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In this paper we present the results of an experimental study of the a-excited vacuum ultraviolet emission
spectra of xenon—argon, xenon—krypton, krypton—argon, xenon—~neon, krypton—neon, and argon—neon solid
alloys in the temperature range 640 °K. Three mechanisms for electronic energy transfer to single impurity
states and to impurity pairs were considered: (1) energy transfer from vibrationally relaxed homonuclear
diatomic molecule of the host to Xe/Ar and to Xe/Kr impurity states; (2) energy transfer from the host
vibrationally excited homonuclear diatomic molecule to Kr/Ar impurity states; and (3) energy transfer via
impurity ionization or the formation of metastable states in neon alloys. The single impurity emission bands
originating from the lowest Wannier states exhibit large red Stokes shifts reletive to the corresponding
absorption bands, being close to the corresponding gas-phase transitions, and thus manifest the effect of
medium relaxation around single impurity states. A similar effect is exhibited for diatomic molecules in pure
solids and for excited impurity pairs. Qualitative information has been obtained regarding efficient
nonradiative ralaxation processes between high Wannier impurity states. The emitting single impurity state
involves in most cases the lowest lying, optically allowed, excited state. We have observed multiple trapping
sites for the single impurity and for the impurity pairs in solid Ar and Kr but not in Ne. The population of
these trapping sites is determined by the deposition temperature. Finally, spectroscopic evidence is obtained

for the existence of heteronuclear rare-gas XeKr* and ArKr* diatomic molecules.

1. INTRODUCTION

The vacuum ultraviolet luminescence spectra of
pure solid Ar, Kr, and Xe exhibit the emission
from vibrationally relaxed, electronically excited
rare-gas diatomic molecules, which result from
an efficient exciton trapping process. L2 These
broad structureless emission bands are analogous
to emission of pure liquid Ne, Ar, Kr, and Xe and
to the second continuum of rare gases excited at
moderate pressures (> 100 torr) in the gas phase.?
Solid Ne is unique in this respect as it exhibits a
sharp emission band from the n=1 Wannier state
(or in the language of the tight binding scheme the
1:3p, - 15, transitions). **® The inhibition of the for-
mation of Ne} in solid Ne was attributed to ineffi-
cient vibrational relaxation for this diatomic mole-
cule,® Vacuum ultraviolet emission studies of
rare-gas alloys are of considerable interest and
some work on this problem has been reported by
Basov et al.? and very recently by Chesnovsky,
Raz, and Jortner’™® and by Belov, Fugol, and Sav-
chencko. }* Previous work from this laboratory™®
on Xe/Kr liquid and solid alloys in the temperature
range 120-80°K has established the occurrence of
extremely efficient electronic energy transfer from
the host matrix to impurity atoms (or molecules).
Thus reliable emission data for dense rare gas can
be obtained only from ultrapure samples (total im-
purity content <1 ppm).”? In this paper we present
the results of an experimental study of the vacuum
ultraviolet emission spectroscopy of rare-gas al-
loys in the temperature range 6-50°K. The goals
of the present work can be summarized as follows.

(a) To establish the nature of electronic energy
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transfer from homonuclear diatomic rare gas
molecules of the host matrix to rare-gas impuri-
ties in the solid alloys. At low impurity concen-
tration (<0.1%) energy transfer will occur to ex-
cited states of single impurities, * while at higher
(>0.1%) impurity concentrations, impurity pairs
and higher aggregates will be excited indirectly.
The major route for the host impurity electronic
energy transfer is expected to take place from di-
atomic excited host molecules to the guest impurity
states” via the Forster -Dexter mechanism, '*+!2
This molecule-impurity atom energy transfer is
deduced by long range dipole—dipole coupling, the
transition probability being determined by the tran-
sition moments of the donor and of the acceptor and
by the spectral overlap between the donor emission
and the acceptor absorption spectra. 13,14 However,
in cases where the spectral overlap is vanishingly
small, other energy transfer mechanisms have to
be considered.

(b) The excited states of a single isolated im-
purity in dilute rare-gas alloys are properly de-
scribed in terms of a Wannier series. *=!7 As the
conduction band in these solids is parabolic, the
impurity absorption spectra exhibit hydrogenic
series converging to the bottom of the conduction
band. It is interesting to obtain information on
which Wannier states are predominantly excited by
electronic energy transfer.

(c) The emitting impurity state is not necessar-
ily the Wannier level which was initially excited,
as lower lying Wannier impurity states may be
subsequently populated by nonradiative electronic
relaxation processes. Information regarding these
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processes in simple solids will be of interest.

(d) To obtain further experimental information
concerning exciton trapping and the nature of the
resulting diatomic rare-gas molecules in these
solids. While studies of pure gases® and condensed
phases™®"® have unambiguously established the
formation of homonuclear excited diatomic rare-
gas molecules, it is interesting to enquire whether
in certain dense systems heteronuclear excited
rare-gas diatomics are amenable to experimental
observation,

(e) When an excited single impurity center does
not form a heteronuclear diatomic molecule it will
be interesting to obtain information regarding the
Stokes shift between absorption and emission,
Such data will be useful in assessing the nature of
medium relaxation’ around the impurity state.

(f) Energy transfer to impurity pairs at moder-
ate impurity concentration may result in the for-
mation of homonuclear diatomic impurity mole-
cules. The observation of such impurity molecular
emission is important for understanding medium
induced vibrational relaxation of diatomic mole-
cules. This problem is also interesting with re-
spect to exciton trapping in the pure solids, in par-
ticular, for understanding the inhibition of the for-
mation of Nej in solid neon. ®

(g) Absorption spectroscopy of atomic and mo-
lecular impurity states in solid rare gases has es-
tablished that in these systems the preparation
method (in particular, the deposition temperature)
can result in different trapping sites. **!8'® Com-
plementary information concerning trapping sites
from impurity emission will be crucial for unam-
biguous assignment of the nature of the emitting
centers [see points (d), (e), and (f)].

II. EXPERIMENTAL PROCEDURES

The emission from solid rare-gas alloys bom-
barded with « particles was monitored by a 1 m
spectrograph (McPherson 225) equipped with a gold
coated grating (1200 lines per mm) blazed at 800
A. The spectral resolution in the range 600—-2000
A was 10 A, The light was detected by a sodium
salicylate coated Pyrex plate mounted in front of
a EMI 9514S photomultiplier, which was cooled to
220 °K.

The solid samples were prepared by injecting
the gaseous mixtures on the 0.5 mC Americium «
source which was mounted on a helium flow cryo-
stat and cooled down to 6-50°K, The temperature
could be continuously varied and kept constant
within £0.5°K. The gaseous mixtures were in-
jected through an injection nozzle on the cold
source., Throughout the injection process the noz-

zle temperature was kept at 300 °K by a thermo-
coax heater,

Matheson research grade rare gases were used
for the sample preparation. The total impurity
content of the Ar gas was less than 0.1 ppm. The
major impurity content of the Kr gas was 11 ppm
Xe. The Xe gas (total impurity content less than
20 ppm) was used mostly as a low concentration
(~1%) impurity in other rare gases.

The gaseous mixtures were prepared in a vacuum
system which was pumped to an initial pressure of
less than 107 torr. The gaseous mixture was then
injected on the cooled source, where the measured
pressure in the spectrograph chamber prior to the
injection was 2x 10" torr. Ne matrices were de-
posited and measured at 6£2°K, while Ar, Kr,
and Xe matrices were prepared and measured in
the temperature range 6-30°K, From optical ab-
sorption studies we have observed!? an appreciable
enrichment of the solid samples of (rare gas)/Ne
(deposited at 6 +2°K) relative to the gas phase
composition. The enrichment factor for the im-
purity was ~5-10, Xe/Ar and Kr/Ar matrices
(deposited at 20 °K) and Xe/Kr deposited at 35°K
exhibited an enrichment factor of ~ 2, while no en-
richment of the solid matrix relative to the gas
phase composition is expected for these matrices
when deposited at 6 °’K, The sample compositions
presented in the paper refer to the gas phase com-
position of the mixtures.

IIl. EXPERIMENTAL RESULTS

A. Emission from Pure Solids

Apart from the intrinsic interest in these spec-
tra, the emission of pure rare-gas solids provides
a crucial test for the samples and for the gas han-
dling procedure. In Figs, 1-3 we display the
emission spectra of pure solid Ar, Kr, and Xe, ob-
tained at different deposition temperatures, For
future discussion of energy transfer processes we
have also outlined in these figures the positions of
the maxima of the absorption bands of Wannier im-
purity states in each matrix.'®'® These emission
spectra exhibit the following features.

(a) A single broad emission band is observed in
each of the heavy rare gases in the spectral region
1000-2000 i’x, which is assigned to the molecular
transitions *3,~ '3, to the repulsive ground state.
We have not observed the broad emission bands
peaking at 2000 A and at 2300 A reported by Belov
et al.'? and attributed to ion-molecule emission.
Our measurements were performed at low excita-
tion doses, while Belov et al.'® might have ob-
served effects of radiation damage. It cannot be
ruled out that these bands reported by Belov et al.
originate from impurity emission.

Downloaded 19 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



EMISSION SPECTRA OF SOLID RARE-GAS ALLOYS 5473

| | | <:[ 1 1 |
1.0 o N\ —
i~ x Jd \\
-~— — Y o i o\ - -
5 - 1 b
1S —~
2 O . 8 — I~ < / ,l [y ® —
> ~ ~ a o \\ >
e - - - -~ |o 1’ x ° \ — FIG. 1. Emission spec-
° x x| . ) f;' | o 1 S tra of solid argon. The
,E. 0.6F ‘5 o] & < el (8 io— W = — films were deposited and
= e ~| @ 2 D © \‘ o _ measured at 20 and at 6 °K.
3 o a| * 1 o -~ \q - Absorption peak energies
=~ 04 = RN I S HgS SN — of krypton and xenon im-
= n T~ —~ el = \\Q purity states in solid argon
c ~ | o o ! ™ A -] are superimposed on the
2 -1 o/ Q emission spectra.
I3 0.2+ ~ 0 f o\ —
= - \
" " /P \g\
i <ol N, |
0 | B = | I ]

‘OIO5O oo n50 1200 1250 1300 1350 1400
[+
Wavelength (A)

(o) The present results for pure solid Ar (Fig. <40 °K do not contradict Basov’s original work. 2
1) concur with the original observation of Jortner
et al.,* of Packard et al., * and of Chesnovsky
et al.” However, it should be noted that the pres-
ent data are in variance with the recent observa-
tions of Belov et al., *® who besides the 1300 A band
have observed a broad emission peaking at 1600 A
in pure solid Ar. This emission, which was not
observed by us, might originate from impurities,
probably CO.

(e) The emission spectra of Xe¥, Kr}, and Ar}
in the solid are qualitatively very similar to the
second continuum of the rare gases in the gas
phase®® and to the emission in the corresponding
liquids.'™® The small medium effect on the posi-
tion and the line shape of the molecular emission
bands is somewhat surprising, as these 1'323,, ex-
cited states are practically Rydberg states.?® Ab-
sorption studies of extravalence atomic and molec-

(c) The emission spectrum of solid krypton
(Fig. 2)is characterized by a single band peaking
at 1480 A. The original observation of a shoulder
at ~1600 A in solid Kr'* and the recent observation?
of a shoulder at ~ 1520 A originate from Xe impuri- O kr at 6°K e -

ty in the samples.
0.9~ / \ .

I I I I

(d) The emission of pure solid Xe in the temper-
ature region 40-6 °K is characterized (Fig. 3) by
a single band peaking at 1720-1750 A. This emis-
sion band is similar to those originally reported by
Jortner et al.! and by Basov et al.? (at T =130-

5

s

> 0.6 o -
150°K). It should, however, be noted, that Basov a
et al.? have observed the buildup of another emis- 2o | —
sion band peaking at 1640 A which dominates the > x 9 °
emission spectrum of solid Xe at 65°K, A cursory 204 o 7]
examination of Basov’s results for 7 > 65 °K seems < -
to be incompatible with the present data for T ~ 03 ~ 7
<40°K. However, we have recently observed that 02k 3 y -
the temperature dependence of the emission spec- e / °
trum of solid Xe is rather complex: The 1720 A o I'° o \o —
band at 7>120°K disappsars with decreasing tem- ) / A | ) \0\0
perature while the 1640 A band appears in the 0.0350 " 1400 1450 1500 1550 1600
range 120-70°K, while in the range 70-50 °K the Wavelangth (A)
1640 A band weakens and the 1720 A band appears
again. This interesting problem will be discussed FIG. 2. Emission spectrum of solid krypton. Krypton
elsewhere. Thus, the present observations for T film was deposited and measured at 6+ 2°K.
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ular excitations in rare-gas solids have established
the crucial role of overlap-orthogonality correc-
tions which should result in an appreciable blue
shift in absorption (which, for the rare-gas di-
atomics, can be observed only to highly excited vi-
brational levels). The emitting molecular impurity
states are close to the emission bands in the gas
phase. This effect originates from medium dila-
tion around the localized extravalence molecular
excitation.” In the case of Ar¥, Kr}, and Xe} in
the corresponding solids the medium relaxation
results in practical cancellation of medium effects
on the emission spectra. Two medium effects
should be considered: (1) temperature dependence
of the band width which results from thermal ex-
citation of the intra molecular vibrations®; (2)a
small temperature effect on the position of the
maximum of the molecular emission.

(f) The position of the maxima of the emission
bands of Xe} (Fig. 3) and of Ary (Fig. 1) exhibit a
weak temperature dependence, shifting to higher
energies at lower temperatures. The total shift is
ARy =0.08 eV for Xez in annealed Xe deposited at
41 °K and scanned in the range 41-6 “K. This tem-
perature effect can result from different local
crystal configurations around the excited molecule
at different temperatures. Alternatively, the tem~
perature dependence of the lattice parameters may
affect the local crystal dilation surrounding the ex-
cited diatomic molecule. The second interpreta-
tion implies that the multidimensional medium-
molecule configuration potential curves exhibit a

, AND JORTNER

- weak temperature dependence.

(g) The linewidths of the emission bands of ArZ‘
and of Kr below 20 °K and of Xej below 40 °K are
temperature independent., We have previously es-
tablished® the temperature dependence of the spec-
tral distribution of these molecular emissions in
the gas phase and in liquids at 7~ 100°K, which
originates from the thermal population of the mo-
lecular vibrational levels. For our low tempera-
ture spectra kT < w, where Fiw is the molecular
vibrational frequency, and the linewidth should be
temperature independent. The low temperature
linewidths in the pure solids (Table I) are in good
agreement with the values interpolated from the
data of Chesnovsky et al.®

The emission spectrum of solid Ne (Fig. 4) ex-
hibits a well-defined band peaking at 742 A (16.70

eV) and a broad weak shoulder at 770 A (16,10 eV).
These results agree with the original observations

of Packard et al.* However, our data do not concur
with the recent work of Fogul et al.,® who have not
observed the weak shoulder at 770 A. The emis-
sion at 742 A is assigned to the decay of the n=1
Wannier state (or, alternatively, to the 'P;—15,
transition), The Stokes shift between absorption
and emission from the n=1 state is 0,9 eV (bring-
ing the emission band very close to the atomic 1P1
~15, transition). Again the large red Stokes shift
results from medium dilation. The broad shoulder
at 770 A is assigned to the radiative decay from
high vibrational levels of the Nej molecule. No
emission from the vibrationally relaxed Ne; mole-
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TABLE I. Energies and linewidths for the second con-
tinuum emission of pure solid rare gases.

System Peak energy (A) Linewidth (cm™)
43002
Solid Ar 1248 4570
Solid Kr 1484 3150%
25002
Solid Xé 1755 2550P

2This work at 6 °K.
PData of Ref. (8) extrapolated to T=0.

cule [which, in the gas phase, peaks at 880 A
{14.08 eV)]* was observed in the solid, The re-
tardation of vibrational relaxation of Ne} in solid
Ne has been previously discussed by us. ®

B. Xenon-Argon Alloys

The emission spectra of argon doped by xenon at
various concentrations and deposition temperatures
(Fig. 5 and Table II) exhibit the following features.

(a) The emission band at 1280 A observed at low
Xe concentrations is attributed to Ar} emission,
The intensity of this band reduces with increasing
Xe concentration, exhibiting the effect of electronic
energy transfer between the host and the impurity. #
Energy transfer via dipole-dipole coupling****? oc-
curs predominantly to the n=2 (2P;,,) and some-
what less effectively to the n=1 (%P;,;) and to the
n=1 (2P, ,,) impurity states, as is evident from the
spectral overlap between the donor (Ar}) emission

Intensity (Arbitrary Units)

| |
850 800 750 700

o
Wavelength {A)

FIG. 4. Emission spectrum of solid neon. The film
was deposited and measured at 6+ 2 °K,
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and the Xe impurity acceptor absorption bands (see
Fig. 1).

(b) The two emission bands peaked at 1475+10 A
and at 1420+ 10 A are assigned to a single Xe im-
purity. The 1475 A band has been previously ob-
served in Xe/Ar thick crystals at 80 °K grown from
the liquid.” This emission band, which is close to
the 3P, ~ 1S, transition in the gas phase, is attributed
to the emission from the n=1 (3P;,,) lowest Wannier
state, where the medium has relaxed, resulting in
the formation of a microscopic cavity surrounding
the excited impurity center.” The relative intensi-
ties of the 1475 A and the 1420 A emission are sen-
sitive to the deposition temperature (see Fig. 5).
The most evident assignment of the 1420 A band is
that it involves a different single Xe impurity trap-
ping site, where medium relaxation around the ex-
cited state is not efficient, so that the Xe emitting
state is subjected to some overlap-orthogonality
corrections, whereupon it is blue shifted relative
to the atomic transition., Two alternative interpre-
tations of the 1420 A emission are rejected. First,

T T T T

T T
Xe/Ar
0.0l %6 at 20°K

0.1 ®/6 at 6°K

A N AN
0.4 °/0 at 20°K

1.0 % at 6°K

1.0 % at 20°K
w4 .

i i
1700 1500 °I300
Wavelength (A)

1900

FIG. 5. Emission spectra of xenon doped argon solid
mixtures. The concentrations outlined are the gas phase
compositions. The mixtures were deposited and mea-

sured at 6+ 2 and 20 °K.
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we do not assign this band to a XeAr”® heteronuclear
molecule because this emission was not observed
in Xe/Ar gaseous mixture® and because under low
temperature (6 °K) deposition conditions this band
is weak. Second, we do not attribute this emission
to excitonic diatomic impurity molecules (i.e., ex-
cited two Xe atoms separated by an Ar atom) since
the 1420 A emission is exhibited at low 0.01% im-
purity concentration. Qur assignment of the 1420
and 1475 A emission bands to different trapping
sites of a single impurity is consistent with previ-
ous experience on absorption spectra of impurities
in rare-gas solids. !*!® Such evidence from emis-
sion spectroscopy in these systems was not yet re-
ported. It should be, however, noted that the spec-
tral shift between the two emission bands of Xe im-
purity observed herein is 0. 33 eV, which is con-
siderably larger than the difference between ab-
sorption bands attributed to different sites (~0. 02
eV for benzene in rare gases18 or ~0.1 eV for the
“A pand” of rare gases),!® The large energy spac-
ing between the two emission bands is consistent
with the large Stokes shift between absorption and
emission of the large radius Xe impurity state,
whereupon small changes in the medium configura-
tion surrounding the excited impurity state can go
a long way in energetic modification of the impurity
energy levels., Finally, we would like to point out
that we were unable to observe the sharp band
peaking at 1498 A reported by Belov ef al.'® in Xe/
Ar mixtures which should be observable under our
conditions of spectral resolution.

(c) The two broad bands at 1720 and at 1640 A
observed at relatively high Xe concentration (see
Fig. 5) are assigned to emissions from the Xe} di-
atomic impurity molecule resulting from energy
transfer to Xe pairs or aggregates. The relative
intensities of these two bands are again sensitive
to the deposition temperature. At low (6 °K) de-
position temperature the 1720 A band is intense,
while at higher (20 °K) temperature the 1640 A band
dominates. This pattern is similar to that ob-
served for the 1475 and the 1420 A single impurity
states. The 1720 A band is assigned to the emis-
sion from the vibrationally relaxed Xe} (*'!=,)
molecule where the surrounding medium has re-
laxed, so that the medium perturbations on its en-
ergy levels are small, as is the case in pure solid
Xe at low temperatures (see Sec. II). Several pos-
sible assignments for the 1640 A band should be
considered.

(1) Emission from ArXe* heteronuclear diatom-
ic molecule. This possibility is rejected as no
analog emission is observed for Xe impurity in
gaseous and liquid Ar.™® Furthermore, the for-
mation of such a molecule is expected to occur also
at low Xe concentrations while our data indicate

SOLID RARE-GAS ALLOYS 5477
that for 0.01% and 0. 1% (at 6 °K) Xe the emission
in the 1600~-1700 A region is negligible.

(2) Competing emissions from Xez(12u) and
Xe,(z,) that occur at different energies (1640 and
1720 A, respectively) and whose ratio is tempera-
ture dependent as suggested by Martin.® We do
not accept this interpretation since the low temper -
ature emission spectra reported herein are sensi-
tive to the deposition temperature.

(3) A different trapping site results in retarda-
tion of vibrational relaxation of Xej and the 1640
A emission results from vibrationally excited im-
purity molecule. Although we cannot entirely ex-
clude this possibility, we are inclined not to accept
it since the vibrational frequency of Xe,(¥32,) is
low (~140 cm™).® Thus vibrational relaxation ef-
fects should be efficient, as is evident from the
emission of pure solid Xe at low temperatures (see
Sec. II).

(4) The 1640 A emission originates from the vi-
brationally relaxed Xe, molecule located at a trap-
ping site where the surrounding medium is not
completely relaxed, whereupon the effects of non-
orthogonality overlap corrections result in a blue
shift relative to the “normal” 1720 A molecular
emission. This interpretation is consistent with
the parallelism between the intensity of the 1640 A
molecular emission and the 1420 A single impurity
emission. We propose this interpretation, which
provides the first example for large medium effect
on the emission of rare-gas homonuclear molecule,

To conclude the discussion we have outlined in
Fig. 6 the routes of electronic energy transfer,
energy conversion, and radiative decay in the Xe/
Ar solids. The experimental data are adequately
interpreted on the basis of the following arguments:
(a) efficient molecule-impurity energy transier; (b)
efficient nonradiative decay processes to the low-
est optically allowed excited impurity state n=1
(3P;,3) (or 3P;); (c) molecular formation at higher
impurity concentration via a mechanism similar to
that proposed for the gas phase; (d) the existence
of two trapping sites for the single impurity and
for the impurity pairs, where contributions are de-
termined by the conditions of sample preparation,

C. Xenon-Krypton Alloys

The emission spectra of Xe/Kr solid mixtures
(Fig. 7 and Table II) exhibit the following charac-
teristics,

(a) A broad band peaked at 1450+ 10 A consists
of a superposition of two emissions: (1) the Kr}
normal luminescence as exhibited by pure Kr and
(2) the luminescence from the Xe n=1 (2P,,,) (or
3p,) single impurity state. At 1% Xe the 1450 A is
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FIG. 6. A diagramatic scheme for the routes of electronic energy transfer, energy conversion, and radiative decay

in the Xe/Ar solid mixtures.

appreciably narrower and shifted to higher energy
as compared with the Kr§ emission (see Fig. 8),
supporting its assignment as originating from the
single impurity state,

(b) A broad emission band at 1570 A. This band
was previously reported by Basov et al.? in solid
Xe/Kr, by Cheshnovsky et al.” in liquid and solid
Xe/Kr alloys, and by Belov et al. in solid Xe/Kr.!°
Furthermore, an analogous emission band peaked
at 1530 A is observed in the luminescence of gas-
eous Xe/Kr mixtures.'® This band is assigned to

emission from the heteronuclear XeKr* diatomic
molecule on the basis of the following arguments:

(1) An analogous emission is observed in liquids

Xe/Kr
0.1°. at 6°K

I LA Aunnid
1 % at 35°K
| /% at 6°K
| L I S | L ||
1800 1600 1400 1200

Wovelength(.&)

FIG. 7. Emission spectra of xenon doped krypton solid

mixtures. The concentrations are the gaseous phase
composition. Films were deposited and measured at 35
and 6+2°K.

and gaseous mixtures®'® and (2) this emission is

exhibited at low 0.1% Xe concentrations, where im
purity aggregation effects are negligible.

(c) The bands peaking at 1620 and at 1720 A are
assigned to emission from Xe}. These emission
bands are observed at relatively high ~1% Xe con-
centration and the high energy (1640 A) band is fa-
vored at lower deposition temperatures, This be-
havior is analogous to that observed for the 1640
and 1720 A bands in Xe/Ar mixtures (see Sec,
OIB). We again assign the 1720 emission to the
“normal” Xe} emission where the medium sur-
rounding the impurity molecule is relaxed. The
1620 A band is assigned to Xe} located at another

T I
1.0 /;_— -
0.9 : ._1
@ 0.8 _
c
2 o7} -
>
- x
o o
- L o -
s os >
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I o o -
z Ny \
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FIG. 8. Comparison between the 1450 A emission of
Xe/Kr and the emission from pure Kr.
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FIG. 9. Emission spectra of krypton doped argon solid
mixtures. The concentrations are the gaseous phase
composition. Films were deposited and measured at
20 and 6 +2°K.

trapping site where large medium relaxation is not
energetically feasible.

Energy transfer in the Xe/Kr system occurs
from the host diatomic molecule to the impurity »
=1 (3p,,,) state. However, in view of the poor
overlap between the host emission and the impurity
absorption bands (see Fig. 2) the efficiency of the
electronic transfer process is expected to be lower
than in the Xe/Ar system. An alternative ineff-
cient pathway of electronic energy transfer may
involve highly vibrationally excited levels of the
host Kr} molecule, where energy transfer com-
petes with vibrational relaxation,

D. Krypton—Argon Alloys

The emission spectra of Kr/Ar mixtures (Fig. 9
and Table II) exhibit the following characteristics.

(a) An emission band at 1280 A is assigned to
the host Ar}y emission.

(b) The emission band at 1135 A is assigned to
the decay of the n=1 (%P,,,) impurity state. This
is the prominent impurity emission in the system.
At low deposition temperatures a weak band at
1200 A is observed which is assigned to a second
trapping site of the single impurity. Surprisingly
enough, the 1135 A band is considerably blue
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shifted relative to the free atomic emission (1240
A), so that medium relaxation is more efficient
around the impurity site that gives rise to the 1200
A emission.

(c) The broad emission at ~1450 A is assigned
to the “normal” Kr} emission from vibrationally
relaxed molecules in a medium relaxed site.

(d) The emission band at 1330 A observed at
high (1%) impurity concentration cannot be unam-
biguously assigned, and two possibilities should be
considered: (1) This band originates from a second
trapping site for the Kr} impurity molecule, which
is blue shifted relative to the “normal” 1450 A
emission, (2) this emission is due to the ArKr*
heteronuclear molecule, as also proposed by Belov
et al.’® We prefer the second interpretation be-
cause an analogous emission peaking at 1350 A has
been observed by us for Kr/Ar gaseous mixtures.

As is evident from Fig. 1 there is no overlap be-
tween the host Ar; emission band and the absorp-
tion bands of the Kr guest impurity states. Thus
electronic energy transfer does not occur from the
vibrationally relaxed host diatomic molecule. In
this case energy transfer can take place from the
lower host exciton states and from the vibrationally
excited levels of Arj, whereupon electronic energy
transfer competes with intramolecular vibrational
relaxation of Ar;, making the former process rel-
atively inefficient.

E. Solid Neon Alloys

The emission spectra of Xe/Ne, Kr/Ne, and Ar/
Ne (Figs. 10-12) reveal the following emissions.

(a) The Ne host emission from the n=1 exciton
level (or 'P;~ 'S, transition) at 743 A.

{b) The guest emission from single impurity
states are located at 1070 A for Ar, 1240 A for Kr,
and at 1270 A and 1465 A for Xe. The Ar and Kr

I e e e e S B e I R S s B A B

0.01 % at 6°K

J/\\W 0.1°6 at 6°K

I
I500

|700 1300 IIOO 900 700
Wavelength (A)
FIG. 10. Emission spectra of xenon doped neon solid
mixtures. The films were deposited and measured at
6+2°K,
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FIG. 11. Emission spectra of krypton doped neon
solid mixtures. The films were deposited and measured
at 6+2°K.

bands are very closetothe 3P, —~ 180 free atom emis-
sions. The two Xe bands again practically coincide
with the 'P; - S, and with the *P, - S, atomic gas
phase transitions. The single atomic impurity
emissions exhibit large red Stokes shifts relative
to the corresponding impurity absorption bands,
revealing again the effects of medium dilation
around the excited center. The single band ob-
served in each of the Ar and Kr alloys is assigned
to decay from the n=1 (2P,,,) [or the (}P,) atomic
state], while the two bands in the Xe alloys are as-
signed to emission from the n=1 (2P;,,) and n=1
(3Py;), or alternatively from the *P, and P,
states.

(c) At high (1%) impurity concentration, impuri-
ty molecular bands are observed at 1725 A for
Xe¥, 1480 A for Krf, and 1280 A for Xe}. These
“normal” molecular emissions exhibit again the ef -
fects of efficient medium relaxation around the ex-
cited diatomic molecule.

From the experimental point of view it is impor-
tant to notice that in solid Ne we have not observed
the occurrence of different trapping sites for the
atomic and the molecular impurity states. This
observation concurs with previous absorption
studies which have established that solid Ne is a
“soft” or “self-annealing” matrix, in view of its
low melting point. %

Host-guest electronic energy transfer in solid
Ne is drastically different from that encountered in
the other rare-gas alloys. In this system the en-
ergy of the n=1 matrix state is considerably higher
than the onset of the transition from the impurity
to the conduction band. The impurity band gap E,,
i.e., the ionization potential of an impurity in the

AND JORTNER

solid matrix, is given by'® E,=1,+P,+ V,, where I,
is the gas phase ionization potential of the impuri-
ty, P, corresponds to the medium polarization en-
ergy by the positive hole, and V, represents the en-
ergy of the bottom of the matrix conduction band
(relative to the vacuum level). For solid Ne, v,
=+0.5 eV, ® so that P, +Vy=~0and E,~I.The gas
phase ionization potentials® of Ar, Kr, and Xe are
lower than the n=1 state of solid Ne. 24,21 This
electronic energy transfer from the matrix can oc-
cur by two mechanisms: (1) ionization of the im-
purity to the conduction band followed by electron
hole recombination to electronically excited impu-
rity states and (2) excitation of metastable impurity
states above the onset of the conduction band.
These metastable excited states can decay by auto-
ionization to the conduction band, followed by the
route outlined in (1), or alternatively, decay non-
radiatively to lower band excited states. The
branching ratiobetween nonradiative decay of meta-
stable states and autoionization together with di-
rect ionization can be monitored from photocon-
ductivity studies.

Finally we have to point out that in high concen-
tration (1%) Xe/Ne mixtures, the effects of direct
excitation of the Xe impurity are important because
of the high ratio of the nuclear charges. This may
be the reason for the appearance of the 1470 A
emission in Xe/Ne at 1% Xe.

Coame |
6°K”\
|

"

0.01% at

0.10 °/o at 6°K

1.0 % at 6°K

JE IR |

900

L 1 i 1 1 1
1300 oo 700

Woaveiength (5_)

FIG. 12. Emission spectra of argon doped neon solid
mixtures. The films were deposited and measured at
6+2°K,
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F. Efficiency of Electronic Energy Transfer

In the Xe/Ar and Xe/Kr systems electronic en-
ergy transfer occurs from vibrationally relaxed
donor diatomic molecule (Arf or Kr}) to the im-
purity Wannier states. On the other hand, in the
Kr/Ar system electronic energy transfer will oc-
cur from the host low exciton state and from vibra-
tionally unrelaxed Ary molecule. We thus expect
the efficiency of energy transfer in the Kr/Ar sys-
tem to be low in view of competition between ener-
gy transfer and vibrational relaxation of the above
molecule. To provide a semiquantitative basis for
this argument we shall utilize the Forster -Dexter
energy transfer theory via dipole -dipole cou-
pling. 112 mhe quantum yield for the donor emis-
sion 7 in the presence of concentration C of the ac-
ceptor is given by®

n/ne=1 - 7Vq exp(g®)[1 —erf(q)], (1)

where 77=7, at C=0, while g=% v7 C/C,, in which
the reduced concentration

Co=3/41R? @)

is expressed in terms of the critical transfer ra-
dius where the probability of the radiative decay of
the acceptor is equal to the energy transier proba-
bility. Invoking second order perturbation theory
we have!!

R,=(CuiF/8n)e, 3)

where ) is the (mean) wavelength for the acceptor
emission, p, the transition moment for the accep-
tor absorption, while F represents the spectral
overlap

F= [fas(E)foo(E)E )

between the (normalized) acceptor absorption f,,(E)
and the donor emission fp (E) line shapes. It
should be noted that R, exhibits a weak dependence
on F,

From the experimental data for Xe/Ar and Kr/Ar
mixtures deposited at 6 °K (where sample enrich-
ment effects are small), we have calculated the
ratios 1,/I, between the total emission intensity of
the acceptor (which for 0.1%-0.01% Xe/Ar corre-
sponds to the sum of the 1430 and 1470 A bands,
while for 0.1% Kr/Ar it is given by the 1130 A
band) and the emission intensity of the donor (the
1280 A band for Xe/Ar and for Kr/Ar). This in-
tensity ratio corresponds to I,/Ip= (o -n)/m. The
resulting R, values (Table III) demonstrate the rel-
ative efficiency of the energy transfer process in
the Xe/Ar system where the spectral overlap func-
tion [Eq. (4)] is expected to exceed [see Eq. (3)] F
for the Kr/Ar system by about a numerical factor
of 36. Thus the efficiency of energy transfer,
which is determined by R? [see Egs. (1) and (2)] is
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smaller for energy transfer competing with vibra-
tional relaxation by about two orders of magnitude.

IV. CONCLUDING REMARKS

In his basic theoretical study of the electronic
states of homonuclear rare-gas molecules, Mulli-
ken® has stated that “correlations of the condensed
phase spectra with the gas spectra are not easy.”
On the basis of the experimental data presented here-
in we are inclined to agree that the emission spec-
tra of dense rare gases are rather complicated.
We hope, however, that our experimental results
elucidate several important radiative and nonradi-
ative decay channels of single impurity Wannier
states and of excited impurity pairs in deep gas in-
sulations. Our main conclusions can be summa-
rized as follows.

A. Electronic Energy Transfer Mechanisms

Three mechanisms for host-impurity electronic
energy transfer were considered: (1) Energy
transfer from the vibrationally relaxed and medium
relaxed host diatomic molecule to impurity states
(Xe/Ar, Xe/Kr). This mechanism was previously
considered for analogous processes in the gas
phase. 1 The only change introduced by the medium
is the modification of the spectral overlap function
[Eq. (4)]. (2) Energy transfer from vibrationally
excited diatomic molecule to impurity states (Kr/
Ar). (3) Energy transfer via impurity ionization
or formation of metastable excitations (Ne alloys).
The impurity ionization process to the conduction
band bears a close analogy to Penning ionization in
the gas phase, and is similar to the ionization of F
centers by excitons in alkali halides.

B. Emission from the #»=1 Impurity Wannier State

The emission from the lowest Wannier state was
observed for Xe/Ar, Xe/Kr, Kr/Ar, Ar/Ne, and
Kr/Ne solids while emission from two spin orbit
split »=1 Wannier states was detected from the Xe/
Ne alloys. These single impurity emission bands
exhibit large red Stokes shifts and are close to the
corresponding atomic transitions (see Table IV).
Thus the effect of medium relaxation around single
impurity states and diatomic impurity molecules
is of great generality in these systems.

TABLE HI. Critical radii for electronic energy trans-
fer in rare-gas alloys.

I acceptor
System 1 donor Rq (&)
0.01% Xe/Ar 0, 10 18
0, 1% Kr/Ar 0, 05 6.0
1% Kr/Ar 0, 84 7.5
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TABLE IV. Comparison between the emission of solid rare gases and of rare-gas alloys and the

absorption of impurities states.

Emission peak in

Absorption peak of

Emission of the atom or mole-

System the solid (eV) impurity® in (eV) cule in the gaseous phase (eV) Assignment®
Xe/Ar 8.40 9.22 8.43 Xe n=1(Py )
Xe/Kr 8.49 9.01 8.43 Xe n=1(Py ;)
Kr/Ar 10.33 10.79 10.03 Kr n=1(py;,)
Xe/Ne 9.76 11.28 9.56 Xe n=1(py 5)
Xe/Ne 8.48 9,08 8.43 Xe n=1(P5 ;)
Kr/Ne 10. 00 10,62 10.03 Kr 2=1(py,,)
Ar/Ne 11.58 12.50 11.61 Ar n=1(Py,)
Xe}/Xe 7.06 ees 7.20 Xes(13z,)
Xes /Kr 7.20 ves 7.20 Xes (1%5,)
Xes/Ar 7.18 oes 7.20 Xes(t?x,)

Xej /Ne 7.18 ces 7.20 Xe; (1%3,)
Kry/Kr 8.35 ces 8,35 Krj (17z,)

Kr, /AT 8. 55 ces 8.35 Kry(17z,)
Kr}/Ne 8.37 .. 8.35 Kr, (Pz,)
Ar}/Ar 9.65 oo 9.65 Ar; (g
Ary/Ne 9.68 ‘e 9.65 Arf(?z,)

®Reference (15).

C. Nonradiative Transitions

In five out of the six alloys studied herein the
emitting single impurity state involves the lowest
(optically allowed) Wannier state, The population
of these impurity states via electronic energy
transfer does not result in exclusive population of
this level (see Sec. IIIB). Thus nonradiative decay
processes between high Wannier states are effi-
cient on the time scale of their radiative decay.
The only exception involves the Xe/Ne system
where emission from the n=1 (3P,,,), i.e., ‘P
state was observed. It will be interesting to invoke
the theory of multiphonon relaxation processes?®
for a deeper theoretical understanding of these
nonradiative transitions.

D. Multiple Trapping Sites

We have established the occurrence of multiple
trapping sites for the single impurity and for the
impurity pairs in solid Ar and in solid Kr, but not
in solid Ne. One trapping site enables efficient
medium relaxation around the impurity. The sec-
ond site prohibits complete medium relaxation re-
sulting in a blue shift of the emission band relative
fo the “normal” emission. The experimental evi-
dence for multiple trapping sites, based on sensi-
tivity to the deposition temperature, is quite
strong.

PAll emission refer to medium relaxed trapping site.

On the basis of the present and previous™® re-
sults we assert that the normal emissions which
are close to the gas phase energy of the single im-
purity and of the impurity homonuclear molecule
are well exhibited by three types of dense systems:
(1) Inthe liquid mixtures. (2) In solid alloys
grown from the melt and in solid Ne, when studied
just below their melting temperature., It is known
that under these conditions metastable crystalline
structures and mixtures of metastable and stable
structures (which are also very sensitive to small
impurity content) are exhibited by the rare gases.®
(3) In solid samples deposited at low (6 °K) tem-
peratures, Under these conditions polycrystalline
samples are produced. Thus our experimental re-
sults demonstrate that efficient medium relaxation
occurs in trapping sites produced in “disordered
type” dense phases in solid Ne, Ar, and Kr.

0

E. Heteronuclear Diatomic Rare-Gas Molecules

Spectroscopic evidence has been obtained fer the
existence of the KrXe* and possibly ArKr* hetero-
nuclear rare-gas diatomics. In view of the pitfalls
involved in the identification of molecular emission
from multiple trapping sites, our evidence for
these species mainly rests on the observation of
analogous emission bands in the gas phase or in
liquid alloys.
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