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Optical speetra of matrix-isolated palladium atoms.
3. Matrix effects on the electronie strueture ofPd atoms
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AUSTR"\CT. Thc detailcd analy~is of the optical sIH'ctra (\l\'-visible a!Jsorptiotl awil'IIlission ami
la."icr-induced lulIlincscc'llce) of palladium atoms isolated in solid argoll, kriptoll and xetlon matri-
ces al 12 K rcvcal that in these cnvirotlmcnts tIte Pd at.oTlls are isolatcd in t.hrcc main trapping
sites. In the t\\"o interstitial sites (h'trahedral ami oetallPdral) of a rabie r1o~ed-packed (CCP)
crystal strueture of the iuert solid, lIJe Pd atollls prcserve the gas-pha.'ic clecl.ronic groulld stat.e
(,oIlfiguration ..tdlo ISO. but in paeh ulle the dl'aetivatioIl of electronie excited states is quite differ-
cut. In a suhstit.utional si te t.hc atolll challgcs the gas-pha.'ic clectl'onic ground statc configllratioll
..tdlO to OIle of .td~}581cleetl'ollic configuratioll, that is t.hc 3D;>, state hecolllPs the grolllld stah'.
The broad oaud lumillescence studi('s ren'al that in tbe Pd/ Ar ami Pd/Kr systf'IIlS tllPre ex-
isls a ver)' efficicllt pwcess of population of the \'I'I"Ylong-li\'cd .1([95,<;1 :ID3 mctastahle state frolll
Pd(..td10 ISO) aUHUS isolated in a intprstitial octa1H'dral site. This proress also occurs in the Pd/Xl'
systclIl, but. S('('II\S Icss effki,'nt.. 1'1Ie OCClllTcncpof this proccss hrillgs as cOlIsequellce tilat. dI('
optical ~pcetra show lIJore bands tIJan CX¡H'c1Cd. Oll thc ot.her hand, it was fOlllld t.lJat t11(' pass
from Al' to Xe lIlatrices ha..:.;a <icep <'frect Otl the allowJI('ss of forhiddrn transitions, this is dC'ariy
lIlanifest.ed in tlw absorptioIl amI C'lIlissioIl spectra of Pd(,ld10 ISo) aloIlls isolated in aIl illterstitial
tctrahedral site ofaX(' lIlatrix \\"1\(.'1'('IlIlalllhiguollsly the hands of these sl}('ctra can be assigncd.
Tllis e{fect St'CIIlSa1Jst'llt in the Pd/ Ar systeIII, hu!. in Pd/Kr it is ouly manifcsted iI! tlw mOl"e
sellsible cxcitation ami emissioll SIH'ctra. As COIlS('qW'IH'('of (i) the coexist(,llce of Pd atolllS in
two elertronic ground states, (ii) tllP fast population of a long-li\'ed mctastable state and (iii)
the heav .••.atolll Plfcct: the uv-visihll~ ahsol"ptioll spcctra of Pd at.oms isolatpd in Ar, Kr and X(~
matrices will he a sUI>Prposition of lI\'-\'isihlp absorptioll spectra whose contributiolls froIll (i) to
(iii) \\"ill depelld of t.he lIlatrix (..\1', Kr and Xe). This hrillgs as cOllseql1ellce that the Ilet u\'-visible
ahsorptioll spectra of Pd atollls isolatl'd in Ar and Kr matrices looks similar. hut is substantially
differcnt in a Xt' lIIat.rix.
HESU\lE:'\. En ('stc trahajo St' tIlw'stra. a tra\.(',s de Utl análisis detallado de Csp('ct.ros ¡'¡pticos
(ahsorciúll uy-yisible y IUlIliniscencia de ('lIIisión illducida por Iéís('r) de <itomos de paladio aislados
('11matl'in's sólida ..') dI) gases lJohles: argún, kriptc'lII y xpnón a 12 1(, que los átolllos Pd ('st{¡1L
aislados ('11t[('S sitios principales d(, atrapamil'uto. En dos de esos sitios illtersti('ialcs de IIna
('st l'uctura crist alina CCP con simetrías t.etrall('dral y octahedral, resp('ctiY<lIlll'llte, los átolllos Pd
1)('f1llatH'("('nl'B SIl est;HI(I\>ase ..tillOIS'o. ¡H'n) la d('sacti\.¡¡ciÓII dI' los pstados ('xcitad()s es (lbtillta.
En un sit io de sustit.ución ('1 (ltOlllo camhia su ('sI ado hase COIl configuración .h/lO a tilia de las
ctlllfigllra('iorl<'s ('xcitadas .1((I[),<;I, haciendo que ,,1 estado m<Ís estahl" sea HIl estado :ID:¡. Los
('st lidios de IUlIlillis('('llcia de handa 'lucha I"l'yplall qHl' ('11 los sistemas Pd/ Al' y Pd/h:r pxiste Utl
prll('(~SOIII1IYdicient (' d(' población dd ('sI ado IIIl'Ia('sl ahl" dI' Yida larga .id} 0.<;1 :~J):l a part ir dd

. \Ii('lllhro (kl Coll'j.!,io :'\ac¡onal
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estado hase Pd(4cilO ISO) de los ,\tornos aislados eH 1111sitio intersticial de simetría octaheclral.
Este proceso también ocurre en el sistema Pd/Xc, pero aparentemente con mellor eficiencia. La
existencia de dicho proceso trae como consecuencia que los espectros muestren más bandas de
lo esperado. Por otro lado, la sustitución de matrices de Al' por Xc tiene un profundo efecto
en facilitar transiciones prohibidas como se evidencia ell los espectros de absorción y emisión de
átomos Pd(4dlO 150) aislados en sitios intersticiales de simetría tetrahedral en matrices de Xc,
donde las bandas de dichos espectros pueden asociarse unívocamente. Sin embargo, este efecto
aparCIlH'IIICnte est..i ausente ('11el sistema Pd/ Ar, mientra.s que en Pd/Kr se ma.nifiesta s610 para
los espectros más sensihles de excitación y emisión. Debido a (i) la coexistencia. de .itomos de Pd
en dos cstados base electr6nicos distintos, (ii) la rápida población del cstado metaestahle de vida
larga y (iii) el efecto de átolllo pesado: el espectro de absorción m...-visible de :ltomos Pd aislados
PlI matrices de Ar, Kr y Xc será \lIla superposición de espectros de absorción uv-visible cuya.. o;;

contribuciones de (i), (ii) Y (iii) dependerán de la matriz usada (Al', Kr o Xe). Esto trae como
consecuencia que el espectro neto de absorción llv-visiblc de los átomos de paladio aislados en
matrices de kriptón y argón sean lIluy similares, pero difieran sustancialmente de los obtenidos
ell lIlatric('s de xf>nón.

PACS: 78AO.-,!; 78..l5.+h; 42.u2.Fi

l. INTRODUCTION

Tlle optical spcctra of Pd atollls isolated in rare ga.,"i matrices (Nc, AL Kr alld Xe) ha..,;
1""", one of the more controvef'ial of aH the optieal 'peetra of matrix i,olated metal
atom,. i\lann and I3roida lIIade the first report on the nv-visible ab,orptioll 'pectra of
Pd aloms isolaled ill an Ar lIIalrix [1]. They reporl fonr band, at 297, 313, 320 alld
3:18 nm as,iglled lo the gas-plliL~e (4Jl5p') 'I'P, :lD?,:lpp +- (4<11O)'So tran,itioll', which
oecm al 245, 248, 2(;3 and 27(; nm, re'peclively. Thi, was thought at lhe time to be an
odd re,ult as the data implied ,mprisingly a large red ,hift from the re'pective g'"~-phase
vallle of the order of (;500 em-'. Klot~bücher aud O~iu [2) 'oon demoll,trated that thi,
'p"ctrnm correspond, to Pd(N~), complexe, and ,hown that, beside, the relatively weak
lIloleclIlar Spcctrtllll of Uds cOlllplexes, thcre is a ver)' intcllsc spectrulll hellow 250 Ilm
whieh I"""ed undeleeted ill Mann and I3roida', ,tlldy. The IIv-vi,ible ab,orption 'peclra
of Pd alom, i,olated in n"at Ar, Kr, and Xe malriee" at (;-8 K, reporled by Klot~"ücher
and Ozill [2.3) coII,i,ted of a ,el of bands in the 200-250 IllII region in all lhe matrice,.
They exclllded two broad and weak band,. at 255 aud 310 nm, respectively, fOllnd in the
Pd/X" '.vstem, '"~ part of th" 'pectrnm. They int"rpret their spectra, al lea,t for 1he
I'd/ Ar alld Pd/Kr 'y,tem, [:1], 'lO dile to the '"perpo,ition of two triplets, each olle eor-
respOllllillg lo the ga'-pl"",,, lrall,iliolls (4,,95.,1) '['{l, :lD?, 31'1' +- (4<1"') 'So of I'd alom,
PlItrapcd in t\VOdiffercIlt sif,(~s. Tbcir lllatrix-gas ,,!Jasespectra corre1atioll m.;tahlis}¡cd
aH extn~mely large bluc sllift in the :tuomalolls oreier of Xc > Kr > Al' (average matrix
,hift: .1980 > -1170 > :1590 cm-l. re,peclively). They ,"stain thal lhe exceplionaHy
large bllle ,hifl of the Pd/Xe 'peclrllm is illdiealive of a ,"bslantial and ,pecific metal
atolll-lIlalrix intcractioll bl'tw(,()1I the polarizablt~ Pd atoHl and the lIlost polarizahle of
t.IH~ iJl('rt. gases. as is X(,IIOII. A complementary resllit. t.hat \Va.lói observcd by GriIlt.cr and
S",rn [.1.5J in lhe I'd/Ar awl Pd/Kr 'y,lems. al " K, i, related lo the Me]) speetra of a
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10llg-lived excited state of matrix-isolated I'd atoms. They found that when scanlled from
larger wavelengths toward shorter lIO MCD signal can be deteeted above 250 nm, but
if the dichrograph is then returtled rapidly 1.0 long wavclengt.hs ami t.he MCO spectrum
is rcmca .....ufcd, a llCW, cxceptionally st.rollg, aIle! fapid deeaying MeO signal is rcadily
observable ill the 290-360 nm regioll. They suggested t.hat the metast.able state corre-
spouds to thc paramagnetie Pd atom of 4d85s2 3Ft ground st.ate, which is 25101 em-I

above the gas-phase 4d1O ISOgroulld stat.e, alld the 290-360 IlIn MCD speetra eorrespond
lo 4d85.<15pl +- 4d85s2eF¡) transiliolls.

;V¡ore reeently, Kolb and co-workers [6) ext.cnded the optical speetra analysis of Pd
at.ollls isolatcd in Nc, Ar, Kr ami Xc matrices at S.5 K. They obtaillcd lhe absorp-
tiOIl, emissioIl and cnlissioIl yield speetra of Pd atOllls isolated in these matrices, and
the transicllt-absorptioll spectrulll frolll eLmctastablc st.ate of Pd atoIIIs isolated in a
Ne matrix. Frolll their thcrlnal anllcaling cxpcrimcnt.s thcy cOlldudcd that Pd atollls
are isolated, in aH thc mat.riccfl, in only OIlU trapping site. On the other hanel, tltey
,","1m", lhat the 200- 260 nm absorplion spect.ra of Pd atoms isolat.ed in aH t.he rare gas
matriccH. corrcspond to trallsitiollS frolll tite 4dlO ISO grollud state to the twdve 4lP5pl
derived levds, whieh will be allowed hy malrix interaetion. This brol1ght as couseql1euee
to a....slllllc <-ln averagc matrix shift of t}¡c a.hsorptioll spectra to the bine in the order
Xl' > Ne > Ar > Kr (8050 > 6850 > (j()50 > 5650 cm-l, respeetively) [ti. 71. From their
allalysis on the average malrix shift allll the kuown diamr.t.er (1.10 A) ofthe Pd(4dlO ISO)
atolll, they ('ouc1udcd that in Ne, Al' and Kr matrices thc P<I atom is isolatf'd in an
octahedral interstitial site. wherca ..."i in a Xc matrix this trapping site is tbe more COIl-
strided tr.t.rahedral interstitial site. As Klotzbiieher and Oziu, they explieitly excll1de
the relatively hroad absorptiou bauds of the 250-350 mu regio u of the Pd/Xe system
as dile to Pd atoms. Oll tbc other banel, they report that tite emissioll ami cmission
yield speetra of the Pd/ Ar and Pd/Xe systcms are similar alld show only one broad
cmissioll featllrc arollnd 495 IIIIl whosc COlTcspolldillg cmissiou yicld spedra showu max-
illla ill the regioll of thc atomic aiJsorptioll han<ls but no specific conclusiolls could be
drawtl. Thcir clIlission spcctra of thc Pd/Ne SYStClll cOIlsistcd 01' a set of rclatively nar-
row hauds in the 310-650 nm regiou; t.hey excluded explieitly some of lhis bands a.,
due 1.0 Pd atoms. Their a."ignmenl involve lrausilions of the lypc: 4d8582 -+ ,J,(l581•
_ldH5 ..,:L ----t .1dlO alld 4d95pl ----t 4ltl5,.,:I. Fillal1y, thcir trallsient-absorptiOlI Spl'ctrlllll frolll
photoliticaly preparcd IIlcta..,;;tablest.at.e of 1'<1atollls isolatcd in a Ne lIIatrix. \\':1.....a..'.;sigllcd
lo 4(fl5pl t- 4d95s1 trallsitiollS, frolll lhe 4(tJ5s1 3D, grollud statc.

At the lime that Kolb allll co-workers pl1hlished thcir optieal spedra analysis of
matrix isulat.ed Pd atotlls Ozin all<i Carcía-Prieto [8] wcre finishing their OWJlanalysis
of the optical 'peetra of lhe Pd/ Ar syst.elll. Mneh of lheir resnlts alld allllosl al! their
conciusiolls werc alld are cotllpletcly differcnt to those repor1.ed by Kolb and eo-workers.
It fon:ed Ozin ami Garda-Prieto 1.0 recollsider their analysis ami to do complementary
experillll'lIts 011the Pd/N2/ Ar alld l'd/N~ systelllS [9]. 111pal",rs I [8] alld 2 [!J] of tbis
series they reported these early n~slllt. In sUlIIlllary, thc rcslllts of Ozill alld García-
Prieto [8,~ldelllollstrated that lhe 21111-2liO11111absorptioll spedra of t.he Pd atollls
isolated in an Al' matrix al 12 K are t.IH~n~slllt of the slIpcrpositioll of 6..J-alluv ..'ed
t.rallsitiollS froJ)l the ga..~-p}¡a."i(~4d1O IS(~grolllld state and frolll the 4(tJ5,~1:JJ);J lllet<1.....table
state (Iifetime of 2.2 lIIill), wilh gas phase lo lIIatrix shift of less thall 2400 ("111-1.The
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hroad baud llllllinesceuce data revealed at lea .."It two differellt Pd atoIll trapping sit(~s
where lhe deaelivalion of lhe exeiled slales foIlow differenl palhways. In one sile, lhe
indireet. phot.olyt.ie poplllat.ion of t.he 3D:1 lIIet.astable stat.e from t.he ISO grollnd st.at.e
semns to be vcry efficicllt. Rpcognizillg Uds process~ the (~xcitatioll alld clllissiou spcctra
from t.he 3D:1 lIlelast.able st.at.e were ideut.ified and t.he det.ailed speet.ral a$signmellt.s were
given (a mat.rix shift. of less of ISOOem-I w'e' fOllnd in t.his (;;e,e). Part. of t.he exeit.at.ion
spect.ra (:orrcspond very wcll witlJ thc previow;ly reportcd "trallsiellt ahsorptioll spectra'l
of Pe! atollls isolated in Nel Ar alld Kr matrices [41 fiJ. Howr.vcrl the assigllmeut of the
rorrespolldcnt cmissioIl spcctra coutr,L"it witil publislwd data [lO] in which similar spcctra
have heen ,e'crihed t.o elllission from t.he Pd(N2)r complexes [9). The ot.her sit.e eont.ains
Pd atoIIIs w}¡osc cmissioll spectra are charactcrized by a broad emissioll baBd at 48G HIJI.
FiIlally .. laser-illduced lUlIliJlescCIICCrcvealedl UlH~quivocallj\ tile isolatioll of pcrmancllt.
Pd(4d95,,13D:rl at.Ollls in a t.hird sit.e of an Ar lIlat.rix [9J.

Tile pllrpose of thc prcsellt rescarch is to cOlllplete ollr 1I11dcrstanding of tlle optical
speetra of Pd at.ollls isolat.ed in rar<, g,e, mat.riees (Ar. Kr and Ke). This aIlows t.o
know t.he place where t.he Pd at.oms reside and t.he inflnenee of t.Iw slllTollndings 011 t.he
dcctrollic cOllfiguratioll of t}¡e grotlnd alld cxcited statcs of the metal atom.

2. EXPERIMENT

The experimental arrallgement and tile sample prcparation IIlcthod are cssclltially tll(~
Sallll' a, t.hose deseribed in paper 1 [S]. In snmmary. t.he Pd met.al (99.99% snpplied by
MeKay 1m:. NY) wa, •."sist.ive!y evaporat.ed from Pd st.rips 'e, weIl as Pd wire wonnd at. t.he
cenler of a Ta ¡¡Iament. Researeh grade Ar, Kr and X" gases were supplied by Mat.heson
nf Canada. The temperat.nre nf t.he sample deposit.ion was 12 l< and t.he Pd/Mat.rix-G;e,
ratio ma."iS alwaYH slIIaller titan 1/ l()"l in ordcr to guarantcc the isolation of Pd atonIÍe
spccies. Sume sampl(~swcre anncalcd in tlle range of 12-:15 K and some were irrac1iated
with lIlollocilromatic: lIv-light by scveral pcriods of timc.

The absorptioll spectra wcre n~c()rdcd OJl a P(~rkill Ehncr 330 sl)(~ctrolllcter in tlJe
mnge of 195-900 nm, wit.h high ordinat.e expansinn in t.he region of 270-900 nm. TI",
jllstnlllH~nt only pcrmittcd scans frolll long to short ,vavclcngtils. I3road band emissioIl
and exeilat.ion st.lldies were performed on a Perkin Elnwr MFP-4411 spect.rolllet.er in t.he
200-900 nlll region. Speet.raJ seaJlS from short. lo long wavelengt.l" only wefe po"ible
,....it}1 this illstnullcllt. L;:L"ier-illc1uccdII1IniJlcsccnce cxpcrilllCnts were pcrformcd with al)
Innova 90 series Ar ion lic",,' sonree (Jines at. 45.1.5,457.9, 4G5.8, 472.7, 47G.5, 48S.0, 49G.5.
501.7 alld 51.1.5 mn) coupled lo I-m .1ohin Yvon Rllnanor U-lOO dOllble monochromat.or
alld illtl'l'fiteed t.o a Columbia ]\[odel %4 nlicrocompllt.er.

:L HESULTS

:1.1. TI". ¡'d/Ar s!lslclIl

1\11 PXlt:-lllstivc tlllalysis of tlll~IIv-visible absorptioll alld CIJlIssiOIl spect.ra of Pd atoIlls
iso!at('d ¡JI Al' Illatric('s al. 12 K has ¡'e(~1l report('d in papers 1 [8J and 2 [9] of this
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FIGURE l. (Lert) UV-Visible absorption speetra or Pd atoms isolated iu (a) Ar, (b) Kr, aud (e)
Xc matrices at 12 1(, Pd/HG ~ 1/10.1. Spcctral scallllillp; in frolll long to short wavclcngths.

FIGURE 2. (Right) Emissiou speetra or Pd atoms isoiated iu a Kr matrix (Pd(Kr '" 1(104) at
12 K, excited al the wélvplengths indicatcd.

series. From this stlldies it was infcrrcd that the Pd alolIls occupy in an Al' matrix
three main trapping sitcs. In two oC thcm the e1ectrollic grolllld state of the Pd atOIlls
is the same 'L' ill g'L' phase Pd atoms, that is 4dlo ISU, where'L' ill the third, they have
él 4([95.<;1:iD:i dcctronic ground state \vhich is in ga .." pha .."'ic 6564 cm-1 aboye the groulld
state. Additiollally, it was fOlllld that ill olle of the trappillg sites, whieh eOlltaills Pd¡ISo)
atoIllS. t}¡ere is a very cflicicnt proccss of dcactivatioll of lhe e1ectronic cxcitcd statcs that
elld ,peeifieally ill the JOlIg lived 4,¡95s1 3D3 metastaLle state (2.2 mili). As eOllseljllellee of
thi, faet. we illterprl'ted the ahsorptioll spectra of Fig. la ;L' a superpositioll of aLsorptioll
spectra ('omillg frolll Pd atoms in each Iuain trapping site.)

:1.2. Tite /'djK,. "y"lem

The optical spectra of Pd atollls isolated in Kr lIla! rices have heell previotlsly investi-
gated by lhe (hin [2, :i], Grillter [4,5] ami Koli) [fi] grollps. As PXIH~ctcd,01lr Bv-visible
ahsorptiOll slwetnllIl (Fig. lb) is virtllally idellt.ical to those previollsly reported. Oll
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the other hand, the speetnlln is '1l1ite similar to that of Pd atoms isolated in Al' ma-
trices and, a.."i in this case, it sltows lIlore ausorptioll hallds than those expccted for ga.."i
pi"",,, Pd atoms [7,11 J. 111gl"' phl",e the expeeted tmnsitious in the 200-400 nm mnge
are those eorrespondiug to (4,tJ 51'1)1 Ipp, 3D?, 3pp ~ (4<110)ISO, whieh absorb at 245,
2,18 and 276 mn, respeetivdy [12]. The faet that there are more bands thau expected,
1,,", been interpreted by the Ozin [2,3J amI Kolb [6,7J grollps '"' a rnatrix e!feet, where
tltere is an extensive mixture of states. implicatiug that the transitions from the ground
state 150(4<110) to the twelve exeited states with 4,(l5s1 electronic strueture (Fig. 8) eau
be partially allowed, This interpretation irnplies that the speetra of Pd atoms in a Kr
lIIatrix will have a bIne shift, with respect to the corrcspondent gas phase, of almost
6000 cm-l. [u the basis of ti", !"esults here r¿ported, we will give, later ou, an alteruative
iuterpretatiou that is substautially di/ferent to those giveu bdore [2-7).

The elIlissioIl amI excit.atioll spcdra of Pd/Kr arc quite similar, in shapc and be-
haviom, '"' of Pd/ Al' 'me, As in the case of Pd/ Al' the emission speetm that result
from the sdeetive photoexcitation of the Pd atoms at the wavclength eorrespondent to
tI", maximal absorption, are constitllted by two sets of bands iu the 400-700 mu mnge
(Fig. 2). The set of narrow bauds, sitiug at 400.600 mn regiou, is '1uite similar in shape
aud position, even wheu uot iu iutensity, to the Pd/ Al' (Fig, 2 of Ref. [8]), As in the
Pd/ Al' system. the seeond set is coustituted by ouly oue hroad band, but red shifted
(maxilllllm at 486 nm in Al' alld 570 UIll in Kr). As in Pd/ Ar, thc Ilarrow ballds cmissioll
spedra have their origins from the photoexeitation in all the 200-255 um absorption
rcgioIl (Fig. 3), wherca.."ithc hroad ha.tld cmission has its origills frmll the photoexcitation
iu all the 240-255 mu absorption region (Fig. 3). On the other hand, and withont eOlln-
terpart in Pd/ Al', in the Pd/Kr we observe other set of emission hauds iu the 270-315 nm
rcgioll and, a.', in the ca.."iCof the hroad emission band (570 IIIn), it has its origin frolll the
photocxcitation in aH the 240-255 III1l absorption rcgioll.

As in the Pd/ Al' system, the excitation speetra of the correspondent ernission hands
show two well defined regions (Fig. ;J); one at 200-270 nlll, whieh match very well with
the ahsorption speetrulll of the matrix isolaterl Pd atollls (Fig. lb), and the other iu the
300-350 IlIIl, which ha"i110cot1nterpart in the atolllic absorption spectra. Thc excitation
speetrulII IL,"ociated with the 570 UIIIbroad elllission baud does uot show any band in the
290.;J50 nlll region (Fig. 3), a comparable situatiOlI to Pd/Ar. The excitation speetrulll
correspondiug to the elllissiou of the 270-315 UIII region, show a set of bands (Fig, ~),
whose positiolls correspond lo t}¡ose of the cxcitatioll Hpcctrlllll duc to the brond clIIission
bando

A detailed analysis of the ;lOO-;150 nm excitation speetrulll reveal that, as in th"
l'd/ Al' systelll. its inteusity is dependeut of the uv-light of the soure" of exeitation of
the spectro1Jleter in usc (Fig. 5). llowcvcf, it is importallt lo rcmark that, al difrcrell(,(~
of PdJ Al'. the illtcllsity of thc excitatioll spcctnllll grows, not (111)' when thc samplc is
previously irradiated ill l,he 200 --240 lllll rcgion, hllt aIso (cven \\!hCll in lcss int.cllsity.
:18%) when is irradiated in the ;1l5 -3,10 nlll r"gion According with the observed photode-
pClldcllCC uf lhe cxcitatioll sl)(~ctrulll nI' tite 290-:150 1111I regioll, the cmissioll spectrulII
also s!Jow:-; a dcpcndclH:c wit.h Uw lIv-light. From Fig. n w(! can ."lce that tite illtcnsity
of t.lw cIIIissioll spectrullI of lI<trrow hallds depcnd ir t.l1e salllple has bccn prcviollsly ir-
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FIGURE 3. (Left) Exeitation speetra of Pd atom, iso!ated in a Kr matrix (Pd/Kr ::: 1/101) at
12 K, with the C'IlIissiotl monochromator sel al the \Vayelellgths indicatcd. Spect.ral scanning is
[rom short t.o long wavclcngths.

FIGURE 4. (Right) Exeitation speetra of Pd atoms isolaIed in a Kr matrix (Pd/Kr::: 1/10"1) at
12 1(, with the emissioIl Illonochromat.or sel al the wavclcngths indicatcd. Spectral scanning is
from short lo long wa\'elengths.

radiateJ with 240 lllll-ligbt. lIowever, it is importallt to remark, as is sllggested by the
cxcitatioll spectra of Fig. 5 (traces 1 lo 4) tltat the cmissioll spectra of narrow bands
before 240 nm-light. irradiation (Fig. a, t.raees a ami e) might. corresJlond t.o an emission
spectrlllIl that rcslllt frolIl a lIlcta ..'.;1.able st.ate that is silIlultancousiy prepared with thc
same light cxcitatioll. Tltis sitllatioll cOlltrasts with tIJe apparcnt abscllcc of absorptioll
bands (Fig. lb) in t.lte 290-350 Illll re¡>;ionof t.he nv-visible ahsorpt.ioll speetrum of t.his
syst.em. In faet. t.he nv-visible ahsorpt.ioll speet.rum of Pd at.oms isoiated ill a Xl' mat.rix,
which later OHwiII be cOllsidered (Fig. le), shows el{~arly thc prescncc of absorptioll ballds
in this spectral regioll.

A syst.clllati<: st.lIdy OH the concelltralion of Pd atolIls and cOlltaminant. IIlolccnles (as
N2 01' (2) in the salllph~, has dClllolIstrated withollt. allY doubts that thc isolated SIH'cips
an~ Pd atolIls [8.0]. UIldcr t.his prelllise we can intcrpret the p!lot.osellsitive spedra of tiH'
Pd/ Ar ami Pd/Kr s'yst(~II1Sas those correspolldillg 1.0Pd atollls \I,"lwre lhe dc('trollic trall-
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F)<:lJHE 5. Excitatioll 'p"ctra of Pd aloms isolat"d ill a 1", malr;x (Pd/I\r '" l/lO') al 121\, w;lh
lile elIlissioIl monochrolIlator sel al 526 nm. Sppct.rai ~('alllJillgis from short to long wavelengths
slartillg al: (1) 3~O Ilm, (2) :315 Ilm, (3) 290 Ilm, (,1) 270 mil, (5) 240 nm, (6) 200 IIIn, a",1 (7)
29011I11. Tite samplc was kppt. in the dark fol' 15 mili hl't.\,,'pell eaeh sean.

sitiolls are origillated from a spccific mcta.,table statc. The faet that the narrow cmission
bands are a!So generat.ed when t.he Pd at.oms are phot.oexcit.ed in t.he 200-260 nm region,
corresponding 1.0 1.1", expeeted t.ransit.ions [11,12] (4,(l51'1) 'pp, 3D?, 2pp ~ (4dlO) 'So,
suggcst the OCCUJTcnceof a intcrsystcm crossing frolIl singlet to triplct statcs. The
similarity of the cmissioll spcctra that result frolIl lhe photoexcitatioll in the atomic
ahsOl'pt.ion regicn (22lJ-26lJ nm) and t.he ot.her t.hat. reslllt. fwm t.he phot.oexcit.at.ion in
t.h" 29lJ -350 nm sp"etral r"gion arter phot.olysis I,y nv-light. (215-250 Illn) implicat." t.hat.
the salJle electronic st.atcs, froIll thc triplct st.atc manifold, are involved in thesc transi-
t.ions. An except.ion 1.0 t.his are t.he emission hands al. 486 nm fOl' Pd/Ar and 270-315 Illn
and 570 Illn for Pd/Kr syst.em, which only appear following t.he excit.at.ion in t.he 245-
255 IlIll absorptioIl rcgion and apparelltly do not show allY uv-light depcndcllcc. In faet
ti", 486 11m emission halld has been int.erpret.ed 'L' dile 1.0 Pd at.ollls whose deact.ivat.ion
process is differcnt to that which shows él spect.ra of narro\\' cmissioll ha.nds lIv-light
c!"I,enc!ellt. [8,9).

A ddailed cOl'relat.ioll of all observed hauds (of "xcit.at.ioll and emission) iu t.he Pd/ Ar
sysl<"u wit.h t.hose e"":tl'Oui" encrgy levels of I'd alOlllS has allowed lo est.ahlish t.hat. the
lIIeta .....•t.able statc whiclt i:; repolIsible of t}¡c observcd phot.oscnsitivc spectra. shollld be
1..1",.1,('5,,1 .3D3 st.at", \Vhich is 6564 cm-' "hove t.hc 'ldlO 'So grollud st.at.e of ga.s phase
Pd atoms [12]. In \'iew (lf thc similaritics of lhe phot.oscnsitive spectra of tite Pd/ Ar and
Pd/Kr systcllls. we IIIUSt. c<mdude that tllc me!a,'.;tahlcstatc is thc sallle in hoth ca cs aIHi
thal. in holh syst(~IIIS0I)('rat(~ t.he saBle IIIccitallislIls that provoke tlw obscl'ved spcctra.
In agreclIlcnt with this a."isiglllllcnt is the cstimat('d liretime of thc 3D;1 mct.a.....table state.
which is 2.2 and 1.2 lIlill in Al' and Kr matrices, n~SI)(~ctively. \Ve must point out that
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PJ(;tJHE G, Emissioll spcctra of Pd at.olIls isolated in a Kr matrix (Pd/Kr := 1/1(4) at, 12 I{,
exdt(,d al 350 IlIIl: (a) after 30 min in tile dark, (1)) ilIllIIl'diatcly aftcr 240 nm photolysis rOl'

,) min, aud (e) afte!' 15 min in the dark. rOl' ("olllparisoll purposes lile cmission spectra excit('d
by 215 11111IIloIlochrolllatic light has bCl'll illcluded.

tltis lifctilllcS have becn dctermilla.t.ed illdirectly~ IIIca.:'mring the rate of dccaying of lhe
:I.lO 11mexeilalioll balld ill Al' alld its correspolldelll al :149 11mill Kr matrices (Fig. 7). 111
papel' 1 [8) Ihe delails of lhe procedure followed ill order lo gel lhis ¡ifelimes, are givell.

A SlIlIllllary of the mcchallism that operates in tlw fonnation of the photoscllsitivc
speelra of lhe Pd/ Al' alld P<l/Kr syslems, is giveo io Fig. 8; io Table 1 is givell tI", :L'-
sigllmellt of lhe observed ballds. Fig. 8 sllggesls lhal after photoexcitalioll of lhe Pd ISO

aloms, isolaled ill all Al' 01' Kr matrix. lo lheir !irsl l'.J-allowed excited states ('P?, :ID?
alld :1/'1°) [12]' a f:L,1 (rollghly picoseeolld) lIomadialive relaxatioll proceS" [1:1. 14J pop-
lllatcs lower exit.ed states in the triplet. manifold whidl subscqucntly relax b,Y radiat.iv(~
and Ilollradiative process 1.0 tlw :JD:~ IIlda"r..;t.a.hle st.at.(~. Once in the 3D'j state, tllc Pd
atoJlls an~ suHicicntly long lived to slIffer excit.atiOlls to states in<-lccessihle frolIl t.lte IS'o
grolllld st.atc. Ollce preparcd in t1wse cxcited stat.cs, tI¡(~ Pd at.ollls are agaill abk t.o I'l~-
lax radiatively and Ilollradiatively to lowcr cxcited stat.cs withill the manifold of t Iw :Jf):~

lIlel:L,lable sUtIl'. This eycle wil! be l"'rJ",lllaled IIl1lil the PdeDa) "1m liS poplllalioll is
d"l,I"¡ed lhrollgh rclaxalioll lo Olle ISO grollll<l stale. It is 1I0teworthy that lhe cxcited I'd
atollls caB pot.Plltial1y 'liso escape frolll t.h(~ t.riplet manifold by the spin-forhiddcn t rall-
sitiollS If)'l +-- :JF':1(see Table 1 and Fig. H). FrolIl t.his state tlle Pd atolll cOllld ("{'ellt('r to
tllP triplet mallifold hya Ilonradiativc pron~ss (JI' n,lax lo tiJe 'So grol1lld stah~. lu vit'w uf
I.IIP t:::..J-rorhid(lt~lIl1atllre oft.he iIJ'l -+ IS'O trallsitioll. I.lw larg(~ cllergy gap h •.tW('I'1l tl)('s('
two f'1t'ctrollic lt~v('ls. alld lh(~ facility nftllf' rl'poJlllialilll1 oflil" 3D:1 stat" throllc;h thp If):~

alld :~lhslat.('~. it, is (~XIH'cted that. l!I(' dl'l)(lplIlatloJl (JI' lite triplet manifold via tht, laltl'r
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F](;UHE i. Lifetime plot of the :\D:1 rnetastablc state of t.he PI! atoms isolated in Ar, I(r and Xl'
lIIatriC(~s, and mea .."iul"ed tltrollgh t.he decay of the cxcitatioll haud at 340, 34!) <tul! 3G3 HIn (for
Ar, I\:I" aJl(I Xc, respectively), aIld with tlle emissioll III0IlociJrolllator set at 52G, 525 alld 52!) nllL
r(,sl)('ctin~ly.

IIIpchanism will he lllillOr as cOlllpared to tite dil'ect deactivation frOlll the 3D3 statc ..
Hetllrning to the absol'ptioIl spcctra of thc Fig. 1, it is now rea.sollaLlc lo propose that

l'm the Pd/ Al' aud Pd/I<r oyotems thcir spcctra are the reoult ol' the superpositiou ol' tJ.J-
allowed trausitious l'rom the 'So ground state and those l'rom thc 3D3 metastahle state.
The dlicicut amI rapid popnlation ol' the :ID" metastable state, together with the rela-
tivcly fast rcspouse 01' ti", nv-visihle spectromet,,,. compared to the loug lil'etime (2.2 and
1.2 mili in Al' al1d Kl"l wspedivcly) of tbis st.atc1 cn~atcs lile intcrcstiug situatioll t}¡at
the tJ..J -allowcd trausi tiouo (,Id"G8' ) 3D2, :1D3 <- (4d' 58' ) 3D3 aud two 4d8 581 ( )51' 1 <-
(.I,!,,,.'I) :ID" oeeur duriug tI", spcctral scanniug period (normally 20 um/miu). As it cau
be deri",'d l'rom Fig. 8. the first two trausitious are expected to l'all around the samc spcc-
Iral region as thc tJ.J-allowed trausitious (4,t'51'1) 11'1°, :ID?, :lpp <- (4dlO) ISO, whereas thc
I'L,t t\Vo are cxpeeted !.o be at slightly highcr euergy. A more prceise iudeutificatiou ol'
t.hese baud \ViIIbc giveu la!ter ou iu thc Pd/Xc oystem.

A detailcd aualyoio ol' !.he ualTow baud exr:itatiou speetnau (290-:150 um) ol' the
I'd/ Al' system (Fig. 4 ol' lld'. [8]) re\'caled !.he exis(r,Jl('e ol' a stablc atomic speeie ol' palla-
dilllll which coexist. witlt the PdeSo) at.olJls [8, !J). This \Vas evident whell we analyzed in
ddail tlt(~ emissioll spl'ctra tltat result frolIl tIJe :1.10 1111IpllOtoexcit.atioll v..'il}¡ollt prCViotls
ll\'-li~ht phololysis (Fig. ;j of Her. [8]). The fl'Sllltant spectrullI is qllittl similar, even whcll
in 1Il11('h )pss intcllsity. than tll(~ photosclIsiti\'c spectrulll. In vicw that tll(' profile of thc
I'lIlissiOIl aul! exc:itatioll sp{~ctra fol' ¡'ot}¡ SIH'cips an' almost i<icntica! (Figs .. 1 and 5 of
!{pf. [8]), this has b(,(,1I illt(~rpr('t('d as cvidelH'(' oftlw (,{H~xistellcc~ in aB Al' lIlatrix al 121<.
of Pd atoIlls isoiated in tW() sta¡'lc~ eicctronic: stal('s: the _1d10 ISO anrI the .1ftJ.) •..,1 :iD:l. A
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FIGUHE 8. Atolllic ga."i-phasc Pd elll'fKY ¡evel diagram depirtillg the J -+ .J allowed transitions
(-+) and nonradiative transitiolls (---+). Gas-phasp data w<'re takcll fmm e.E . .\loore, 1'\atl. Bur.
Stand (US) Circo .t67 (1958), \\.ll('H' it is 1I01{'d tIJal 110 infonnatioll is gi\'cn abollt the tenns alld
IIlultiplicities of the 4d" 5.0;( )5p st.a!.es.

defillitive cOllfinllatioll uf tltis proposal was givcll frolll a systeIllatic stlldy of la.scr-indllccd
llllllincsccllce [9]' wllcrc thc salllple WiL"'ipho\.ocxcitcd in t}¡c spectral rcgion COlTcspondent
to tllc e1ectrollic trallsitiollS 4(t~5 ..•.:¿ :!Pl {- .'1((15..•.1JD;J alld 4d8S.0;:¿ "JP3 f- 4d95s1 3D3. Tlle
resllltillg elllissioll spedra (Fig. 11 oI' He!'. [9]) are coIIstitllted by a set. oI' bands, wltich
are complctcly indclltified with trallsitions frolll tite :Jp¡ and :JF3 cxcitcd statcs to lower
excited stat.es alld the :\D;¡ grollnd st.at.e (Fig. l.¡ oI' He!'. [9]).

A similar sit.llation 1.0t.ltat. described I'Ol't.lte "d/ Al' systelll was observed ill tite Pd/Kr
system, huí. 1l0\\' witll the Ilot.able difrcrellc(~ tita!. in tbis systelll the cxcitation spcctra of
t.he 300 3ü() IlIU regiou is appareutly pltoloscusilive 1.0 t.lte ligltl uf t.ltis spectral region.
This is mallifested in tite :349 I1Il1excitatioll balld where \ve observe all illere;-L"'iingof 38%
\'v.hellthe sample is :31G-;j.t5 lllll irradiat(~d \vitlt t.he spcdrolllct.cr light. soun:c (Fig. 5). An
explanation of this [aet. can he foulld in tlw diagram of cncrgy ¡cvels of Fig. 8 a.ssuming
tltat t.ltose originally I'Ol'ltiddeu t.ransit.ious I'rolll t.lte ~dl() ISO st.ate are uow (by t.lte Iteavy
at.Olll effed [15J oI' Kr at.ollls) allowed, wlticlt provoke t.ltat. t.lte cyele t.ltat. was before
dcseribcd for t.llc phutoscnsit.ive spectra hcre is applicd agaill. A cOllfirmation of this
proposal is fOlllld in tlle Pd/Xe syst.(~1llwhcn~ t.he hcavy atolll cffcrt is eVCIlstrongcr (see
lat.er ou).

\Vith this obscrvatiollS we £:01l1dqllcst.ioll tlw stabilizat.ioll of tIJe Pd(3D3) at.OIIlS
coexisting with those PdeSo) atollls in a J(r Illatrix at. 12 K. lIowever Ollf study of la....,er-
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TABU: 1. Position (A, nm) ami assiglllll('1l1 of SOIllCexcitatioll (absorptioll) and (,JIlission uands
of Pd atollls isolated in Ar, I(r alld Xc matrices at 12 K. The spectral shift is \vith respect to gas
phasp Pd atolIls. (cm-1 ).

i\lal.rix Gas phasc AssiglllIWIlt Sp('ct ral shift
Ar Kr Xc Al" I\r Xc
2UU :lOU 321 310 .1((\5¡} ] FJ ~ 4(¡95s1 :~D3 +1187 + 10.1 -110;;

32.1 ,t(rj5¡,13D~ ~ ,hf5s13D3
:l16 326 338 329 -Id'5¡J! :~D~ ~ 4((15.'113D3 +1200 +280 -809
:l2:l :l:ll :l.12 3~1 4(r'51'1 ] f? ~ 4(195.'11 3D3 + 16:1.1 +886 -86

3.16 ,1(('51'1 :lF!] ~ 4((J5s1 3D3
:l.11 3;;0 361 36~ '1((151'1:lPJ ~ 4dJ 5.'113D3 + 185:1 + 1099 +228
~2~ .12~ .125 ~32 4,[1'15..,.2:lFz -t 4(f'5s. 3D3 +137 +437 +381
,1.1!J .1.17 ~49 ,155 ,ld~5,.,.2:~Fz -t 4r(l5s13D'2 +~9.1 +393 +294
451 ,151 454 'lG2 ,hJ1'l5,'1'2:lF; -t 4r¡95s1 3D3 +528 +528 -381
478 ,178 ~81 ~89 ,llr5 ..,.'2:l F..~-t 4(¡95s1 3D'2 +471 +'171 +340
500 .198 500 510 ,ldK;j,.,.'231'2 -t 4r1J5s1 3DI +:l!J2 +.172 +392
52G 525 ;;29 53U ,1(F'5.<;'2:lF1 ~ -IrtJ5,.,.13D3 +1;;9 +~95 +3;;1
5G2 ,í6D 56;; 577 ,ldK5,.,.'.!"~Fl ~ .I,P5s1 3D'.! +lG:l +526 +368
:J!J2 59D ;;93 606 ,ld"5,.,.'.!:~F:~ ~ .l<f5.<¡11D'1. +390 +'1.18 +362

illdllced 11IlIlincsccncc, analogolls to thos(~ of the Pd/ Al' sy~telll [9], thaL are slIllllllarized
in Fig. !) coufirlll that, as iu Pdj Al' systelll, the photocxcitatiou in ti", speetral region of
tlw :IJ'~I, :i¡';1 f- :I[)a transitions produce au elJlission spcctruIIl tltat ollly is cOlJlpatible with
Pd a1.ollls stabilizcd in the :iD:i grolllld stat.e. 'rabie II givcs tlIc posit.ioll and a."iSiglllllCIlt.
of t.he l'lIlissioll ballds obscrved in 0111'st.11dy of laser-iIlduced IlIlllilH~scel1ce of tite Pd/ Al'
alld I'djKr systems ill the spectral rauge allowed by our illstrlllllellts (,154.5 773.0 11m).

A (,()lJlplde jllstificatioll of t.lte assiglllllellts givcn in Table II is giv(~1l in papel' 2 [9] [01'
t he l'd/:\r system. here we ollly Pllt iu ('"idellec the diffcrellces with respect 1.0 the Pd/Kr
s'ystelll. First. \Ve must rcmark tlH' diffpl'ellces in energy that wc observe in Tables 1 and
fI fol' tite salllC transitions, This is more Ilot.oriolls for thc 3F3 -+ 3D3. :JD'2, ID2 clllissions.
with a differcJlcc of almost 435 cm-l. Assllllling that in botb cases tlle assignmcllt ;s
COIT(,Ct. ,he origin of tite diffcl'CIH'('S should be in the diffcrcllccs of tJw rearrangemellts
of t1H~ Pd at.olll-crystal lattice systclll t.ilat follow the cxcitatioll 01', and maybc more
prohahly. in tlw {~xcitati(lll uf Pd at.OlllS in se(,OIHlary sites hy the Ilarrow hanel lascr-light
SOlllTI' (colllpared to t.he hroad IlaIllI af"{:-x(~nOIl light sOllrce) with (~lflissiollS t.o different
wav{'It'llgtlis of t.hat of Pd at.ollls in t11(~lIIaill t.rappillg sit.c. \Vit.}¡ n~sl)(~ct t.u Utis last poinL
\\'1' ()i>sl'n.p t ha! tIte clllissioll iJaIlds al ;,:$;) and 574 nIll (t.his las!' ahs(~lIt iJl ¡he Pd/Kr
S\'stl'lIl) !!Iat fí:Jllow to tllP 457.!.J 1i1ll1'xcitalioJl COITl'spolld to the satpllite haIldsjoillPd to
(lit' IJlaill 5:W alHl 5fiO I1J1lI'llIissiOIl baJlds lhat. follow tite excitatioll al 51,1.5 I1IIl (Fig. 11
(lf Hd'. (!J] and Fig, !.J al' tJI(' prl':-iPlIt n'port). TI){~ir behaviollr and (,XIH'(,tl~d ahs{,lH'e of
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FIGURE 9. Laser-induced emission speclra of Pd/Kr al 12 K, excited (A)-(O) al 51,1.5 mil ami
(A')-(O') at 457.9 nm. Laser power for (A) alld (n) 30 m\\', for (e) alld (O) 200 m\\', ami for
(A')-(O') 100 m\\'.

emissioll ballds in thcse speetral regiolls [01' free Pd almos, suggest tltat they shollld
correspond lo P,l("D3) alonls isolalcd in secondary trapping sites. Their presencc after
457.9 HIIl excitatioll should corrcspolld lo t.he internal relaxatioll [rmll tlle :IF3 st.att~ lo
the lower 3F4. 011 the other haBd. we lIl11St.rcmark that illla ..',cr inciuced lllIllincsccllce the
4d85,,23F3 state ¡, reached directly hy photocxcitation fmm the 'l,t';;,,1 3D:l state (Fig. 9),
whercas in the broad batid are XCIlOIl excitatioll (Fig. 2) lhis state is reaclted [1'0111higll(~r
energy states havillg a 4(tJ5p! c1ectronic configuratioll.

Hcrc is lIotoriollS tile abscllcc of the cmissioll han<is, ill<illccd by 1a."l'r cxcitatioll, ('01"-

responding to tIte 3F1 -» 3D¡ alld 3F;1 -» lD"2 trallsitiollS in lhe Pd/I<r systcms. Howevcr.
they are the more weaker in the "d/ Al' system (Fig. II of !lec. [9]) and prohahly in
the Pd/Kr systcm they are out 01' the dclectioll lcvels of 0111" illstrumcllt oro pcrhaps
more probable, efficicllt Iloll-radiativc proccss tltat itlllihit tllis ra(iiativc t.r.ulsiti()lts [la].
bccamc active.
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TAIILE II. Posit.iolt and assiglllllcllt of the laser- in(111('e(I cmlSSlOn bands (,\", = 457.9 and
;;1-1.511111)of the Pd/Ar alld I'd/I\r systems at 12 1(.The speetral is with respeet lo gas phase
Pd atolIls

.\latrix Gas phm;e AssigllInent Speetral
Shift (tlI,-I)

Ar I\r Ar I\r
nlll cm-I 11m cm-1 tlIll ('111-1

IGO 21739 460 217:l9 462 21645 4rl~ 5..•.1:1F';¡ --t 4(tJ 5s1 3D"J +9.1 +94
475 2105:l

.188 20.192 487 20531 .189 20450 .lds5 ....2:11'3 --t 4(J9Ss1 3D'2 +12 +84
525 19048 525 190.18 539 18553 .Jd~ 5,<;'23 F1 --+ 4(P 5.'1'1 3 D3 +495 +495
538 18587 537 18622
550 18182 5.19 18215 552 18116 4tJ85.<¡2 3F3 --t .1(P5s13DI +66 +99
560 17857 561 17825 577 17331 ,Id~5....'2:1PI --+ 4d~) 5s 13D'2 +526 +.194
575 17391
fi05 16529 606 16502 4ds5 ..•.2:\ F':l --t 4(P5s1 1D'2 +27

619 IGl55
6.11 15528 666 15015 4d"5 .••.2:Jl'\ --t 4(f5s13D1 +513

689 1-151.1
725 13793 725 1:179:3 7,17 1:3387 ,hf.l5..,.2:JFI --t .11fl5s1 1D'2 +406 +406

Another thing t,hat reveals thc la..,,;er-induced lUlJlillcscence studics is the pn~sence of
t1J(~ relative broad banel at G19 IlIll (16155 CIll-]) that appears a..'i cOllsequcllcc of the
,157.9 I1I1l cxcitatioIl in t.he Pd/Kr system. As we cal! see from the diagram of cllergy
leve" of the Pd almll (Fig. 8), the nll!nber of possible transitions frolll tire 4d"5823Ft
lo tite lo\l,.'cr ellergy le\'els of 4d9581 configuratioll are ollIy four of whic1J has hccn [ull)'
id"lIti!ied (Table 11). Witb respee! to the 4d"58n¡", "xcited state, we aIso exp"et the
s<tllle fonr trallsitiollS. as n~stllt of thc lloll-radiativc relaxation 3F.1 --.... :Jp11 alld [our more
transitions, correspollding to 3Pl -+ lD2 3D] 3D'l. :JD:J; thb last have heen aIso identified
('I;,bl" 11). AsslImillg tbat t.be 619 11m balld correspond to Pd atoms, tbis lI"c"ssarily
sho"ld correspolld to what.ever of tbe two possibl" t.rallsitions (energeticalIy speaking):
:11":, -'> ISOor :lFI -'> 150. Th" first corr"spollds 1.0 a displacemellt of tI,e 4tito ISO state
ahove tltc le veIs of 4d!J5,<;1 configuratioIls, whereas in the sccolld tltis leve! sitould he in
iJet.WCCJI:JD'2 al1d :Jj)l lcvds o[ 4dJSs1 configllratiolJ. In the first we c01l1<1exped a sltift
(lf lAG (~V. wherc(L'"i in tlll~ s(~cond it could he of O.9G eV. both aboye their valucs in the
giL'"iplJ;L'"i('. Finall.\', tJi(' \'pry weak and n~ry bruad elllissioll bands at ,175 alld 689 nlll
of tllt' lasPI'-inducpd ltullilH'SCPIH'C of thc PdJI<r syslplll ('ould he of paIJadill1Jl cOlJlplexes
i('l'lIlt'd witlt illlpllrilies in t!J(! séllIlple [Uj.

111SlllllIllary, w(' can sa,\' t.iJat in tlJ(~ PdjI<r S)'stelll. as in t,lJc Pd/ Al' s'ysh~JIl [S.9].
t 1](' Pd ;ltOJllS n'si<i(' in t.hn'(' diffcrent trappill14 sites. 111two of thelll the Pd atoIJI is
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FIGUHE lO. Emission s¡",etra oC Pd atoms isolated in a Xc matrix (Pd/Xe '" 1/10'1) at 12 K,
cxcitpd at thc wa\,plcngths indicated.

stahilize<l in th" 4<110ISO state wh('r",", in t h" lhir<l in the 4,f'5s1 3D,1 state. The <lifferenees
in the strllcturc of lhe trappillg sites for the first two is Illanifcsted in differenccs in thc
nll'chanislll of <leaclivation of e!Pctronically excit,,<l P<l atoms. In on" of lh"lII lh" crossing
to triplet sites is <¡uite cfficicllt alld produces emissioll and cxcitatioll spcdra which are
photoscllsitive. In thc other. it seclIls t.hat the (,olll1>illatioll of radiativ(~ alld nOll-radiative
tIlcchanisllls are operative all<l }cad dirert Iy tn the 4dlO ISOgrolllld stat(~. On this respcct
tlle result.s of the Pd/Xc systclII an~ IIlllcll llIore illforlllativc <1nd, t.iwrefore, we postPOIlC
tite discussioll Oll the nature (I[ t.liis sit.es fol' lat.cr on. The thinl site is lIluc}¡ !llore
peculiar, its dfcct is sllch that challge tll(~grolllld state cicctrollic cOllfiguratioll of the Pd
atoms. frolll 4dlo ISO to 4(tJS.'l1 ;\[):I' It is important to remark tha!., (~VCIlwhctl tla're is a
s\lbslalltial illteraclion ellergy. f'>E(lf);¡ - ISO) '" 0.81 eVo lhat is d"v"lop"d b"lweell (he
entrapped atolll alld the !llatrix latti('e. in this third trapping sit.p t.he rdative elH~rgies
between the <1istinct ciectrollic levds are almost 1IIlaffect('d.
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:1. .'1. The l'd/X e .>Y.>lelll

Tlle llv-visiblc ahsorptioll spectrulll of tite Pd at.o 11I S isolated in a Xc matrix at 12 K
is shown in Fig. lc. As expected this speclrum is virtual1y identical to those reported
hy Kolh [6] and O,iu [2, :¡I groups at 5.5 K a"d 6~8 K, respectivcly. It is important to
poi"t out that the ahsorption ha"ds ohsen'ed i" t he 2g0~:J70 Illn regiou seems to have no
cou"terpart i" Ihe ahsorptio" spectra of the Pd/Ar a"d Pd/Kr systems (Fig. la a"d lb,
respectivcly). This ha"ds togcther with those ohserved i" the 250~2g0 "m regio", have
I)('e" excluded hy Kolh a"d co-workers [61 as origi"at.ed hy Pd atoms.

Alllwaling eXI)crilllcllts lo differcnt tClIlperatllres (12-40 K) sltow sui)stallt.iai challgcs
in tite intcnsity and profih~ (JI't.}¡e spcctnllll. Tltis changes are similar lo thosc ohserved in
Al' alld Kr matrices [3. ti]' which have been illt.(~rJlreted as a conscqucncc of the trapping
site distributioIl ami agglolllcratioll of the Pd atolIls to high tcmpcraturcs [fi]. Contrary
lo t his thermic efi"ccts, tl¡e photocxcitatioll in dislilH:t absorptioll regioIls

1
by pcriods of

more than OIle hour, do Ilot induce any substantial dtallgc in lhe spectrulJl. It is iInpor-
lallt lo rcmark that tlw 250-370 IlIll absorptioll spcctrulIl under therlllic aud photolytic
treatmeut., follow similar hehaviour as that of the 200 2GO lltU ab,orptiou spectrum.

The mnissioll speetra, tltat follo\\' the seledjv(~ pilotoexcitatioIl of tite Pd/Xc samplc,
is shu\\'1l in Fig. 10. A direct cOlllparisoIl of this elIlission Hpectra witlt those of lhe P<1/Al'
(Fig. 2 of Hef. [8]) aud !'d/Kr (Fig. 2) reveal cer! aiu similitudes aud uot.ahle differences.
Tlw three systems show a broad and illtCllsC PlllissioJl balld (maximal at 485, 573 an<1
G77 um iu Ar. Kr aud X,,, respect.ively) aud a!so a "arrow hand speet.nllu iu the 400-
GOO Illll rcgioIl. which are very similar in shape alld positioIl (Fig. 2 of Ref. [8] ami Fig. 2
a",1 lO. respectively). lu the differences lies the fael. Ihat. in Ar a"d Kr mat.rices the
broad clllissioIl ha lid is onIy produced uuder pltotoexcitatioIl in tite 245-255 nm rcgioIl,
\"'''erea..') that in Xc matrix is prodllced undcr photoexeitation in aBY part of lhe 210-
:¡.IO um spectral regiou. lu the I'd/ Ar aud I'd/Kr systems the emi"iou 'pectrtlIll is
domiuated by t:", uarrow ha"d spectrum (420.üOO "m), whereas t.hat iu Xl' Illatrix this
sl){~drlllll is on!y produced 11IIdcr photoexcitatioll al. 212 aud 340 Illl!. As in tite Pd/Kr
systcm, in the Pd/Xe systclIl t}¡ere are emissiOlI h:tIlds in the high cller~y regioJl (short
\I,.'avdcllgths), hO\'.'cver. tJwy difl'cr in s}¡ape alld positiOlI in the firsl C<l.."'iC thcy are in the
270 :n5 IlIll rcgioll. il! t.1J(~ sccoud in the 245-:WO 11I11.Fillally. at the more sellsitive lcvcl
of delectiou in t.he Pd/Xe system were al", observed emi"ion bauds iu ti!" 700-850 nm
reglOlI.

'I'he excil.ation spect.ra. colTespouding to tI", emissiou bands of the Pd/Xe system,
an~HliowlI in Figs. 11\ 12 alld 1:J. Thc excitalioll spectra corresponding lo tile 425, 500,
S'IO and 590 11Il1emissioll hallds\ not shown in t.hesc figtlre~l are quit.e similar ill shape
aud posit.ioll as t.llOse correspollding to t}¡c 481 aud 528 tlIII cInissioll ballds, respectively ..
f" l'Oul.r'L,t with t.he excitation spectra of ti", I'd/Ar aud Pd/Kr syst.ellls t.hose of the
Pd/X(~ look more cOlllpljeated hut. howcver. Wl~ can slill filld some similitudes. As in the
Pd/I(r S.vstClIl tite excital ion specLra corresponden! t.o the high cIlcrgy emissiolJ bands
(2.1;' :lOO UU1. Fig. 11) ,how a se! of bands lo('ali,ed at the sau", regio" of the maiu
ail:-;orptioll :;pectrlllll (210 :!üG 1l1I!.Fig. le). 111tbis l'xcitat.ioll spcctra we can distingllisb
c!pariy the 229 I1lll ("\'Ill = '2;);) 11m) and :W{) 1111I(Al'tll = '2!)(J I1I1l)ballds that eorn~spond in
po:-;itioll lo tlto:-;(~ oh:-;('rv('d in tite ahsorptioll sp('('lrlllll (Fig. le) at 2:H1 2:~toJ :tlld 259 IIIIl,
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FIGURE 11. (Ldt) Excitalioll S¡>petraof P<Iatollls isolah.d ill a Xc lIlatrix (P<I/Xc '" l/m') al.
12 K, \\.'ith the emissioIl IIl0lloc!Iromator sd al. t.hr. wavelenp;tlls imlicaled. Spectral scallIling is
froJIl short lo long wav('iellgt1J:-;.

FIGUHE 12. (Right) Excit.atioll sp('ct.ra of Pd atollls isolated in a Xc matrix (Pd/Xe:= 1/10.') al
12 K, \\'ith the emissioll lIlollocilrolllator s('t al t,he wilvPlengths indicated. Spectral scanning is
from short 1.0 long wavclcngths.

rcspcctivcly. 011 the other hand. the ,,'1. of narrow emission hands (420-600 nm) show
an excitation spectrll!1I ,,"ite similar 1.0 those of Pd/ Ar alld Pd/I<r systems ill the 290-
365 nm regioll (Fig. :3 of nd. [81 fm Pd/ Ar. Fip;. :3 for Pd/I<r alld Fig. 12 for Pd/Xe).
hOWCVCL only in the PdjXc systclIl s¡wcific exeit.atioll hands ¡ti the high cllcrgy rcgioll
(210-226.249 alld 27:3 1lI1I)are o¡'served. Partielllarly importallt is the 215 11mexcitation
hand (Fig. 12

1
Acm = 528 11m) beCallS(~ it ('()rn~sp()lldsin :-;}¡ape and positioll lo the 212 IIlIl

absorptioIl band (Fig. 1<:).
As in the Pd/Ar alld Pd/Kr sysÍ('lIls. the ('xcitat.ioll slH'ctrulIl rdated lo the 574 11m

broad emissioIl balld cines IInt. sitow WllTO\V excitat.ioll hallds in lile 300-365 IIIll rcgioIl
(Fig. 13) but. shows a broad balld at 315 11111, which ('orrespoIlds in shape alld po~itioll
\0 the 313 Ilm absorption baIld (Fip;. 1<:). 1\lm('()ver. the excitation spectra show a!so a
set of bands al. 275. 260. 235 (broad) ando less iIllense. al 210-220 IlIlI. lt is important
to remark that the excitatioll hallds at 27fJ, 2(jO alld 2:ifJ I1IIl('orrespond in POSitiOIl. hut
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FI(;UHE 1:1. (Ll'fl) Ex('itation spl'('tra of ['el atoms isolatl'd in a Xl' matrix (['el/X" '" l/lO') al
12 K, witlJ tlle (,lIIissioll monocltromator Se! at the wan'lengths illdicatC'd. Spectral scallning is
frolll short lo IOll¡.?;w<l\"elengths.

F""¡HE 1"1.(Hight) Emission sp,,('lra of ['el atoms isolaJ(.d in a X" matrix (['e1/Xe '" l/lO'),
exciled al tlle wan'lengths illdicated.

BoL in int.(msity, t.o tlinse observed in the llv-visible absorptiolI speet.l'I1111 (Fig. le) Lo 270,
25a alld 2:lO 2:J1l 11I11, r"spcclivcly.

Th" "x('itatioll sp",:tra rclat"d to thc clllissiOll bands at 745 alld 7all 1111I (Fig" 13)
s}¡ow a spt of hallds tltat are tlw samc as those rdat.ed to LiJe S74 1111Ihroad cmission band
))lIt IIIll('h I(~ss illt.(~Jlse (ballds at 235, 260, 275 and 315 1111I). lIowever, at. differcuee of
t.iJe cxcit.at.ioll spect.ra rclat.ed t.o the 574 IllIl hroad (,IIIission ballel, t.he excitation spectra
rdall'd 1.0 t.J1(~7-1[) alld 7gS 1I11lcIllissioIl hallds siJow <LIso a set. uf unique hallds: one
broad in t.ll(~3-10 1111Iregiou. COIllIllOIl lo hoth. alld ot}¡er lIarrO\V, olle at. :J76 I1Ill related
lo tl11~7,15 1111I(~tIlissi()1l halld alld the ot.her at 5:.30 Illll lIue to liJe 7gS lllIl cmissioB bando
Tlle t'lIlissiOlI spt'ctra that. reslIlt frOlIl the 32(; aul! 5:30 Illll pllOtoexcitatiou s}¡o\\-' a ver)'
illterestillg situat.iOJI. Exdt.illg tllcm at 326 llm produce all (~missioll spectra quite similar
lo tltat produ('ed by cx('itation al 340 nn), but with ti", notable dilf"ren('e tltat in this
C<l."i(' tlw 74(; I1Ill elllissioll hand is IllUch more lIarrow (F'ig. 1,1). Exdl.ing at 530 nlll
onl)" OIW narrow PlIlissioll band reslllts and coincides in posiLioll with the 797 nlIl broad
clllissioll halld t.hat reslllt.:-; frolll t.he photoexeit.at.ioll al. :315 1111I(Fig. 1,1).

As in I'd/ Ar and I'd/I<r, the :1l5-3G5 nlll ex('itation s]ledra reiatl'd to the narrow
(~IIlissioll bands of tlJe Pd/Xe .sy.stcm .sltow a clcar depclldcJl(,c with tlw Ilv-ligltt. Figure 15
shows in d(~tail t.!lis Plh'ct rol' thc cxcitation spectrlllll re1alPd tu t.ll(~G2!J IlIll cmissioll band
(similar n~:-;1I1t.sw(~n' obt.ailwd for the ot.lwr llalTOW cmissioll hallds of the -t:lO -600 Ilm
rq;iou)" As it was "stahlis!Jed in tlJe Pd/Ar and I'd/I<r syskllls, tiJes" sp"dra r"veal
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FJC;CHE 15. Excitalioll sprctra of Pd atoms isolated in a Xl' IlIatrix (Pd/Xr:::: 1/10.1) at 12 K. \\'ilh
the ('missioll IlIolloclirolllator s('1.al 529 JIIIl. S¡H'ctral scallflill¡J; is from sllOrl lo long waw'h'llgths
startillg at: (1) 35011111, (2) 327 11111,(:1) :110 11111,(.1) 290 11111,(5) 250 III1l, (6) 200 III1l, amI (i)
350 llm. TIJ(' salllpip was kepl in tlll' dark for 15 mili lH't\\"l'l'n ('(lch sean.
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FIGüHE l(l. ElllissioIl sppctra of Pd alollls isolal(.d ill a Xe lIlatrix (Pd/Xe :::::1/10.1) al 12 K.
excited at 3501111I:(a) aflpr :lO mill iTltll(' dark, (iJ) illlllll'dia\('ly aflt,l' 315 11111photolysis by 1 lIIiu
(\\"ith a s¡H'ctral seallIlillg ralPofGO 1l1ll/lIlill in l'aeh s¡H'('tral raTlge illdic'att'd). ami (e) after .Jmin
in the dark.

Ihat t.1H'ir illtellsily \'.:ill d('I)('lId of t lit' pl'l~vi{)lIs ai>s()rptioll of IIv-ligltt.. As in t.he P<l/Kr
sysh~lII. bul. 1101.in t.lw Pd/ Al' sysl(,1I1. tlw il11t'Il:-lity uf t1l(~:~If) :W;:' IlIII exdtation spectra
,viII depPlld of t1w :~I[) :~[)() 11I11 lig}¡t absorptioll (in tlll~ CflSP uf t}l(~ Fig. 15 ,....(' ob:-,,~rw'
au ill{:n~;-L'i(, 01' IH alld 2~(:{ ill 11((~:Ui2 <lile! :n7 1111I ('xcitalioll iJallds. n'sIH'ctivel.v). h is
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very important to remark that the sllhstantial increase in the intensity of the narrow
bands 290-3ÜO IlIn excitation spectra of Pd/ Ar (~800%) and Pd/Kr (~350%) systems
will occur when the samples are previollsly irradiated with 210-250 nm light, this is not
the case for the Pd/Xe system where their excitation spectra do not change in intensity
when the samp]e is irradiated with 210-250 nm light.

Aceording with this photosensitive behaviour of the narrow ban,18 3]5-3ü5 nm ex-
citatÍon spectra are the photosellsitive behaviollr of their related ernission spcctra. An
example of this is given in Fig. lü for the 3ü3 nm excitation (The other lines show the
same behaviour): first, keeping the sample in the dark for 30 min after deposition and
latter 011 photoexciting at 315 um by 1 miu p~~riodsaud takiug immediatcly the emissioll
spectnlIn in the indieated spectral region; finally, after 10 min of keeping the sam]>le in
the dark. The fast d€cay in the intensity of the emission band is indicative of the shorter
lifetime of the metastable state in this matrix than in Ar or Kr Inatrix.

The deeay of the 3ü3 nm excitation band, monitored throllgh the 529 nm emission
hand, was measured am] the resnlting lifetime was ofO.2 min (Fig. 7). With the exception
of the first seconds, where the deeay is very f¡k~t and not exponentia], the decay is
of first arder. As in the Pd/ Ar and Pd/Kr systems we investigated the laser-indueed
hlIninescence at wavelengths of the 454.5-514.5 nm region. Surprising]y, given the results
in Pd/ Ar and Pd/Kr, there W'k~not detected any emission hand in the 454.5-773.0 nm
spectral rangc.

4. DISCUSSION

4.1. Main trapping sites

4.1.1. First trapping site

lt was pointed out that the optical spectra of the Pd/Xe systelll show many similarities
with those uf the Pd/ Ar and Pd/Kr systems, but also shuw notahle differences. The
silllilarity of tIte llarrow band clllission spectra and their related excitatiou expectra (al
least in the :lOO3ÜOnm region), and their eOlnlllon photudependence, suggest that in the
three matrices exist trapping sites ofthe Pd(4d10 ISO)atollls, in which the 3D3 nICt'k,tahle
state is thc refercnre state froIll which occur lIl<tnyof thc observed transitions following
a mec1tanisIJIas that sumnmrized in Fig. 8. However, HlIdat diffcrence of tbat observed
in the Pd/ Ar and Pd/Kr systems, in the Pd/Xe systelll this meehanism seems to be not
predominant.. This is mallifestcd in the excitation spectra wherc it is ouserved that only
eertain regions of these spectra (205-230, 250 -300 ami 31O-3ü5 nm regions, in Fig. 12) are
able to produce the Il<lITOWballds clllÍssioll spcctra, which cOlltrast with tltose observed
in the Pd/ Al' and Pd/Kr systems where this emissioIl spcctra are produccd by cxcitatioll
in almost all the absorl,tion region (Fig. la and Fig. 3 of Re£. [8] and Figs. 1h and 3,
respectivcly). As conseqllence \Vecan intcrpret the differcnces in the absorptioIl speclra
of Fig. le for I'djXe with respeet to t hose of I'd/ Ar allClI'djKr systems (which are quite
similar, Figs. la ami lh) a,s dlle in this tW() last cases 1,0 a spectral superpositioll with
comparable cOlltrilllltions of the ai>sorptiotl spectra coming from the expected gas pitase
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TAIlLE III. Position (A, IlIII) ami assiglllllPnt of the a!lsorptioll bands, in the 300-365 nlll region,
of th(' Pd/Xc systPIII at. 12 K. The sp<,ctral shift is with reslH'ct to gas phasc Pd at.oms. (cm-1).

Xe Gas phase r\ ssigllIllcn t Spectral shift

315 3:37 <lr!''\'js2 :"F'2 f- .!f/IO ISO - +2802

35.1 .ld!'l;j."12 :IF3 t- <ldlo 150

3.10 398 .1(t'l5s'23Ft f- .ldlO 150 +.1286

transltlOns, (4,{l5s 1) \J'P, :IV~, "1'\0 +- (4£110) ISO, ami that generate from the 4,{l5s 1 :IV"
mcta.."table state: in tlle first it is also dllC to the spedral sllperposition but llOW with
differcnt weight in tlteir contributions.

Oll this la"it point we musí. com;ider lIle "heavy atolll effccl" [15]. which facilitates
tite occurreJlce of originally forhiddcll e1cctronic transitiollS to he allowcd, \\ThCIl we go
from matrices uf light. Al' atolllli to matrices of l)(~avy Xc atollls. This effect actually
has !>een clearly manifested in tite shortening of the lirelime of the "Va metasta!>le state
(Fig. 7) of the l'd atoms isolated in Ar matrices (2.2 min), in Kr matrices (1.2 min)
and in Xe matrices (0.2 min). in Kr matrices (1.2 min) and in Xe matri",,, (0.2 min).
Allot}¡cr manifcstat.ioIl of tlle "IH~av.v atolll dfect"' is f()\lIId in t}¡e pliOlodcpcndcncc of
t}¡e narrow hands cmissioll ~pcdra (Jf t.he Pd/I<r alld Pd/Xc ~yst.ellls \VhCll they are
photoexciled ill the ;l()O<l70 nlIl regioll (Fig. f¡ and If¡, re,pectively). As it \Vas pointcel
out for t.he Pd/I<r ~ystelll~, t.lte fac:t l.hat. we ()iJSt'rVt~ a pilotodepCllcicncc of thc narrow
bands elIli~sioIl spectra wlJ('1l t1w salllple is phllt.Ot~xeit.ed in t}¡c 300-3ü() lllll, oheycd the
occurrcnce of clcclnmic t.ransit.iolls ill t.his rt'gi()1l frolll t.}¡c grolllld st.ate ISO, which are
originally forbiddclI ror gas piJase Pd atollls [11]. Accordillg wit.1l t.iJc diagram of cllcrgy
levels of Fig. 8 tlw ex¡wdt~d trallsit.iollS in Uds s¡H'dral n~¡!;ioll, whicil hy t1w heavy atolll
efrect sholllel be lIIallifested, are ti", wrrespolldillg to ('1""f¡,,")"/'", :IFt. "PI <- (4£110

) ISO,
which in ca.se t}¡at t.iley 0('(:111"in gas pha.:.w sliotlld ht~ al. :~:n,354 and ;~981111I,respectivcly.
\Ve must rClIlark tila!' ollIy t.hc Pd/Xe ~yst.clll sliows aiJsorptioH hands in this spectral
regioll, whiclt i~in agl'eclllellt witiJ thc major drcd of tlu: beavy Xc atollls which allow thc
mixillg of cOIlfigllratiolls tIJat IlIake possibll~ t.hat tllesc cledrollic tl"allsitiollS OCCllr [15].
In t}¡c PC!/I<r systclII tbis trallsitillllS art~ only lIIallifested ill tite cxcitatioll spectra (Fig. 5)
whicll are more scnsitivc that the ahsorptioll spt~dra [1ü]' alld in the Pd/ Al' system tlley
are abscnt evtm ill tI¡(~exeitatioll spcdra (Fig. <'1of Hd'. [~]) whidl is in agrecmcnt with
the almos!. 111111dfcd 01"tlJ(~ light Ar at.olJls OH t.hc lIIixing of c()lIfigllratiolls ncccssary to
allow t}¡es(~ trallsitiollS. 111Tahh~ 111 al1fl Fig. 17 al't~ giVt'1l tel1tativ(~ alisignmcnts uf the
:mo-:W() IlI11absorptiull ballds of t11t' Pd/Xp syst.elll. Tlw alisiglllllcllt shollld be seen \',;ith
Cfllltioll iH'C<lllS(,tlll' SIH't'trlllll (111)' sllows 1\\'0 suhstalltially hroad ballds (Fig. lc). ",,!lell
t 11(:eX¡H'dPd t rallsitioll:-; an~ tiJn'l'. :l/'~. :I/':t. :IFI ,- 15ill. TIJ(~apparPllt ab:-;t,ltct, of OllC of
tlw absorpt.illll ballds lIIight 111't.IJal is w('ak 01' is stl'ollgly overlaplH'd with the otiJer:-;
alld, tlwref(Jn~, cau nol IH~n~sol\'('d hy lh(~ illSlrlllllt'lJt.

111vi(~\'.' uf the illlportallt. t'ffpcl nf t 111'X(, altllll:-< 011 tiw a!luwllt'SS of tht' forbiddpll
traJlsit.iolls. w(~ (~xp('ct. 1I101"f'liJan (J11I'grollp uf lrallsit iOlls. TIH' Fig. 17 sitows this s('t of
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FIGUnE 17. (Left) Schematiced representation of the electronic transitions (200~600nm) of the
Pd atoms isolaterl in Kr and Xe matrices.

FIGUnE18. (Right) Schcmaticed representation of the electronic transitions (300-900 nm) of the
Pd atoms isolated in a Xe matrix.

possibilities. The group of trausitions that we expeet to observe with our speetrometer
are those that implieate the ehange in the eleetronic configuration from the 4dlO ground
state to the 4d85s2, 4d95pl, 4d85sI5PI ami 4d9(jSI excited states, being the two last
groups very near in energy (Fig. 17). The group of transitions 4d85s2 t-- 4dlO already
have been identified and correspond in the Pd/Xe system to the absorption broad bands
of the 300~3(j0 nm region (Fig. le). In the group of transitions 4d95pI t-- 4dlO are implicit
those observed in gas phase (4d9 5pl) 1pp, :ID?, 3pp t-- (4dlO ISO and it is expeeted that
they appear in the three matrices in the 220~275 nm speetral range. Ou the other hand,
in the Pd/Kr and Pd/Xe systems we observe in the excitation spectra (Fig. 3 and 12,
respeetively), a broad struetureless band of low intensity in the 250-300 nm region whieh
could involve several of the 4d95pl t-- 4dIO transitions. Finally,the gronp of transitions
4dR5:;'5pl +- 4£110 and 4(l~G..,.1 ~ 4dlO ;;}¡ould occur at very high cnergie:; (> 220 lllll) ando
therefore, they could be responsiblc for the very weak band observed at 200~220 nm in
the threc matrices.
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4.1.2. Second trapping sites

The Pd/ Ar aml PdKr systems have manifested a second trapping site where the 4rf!5s1 3D3
state is stabilized permanently. On tbis respect the laser-induced luminescence of these
systems are definitive proof of this stabilization bccause the observcd cxcitatioll aud
emission transitions (Fig. 11 of Iter. [9] and Fig. 9 and Table 11) are only congruent with
the energy levels of Pd atoms whcn we aSSlIlIlC a 3D:1 ground statc. The absence of au
emission spectrum by laser excitation in the Pd/Xe system could suggest that in this
system do not exist. similar trapping sites t.hat allow the :!D3 stabilization, or that there
exist. different. deact.ivat.ion channels t.o those of Pd("D:¡)/ Ar and Pd("D:!)/Kr systems.
Thc fact that even in Ileat nitrogcn Inatrices exists a si te whcrc the 3D3 state is stahi-
lizated [9] support. more the idea that. in Pd/Xe system there exist anot.her deactivation
channe! by which the electrouically excited Pd("D3) atom cau be deactivat.ed.

The presence of the 532 um baud in the excitatiou spect.ra of Fig. 13, for .\em =
798 um, of the Pd/Xe system point. out that in fact there is a different deactivation
cbanne! for the electronically excited Pd("D3) atoms. lt bas been suggested (Table 11)
that the 530 nm excit.atiou band correspond to t.he 4d85s2 :¡PI ~ 4d95s1 :ID:! t.ransit.iou.
The emission spect.ra that. result. of t.he 530 um phot.oexcitat.ion, consist. of a uui,!ue
narrow band (Fig. 14) at. 797 l1JII. The fael. t.hat. we cau not. observe t.his baud in the
lascr-intluced lUlllillcscence stlldy, cOllld he the lilllitations iUlposed in Ollr spectrolllctcr
t.hat. only allowed scanning until 773.0 nm. The assignment. of this emission band t.o an
especifie eleet.ronic t.ransit.ion is not. simple, because as we have seen (Tables I and 111) the
speet.ral shift. (wit.h respect t.o t.he gas phase) in a Xe mat.rix do not. follow a well dcfined
pattcrn and, therefore. we can uot use this paralIletcr as a gllide to specify the involved
transition. This scems lllOrc cOlllplieated if we cOllsidcr that uow the grollud state is t}¡c
4d95 ..,13Da amI t}¡c 4d10 ISO stat.c is aboye of the first one. This brings as cOllseqllellce
the pos~'iibility t}¡at the 7!J7 lllll emissioll balld corrcspoud to thc 3F1 -4 ISo transitioll.

On t.he ot.her haud, it is interest.ing (Fig. 14) that. t.he 797 1l1nnarrow emission band
coincides in posit.ion wit.it a bro>"l band t.hat. result. of t.ite 315 nm pitot.oexcitat.ion. It. itas
been point.ed out. t.hat. tite excitat.ion around :n5 nm (Fig. 10, .\ex = 312 nm) produce,
llloreover of the 74ú and 799 lllll broad cmissioll bands, a very intellsc aul! broad band
at 575 Illll which are similar to the 490 alld 570 llIll emission bands obscrvcd in Pd/ Al'
and Pd/Kr syst.ellls, respect.ivcly, witicit have been at.t.ributed t.o Pd at.ollls isolat.ed iu
a t.hird t.rappiug sit.e (see later on). The eoineidence of t.ite uarrow and broad emisHiou
bawls at 7!J7 11111c0111d suggest that. they are related to t.hc sallle transition but dlle
to Pd atoms entrapped in differcnt sites. By the assigulllcnts of the ot1tcr ballds givclI
latter 011we exclude this possibility and, in this particular case, me cOllsider a fortuitolls
coincidence of tlle nanow aIHI broad haIlds at 797 llm \vhich conespond to difI'ercnt
electrOIlic traIlsitiOIIS.

A similar sitllatioll results [01' l.h(~elllissioll ballel at. 74ü I1I1l (Fig. 1,1). which reslllt o[
Ole :32ú 01' ;}40 tlJll photocxcitatioll, with the notahle differcnce tltat. t.he first is llarro\\'
and tite second hroad. By their appearallce alld posit.ioll \ve can aSSllllle that the llarrow
excitatioIl halld at. :l2G Illll, ami its associaÍ,(~d 7:lú IlIII cmissioll lJand, correspolld to Pd
(-lt()lIIS isolated ill trappiIl~ sit.es wlwn~ t.}¡en! is a ~reat affillity ror the :JJ):3 stabilizat.ioll.
already st.ahl(~ 01' t.rallsitory. By t.ltcir positioll t.his WUTOW band should eorrcspolld rc-
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TAH!.E IV. Position (.\, mIl) ami assignmE'llt of some excitation (absorption) amI emissioll bands
of Pd atoms isolaLed in Ar, Kr amI Xc matrices aL 12 IC The spectral shift is with respecL Logas
ph;"", Pd atOlus. (cm-l).

~Iatrix Gas phase Assignmcnt Spec!ra! shift

Ar Kr Xe Ar Kr Xc

232 215 4(P5pl Ipf +- ,1dlO ISa - +2536

2~8 4(fJ5pl :~D?+- .ld10 ISa

260 276 'IJJ5pl :~l)p+- 4<110 ISO +2230

275 29.1 4((1;jpl :iPf +- .tdiO ISa +2350

.186 510 --1(/85,<;2 :~F2 --7 4(J95.¡,;1 :ID1 +968

570 575 606 4d85 ..,2 :IP:1--+ 4((15,<;1 ID2 +IO~2 +890

746 747 --IdR5s2 :IFj --7 .ld95 ..•1 ID2 +18

797 853 4rfJ 5..•I 1D2 --7 _tdlO 1So +82.1

spcctively to the transition.l<fJ5pl :ID3 +- 4dJSsI 3D" aud 4d8Ss2 :IF4 +- 4,fJSsl ID2, having
a speetra! shift of - 189 and +18 cm-1 wit.h respect. 1.0 t.he gas phase.

4.1.3. Third t.rapping sit.e

From Figs. lO aIH! 14 is evident. that in t.he Pd/Xe system exist a third trapping site
whcrc the photoexcited Pd atoms produce, in the 500-850 nIll region, a broad band
emission spectra. The 575 nm hroad hand of lIIuch more intensity that aH observed, has
an appearance a"d posit.ion similar 1.0 those ohserved in the Pd/ Ar (486 nm) and !'d/Kr
(570 IlIll). On the othcr hand, the apparcllt millor illícnsity of the uroad cmissioll ballds
at 746 and 7~J7nm can he due lo part lo t.he lower sensitivity of the inst.rument in this
spectral regioll (see experimcntal section) alld the possihle non-radiative IBcchanislIls that
1I0Warc influcllced hy the nature of the trappillg sit.e {13]. The ahsence of the two last
bauds (746 ami 797 UIII) iu the emissiou 'peetra of t.he Pd/ Ar and Pd/l<r systellls suggesl
that in these cases the Iloll-radiative mechallisms of deactivation should he dOlllinant.

111 view that IlOWw(~have more information 011 tite hroad cmissioll ha.nds, \ve can
try the a..<;siglllncllt in a more eOllfidcllt lllélllUCr, at lcast foI' the PdjXc. ASSll111illg
that thc Pd atoms responsible of this cmissioll spedra arc atollls in its 4d10 ISO grollud
state, t.heu I.he broad absorptiou (excitat.iou) baIHb al. 300-:J60 um of the Pd/Xe syslelll
(Fi¡;s. le, 12 aud I:l) s!rould be assigued, as suggesled before (Fig. 17 and Table 111) 1.0
('1""5.,2) 3Fl, "P1, 3F.j +- (4dIO) ISO.

lIaving stabilishcd SOIllCcxcit.ed statt~s in this t hinl trappillg sitc \\'c can follo\\' thc
deadivatioll. Fig. ¡g sl1m'.'s the possihle channds of this process. According to this
SChClllCtIte broad Clllissioll balHb at .s7G, 7,10 and 7!J7 III1luf tite Pd/Xe :-iystClll, :-ihollld
correspou<! 1.0 the foHowiug trausitious (Tahle IV): (4"s5s2) :1/':1. :IFI -> (4,fJ5sl) lDl aud
('1,(1581) lD2 -> (4dlO) lSIl, re'pe<:tive!y.
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It has been pointed out that in the Pd/Kr system only one broad emission band at 570
has been observed. lts appearance and position suggest that it should correspond to the
4d85s2 "F3 --+ 4,tJ5s1 lD2, transition observed at 575 nm in the Pd/Xe system, the small
hlue shift (153 cm-I) when passing from Xc to Kr matrix is a common shifting observed in
other systeIlls [11]. The 486 IlIn broad emission band of the Pd/ Ar system seems, however,
not to adjnst to this transition, hecause that might imply an anOlnalous 4075 cm-I hlue
shift. A better option eould he its assignment to the 4118582 3F2 --+ 41195s1 3DI transition,
which imply a 968 cm-I bIne shift (Table IV) ami, therefore, comparahle to that ohserved
in the 3F3 --+ ID2 transition of the Pd/Kr amI Pd/Xe systems. In faet this assignment is
in agrecment with the nlinor cffed of the hcavy atom that we cxpect in an Ar matrix,
which is a re'luirement to observe the erossing from the triplet to the singlet mainfold.

A detailed examillation of the excitation spcctra \vhich appcar as cOllseqllellcc of
the 574 nm photoexcitation (Fig. 13) revealed a set of bands in the high energy region
(205-280 nIll). As it wa.s antieipated, this is the speetral region wlwre the gas-pl,,",e
like atoIllie transition [11]' that is the (41195pl) Ipp, 3D?, 3p? f- 41110)ISO, whieh in gas
phase absorh to 245, 248 and 276 nm, respectivcly (Tahle IV) oecur. Assuming that
this are the dOIllinant transitions in the 205-280 nIll region of the Pd/Xe system, then
the rclativcly broad hand at 232 nm of the Fig. 13a should eontain the Ip?, 3D? f- ISO
transitions and the 260 nm should correspond to the 3p? f- ISO' As it was pointed out
the identification of this transitioll in the Pd/ Ar amI Pd/Kr systems is ohstrncted hy the
dominant ovcrlappillg of spcctra from Pd atoms isolated in thosc trapping sites whcrc
OCCUI"an eflicicnt photocollvcrsion to thc 4d~J5Bl 3D3 mctastable statc. On the othcr halld,
the assignIllent of the 275 amI 210-220 nm excitation hands (Fig. 13) do not result easy
bccause thcre are several possibilitics in a Xc Illatrix where thc heavy atom cffcet is
vcry important. According to the bIne shifting obscrvcd in other trallsitioIlS, thc 275 nIn
excitatiou baud might eorrespoud to the 4,t'5pl 3pJ f- 41110ISOtrausitiou, whereas the
set of bauds at 210-220 um might eorrespoud to trausitious from the 41110ISOgrouud
state to the 4,tJ681 3D:l.2.1 and 4d~5.,( )5p excited states whieh are uear iu euergy [12].

FillalIy, tite ;:L.-'"lSignlIlclltof the elItissioll bands Iocalizcd in the high cncrgy rcgioll of
the Pd/Kr aud Pd/Xe spectra (Figs. 2 and 10, respeetivcly) is uot simple. However, at
least. for the Pd/Kr system they seem to be l.':euerated iu this third trappiug site. It h,",
been pointed out, that thc emissioJl spcct.rum of the 300--315 IlIn region appear together
with the 570 11lIl broad cmissiotl baBd and, as this band, ouly appcar by 245-2G5 I1Ill
photoexeitation (Fig. 2) amI cio uot show signals of uv-photodepeudeuee. Uufortuuatdy.
with thc availabIc iIlformatioIl is difficult to givc a rdiable assiglllllcllt of this CIllissioIl
bauds.

4.2. Stl"ltetll1'C (JI tile tml'l'i"g sites

GiV(lIl tlw physicaI cOIlditioIlS by w}¡ic}¡ t.he S(lI11p)(~S an~forlllcd (spp experiment.al sec:tioll)
wc expect that t}¡cy have a policrystalinc strlIctllfc, where the Pd atollls should reside
prcfercntially illside of the microcryst.aIs t.ha!' form t.he matrix [17,18]. The crystal st.rw:-
tme 01" t.lte iuert gas solids (Al', I<r ami Xe) bdlow 1.1",20 K is prel"ereutially CCP (cubic
c\ose-packed strllctun~) [UJ]. In this strm:tllrc w(~dist,itlgl1ish thr('c sites in thc crystal ar-
ray (Fig. I!J): tlH: sllbstit.lltiollal, wit.h twe!v(' llcighbor at.oIlls; t.lw od.alwdral illtcrstitial.
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FIGUHE 19. IlIustratioll of the trapping sites in a crystal arrar of a cubic close-packet (CCP). o:
substitlltiollal sitc; e: octahedral site; 0; tetrahedral sitc.

witlt six lleighbor atollls: au<1 lile t.etrahedral illtcrstitial willl four Ilcighbor alollls. In
cach sit.c we ('an define a spherical cavity whosc dimcllsions occupy tite maximal voltlme
witltolll dist.urbing tite ('ryst.al array [19]: TabIe V givcs t}¡e diallldcr of Sllclt sphcrical
(';tvit.ies for eac)¡ matrix ga."i t}¡at we used [19]. 011 lIJe othcr ltaIHl, a detailed allalysis
of Ihe eryslal :L' a whole show lhal for eaeh substitioual si te there is (lile oetahedml
interstitial alHI two t.drail('draI illterstitial siles.

Givcll tite efficit~lIt therlIlal diffllSiol1 of the P<1 atolIls in tite iHerl matrices, it ha..s
been suggested [ü] that this should be iso!ated in interstitia! sites. Moreover, before of
our Pd/Hare-Gas stlldics [;~,a], it \Vas assll1I1cd that llw Pd at.olJls are isolaled iu tlteir
giL' pl"L",like 4¡J1OISu gmllud state, whieh possess a 1. I A average diameter [20]. With
litis diallleter lIJe ()ctailedral illterstitiaI site could be tlle lIlost illdicated t.o contain tite
Pd atoms, as is suggested fmm the data of Table V.

H","ellt theordie:tl ea!Culatiolls on the illlemetion ,,"ergy of a I'd(4rl1u) alom with a
Ile(l,,2) alom (TIl" less polarizable of the iuert gases) [21] and I'd(4rllo) w¡lh a H2(a2)
moleclllt~ [22]' have showlI a clcar attractive interactioIl with a ;~.:~and 1.8 A equilibriulH
distallCt', respectivdy. \Vit}¡ this precedents wc exped a lIotorious stabilizatioIl illtcr-
actioIl Pllergy IH~t.\\'('ellthe Pd atom ami lhc alolll~ of tlle Ar, I<r or Xe lattices. 011
tlle ot her }¡alldl lhe fad lhat tile stabilization of a !Iletal atom in certaill sitcs depcnd
IlOt (111)' of t IH~dimclIsiolls of lhis sites hut aIso of a delicate balance of replllsive and
attractiv(~ illteractiolls of this ato111wilh lhe highhorn atollls of tlle crystal lattice~ givc
tlw possibility tiJa!. (~\'t'll iJl the more conslricteci (lhe tetraltedral interstitial site), might
r"sid" Ill" I'd(.I<llO) aloms. Gi\"ell Ihe major abundall,"e of tbis si te, this might be. fmm
liJe stati:-;tical poillt of view. more favorable lo retaill tite Pd('1dIO) atollls.

A rOllg)¡ I'st ilJlat ion 01' tlle atolllic diaJucter uf tl](~ Pd(,t((J[j.'j1 :If):d at.ollls, can be oh-
1:lilH,d frolll I h" al mili," diam"ll'r of Ihe :\i(:l<l'4,,2 "F¡) of 2.'1 A alld of the PI(5r1'Jü81 "D,,)
01' :1.0 1\ [211]. TIH' aV('I"ag" valll(' of 2.7 A as au {'st.illlat.ioll (Jf the atolIlic dialIlder of
Pd(,td'r, ...•l ;I,f);d is IH'lIr to 'l.S A for llw Ag(4d105 .....1¿Sl/¿)' tha!. is lIeig!t!Jor lo Pd ill lhe
pcriodic lahll'. In vi('w ()f Uds pstilllated \'<1111(:we call sllgg(~st. that t.ht~Pd(.1d~15.<;1:~D:d
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TABLE V. Diamctcr (Á) of tlle spherical cavitics of maximal volllme, oC the main sites oC a CCP
erystal array of Ar, Kr and Xe rare gas solids [191.

Site

nlatrix Substitutional Interstitial Intcrstitial
Oetahedral Tetrahedral

Ar 3.76 1.56 0.85

Kr 3.99 1.65 0.90

Xe 4.34 1.80 0.97

atoms wiII be isolated in a lcss rcstricted octahedral interstitiai sitc 0[, sllrely ill a more
favorable site as is the substitutional (Tahle V).

From our analysis we expect that the Pd atoms will reside in the three more stahle
sites of the erystal array of an Al', Kr or Xc matrix and, mOl'eover, that their optieal
speetra will depend of the degree of intcraetion of these atoms with their neighhor of
the lattiee. With respeet to this last point we have seen that, in general tenns, there
are three distinetive optieal speetra: two that are originated from Pd atoms in a 4<110ISO
ground state, and another whose Pd atoms have a 4(fl58 I :lD3 ground state. A distinetive
aspeet of this speetra is the linewidth of the emission bands. In the PdeD3) atoms
isolated in substitutional sites, the half-width of the emissiou bands is smaller than the
corresponding to the same bands hut generated by PdeSo) atoms, isolated in oetahedral
interstit.ial sites, via the 3D, met.ast.able stat.e. This is clearly manifested in the Al'
matrices where we observe a dilferenee of about 30% in t.he half-width of t.he narrow
emissioIl balldsj this dfcct is rcduccd sllbstalltially in a Kr matrix wherc \Ve observe
a differencc of ahnost 10%, whercas in a Xc matrix this differcllcc is ncgligiblc. This
dilferenee should be relat.ed with the degree of int.eraet.ion of t.he Pd ato m with the atoms
of the lat.tiee. For large cavities (as in a Xc matrix) the elfeet should be nÍinor t.hat. fOl'
small cavities (as in an Ar matrix). It. is important to point out t.hat. this elfect, the
correspondent to t.he half-width of t.he bands, are elfeets that. depend of the shape of the
interaetion potential surfaees of t.hc Pd at.oms (in their involved e!ectronie states) amI the
neighbOl' atoms of the lat.tie" [23,24], whereas th" stabilization of tlr¡, 4,fJ581 3D, st.at."
should be a colleetiv" efTcct t.hat neeessarily involv"s mor" than the nearest ncighbor
atoms of the laUie".

FinallYl the substantial ,vidth of the ahsorption alld cmission bands observcd in the
Xe mat.rix, and eorresponding t.o tlr¡, 4<110ISOatoms isolatcd in tdrahedral int.erslitial
sitcs, are another cxample of the substantial vibronic coupling of the Pd atOllls with
t.hc n"i¡>;hborat.oms of thc lattice, whieh is r"inforecd by ti", narrow space whcre thc Pd
atoms reside (Table V) [25].

5. CONCLUSION

Thc noble-gas matrix (Al', Kr or Xc) has a decp efl'c<:ton the eleclronie struclure of the
Pd atolIls isolated in its cntrails. This cffccts are lIlallifcstcd as an efficicnt Illcchanislll
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of conversion of sin~let to triplet sta tes and in the stabilization of the excited states
4,fJG,,1 :10", in snch de~ree that in certain sites this result lo be the e1ectronic gronnd
slate of lhe [,d atOlns.

In the lhree malrices we idenlified lhree main trapping sile", and lhey seem to coincide
wilh the tlm'e main sites of the crystal array of a cubic dosed-packed (CCP) crystal
stnlctl1re: tlw substitutional, with twclvc ncighbor atOllls; tlI(~ octahedral intcrstitial,
with six neiglthor atollls; and thc tctrahcdral int.crstitial, wit.h four llcighbor atollls. Thc
photophysical behav;olll" of the Pd atoms isolaled in the"e three lrappiu~ sites show
Ilotahle differctlces. Particularly, this is mélnifested in tite ahsorptioIl spcctra, whcrc the
olle c()rn~spotldillg to tite Pd/Xc systeIIl shows a subslatltiai difrercllcc to those of lhe
Pd/ Ar and ['d/Kr syslems.
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