Photodynamics in oxygen doped solid deuterium
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A spectroscopic investigation of Gsolated in B matrices is reported. Standard matrix isolation
methods lead to only a small observable concentration of isolated moleculesaindCfail in the

case of H. Both resonant excitation of the molecule over m’e{3Au)<—X(3E§) transition, and
dissociative pumping at 193 nm, lead to vibrationally rela®éd-X emission, with a lifetime of

5.4 us. Independent of the initiadl component accessed, the fluorescence is polarized with a
polarization ratio of 1.2%0.05; indicating that @does not rotate and that the transition gains its
intensity by crystal field induced mixing between the, and a nearbylIl, state. This uniquely
identifies the anisotropy of the local field ¥33+ Y,_3, which in turn implies that the molecule is
trapped in an fcc site with its axis aligned along fh&1] direction. The observed zero phonon line
intensities can be explained consistently if the spin-orbit multiplet is assumed to be normal, in
contrast with the accepted scheme in the gas phase. The zero phonon lingssofat@d in B,

show librational satellites with a 15 cthspacing in theA’ state, and~25 cmi ! spacing in theX

state. Intensity analysis of these progressions leads to the conclusion that the molecular axis in the
excited state is tilted relative to the ground state. Deposits iard H, samples overcoated with Xe,
after annealing, exhibited spectra of isolateg Which are perturbed by the Xe film. @995
American Institute of Physics.

I. INTRODUCTION We have initiated studies on photodynamics of oxygen
. . doped solid deuterium, which in addition to photophysics

Frozen rare gases have been extensively used as matric o . S .
ows the possibility of investigating photochemistry be-

for the isolation and spectroscopic investigation of transien . . .
. . . A Tween guest and host. As a starting point, we have carried out
species. The emphasis on dynamical studies in such media, . L .
. . . ah investigation of the molecular spectroscopy, which we
as model systems for the isolation of dynamics common tq

Conderse phases 1 genral, 1 mre ek e cx. o711 (S A0Cr. B choen ae e g ot
ception of He and to some extent Ne, these matrices for gsp

classical van der Waals solids. Quantum sdfidswhich the %e sfcandard matrix isolation techniques which we rely on.
single particle zero point amplitudes are significant in COm'%i:;sgii\?vg;seua;;etumrEth?jsélr;es);ir:;yhl;i?st L\jvr;g]n rt:Se ggetr(;
parison to lattice spacings, represent novel conceptual chal- "~ ) d . Pe
lenges in descriptions of many-body dynamics, which arégolatlon of mcomme_nsurate guests or with respect to diffu-
virtually unexplored. The possibility of isolating classical 5|onTzri1nd slelfganr'leallng tOf the hOStf' isolated i
impurities in such media, the diffusion of a classical impurity el'de ec r?jnl_c Sp?g ro-?copy 0 oxyﬁ]en tlsgﬁﬁ%d’l?t rare
in a quantum host, the description of interactions betwee as solds, and In Solid nitrogen 15 Wetl estabished.
guest and collective degrees of freedom of the host, eﬁectEXh'p'ts Interesting, IS0 toplga!ly depgnQent relaxathn dy-
on local and extended energetics pause fascinating questio gmics. Resonant or d'SSOC'at'V.e eX.C'tatlon of thié0, n-
that have not been addressed at any length. In this respe e uv, abo‘ge 5ev, pgodﬁuces V|t?r_at|onally relaxed emission
solid hydrogen represents a particularly interesting systerrﬁ'\/er btheAI”( bAU) dﬂ'l)'(rf' 2g) tr.a'm5|t|o|nr,1 als;) known ?s thek
Even if the radioactive tritium is neglected, three isotopic erzberg and. 1his ”a’?S'“?’”' althoug e>_<trer_neyyvea '
species are available:,HHD, and D, which have quite dis- has been ext_ens_lvely stud!ed in the gas ptasé since |t_s
tinct properties 5 This should enable investigation of effects fIrSt Observation in absorption by Herzbéfgthe A state is

- 39 + 1y - -
of zero-point motion, tunneling, and host molecular symmeested amid thé\( %) and thec("X;) potentials. When

. . . . . O .
try on dynamical processes, on photophysics and chemistrg‘elsempefature of the matrix is raised, in Ar, in, i *and in
A rather complete review of work to date on this subjdtte "\ ﬂfeA state of Q transfers its population to thestate:
spectroscopy and reactive dynamics of atoms trapped in mdle A’ —X emission subsides, and is replaced by the

1 —_ 1 . . . .
lecular hydrogen matriceswas recently given by Fajardo ¢('Zu)—a("Ag) emission. The vibrational resonance re-
et al® quired in this process is isotopically sensitive, such that in

16-1%), the c—a emission dominates even at low
a) »  Ersikaliahe und T . temperaturé® The observed transitiondy— X and c—a,
Permanent address Instituter fRhysikalische und Theoretische Chemie, : . 4 ; ; ; ; ; ;
Technische UniversitaMiinchen, D-85747 Garching, Germany. indicate that in the matrices, Whlle Spln. and parity se_Iectlon
bAuthor to whom correspondence should be addressed. ru_les are in effeqt obeyed,. orbital sele_cyon rules are violated.
“Work carried out during stay at Irvine. Since these orbitally forbidden transitions are enhanced by
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many orders of magnitude in the matrix environment, theyphotomultiplier (Hamamtsu R-666after dispersing the ra-
can serve as sensitive probes of the local interactions andiation through various monochromators: either a 0.25 m
dynamics. (Schoeffe] or a 0.75 m(Spex monochromator. A digitizing/
Several conceptual issues can be addressed via the spegreraging scopéTektronics 243D is used to record tran-
troscopy of Q in quantum hosts. In the homonuclear sients, or to operate in boxcar mode. The data are transferred
°-1%0,, the even rotational states are absent in the grounghrough an IEEE-486 interface to a personal computer for
state, the molecule will therefore be foundJr-1 at abso-  giorage and analysis. As excitation source, the doubled out-
lute zero. Does this imply that in a soft cryogenic host O ¢ of an excimer pumped dye laser and/or the direct output

rotates? Due to their zero-point amplitudes quantum hostss .\ ArF |aser operating at 193 nm is used

are expected to self-anneal, does this imply segregation or is The matrix isolation technique relies on the preparation

it possible to prepare a nonequilibrium solid solution? WhatOf nonequilibrium solid solutions by fast freezing of pre-
is the local structure of the host if it anneals around the d y 9 P

impurity? D, is much lighter than the classical van der Waalsm'xed gas sampleS. This can be achieved by deposition

atoms, does this therefore imply a weaker perturbation of thgonditions where self-diffusion of the host is negligible.

molecular states? We attempt to answer these questiodyPically, @ temperature below one-third the melting point of
through a detailed analysis of the spectra. the solid is sufficient for this purpose. At the base tempera-

Finally, we note that there are several prior studies ofture of our cryostat of 3.6 K this condition is in principle
spectroscopy in @doped solid hydrogens. Proton beam ex-Satisfied for B (Tyy=13.8 K). Nevertheless, our initial at-
citation of sold H has yielded spectra of impurity Qthe  tempts at recording spectra of, @olated in H have failed.
A’'—X emission can be easily seen, along with emissiorStable films of B (Ty,p=18.6 K) could be prepared with
from O(*S)—O(*D).!® Electron beam excitation has been sufficient densities of isolated monomeric @ enable the
used in solid D to interrogate the impurity molecular spectroscopic studies described below. Although we typically
content'® A broad unstructured emission observed in the 45@eposit a gas mixture of £D,=1:500, comparison of the
nm region should be interpreted as arising fromalisters.  signal intensity to that of @isolated in N matrices prepared
More recently, Shevtsoet al. have carried out ESR studies under identical conditions, suggested tfegsuming compa-
in O, doped hydrogen to characterize self-diffusion of therable quantum yieldsthe concentration of the observeg O
host molecule€® Noteworthy in that work is the absence of isolated in D matrices was of order 1-10 ppm.

ESR signals from § implying that the ground state elec- The deposition rate was found to be a critical parameter

tronic angular momentum is quenched in soligl D in the preparation of these solids. Under slow deposition
conditions, <1.5 um/min, with a background pressure of

Il. EXPERIMENT 5%10 ' during deposition, structurally unstable films result

The matrices were grown on an oxygen free copper subwhen depositing below 3.8 K. After a film thickness ofl
strate, mounted on the cryotip of a He flow cryostat. Theum, the pressure in the chamber starts to oscillate wildly,
base temperature reached at the substrate is 5.3 K under frpeesumably due to breaking-off of pieces of the “quenched-
flow, and 3.6 K when pumping on the He with a 30 cfm condensed” solid. A sharp transition in this behavior is ob-
mechanical pump. The cryostat is contained in an all stainserved. Upon raising the temperature above 3.8 K, the
less steel, ultrahigh vacuum shroud fitted with metal seale@rowth stabilizes. Slow deposition at temperatures below 4 K
MgF, and sapphire windows. A silicon diode of stated accu-eads to thermally unstable trapping sites. Upon annealing
racy +0.05 K (Lakeshore Cryotronigsmounted on the back sych matrices to 5.5 K, nearly all of the laser induced fluo-
side of the polished copper ;ubstrate is usgd for temperatug@scence from monomers is permanently lost, presumably
measurements. The shgroud is evacuation with a turbomolecyy,e to defect induced diffusion and clustering of the guest
lar pump to below 10° Torr at room temperature. When p,oecyles. Reproducibly better isolation, and thermally
cold, the cryostat is isolated from all pumps to prevent baCk'stabIe films result at faster deposition rate2.5 xm/min,

d|ﬁgs,t|qn t?]f hydrocarpor:s. Crytopurgpllng tlﬁ SUff'C'_f,n,tt tofvvith substrate temperatures held nominally between 3.8 and
maintain the vacuum ”18 © system below the Senstivity 05 3 k. Under these conditions the pressure in the vacuum
our ionization gaugé10 ° Torr).

: . shroud remains stable;5x107® Torr during deposition.
Premixed gaseous samples are spray-deposited through.a

leak valve. In the majority of the experiments to be reporte _UCh fllms can be heated up t9 7—9 K without any appre-
the composition of the gas was,®,=1:500. The sample ciable dlffusmr_] and loss of the |solated_guests. _
thickness is measured by monitoring interference fringes 1© further improve the thermal stability of the films, we
from a reflected He:Ne laser. Typical film thicknesses used ifi2ve tested the possibility of overcoating them with Xe. Iso-
these experiments vary from 30 to 1. The same appa- lated G spectra in such solids could be recorded after heat
ratus was also used to carry out control measurements iFycling them up to~20 K. The spectra obtained after such a
various other compositions: /,; O,/N,; D, multiply  thermal cycle indicated, however, that the emissions occur
doped with Q and Xe; Q/D,(H,) samples overcoated with from molecules near the Xe film. Interestingly, in samples
Xe. where initially no emission could be observed, upon over-

Emission from the sample is recorded using either arcoating and heat cycling, monomeric oxygen spectra could
optical multichannel analyzePrinceton Applied Research be obtained. In this way it was also possible to obtain LIF in
OMA-3) equipped with a 0.25 m polychromator, or using aovercoated H films.
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relative to that in N, and the zero-phonon line is signifi-
06 07 08 08 0w o R cantly broader and shows an extgnded phonon sideband.
1 The measured fluorescence lifetimestK are 5.4-0.3

10 z ) us and 21615 us in D, and N,, respectively. The latter
T ———rr— c | 4 . . . H
[ a) £ value is in agreement with the earlier measurement of Good-

M ] manet al®® who reported a lifetime of 23410 us in N,, at
i 4.2 K, and is consistent with the more recent measurements
' 500 ’ 600 by Kajiharaet al° Since we do not observe aoy-a emis-
Wavelength (nm) sion under these conditions, and since the only known non-
radiative relaxation channel &' (v =0) is via energy trans-
fer to c, we assume that these lifetimes are determined
primarily by radiative relaxation. As already documented in
rare gas matrices, these orbitally forbidden transitions are
dramatically enhanced. Based on the fluorescence lifetimes,
the A’ absorption can be expected to be 50 times stronger in
D, than in N,. Yet, under identical preparation conditions the
emission intensities in Nare nearly 2 orders of magnitude
FIG. 1. Emission spectrum of Qsolated in solid D (inse) and an expan- stronger. Since Qan.d NZ form Ide,al solid So“fltlongg itis
sion of the 0—8 transitior(a) In solid N,, obtained by excitation at 251.217 Safe to assume that in dilute,Matrices, deposited near 4 K,
nm; (b) In solid D, excited at 249.328 nm. In both cases the dilution is 1:500 all O, molecules are isolated. Based on the observed emis-
andT=4.9 K. The stick spectrum irtb) inset is the predicted Franck— gjon intensities, and provided that fluorescence quantum
Condon progression for librations. ) S .
yields are near unity in both matrices, we conclude that un-
der the best conditions the observed isolatedc@ncentra-
tion is of the order of 1-10 ppm.
Ill. RESULTS Excitation spectra were recorded using a doubled dye
laser. A segment of such a spectrum is shown in Fig. 2, and

. 3 3 — .
Whethe( _resonantly ?Xc'ted OVér' (A —X (29.) V' the assigned zero-phonon line origins are collected in Table
bronic transitions, or excited to the molecular continuum at

193 nm, the same emission spectrum is obtained fois®
lated in solid B3. The spectrum, which is shown in the inset
to Fig. 1, is easily assigned to the vibrationally relaxedTABLE I. Observed zero phonon line positions of(@’ —X) isolated in
A" 3A,—X 3% transition. Thev’'=0—v"=8 emission solid D,.

line profiles in N, and D, are compared in pane{g) and(b)

Intensity (arb.)
o

0 L 1 I ! L ey
446 448 450 452 454 456

Wavelength (nm)

—1
of Fig. 1. The spectrum in Pis blueshifted by~55 cm* v @ E(em™)
Solid D, Gas phase
2. 3 35776
2 35809 35933
I T i 1 35956 36 082
.8 3 3 36390 36 505
Qo2 2 36 540 36 662
1 36 690 36 809
P 7. 3 39053
i 2 39105 9195
- 1 39 237 39336
gl o7 08 09 8. 3 39498 39574
L 2 39630 39713
=0 L | | 1 39769 39850
5 6l 298 207 py 9. 3 39974 40036
~ I 2 40 105 40171
2 [ ot0 o ] 1 40 240 40 304
c 4} . 10 3 40393 40432
g i ] 2 40520 40 560
= I ] 1 40 642 40 687
2k - 1 3 40740 40752
~ H ] 2 40 860 40871
Py PR Y B B R B Q=1 =2 Q=3 GagQ=2)°
390 395 4.00 4,05 410 415 ) Pyp— Y pypr
PR T, 3481650
Energy (x10%em™) w0, 795(29) 787(12) 76922) 812
WeXe 7.34.6) 5.81.9 3.03) 9.6
FIG. 2. Excitation spectrum of Disolated in solid B. In the inset an  w.y, —0.800.2 —0.870.08 —0.980.08 -0.79

expansion of th&)=2 component is shown to illustrate the librational pro-
gression. The stick spectrum in the inset represents the calculated FranckReference 15.
Condon pattern for harmonic oscillatiofsee the tejt bReference 13.
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FIG. 3. Excitation spectra in Precorded ata) 3.6 K; (b) at 7.7 K. Upon d)

warm up theQ)=3 components become visib{endicated by arrows The
abrupt termination of the spectrum (h) was due to loss of the sample by
evaporation.
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I. Here we will adapt the now accepted assignment that the
3A state is an inverted spin—orbit multipféteven though as
we will argue, our observations are more consistent_ With &5 4 Excitation spectra of A’) v=8 andv=9. (a in neat D, at
normal triplet. Several aspects are notable about this spe¢-3.6 K; (b) in D, overcoated with Xe and after heat cycling up to 27 K
trum. The =2 components are the strongest transitions(recorded at 7.7 K () in solid H, after overcoating with Xe and heat
They show a prominent ZPL with a FWHM of 8 Crﬁ fol- cycling up to 20 K(recordeq at.4.1 K (d) in qeat N, recorded at 5.7 K. In
. . Il cases, the ©concentration in the gas mixture was 0.2%.

lowed by a progression of equally sharp but weak sideband3
which are regularly spaced with a separation~cf5 cm !
(see inset in Fig. 2 Although the phonon sidebands Q=1
components are clearly identifiable, the ZPL's are extremely In Fig. 4, thev’=8-9 range is shown for monomeric
weak, and usually become visible only after annealing aD, trapped in different solids(a) in neat B, (b) in O,/D,
temperatures between 5-7 K. The effect of annealing isample overcoated with Xe and after heating it187 K, (c)
shown in Fig. 3. Although weak, the ZPL's 6f=3 compo- in O,/H, sample overcoated with Xe and after heating it to
nents show a doublet of almost equal intensity, splith}s 20 K, (d) in O,:N,. Quite clearly the spectra obtained from
cm L. These features hold throughout the vibrational pro-the overcoated samples resemble that gNQrather than Q@
gression. It can be verified from Table | that the separationssolated in 3. The spectra in the overcoated samples survive
between () components,E(AQQ=1)=AA3, are equal, subsequent heat cycles and show a reversible linear depen-
within the accuracy of measurement, as would be expectedence of emission intensity on temperature, such that the
for pure spin—orbit splitting in nonrotating molecules. They emission intensity reduces by50% between 4 and 10 K. It
decrease monotonically from a spacing ofAZ=150+3 is possible to establish that the perturbations in the over-
cm %, for v=2, to 1333 cm ! for v=9. This vibrational coated samples are a long-range effect, and not due,to O
dependence of spin—orbit splitting is nearly identical to thatmolecules trapped as nearest neighbors to Xe. Ahe X
observed in the gas phast®In contrast, in both rare gases emission is quenched by Xe. This has been well established
and in N, the splittings are quite erratfcThe observed varia- previously, and we verified it to be true in,{Xe matrices
tions in those matrices were ascribed to perturbations due tonder our experimental conditions. We further test that a
phonon mediated mixings with the nearBy®s,* state® single Xe neighbor is sufficient to quench the emission. This

To establish whether Orotates in solid D polarization  is based on measurements ip $lids doubly doped with ©
measurements were carried out throughout &i€v=9) and Xe, at a concentration of 1:5:580,:Xe:D,. In such
—X(v=0) band. The emission is polarized, with a polariza-solids, the excitation spectra, although weak, are characteris-
tion ratio of P=1,/1, =1.25*+0.05 independent of the ex- tic of O, isolated in B3, i.e., identical to the spectrum in Fig.
cited ) component. Apparently, no rotation of the molecule4(a). After recording the excitation spectra, irradiation of
occurs during its vibrational relaxation froo=9 tov=0. these samples at 193 nm produced XeO emission, which is
The polarization ratio is however indicative of a transition the photodissociation product of,&e pairs. Thus we con-
dipole perpendicular to the molecular axis both in absorptiorclude that the emission spectra in the overcoated samples,
and emission. which can only be obtained after a heat cycle, are fropn O

Wavelength (nm)
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molecules which are perturbed by the Xe film, however are 0 . | ’ | .
coated at least with one full solvation shell of br H,. i g |
-20 [ O Q=1 ]
IV. DISCUSSION -40 | 0 Q=2 2 .
Spectra of @as impurities in solid Pand H, have been TE -60 — A o3 & ]
previously obtained by proton beam and electron beam L 5 o
itatinnl7.18 w 80 & ]
excitation."*°In those samples, prepared from the melt, the < . o
oxygen number densities are limited by solubility, which is -100 - 4 ]
estimated at~1 ppm. In contrast, binary £N, mixtures -120 F W & .
make ideal solid solutions with well established phase 140 b . . . , . ]
diagrams2 Based on the comparison of LIF intensities be- e 2 4 & 8 10 12

tween D, and N,, we conclude that independent of the initial

concentration of the gas mixture, under our conditions of

preparation, only a very small fraction of the isolated mol- o , o

ccules are observable. The moritored emission.X, is  £10 5 NI S as o o of sbravonal cvsnun ruver e
known to be quenched infQlimers, and we have verified it g _E_, plotted versus the vibrational quantum numbers. The redshift of
to be absent in neatQilms. Thus a possible interpretation ~120 cm* atv=0, reduces to zero at the dissociation limit.

of the very weak signals in Pand its complete absence in

H, is that extensive segregation occurs during deposition.

This is somewhat consistent with the observation that fasé red shift of ~100 cmil. The harmonic frequencies are
deposition leads to enhanced isolation iy Presumably due |5 vered by ~3%. The potential is more harmonic in the

to r_eduction o_f the exposed surfacg during deposition. Altery)ig state(wx, is reducedl while the cubic anharminicities
natively, as will be argued below, since the spectroscopy Unyre gimost identical to that of the gas phase. There is signifi-
der consideration is that of a forbidden transition, it may be;ant yncertainty in these values as indicated by the error bars
strongly site selective and only a minority of the sites may be,, the derived parameters. The most reliable values are those
observable. The p(epared samples are quite transparent to therived from the progression in th@=2 component. In
eye, and during thickness measurements some 20-50 He:Ngjte of the uncertainties in the derived parameters indicated
fringes can easily be observed. Independent of the initiay he error limits, there clearly are systematic differences
deposition conditions we expect these quantum solids 0 Unyeqyeen the gas phase and the solvated potential. This can be

dergo significant thermal angealing. The phase transitions Qfiscerned from a comparison between energies of observed
D, have been well studietf® In deposited thin films both jines shown in Fig. 5. The trend in this comparison is quite

fcc and hep structures appear. The phase transition temperggious. While the electronic origin, and the=0 level, are
ture between these two forms depends on the paree- e ghifted by~120 cmi'?, the effect is completely counter
tent. The transition is reverS|bIe. in the case of However  paianced by repulsion in the &%) +O(3P) limit. It is im-

in the case of Prepeated annealing cycles lead to permanentant to note that the zero-shift limit is not reached asymp-
formation of the cubic phasé.We expect the bulk of the yticayly. Extrapolation of the curve would lead to positive
solid to behave according to this prescription, however, at thepifs ‘creating states bound by the repulsive cage potential
isolation site of the guest molecule, the structure may beqye the dissociation limit of the free molecule. Indeed, 193
determined by the £-D; interactions. Given the fact that the ) excitation of the molecule does not lead to dissociation.
anisotropy ofl=1 states is sufficient to drive the system into Instead, we observe fluorescence fraf{v =0). Thus solid

the hcp structure, we may expect that the stable trapping sit@2 is effective in caging the 3P) photofragments. Never-

of O, will also be at least locally hcp. Finally, we point out jess, the molecular dissociation limit, within a few wave
that the experiments are performed in normal Blowever, . mbers. is unchanged.

given the fact that @in its ground state is paramagnetic, we |t one assumes that thé state is well represented by the
expect that its nearest neighbog, nolecules are entirely g4 phase parameters, then the vibrational analysis estab-
converted to ortho-pwithin minutes of the deposition. In- jishes uniquely that the emission originates from the lowest
deed, the efficient ortho-para conversion of hydrogen By Oq) |eye| of the multiplet. The interconversion between differ-
has r%:ently been used to characterize diffusion in SUCRp () states, via nonradiative energy transfer, is thus efficient
solids?” The above considerations establish a framework ok, 1he matrix. as would be expected for light molecules with
the best initial guess of the description of these samples ag|agively small spin—orbit splitting. The extended red shoul-
O, molecules isolated within a cage of orthg-Bolated ina  ger gpserved in emission, in Fig. 1, is then to be assigned to
fully equilibrated crystallite of normal R an extended phonon sideband.

A. The solvated potential

In Table I, we list the observedZPL energies in solid . . .
. - B. The isolation site
D,, along with the gas phase values. Similar to the gas phase
data, the vibrational progressions in the excited state can be In what follows we first attempt a consistent explanation
fitted satisfactorily only if cubic anharmonicity terms,y., of the observations: that only two of tlf& components show
are included. The electronic origin in solid, Das undergone prominent ZPL's in excitation; that the overall transition di-
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pole betweerA’ and X is strongly enhanced in and that Vine=(SS|{LA|V(R,8,¢)|L"A")|SZ")
this transition dipole is perpendicular to the molecular axis. B L

0O, belongs to Hund’s cas@), whereA is well defined. =(LAV(R, 6,¢)|L"A") 655 Osx - @)
Since the ground state }5 the polarization indicates that the The interaction potential should be possible to expand in
transition dipole is perpendicular to the molecular axis, in-terms of spherical harmonics centered on the isolation site
dicative of aAA==1 transition. The ground state is well
isolated from other electronic states with which it may inter-  V(R,0,¢)= E Vii(R)Y(6,¢). (2)
act, and it is known to be essentially unperturbed in matrices. K
The upper state must therefore haMecharacter, i.e., the Noting that for thell state,L=2 andA==1; and for theA
transition must gain its intensity by mixing the uppex, stateL’'=2 andA’'==2, and based on the algebraic closure
state with all state which in turn is strongly coupled radia- |=A + A'; the only acceptable values bére 1 and 3. Based
tively to the ground state. Since spin and parity selectioron the vector relatiok=L+L’, k=4 is required. In addi-
rules are preserved, this state must be a triplet witrarity. ~ tion, we require tha¥/;y transform according to the totally
The nearby repulsivéll, state, which is radiatively coupled Symmetric representation of the lattice site. In hcp lattices,
to the ground state, and which has also been shown to gbe requirement of invariance with respect to reflection of
mixed with the A’ state in the free molecule, in the gas Z— —2 Precludes odd values. Therefore the required mix-
phasé-* can therefore be identified as the origin of intensity N9 cannot occur in hep sites. The site symmetry in fec lat-
borrowing. This is also consistent with the fact that both thet'ces_ IS octahedral'. The an|§otrop|c pqrt of the totally'sym-
spacings and intensities of th@ states remain regular metric representation iQ, with thez axis (”32 ';;C“'?‘r i
throughout theA’ vibrational manifold. pointing along[100], is given as Y,+Y,4_,“><" This also

) ) C . . fails to produce the required mixing. However, for thaxis

Having established the state which is mixed with the . o o
3 . . . . . . ~aligned along th¢111] direction, the potential in an octahe-
A, , we consider mechanisms of intensity borrowing to in-

terpret the observef) components. Since in the matrix the dral site is given &
molecule does not rotate, in the case of ZPL's, the ddly V(R,0,$)=V(R{Y 4~ (10" =Y 5+ Y, 3]}. (3

specific mechanism for interaction *?et""eéﬁ‘u and 3HU_ The anisotropic part of this potentidk-Y 45+Y,_3] has the
states is via spin—orbit coupling. In first order perturbat'on'requirements set above for mixing theandA states. More-
spin-orbit coupling can only mix théA,; and *A, compo-  gyer, there are no other sites in cubic or hexagonal solids that
nents with the’ll; andIl,, respectively* The *A3 com-  provide such site symmetry. We conclude that the observed
ponent will only mix via spin—rotation coupling, which molecules are those that are isolated in sites with equilibrium
clearly cannot occur in a nonrotating state. Thus we wouldcc structure, and which point along th&11] direction.

not expect to be able to observe the ZPL of fbe3 com- The unique site requirement for the enhanced oscillator
ponent. This would suggest the assignment of the lower erstrength of the transition presents an alternative explanation
ergy ZPL to Q)=1, and the higher energy component for for the very small number density of observable molecules in
which only the phonon sideband can be observeflte3. D,. If the majority of the molecules were isolated in hcp
This would imply thatthe spir-orbit multiplet in the 3A sites, and in such sites the transition oscillator were compa-
state is normalin agreement with the initial assignment by rable to that of the free molecule;,;—=10-50 3, then they
Herzberg* and in conflict with the more recent analyses of Would be essentially invisible in comparison with the mol-
the gas phas@’— X transition’?~1 Note, the fact that the €cules that fluoresce with a radiative lifetime-e5 us. This
phonon sidebands of all thré& components are visible does Interpretation also provides a rationale for the observations

not contradict this interpretation. Under the phonon sidein the overcoating experiments. As described in the results

bands, the molecule undergoes significant librational motionS€Ction, upon deposition of £H, samples, initially we fail
observe any LIF from @ However, after overcoating

a degree of freedom which can be regarded as a rotationf!

superposition state, since it can be expanded in a rotation%’l\f'th Xe and heat cycling, |solate_d2®nolecules become ob-
. 25 . L P servable. This suggests that isolated @olecules were
basis?® The rotational superposition in turn implies the pos-

- : ) . . . . ; present in H prior to the treatment, and that they only be-
sibility of intensity borrowing via spin rotation, which come observable as a result of perturbation by the Xe over-
couples all threel) components of théA state with the P y

o layer. We propose that in bulkHthe O, impurity drives the
3 4
I1 state” These mixings, as stated, are already present "heal structure into hcp. In the presence of the Xe overlayer,

the gas phase molecule, and giyen the !ight m_ass_qc the _hOBBckets large enough to contain, @illy solvated by H
atoms, we do not expect additional spin—orbit mixings in-torm Kyt with an fec local structure due to the proximity of

duced by the host. _ o the fcc Xe overlayer. As mentioned previously @olecules
While the observed lines can be rationalized, the strongn contact with Xe do not emit. Note also, that similar ex-

enhancement of the radiative lifetime needs to be explaineq)erimema| observations were made ip. pon overcoating

In the absence of external heavy atom effects, the latticend heat cycling, the spectra perturbed by Xe develop and
perturbations are electrostatic in nature. This implies mixingoverwhelm the spectrum of the molecule isolated in D

of orbitals only. Remembering that the transition dipole is  While the above considerations give a consistent inter-
perpendicular to the molecular axis, we require an interactiopretation of the observations in,Dthe perturbations are sig-
potential that can mixA andII orbitals nificantly more complicated in the heavier rare gases,4n N
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and in the overcoated samples. The more difficult observafor which w=(k/1)*'2. Note, for identical force constants in
tion to rationalize is that of the prominence of bé¥+1 and the excited and ground states we expeety/ w,
Q=3 components which appear with nearly equal intensity= (B"/B')Y? ~ 1.4. Thus based on the spacings in the
in the heavier solidgthis statement is independent of the excited state progression of 15 ¢f a ground state libra-
assignment of the order in the multiplen both N, and Ar,  tional frequency of~21 cm ! would be expected. This is in
a polarization of 1.3 is observed, as in the present case, argbod agreement with the observed satellite peak in emission
therefore spin—rotation coupling cannot be invoked. Onwhich is separated from the ZPL by25 cm L. Using the
purely electrostatic grounds, to first order in perturbationsexperimentally determined oscillation frequencies,,
we cannot rationalize the prominence of the=3 compo- = 25cm* andw; = 15 cm %, the harmonic angular wave-
nent. It is necessary to invoke the external heavy atom effecfunctions were calculated and the Franck—Condon factors
i.e. exchange forces, as a means of transferring spin—orbitere computed as a function of separation between potential
coupling to the molecule from the host. The vibration spe-minima 6,. The observed intensity patterns of the observed
cific perturbations of the differenf) components in the splittings can be produced o8, — 62| = 17° and 26°, for
heavier van der Waals crystals, which have been described the Q=2 and Q=1 components, respectively. These stick
some detail, are further indication of strong perturbations irspectra are shown in Fig. 2. The harmonic nature of the
the nested manifold of electronic states which are abserdbserved progression suggests that indeed the effective mo-
both in the free molecule and in molecules isolated in D ment of inertia of the molecule in the solid is significantly
The same arguments needs to be invoked to explain thilarger than in the bare molecule, implying correlation be-
prominent ZPL's in the samples that were annealed after beween the motions of the immediate cage and the molecular
ing overcoated with Xe. oscillations. The assumption of effective moments of inertia

larger than those of the bare molecule in E.would sim-

ply lead to the prediction of smaller tilt angles between ex-
C. Librational dynamics: cited and ground states. Independent of the exact values used

in this model, a relative tilt of the molecular axis is required

_The splittings of the)=1 ZPLs, and the progression i, produce the observed intensity patterns in the progres-
built on the}=2 component, show the same spacings, andons. Sych a tilt could in principle result from a partial de-

would therefore appear to have the same origin. There are Boupling of the electronic angular momentum from the mo-

principle two possible sources of this structure: libration, orgqjjar axis, presumably, by coupling to the crystal field axis.
center of mass motiota local phonoh We favor the former.

Given the mass asymmetry between the cage atoms and the
impurity, center of mass motion would mainly involve the D v, CONCLUSIONS
molecules and would be expected to produce a variety of , .
frequencies associated with the normal modes that arise from 1h€ Q(A’-X) transition has been observed and ana-
the 12-fold coordination. As such, a single progressionlyZzed in solid D, yielding a detailed description of the struc-
would not be expected from such motions. ture and motions of the guest and its environment. Due to the
The earliest treatment of hindered rotations of a diatomi®'Pitally forbidden nature of this transition, and its enhanced
in a field of octahedral symmetry is due to Devonsfire. oscill_a_tor strength in van der Waals so_lids, the transition is a
Based on his tabulation, or the more extensive tabulations b§ensitive probe of local interactions. It is concluded that only
Saue@ it is possible to assign barrier heights to rotations ofolecules isolated in fcc sites, and aligned along the crystal
most diatomics substitutionally isolated in octahedral sites/ 111 direction, are being observed in solig DVhereby, the
The in the case of théA state, it is more appropriate to absence of the spectrum in solid I8 ascribed to trapping in
consider the hindered rotations in a symmetric top basis seflCP Sites there. The same rationale leads us to speculate that
However, in the case of free spinning around the moleculal? S@mples overcoated with Xe and subjected to thermal an-
axis (preserved\ and( in the present the treatment of the N€aling, Q isolated in fcc H is formed in pockets of the Xe
hindered rotations are nearly identical to that of thePverlayer. _ _ _ _
diatomic?® These models should be used with caution in the ~ 1h€ observed isolated monomers in soligldbe subject
case of a heavy impurity isolated in a light host, since cor{© & large rotational barrier, and undergo nearly harmonic
relations between molecular and cage motion are to be exscillations along with the immediate cage atoms. This is to
pected. Thus if we assume the librator to have the moment 1€ contrasted with recent studies in heavy rare gases in
inertia of bare @, B=0.75 cm* for v =7 in the3A state'® which free rotations of CN have been shotitin solids such

then the observed uniform spacings of 15 ¢n~20 B) in as Xe a substitutional cavity does not “collapse,” due .to _the
the progression built on th&@=2 component would imply _repuls_lons. betvyeen cage gtoms._ Thus a smgll substitutional
that the motion is already in the harmonic oscillation limit, ImPurity will be in a nearly isotropic, loose cavity, hence free
and a potential barrier to end-over-end rotation-¢60 B (€ rotate. In quantum solids, due to the large zero-point am-
(~40 cmiY) can be estimated. In the harmonic limit, analysisPlitudes, the cage atoms will collapse around the impurity to
of librations in rotational basis sets is unnatural. Instead, w&inimize the total energy. This leads to a picture of a tight

consider a one dimensional angular oscillator: 0,(0-Dy);, cluster isolated in the normalthost. The same
- picture is reached in studies in overcoated samples. After
_h* ‘9_¢’+ 1 K(6— 0,)2=E 4) heat-cycling these solids, isolated molecular spectra are ob-
21 96° 2 € 4 served, which although perturbed by the Xe film, are shown
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