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In this paper we present the results of an experimental study of electronic energy transfer in
xenon-krypton liquid and solid alloys. The a-induced luminescence of these dense systems consists of three
emission bands which are assigned to the host Kr*, molecule, the guest XeKr* heteronuclear molecules, and
the Xe,* homonuclear molecule. Electronic energy transfer occurs via dipole—dipole coupling between Kr,*
and Xe single impurity states in the liquid and in the solid as well as to impurity aggregates in the solid.
The critical radii for energy transfer were evaluated as R, = 25 A in the solid at 110 °K and estimated to
be R, ~24 A in the liquid at 120 °K, while the second order perturbation theory results in the values
R,=15 A for the solid and R s =21 A for the liquid. A dramatic decrease of the efficiency and energy
transfer with decreasing temperature was observed, which is consistent with the proposed energy transfer
mechanism. Some information regarding diffusion controlled reactions in liquid rare gases is reported.

1. INTRODUCTION

Efficient exciton trapping processes in pure solid
and liquid Ar, Kr, and Xe result in the formation
of homonuclear rare gas diatomic molecules!=?
whose emission spectra are practically identical
with the second continuum of rare gases excited at
moderate (p >100 torr) pressures in the gas phase. 4
Spectroscopic studies of the emission spectra of
solid and liquid rare gas alloys are of interest be-
cause of several reasons: (a) the investigation of
the emission spectra of deep impurity states in
dense rare gases is of interest for the understand-
ing of nonradiative transitions between highly ex-
cited Wannier states and the nature of medium re-
laxation around deep impurity states in filled-
shell insulators, (b) These studies may provide
information regarding the formation of new hetero-
nuclear diatomic excited rare gas molecules. (c)
The formation of excited impurity diatomic mole-
cules and their subsequent radiative decay provides
information concerning medium induced intramol-
ecular vibrational relaxation in solid and liquid
rare gases. (d) The understanding of electronic
energy transfer mechanisms from a host diatomic
excited molecule to impurity states is of‘ interst.

The emission spectra of rare gas alloys were
studied by Basov et al.® for solid Xe/Kr, by Belov
et al.’ for solid Xe/Ar, Xe/Kr, and Kr/Ar, and
by the present authors® for solid and liquid Xe/Ar
mixtures. The interpretation of the emission data
of Basov ef al.® and of Belov et al.® are fraught
with difficulties as ultrapure samples (impurity
content less than 1ppm) have to be employed in such
studies.® We have recently reported® the observa-
tion of the emission from the lowest excited im-
purity state of Xe in solid and liquid argon. These
studies provided spectroscopic evidence regarding
medium relaxation resulting in a cavity formation
surrounding the single impurity center, thus
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elucidating point (a). Concerning point (b), Basov
et al.,? the present authors, ® and Belov et al.’
have assigned some broad emission bands of solid
Xe/Kr 5% and Kr/Ar ® to emission from hetero-
nuclear diatomic rare gas molecules. Such an as-
signment is dangerous in view of the occurrence
of multiple trapping sites for single and double
impurity centers in solid rare gas alloys, " so that
these emissions may originate from a homonuclear
impurity molecule perturbed by the medium, An
unambiguous identification of a heteronuclear rare
gas diatomic molecule requires the observation of
an analogous emission in the gas phase and in the
liquid alloy. Regarding point (¢), Gedanken et al.®
have recently studied the emission spectra of
homonuclear rare gas impurity molecules in solid
rare gases, elucidating the nature of the retarda-
tion of the formation of Ne¥ in solid Ne. Finally,
no quantitative information is yet available on the
nature of electronic energy transfer in solid or
liquid rare gases [point (d)]. The mechanisms of
electronic energy transfer in gaseous rare gas
mixtures were recently investigated in this labor-
atory, ® and the extension of the studies to dense
phases will be of interest. In this note we present
the results of experimental study of electronic
energy transfer in liquid and solid xenon—krypton
alloys, '

. EXPERIMENTAL PROCEDURES

The emission from solid and liquid alloys of
rare gases bombarded with « particles was moni-
tored by a 0.3 m crossed Czerny Turner spectro-
graph (McPherson 218). The light was detected
using a converter consisting of a sodium salicylate
coated Pyrex plate, mounted in front of a EMI
95148 photomultiplier cooled to 220 °K, Spectral
emission data were obtained in the range 1100 to
3000 &. Slitwidths between 0. 5 and 2. 0 mm were
used resulting in resolution of 6.5-26 A.

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



SPECTRA OF XENON IN KRYPTON

The optical cell'® was characterized by a 1 cm
path length, The 0.5 mC Americium « source re-
placed the back window of the cell, while the front
window consisted of a LiF disk 2 mm thick. The
cell was mounted on a variable temperature cryo-
stat (Ricor Ein—Harod). The temperature could
be varied in the range 80-300 °K and controlled
within £ 0, 5 °K. The temperature region 80-40 °K
was studied by attaching the cell to a cryotip
(Air Products).

Matheson research grade rare gases were used,
The major impurity content of the Kr gas consisted
of 11 ppm Xe, 2 ppm N, and 1 ppm O,. Rare gas
Xe/Kr mixtures (Xe impurity doping level 5-25 000
ppm) were prepared in a bakeable metal vacuum
system connected to the optical cell, where an ini-
tial pressure of 10”7 torr was achieved prior to
the introduction of the gas mixtures. The gaseous
mixtures were then liquified in the cell at a pres-
sure of 1000 torr. Doped solid rare gases were
prepared by a moderately slow cooling (0.5 °K/

min) of the liquid under pressure of 1000 torr. This

procedure resulted in optically transparent 1 cm
thick solid Kr doped with Xe, which was perfectly
suitable for emission studies. The Xe impurity
content in the liquid and solid samples prepared by
these procedures was assumed to be equal to that
of the composition of the gaseous sample, Optical
absorption studies of Xe/Kr 1 e¢m thick liquid and
solid matrices (Xe doping level 1-10 ppm) indicates
that the Xe enrichment factor of the samples pre-
pared by this method is negligibly small.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Spectroscopic Assignments

The emission spectra of solid krypton doped with
xenon [Xe/Kr(s)] and of liquid krypton doped with
xenon [Xe/Kr(l)] displayed in Figs. 1 and 2 exhibit
the following emission bands: (a) A broad emis-
sion band peaking at 1480 A dominates the spectra
of solid and liquid krypton alloys at low (< 100 ppm)
xenon concentrations, and decreases with increas-
ing xenon concentrations (see Fig. 3). This peak,
which is also exhibited by the gaseous liquid and
solid Kr, is assigned to the host Kr§ °z, ~ '3,
emission. ' (b) Liquid Xe-Kr alloys at [Xe] 2 50
ppm exhibit a broad emission band at 1720 A, which
coincides with the emission of pure gaseous Xe
(at p>100 torr) and of liquid Xe. This band is
assigned to the Xeg impurity **z,~ ', emission.
The formation of Xef requires molecular diffusion
and it is thus not surprising that this 1720 A band
is absent in the Xe/Kr(s) alloy up to [Xe]= 2000
ppm. For higher (>2000 ppm) Xe concentrations,
the 1720 A emission is exhibited in the solid alloy
due to electronic energy transfer to impurity pairs,
resulting in Xef formation in the solid. (c) A band
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FIG. 1. Emission spectra of solid krypton doped with
xenon at various concentrations (7'=110°K),

peaked at 1580 A appears both in Xe/Kr(s) and
Xe/Kr(l). Inthe liquid mixture this band already
appears at low Xe concentrations (> 10 ppm), and
its relative intensity reaches a2 maximum at ~ 100
ppm Xe and starts decreasing (in favor of the Xe}
1720 A band) at higher Xe concentrations (see Fig.
3). This emission band is assigned to the hetero-
nuclear diatomic KrXe* molecule on the basis of
the following arguments: (1) This band appears at
relatively low Xe concentrations and thus contains
one Xe atom. (2) This band appears both in the
liquid and in the solid. (3) An analogous molecular
band peaking at 1530 A was observed in the Xe/Kr
gaseous mixtures, ®

Several alternative interpretations were consid-
ered and rejected: (1) We do not assign this band
to the first continuum of vibrationally unrelaxed
Xef because of two reasons. First, this band is
observed in the solid at low Xe concentration where
impurity aggregation effects are negligible. Sec-
ond, we expect that vibrational relaxation of the
Xe¥ molecule, which is characterized by a low
vibrational frequency (140 cm-Y),  will be efficient
in dense phases, whereupon emission will not oc-
cur from the vibrationally hot molecule., (2) We
do not assign this emission to originate from a
trapping site in the solid where the medium pertur-
bations exert a large blue shift on the Xef “nor-
mal” 1720 A emission,* ' as an analogous emis-
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FIG. 2. Emission spectra of liquid krypton doped with
xenon at various concentrations (T'=120°K).
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sion band is observed in the liquid, (3) We are re-
luctant to assign this emission to an ionic excited
molecule KrXe* as electron—ion recombination
processes are expected to be very efficient in view
of the high (~2000 cm? volt !« sec™!) electron mo-
bility in these systems, !® and as no evidence was
obtained for ionic mechanisms in the formation of
the homonuclear diatomic excited rare gases.

B. Energy Transfer Routes

The energy transfer and energy conversion pro-
cesses in dense Xe/Kr matrices which result in
the impurity molecular emissions can be described
as follows: (1) Energy transfer from Krf (%,
or 3Zu) to the Xe impurity states via a long range
energy transfer mechanism. This molecule—im-
purity atom energy transfer is induced by long
range dipole—dipole coupling, the transition prob-
ability being determined by the transition moments
of the donor and of the acceptor and by the spectral
overlap between the donor emission and the accep-
tor absorption spectra.® Both for Xe/Kr(s) and
for Xe/Kr(l) (see Fig. 4) spectral overlap deter-
mines the energy transfer route from Kr¥ to the
dipole allowed Xe =1 (Py, ,) state. (2) The im-
purity Xe =1 (2P3/ 2) state which corresponds to the
3P1 atomic configuration can be quenched nonradi-
atively to the metastable Xe (*P,) state, which is
dipole forbidden to the ground state. (3) The heter-
onuclear XeKr* excited molecule can be formed
from Xe(*P,) + Kr(!Sy) or from Xe(*P,)+ Kr(1s,).
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FIG. 3. Normalized emissions from xenon impurities vs xenon concentration in xenon-doped liquid krypton at 120 °K,
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(4) In liquid krypton, xenon diffusion results in the
interconversion of the heteronuclear molecule to
the homonuclear impurity molecule XeKr* +Xe(!S,)
- Xep("*z,) +Kr('Sy). (5) At high Xe concentration
in the solid Kr electronic energy transfer from
Kr¥ to Xe aggregates (whose absorption spectrum
is only slightly ~500 cm™! red shifted relative to
the single impurity Xe absorption)!? leads to the
formation of Xef(’z,).

The efficiency of molecule-atomic impurity elec-
tronic energy transfer process is determined in
terms of the critical transfer radius R, 18 where
the probability of the radiative decay of the Kr#
acceptor is equal to the energy transfer probability.
Second order perturbation theory results in the
following expression'®:

R, = (\pidF/8n2)V 8, (1)

where X is the (mean) wavelength for the donor

emission, u, is the transition moment for the ac-
ceptor absorption, while F corresponds to the spec-
tral overlap function

F= fo” FaalE) f(E) dE, (2)

where f,,(E) and £, (E) represent the normalized
acceptor (Xe) absorption and the donor (Kr#) emis-
sion line shapes, respectively, The transfer
radius is essentially determined by the spectral
overlap function,

We can now perform a theoretical estimate of
R,, utilizing our Kr# emission spectra and the de-
tailed absorption spectra of Ophir!® for the =1
(*Py, ;) state of Xe/Kr in thick crystals. We ex-
press the two line shapes in terms of Gaussian
functions

Faa(E) = (n€%) 2exp( - E2/£?) (3a)

and
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FoelE) = (ma?) Y 2exp[ - (E, - E)?/a%, (3b)

where A and ¢ are the second moments of the emis-
sion and absorption bands, while E, represents

the energy of the maximum of the Xe impurity ab-
sorption relative to the maximum of Kr¥ emis-
sion, The spectral overlap function [Eq. (2)]is

F=[m{a%+ )Y 2exp[ - E4/(a%+ £9)]. (4)

To estimate R, at 110 °K we take 4 =2160 cm™!
and from Ophir’s results’® E,=3950 cm™ and
£=690 cm™, Equations (1)-(4) then yield F=1,2
%10 ¢cm and R,=15 A for Xe/Kr(s) at 110 °K. It
is interesting to note that R, and subsequently the
electronic transfer probability in this system should
exhibit a sharp temperature dependence in view
of the following features: (a) The position of the
absorption band of the Xe impurity exhibits a
marked temperature dependence, shifting to high-
er energies with decreasing temperature. From
Ophir’s data!® we get that £, changes from 3950
cm! at 110 °K to 4870 cm-! at 40 °K. (b) The width
of the Xe absorption band exhibits a marked tem-
perature dependence due to conventional phonon
broadening, '° changing from & =690 cm-! at 110 °K
to £=440 cm™ at 40°K. (c) A is expected to ex-
hibit a temperature dependence of the form
A=A coth(Fw/2kT)]Y 2, 20 where Ay=2940 cm=!
at low temperatures’ and Zw is the molecular vi-
brational frequency. From Mulliken’s estimates®
we take #w=190 cm™ for Kr§, which lies between
the experimental values™ 7iw =140 cm™ for Xes
and #w=310 cm™ for Arf. Making use of these
data and Eq. (4) we get that the spectral overlap
is reduced from F=1,2x107% ¢cm at 110 °K to
F=0.90x10"% ¢cm at 40 °K, whereupon R, changes
from 15 to 9.7 A in this temperature range., As
the energy transfer probability is determined by
R}, i.e., FY% we expect that the efficiency of
electronic energy transfer in solid Xe/Kr is re-
duced by a factor of 3,7 in the temperature range
110-40°K.

Finally we would like to provide an estimate for
R, in liquid Xe/Kr alloys. Utilizing the available
absorption data'® we now have at 120 °K A =1550
cm™, £=1890 em™, E,=2170 cm™, and Eq. (4)
gives us F=1,05x10" cm and R, =21 A for the
liquid.

C. Electronic Energy Transfer in Solid Xe/Kr

Utilizing the Férster'® theory for the electronic -
energy transfer in the solid alloy, the quantum
yield A for the acceptor emission at the acceptor
concentration C is given by

A== n)/n°=Vrgexplg?)1 - erf(g)], (5)

where 7 is the donor quantum yield and 7= 7° at
C=0and
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g=3V1C/C,, (6)
with C, being the critical concentration
Co=3/47R}. (7

From the experimental data for the solid xenon~
krypton alloy we have calculated the intensity ratio
IKr,)/ % 1{Xe), where I(Kr,) is the intensity of the
donor (i.e., 1480 A band) while 3 I(Xe) corresponds
to the total acceptor emission intensity (i.e., the
sum of the 1580 and the 1720 A bands). The inten-
sity ratio I(Kr,)/I(Xe) equals (A™ ~1), where 4 is
given by Eq. (5). The dependence of this intensity
ratio on the Xe concentration (Fig. 5) fits well
Egs. (5)-(7), resulting in R,=25 A for Xe/Kr(s)
at 100 °K. This value is in fair agreement with
the theoretical estimate R,=15 A (see Sec. IIL B),

A further support for the applicability of the
dipole—dipole resonance energy transfer mechanism
to this system is obtained from the temperature
dependence of the energy transfer probability in
Xe/Kr(s). As is evident from Fig, 6, the acceptor
emigsion, at constant Xe concentration, observed
at 1580 A decreases with decreasing temperature,
This effect is attributed to the narrowing of and
the blue shift of f, A(E) 1% of the impurity absorption
and to the simultaneous narrowing of fg,(E) of the
emission of the Kr# with decreasing temperature,

[Xe] atoms/cm3
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FIG. 5. Dependence of the ratio of krypton donor
emission to xenon acceptor emission upon the acceptor
concentration (e represents experimental points). The
solid line is a fit of Férster’s theoretical curve [Egs.

(5)-(7)].
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is characterized by a relatively high binding en-
ergy21 of ~0.5 eV. We thus expect that the diffu-
sion of the trapped exciton in the solid is exceed-
ingly low,® as may be argued on the basis of the
low hole mobility data in solid rare gases, where
the positive hole consists of a diatomic molecular
ion, Thus the only relevant energy migration pro-
cesses in this host matrix involves diffusive mass
100 °K transfer in the liquid.

Xe in solid Kr

110°K

D. Electronic Energy Transfer in Liquid Xe/Kr

The electronic energy transfer and energy con-

A

92°K version processes in the liquid mixture can be
represented in terms of the kinetic scheme
-1
Kr3(z, )2 Kr(tsy) + hvy, (8a)
k
78°K Kr3(z,) + Xe('S))£Xe*(P)), (8b)
R
Xe*(P,)SXe*(°P,), (8c)
Xe*(P,) or Xe*(aPz)i’iXeKr*, (8d)
45°K .
XeKr* & Xe(*S,) + Kr(1Sg) + hvy, (8e)
! | | | ! XeKr* + Xe(1S)) £ Xes s ,) | (8f)
{900 1800 1700 1600 1500 1400 "
A(A) Xes(r,) -2 Xe(tS,) + hvs, (8g)

FIG., 6. Emission spectra of xenon-doped solid kryp-
ton at different temperatures. Xe concentration 500 ppm.

where we have assumed that in the dense medium

reaction (8c) for the deactivation of Xe*(P,) and

the analogous process for the activation of Kr*(p,)

is efficient. Thus the lifetimes of the three di-
The experimental data of Fig. 6 exhibit a change atomic molecules will be taken to be equal to that

of (4! - 1) from 1,15 at 110 °K to 4. 25 at 65 °K, of the °s, state of Kr#.*

whereupon C, decreases by a numerical factor of

3.2 in the temperature region 110-65°K, This

result (Fig. 7) is in good agreement with the cal- 10 I T T T

culations based on Eqs, (1)-(4), using Ophir’s ab-

sorption data, as described in the previous sec-

tion. +

In the analysis of the electronic energy transfer
process in the solid we have conscientiously dis-
regarded the contribution of energy, i.e., exciton
migration in the solid. If such energy migration
processes were of importance they may affect the
details of the semiquantitative analysis of the ex- .é. -
perimental data.® The absence of the emission 2 &
from the n=1 (%, ;) exciton state, which results
from efficient exciton trapping process in pure 0 1 | ] |
condensed rare gases, provides conclusive experi- 20 40 60 80 100 20
mental evidence that the lifetime of a “free” exciton T(°K)
in solid (and liquid rare gases) is shorter than 107!
sec. Thus in the Ke/Kr condensed systems where
reasonably good spectral overlap between Kr¥

Co(10'%9cm-3)
Co/Co (110°K)

FIG, 7. Temperature dependence of Forster’s critical
concentration Cj, Orepresents C; calculated from
Ophir’s xenon impurity state absorption spectra'® and

1,35« _ 1 1c .38 : A

+*z, Z?‘) and Xe ('Sy~°P,) for electronic energy from our pure krypton emission spectrum. O represents
transfer involves the Kr¥ /Xe transfer. The tr apped relative critical concentrations evaluated from the ex-
exciton, which consists of the diatomic molecule, perimental data given in Fig. 6.
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Under steady state conditions the normalized
emission intensities I(Kr#), I(KrXe), and I{(Xe,)
normalized to the total intensity Y I, are given by

IKrf)/Z1=1/(1+a[Xe]), (9
I(KrXe*)/T 1= a[Xe]/(1+a[Xe])(1 + b[Xe]), (10)

I(Xea‘)/Z I=qb[Xe]/(1 +a[Xe])(1 + p[Xe]), (11)
where

akDTl, b:kFTZ'

To analyze the experimental data on Fig. 3, we
utilize the relations which are immediately obtained
from Eq. (9)-(11).

[I(KrXe*) + I(Xe$)|/I(Kr¥) = kp7y[Xe], (12)

IXe¥)/I(KrXe*) = ky7,{Xe]. (13)

The linear plot of the left-hand side of Eq. (13)
vs [Xe] (Fig. 8) provides strong quantitative sup-
port for the identification of the KrXe® hetero-
nuclear diatomic molecule as an intermediate in
the formation of the homonuclear Xe# molecule,
From Fig. 8 we get 5=5%10% cm=3, Assuming that
the major molecular emission of KrXe* originates
from the state formed from Xe(P,) metastable we
take 7,=10"% sec (equal to the lifetime of 3%, state
of Kr¥).®™ Thus we get kz=2x10"" cm® sec™.
This value is consistent with the rate of a diffusion
controlled reaction 2z =47D*R, where R is the
encounter radius and D* is the relative diffusion
coefficient, Taking D*=10"® cm? sec™! (which is

[xe] atoms / cm3

108 o' 1020
IOEr-uvv T T T T

T

Ro3= ] E
~ r L) 3
@ r -
x . B
~ 4
LN L]
v B
(.
X

Ol

Lol

.

L | L Ll h |
1 Lol 1 bl 4 ia1g 1 J 1 SRS

00l

10 102 103 104 0%

[xe] (ppm)

FIG. 8. Dependence of the intensity ratio of the hetero-
nuclear excited KrXe* molecule emission to the excited
homonuclear diatomic Xef molecular emission upon the
Xe concentration in liquid krypton.
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FIG. 9, Dependence of the ratio of the emission from

the Kry donor molecule to the total emission from the
xenon impurity upon the impurity concentration in liquid
krypton.

somewhat lower than the self-diffusion of liquid Ar,
D=10"% cm? sec™!)® and R=5 A we estimate &,
=6x10" cm® sec-!.

The energy transfer rate constant %, is evaluated
from Eq. (12) and the experimental data of Fig. 3.
From the linear plot the left-hand side of Eq. (12)
vs [Xe] (Fig. 9) we get a=6.2x10"" cm® Taking
7,=10"% sec (i.e., the lifetime of the *z, state) we
obtain k= 6. 2x10"1® cm® sec™.

The energy transfer rate constant %, involves
long range electronic energy transfer coupled with
diffusive motion, The approximate theoretical
treatment of Taninoto and Yokota?® demonstrated
that the energy transfer process can be expressed
in terms of a bimolecular rate constant provided
that

(14)

which implies that the distance traversed by the
excited molecule during its lifetime considerably
exceeds R,. For 7,~ 10"® sec, this condition is
satisfied for #>10"° sec. In this case, the rate
constant for electronic energy transfer is

kp=1(0.51)4n(RST)Y tD*x ¥ 4,

D*R;Z 23735 1,

(15)

Making use of the kinetic value for 2, obtained
from Fig, 9 we can estimate R, in the liquid for
Eq. (15). Taking D*~10-® ¢cm® sec™?, which is con-
sistent with the assumption that &k is a diffusion-
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controlled reaction, and 7,=10"% we estimate
R,~24 A as an approximate value for the otransfer
radius in the liquid. The value of R =24 A for the
liquid is close to the calculated value (Sec. INI B)
of 21 ix; however, this good agreement is some-
what fortuitous, as the same theory underestimates
R, in the solid. On the basis of the spectral over-
lap which is larger in the liquid than in the solid,
we expect that for Xe/Kr alloys R (1)=1,42R (s);
however, in view of the uncertainty in the diffusion
coefficient such a detailed comparison cannot yet
be performed.

These results provide a nice example for the ap-
plicability of diffusion controlled kinetics to “chem-
ical” reactions (involving excited molecules) in a
simple dense fluid,
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