) in Chapter Iff ,

Thus

N exp d and Eq : rn ( F+äi3) IL - L\r- rI2 )-'

Velues of

celculated fron

of (2 .2xO.Ð x 1O--' ev

slor;es of curves À and ts

and ( 2..3 x o.5) * l-o-3 e\¡ ,,.i.ere

respectivel;' 1t't Fi:iure 8.

R-q

the

Excitatio: Snegtr¿.

A t;rpiceJ- exclt,aLion s::ectrun is shov¡n

Ceterr*1nin3 the peak ener-gr of the excitation

acy of Lhe Bausch and Lonb nonochro:i'ator. The

wavelength is t 1 n¡.i. Ât the excit,ation peak

i-n Figure 9,

banC is due

precision in

of RbCl:CIì ,

The error in

Lo the inaccur-

deternj-ning the

this corresponds
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TIts:-L 2

linergt" cìiff erences betr.¡ee:r

states of e::cii;eC elecironìc siaLe

of lhe exci,+.ei elec'brcnic state.

iir-"L ¿:id second vibr.atron¿l_

a.ì'ì(ì the zei.o vi'rrellonal sille
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i''j_gure I

a) I'unctional- variation of the ceek area of the
main elission ba.rci -wiih tenr:era'Lure.

b) Functronaf variaticn of the reak aree cf the
first vibrai,ional ba:ci,rilh te:l¡eret,ure.
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tc .021, ev. This fi:ure for the error r,¿s.s a:-r,jrred at fron a serres

of e;çerlnients usinq a 3a?2|o interference filter beLwee:¡ tjre; deuteri.:;n

lar*p anrì the ;nonochroratc¡:' and si;rulating an e>:citation e-:rÐe:"i:::ent r.,'hi--ì_e

measr:t'inq Lhe output of the ìr-cnochro;nator',+ith an Ei'.I 62565 photomu-lti--

pIier. This sho'r;ed a war.el-enqih irreproCucibility cf I ruir" Tlre avera:e

energy of the ercitation pea.k is 5.j3 + .03 e.¡ and lhe avel.aSe r¡icth j-s

"i+B t.02 ev. This peak ener,,irr is .21* ev less the-n the abscrption enerqy

reported bi'iíösilin of 5"]J ard .25 ev less than the absorption en(?r:ii¡ l"e-

ported by l{lein oî 5.78 ev.2'2lu The e¡rors in 1-he r:reesurenenùs v¡ere.uoc

]-arge for an¡r functional r¡a:"iation oÍ tlre 'riclth r,¡ith ter.nera.ture to be

dl stin 3u1sh eC,

The excitatj-on snectra for eacìr e¡ris-"1on banC have the *q¿ne

ener{r peak and trj-dth r¡ithi:r e;c,oerir,enLpl error" Thj.s srrp.corts ihe assr;-i'-^,l;-

i;1on that lhe seconc and thirri e:lission iea]<s ar"e cue to',.ibrati-onai

ste.tes of the qround electro:llc staie"
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Fiqure Ç

nxcj.ta.tion Spectrum of hbCl:CH at 9oK
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ccìì,1c, i-lslC) .s

i'he erissicn snecLr',:;r o-f Ì;bC1:01: al iicuiC heli.u:..i lo:::.,r;crê_tllres

was sho',,¡n tc har,re lhree e¡i-ssior e:er-1¡ bards: 'i¿ :..rv¿ . ).i . ;he :reln eller.-r,' lrand

al l+.O73: .OC2 ev, ',be firsl vibl.a+-iona-l- ererg:'bancl al 3./;(>y t .Oûj ev,

e.:r.i lhe secc:rci vi'cr,lt,,ic:raì e-,er;;' 'ca":rj a'L j.26j = ")?.: ev. fach cf

thes'e rr:sr-l.l-Ls is 0.02 er¡ lo'r.,er than tÌrose rer:orted Ì-';,'äo"'r,l_in, Tilis

s']1Tests :;cl::e tl.ie of :;¡¡stenalj,c erÌor since Ì:e¿-l.srlre:ienL oÍ aqree-.'lelb caJ*

cr-r-l atÍois predi.ct e r;ro'r;a.'clli_l;r of C.ó " tjiat eacÌ-: cf t.jle -uhree c;rirs cf

rilså.sì-ire3!e:its i.¡or:l-,1 differ bi'0.02 ev, Since ihe e:irss'i ol no:cchro::t:--tor

uselcÌ i:l lhi-q s',ud.;.' iiad a ::ecr.'ccllcicilit.' cf "],1, ar:Ì a ..,'aveL-e:ît,h ca.t :b:"a-

tion t'¡¡':.s perlcrned al l:le on-"et oí this stud;', Íi is i:rrroba'ole tliat ihrs

s;.ste;:iatlc eÌ"T'or corrld be attribuLe to thl s :-nr¡esti qaticn.

iij-thin ercei'iiiental erro:', aIì. J,hree banCs her.e lhe sa:i:e e;ici:e.t1or

speclra, r.'ith e teal.: at 5.fi t.Ol e.r a.¡:C. e','irlth oi O./ç3 -E .O?- ev. ihis

sup, ci'ts ihe assu;llÌcn lha.r'. the:e 'r'...'c r¡il;:':iional h a-.Cs ar"e rl.ue rc transj--

'ricns irc-t ihe e:¡.ciíe'i eleclro"ic sia,ie tc f,i:e fl¡.si alli, seccnd vrl;ra't,ic.a]-

*qletes oÍ the ;r'c'.r.tn el ect:rolic sl; le,

?ire e,rer-3',' di lf ere':ces 'cet'"u'eer the fir"si anj secollcì r¡iÌ:reiio:tal-

st.''tes a:-,:i f ite ze:lo vibr¿:ticnal s¿ate oi .,,1:e exciled el ectronic slate

h'e:e rìh'f-i;n Nc 'oe .i.iO 'r' .003 e.¡ :.nii- ./-l i: .02 ev resÐecti-'rel;1'"

Ti:is a,;r'ees i^¡-ilh ¡::e..¡icìls resulis i-n lhe rrv al-lhcu.rh ll-re firsi vibralrrra-l

.::1?:- i s l.li- iv 'relo'..,- t,i:.: i':i:rr-eì ill-i- st:eicì:i:' ì t..d. l'::is :Jilier-

e'ice j.:-: ener..:-r' sll 
-i,;e 

sis lhat j n ihe corf rzrìratio:ai coo¡':li:-l¡t,e i:oce]-

the '-,r:'abo-]'j-c ccrsla'ils describi:l tlte rribralional st:les oi the lround.



)ct

electroni-c,sN¡:t.e are iiÍ'íerent

c]-c:ctronic st,äte"

than +-he oara.i;oiic cot':.s,ia:it oí Lhe 3r'crinC

The rvidth of the :rain peak rva.s shcvsr üo vary r+ith teinperatr:re rv'ith

a functional va¡.iation preCicted b]' the configurational coordinate :.od.el

hy +
e\Le(r) : Le(o) (t'nrl

)KT

The vibrational frecuenc¡' of the phonons emitted after the tra.nsition to
11 _'r

the ground state, V., was found to be (Z.O t .2) x 1O-- sec-t, 'dhile

L (O) or the half width of OoK was shor+n to be .238 t.OO2 ev, ì.'rithin ex-
e

perimental error the width of the first, vibrational band foll-owed the saïie

ternperature veriation as the main band.

The tenperature dependence of the emi-ssj-on peak area and

transltion proba.'oility was founC to agree wit,h the tenoerature

predicLed by the confiqurational model, The quenching energies,

thus the

varration

Erof
o'

(z.z t 0.5) x 1o-3 ev a¡rd ( 2.3 't 0.5) x ro-3 ev rure folrnd for the naln and

f irst vibrational snls -"ron peaks ,

This close agreenent of the quenching energj-es for these t'¡,o bands

is to be e>pected if both ¿re due to the sane electronic tra"nsrtion a¡d the

parabolic constants describing the vi.brational- states rn the conflîurational

coordina'ue model ere les-o than that for the ground electronj-c state. This

in;:Iies thaf the vibralional energy i-s very snal-l for large values of the

configurati-onal coordi nat e.
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